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Homeoviscous adaptation occurs with thermal acclimation
in biological membranes from heart and gill, but not the brain,
in the Antarctic fish Notothenia coriiceps
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Abstract

As temperatures continue to rise, adjustments to biological membranes will be key for maintenance of function. It is largely
unknown to what extent Antarctic notothenioids possess the capacity to remodel their biological membranes in response to
thermal change. In this study, physical and biochemical properties were examined in membranes prepared from gill epithelia
(plasma membranes), cardiac ventricles (microsomes, mitochondria), and brains (synaptic membranes, myelin, mitochondria)
from Notothenia coriiceps following acclimation to 5 °C (or held at ambient temperature, 0 °C) for a minimum of 6 weeks.
Fluidity was measured between 0 and 30 °C in all membranes, and polar lipid compositions and cholesterol contents were
analyzed in a subset of biological membranes from all tissues. Osmotic permeability was measured in gills at 0 and 4 °C.
Gill plasma membranes, cardiac mitochondria, and cardiac microsomes displayed reduced fluidity following acclimation to
5 °C, indicating compensation for elevated temperature. In contrast, no fluidity changes with acclimation were observed in
any of the membranes prepared from brain. In all membranes, adjustments to the relative abundances of major phospholipid
classes, and to the extent of fatty acid unsaturation, were undetectable following thermal acclimation. However, alterations in
cholesterol contents and acyl chain length, consistent with the changes in fluidity, were observed in membranes from gill and
cardiac tissue. Water permeability was reduced with 5 °C acclimation in gills, indicating near-perfect homeostatic efficacy.
Taken together, these results demonstrate a homeoviscous response in gill and cardiac membranes, and limited plasticity in
membranes from the nervous system, in an Antarctic notothenioid.
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Introduction

The extreme stenothermy of Antarctic notothenioids has
been documented for more than 50 years (Somero and
DeVries 1967), and these organisms are likely to be vulner-
able to global climate change. Despite their stenothermy,
several species of notothenioids can extend their thermal
limits, as indicated by measurements of their critical thermal
maxima (CTy;,x) (i.e., upper thermal limit to acute change)
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following acclimation (i.e., adjustments following a 1- to
3-week period of exposure) to warmer temperatures (Bilyk
and DeVries 2011). Adjustments to physiological systems
likely will be critical to the survival of notothenioids at ele-
vated temperatures, yet the mechanisms that govern thermal
plasticity in these species have not been explored fully.
Homeoviscous adaptation (HVA), the preservation of
fluidity among biological membranes in response to ther-
mal variation (Sinensky 1974), will likely be critical to the
survival of notothenioids in the future, as the physical state
of the membrane depends highly on temperature (Hazel and
Williams 1990). In the absence of compensatory changes,
an increase in temperature will render biological mem-
branes more fluid, resulting in an excess passive movement
of solutes across the membrane (Lande et al. 1995; Choi
et al. 2016; Kaddah et al. 2018). Furthermore, permeabil-
ity to oxygen and water is highly sensitive to the physical
properties of the membrane (Subczynski et al. 1989; Lande
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et al. 1995). For ectothermic organisms—whose body tem-
peratures match that of their environment—HVA preserves
membrane integrity upon shifts in temperature (Hazel 1995).

To date, no studies involving Antarctic notothenioids
have examined directly how membrane fluidity is altered in
response to thermal acclimation. Furthermore, the capac-
ity for structural and/or compositional remodeling with
thermal acclimation in membranes from cardiac and brain
tissue—organs that are likely to be integral to thermal toler-
ance—from notothenioids is unknown. The membranes of
Antarctic notothenioid fishes contain high proportions of
polyunsaturated fatty acids (PUFAs), which enhance lipid
movement at subzero temperatures (Logue et al. 2000).
Long-term HVA (i.e., evolutionary divergence among spe-
cies) has been demonstrated previously in notothenioids
(Behan-Martin et al. 1993; Logue et al. 2000), but more
acute adjustments to membrane fluidity have not yet been
reported in these species.

Previous work in temperate fishes has shown that the pro-
portion of saturated fatty acids increases with warm acclima-
tion, decreasing membrane fluidity to offset the direct effects
of elevated temperature (Roots 1968; Cossins 1977; Quinn
1981; Los et al. 2013). Further, longer fatty acyl chains con-
tribute to reduced fluidity (van Meer et al. 2008). Studies in
Antarctic fishes, however, suggest a limited thermal plastic-
ity. Temperature-specific adjustments to fatty acid unsatu-
ration have been reported in membranes from liver of an
Antarctic notothenioid, Trematomus bernacchii, as well as in
crude gill and white muscle tissues of this species (Malekar
et al. 2018; Truzzi et al. 2018a, b). Other studies have dem-
onstrated limited—or lack of—membrane restructuring in
notothenioids (Gonzalez-Cabrera et al. 1995; Strobel et al.
2013; Malekar et al. 2018).

In the present study, we take the most comprehensive
approach, to date, to investigate whether Notothenia corii-
ceps—a notothenioid whose CT),,x is extended from 16.2
to 17.4 °C following acclimation to 4 °C (Bilyk and DeVries
2011)—possesses the capacity for HVA with thermal accli-
mation. We have quantified biophysical and biochemical
properties of biological membranes from gill epithelia
(plasma membranes), cardiac ventricles (microsomes, mito-
chondria), and brains (synaptic membranes, myelin, mito-
chondria) following acclimation to 5 °C for a minimum of
6 weeks. Membranes from animals held under ambient tem-
perature (0 °C) for the same duration were used to compare
the effects of thermal acclimation. Fluidity was measured
in all membrane types. Biochemical analyses (phospholipid
class distribution, acyl chain chemistry, and cholesterol con-
tents) were performed in select membranes. Additionally,
osmotic permeability was measured in gills. Because previ-
ous studies in notothenioids indicate little or no evidence
of lipid remodeling, we hypothesized that HVA would be
absent in all membranes. Our results, however, demonstrate
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HVA (and accordant lipid remodeling) in membranes of the
gill epithelia and cardiac ventricles, but no HVA in any of
the biological membranes measured from the nervous sys-
tem, in N. coriiceps.

Materials and methods
Animal collection and thermal acclimation

Adult N. coriiceps were collected in the Western Antarctic
Peninsula region during the austral autumn of 2017 using
otter trawls deployed from the ARSV Laurence M. Gould in
Dallmann Bay (64°10’ S, 62°35' W) and off the southwest-
ern shore of Low Island (63°24' S, 62°10" W). Additional
animals were also captured at these sites using baited pots.
The animals were held in circulating seawater tanks on the
vessel before being transferred to Palmer Station, Antarctica,
where they were held in 4100 L flow-through (15-40 L/
min) seawater tanks at ambient temperature (0+ 1 °C) for at
least 3 days prior to acclimation (Group A). Additionally, a
second cohort of animals was caught using baited lines in
Arthur Harbor during the same season (Group B). These ani-
mals were placed in buckets of seawater, transferred immedi-
ately to 4100 L flow-through seawater tanks on station, and
allowed to recover for 3 days prior to acclimation period.

The animals were assigned randomly to warm (5 + 1 °C)
or control (0+ 1 °C) acclimation groups. For the 5 °C group,
temperature was increased at a rate of 1 °C per day using an
immersion heater (Process Technology). Animals were held
at 5 °C for a period of either 10 (Group A) or 6 (Group B)
weeks. All animals were fed to satiation with~ 10 g muscle
fillets every other day.

Following the acclimation period, the animals were euth-
anized by a blunt blow to the head followed by severing
the spinal cord. Hearts were excised and allowed to con-
tract several times in ice-cold notothenioid Ringer’s solu-
tion (240 mM NaCl, 2.5 mM MgCl,, 5 mM KCl, 2.5 mM
NaHCO;, 5 mM NaH,PO,, pH 8.0 at 4 °C). Next, brains
were removed and bathed in ice-cold extraction buffer A
(0.35 M sucrose, 5 mM EGTA, 10 mM HEPES, pH 7.8 at
1 °C). Gill arches were excised and assigned randomly to
two groups: (1) flash frozen in liquid nitrogen for subsequent
experiments or (2) bathed immediately in ice-cold nototh-
enioid Ringer’s solution for osmotic permeability assays,
which were performed on the day of collection. All samples
were kept on ice during collection and tissue preparation. All
animal experiments were approved by the Ohio University
Animal Care and Use Committee (14-L.-004).
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Membrane preparations

Plasma membranes were prepared from gill epithelia as
described (Robertson and Hazel 1995), with modifications
for preparations from frozen tissue. Gills were thawed in
beakers of ice-cold notothenioid Ringer’s solution for
20 min. The gills were then irrigated with fresh notothen-
ioid Ringer’s solution, using a 10-mL syringe fitted with a
32-gauge needle, until the gills were clear of blood. Next,
epithelial tissue was scraped gently from the filaments of
each gill arch using a razor blade on an ice-cold glass tray.
Tissues were pooled as needed; typically, filaments from two
to three gill arches were combined per preparation. Tissues
were pooled from the same individual when possible.

Next, pooled samples were homogenized in 15 mL extrac-
tion buffer A using a motor-driven Potter—Elvehjem grinder
with six even strokes (5 s per stroke). The homogenate was
filtered through cheesecloth and diluted to 25 ml with extrac-
tion buffer A. Next, 15 ml of 41% sucrose (weight/volume)
was pipetted below the dilute homogenate. The sample was
centrifuged at 23,000 g for 30 min at 4 °C in a Sorvall RC
6+ high-speed centrifuge with a Fiberlite F21-8 X 50y rotor,
and a band formed at the homogenate—sucrose interface. The
band was removed using a glass Pasteur pipette and diluted
in 25 ml extraction buffer A.

The dilute suspension was centrifuged at 7000 g for
15 min, and a pellet formed at the bottom of the tube. The
pellet was collected and resuspended in 1 ml extraction
buffer A, which was then pipetted onto a self-generating
gradient (18% Percoll, 0.25 M sucrose and 20 mM Tris, pH
7.4 at 4 °C). The gradient was centrifuged at 33,600 g for
25 min. A band formed towards the lower density portion.
The band was collected, resuspended in 30 ml extraction
buffer A, and centrifuged at 82,000 g for 2 h at 4 °Cin a
50.2 Ti rotor, using either a Beckman Coulter L5-50 ultra-
centrifuge or a Beckman Coulter Optima L-80 XP ultracen-
trifuge. The plasma membrane pellet was reconstituted in
four 50 pl aliquots of resuspension buffer A (20 mM Tris,
pH 7.4 at 4 °C) and stored at — 70 °C.

Mitochondria were prepared from cardiac ventricles as
described previously (Urschel and O’Brien 2009), with
modifications (Mueller et al. 2011). Ventricles were diced
on an ice-cold metal block, pooled, and homogenized in 8
volumes of extraction buffer B (0.1 M sucrose, 140 mM
KCl, 10 mM EDTA, 10 mM MgCl,, 20 mM HEPES, pH
7.3 at 4 °C) using a 40 ml Tenbroeck ground glass homog-
enizer. Up to three hearts were pooled per preparation. The
homogenate was centrifuged at 1400 g for 5 min at 4 °C in
a Beckman—Avanti-JE with a JA-17 rotor. The supernatant
was collected and centrifuged at 9000 g for 10 min at 4 °C.
A pellet formed at the bottom of the tube. The pellet was
collected and resuspended in 11 ml extraction buffer B and
centrifuged at 1400 g for 5 min at 4 °C. The supernatant was

collected and centrifuged at 11,000 g for 10 min at 4 °C.
The mitochondrial pellet was collected and resuspended
in~0.5 ml resuspension buffer B (10 mM HEPES, pH 7.4 at
4 °C), flash frozen in liquid nitrogen, and stored at — 70 °C.
During the mitochondrial preparation, the supernatant from
the second centrifugation step was collected and centri-
fuged at 302,000 g for 90 min at 4 °C in a Beckman Coulter
Optima XPN centrifuge with a 50.2 Ti rotor. A microsomal
pellet formed at the bottom of the tube. The pellet was col-
lected and resuspended in~0.5 ml resuspension buffer B,
flash frozen in liquid nitrogen, and stored at — 70 °C.

Synaptic membranes, myelin and mitochondria were frac-
tionated from brain tissue as described previously (Dunk-
ley et al. 2008), with modifications. Brains were diced,
pooled, and homogenized in 6 volumes of extraction buffer
A using a motor-driven Potter—Elvehjem grinder with eight
even strokes (5 s per stroke). The samples were kept on ice
throughout the preparations. Brains were pooled as needed;
generally, two were pooled per preparation. The pooled
homogenate was centrifuged at 4 °C for 8§ min at 600 g in a
Beckman Coulter Avanti J-E centrifuge with a JA-17 rotor.

The supernatant from the initial centrifugation was pipet-
ted onto discontinuous Percoll gradients. Four gradients per
preparation were prepared up to 4 h in advance. Percoll was
filtered using Whatman Nuclepore track-etched membranes
and made up to appropriate concentrations (3, 10, 15, and
23%) in gradient buffer (0.32 M sucrose, ]| mM EDTA,
0.25 mM DTT, 5 mM Tris, pH 7.4 at 25 °C). Four discrete
2 ml layers were generated in a 12 ml centrifuge tube. After
the addition of 2 ml supernatant, the gradients were centri-
fuged at 13,000 g for 31 min at 4 °C in a Beckman Coulter
Avanti J-E centrifuge with a JA-17 rotor. Five bands formed
at the gradient interfaces and at the top and bottom of the
gradient. The membrane fractions—myelin (band 2), synap-
tic membranes (band 4), and mitochondria (band 5)—were
collected, resuspended in 20 ml extraction buffer A, and
centrifuged at 302,000 g for 90 min at 4 °C in a Beckman
Coulter Optima XPN centrifuge with a 50.2 Ti rotor. The
membranes concentrated in a loose pellet above the hard
Percoll pellet. The membrane pellets were collected, resus-
pended in 250 pl resuspension buffer A, separated into three
aliquots, and frozen at — 70 °C.

Marker enzyme analyses

Enrichments of gill plasma membranes were determined by
measuring the protein-specific activities of marker enzymes:
sodium—potassium ATPase (NKA) for basolateral mem-
branes (McCormick 1993), gamma-glutamyltransferase
(GGT) for apical membranes (Silber et al. 1986), and suc-
cinate dehydrogenase (SDH) for mitochondria (Hollywood
et al. 2010). Enrichments of brain membranes were deter-
mined by measuring the protein-specific activities of marker
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enzymes as described previously (Biederman et al. 2019a):
acetylcholinesterase (AChE) for synaptic membranes (Ell-
man et al. 1961), cyclic nucleotide phosphodiesterase
(CNPase) for myelin (Tsukada et al. 1980), and SDH for
mitochondria (Hollywood et al. 2010). All marker assays
were performed at ~20 °C. Marker enzymes were not quan-
tified in cardiac mitochondria because the method used to
isolate mitochondria has been performed extensively by our
group (Mueller et al. 2011). Additionally, there was insuf-
ficient material to analyze marker enzymes from the cardiac
microsomes.

Protein-specific activities (relative to those of crude
homogenates) were calculated to determine enrichment fac-
tors for each membrane fraction, indicating the degree of
membrane separation. Two controls—one in the absence of
substrate and one in the absence of sample—were performed
and subtracted from the measured activity for each marker
assay. Total protein content was measured using a Sigma-
Aldrich bicinchoninic acid assay kit.

Membrane fluidity assays

Membrane fluidity was quantified by fluorescence depolari-
zation as described previously (Crockett and Hazel 1995).
In brief, samples were added to a solution of 1,6-diphe-
nyl-1,3,5-hexatriene (DPH) for a final phosphate-to-probe
molar ratio of 500:1 and added to 2.5 ml resuspension buffer
A with constant stirring in a quartz cuvette. Probe incorpo-
ration was conducted in a darkened room in a foil-covered
amber glass vial to prevent quenching of the fluorescent
signal. Change in polarization (excitation =356 nm, emis-
sion=430 nm) was measured between 0 and 30 °C using
a Perkin-Elmer LS-50B spectrophotometer. Measurements
were initiated at 0 °C, and assay temperature was increased
at 2 °C intervals at a rate of ~0.3 °C min~! using a circulat-
ing water bath containing 50% ethylene glycol. Polarization
measurements were performed in triplicate at each tempera-
ture interval.

Membrane composition determination

Lipids were extracted as described previously (Bligh and
Dyer 1959). First, 2.25 ml of deoxygenated methanol and
chloroform (2:1 ratio) was added to 600 pl diluted sample
and vortexed vigorously for 30 s. The mixture was centri-
fuged at 600 g for 10 min and distinct layers formed. The
lower layer was collected using a glass Pasteur pipette.
The extraction procedure was repeated three times for each
sample. The samples were washed with deionized water
and evaporated under dry nitrogen gas in 2-ml borosilicate
glass vials with Teflon-lined caps. The extracts were sent
to the Kansas Lipidomics Research Center for analysis,
and a diacyl polar lipid profile dataset was generated by
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quadrupole mass spectrometry using an Applied Biosys-
tems 4000 QTRAP mass spectrometer as described (Xiao
et al. 2010). Relative abundances of the major phospho-
lipid classes were compared between acclimation groups.
The unsaturation index (UI) was calculated as described
(Grim et al. 2010).

Cholesterol was quantified using a Cayman fluorometric
assay kit and normalized to total phospholipid content,
which was measured as hydrolyzed inorganic phosphate in
membranes as described previously (Rouser et al. 1970).
Diluted samples were hydrolyzed in covered glass cul-
ture tubes with full-strength perchloric acid at 180 °C
until the samples clarified. The samples were cooled to
room temperature before quantifying phosphate content
by adding 40 pl sample (diluted as necessary to produce
absorbance values within standard curve range) to 160 ul
reaction medium (1.2 N H,SO,, 2% ascorbate, and 0.5%
[NH,],M00,). The samples were incubated for 7 min at
60 °C, and absorbances were measured at 820 nm using a
SpectraMax M2 microplate reader.

Osmotic permeability assays

Osmotic permeability was quantified in intact gill arches
as described previously (Robertson and Hazel 1999), with
modifications. After incubation in ice-cold notothenioid
Ringer’s solution for 30 min, arches were washed with fresh
notothenioid Ringer’s solution, blotted dry for 3 s using four
layers of Kimwipe tissues, and weighed. The arches were
transferred to beakers containing 100 ml ice-cold 20 mM
CaCl,. Air stones were fixed to the bottom of the beakers
to maintain consistent aeration. The beakers were held in
either an ice bath (0+0.5 °C) or on the countertop of a fixed-
temperature cold room (4 +0.7 °C). Gill arch masses were
measured in 10-min intervals using the blotting procedure
described above. Arches were then incubated at 110 °C for
24 h to obtain dry weights. The osmotic gain (R(%)) for
each time point (#) was calculated using the following for-
mula: R(%) = (W,—W;)/(W; — W,) x 100, where W,=the
arch mass at time ¢, W;=the initial arch mass, and W,;=the
dry weight. The rate of osmotic gain was calculated over
the linear range of data (i.e., before the rate of R(%) began
to stabilize).

Statistical analyses

Fluidities of gill plasma membranes, cardiac microsomes,
synaptic membranes, myelin, and brain mitochondria were
compared between acclimation groups by analysis of covari-
ance (ANCOVA) using SPSS Statistics. Due to differences
in slope between groups, the data for cardiac mitochondrial
fluidity did not meet the requirements for ANCOVA and
were analyzed by a mixed effects model in R Studio, with
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assay temperature designated as a random factor. For cardiac
mitochondria and brain mitochondria, polar lipid composi-
tions were compared between acclimation groups and tissue
types by two-way analysis of variance (ANOVA). For gill
plasma membranes, polar lipid compositions were compared
between acclimation groups by two-tailed # test. Cholesterol
contents and fatty acyl chain lengths were compared between
acclimation groups by two-tailed-f test, as applicable.

Osmotic permeability measurements were calculated for
each gill arch as described in the previous section. Rates
of linear osmotic gain were compared between acclimation
groups by ANCOVA. Protein-specific enzymatic activities
were calculated in crude homogenates as described above
and compared between acclimation groups by two-tailed ¢
test. The effect of gill arch position (anterior-to-posterior)
was assessed for all relevant assays (fluidity, biochemi-
cal composition, enzymatic assays) and was found to be
insignificant.

For the gill and brain membranes, samples from the two
acclimation cohorts (Groups A and B) were found to be sta-
tistically equivalent in all analyses (P> 0.50). For this rea-
son, data from both groups were pooled to account for logis-
tical issues during fieldwork. Data from cardiac membranes
represent samples from the 6-week cohort (Group B) only.

Results

Membranes displayed enrichment and altered
enzymatic activities upon acclimation

Gill plasma membranes were enriched 4.8- and 5.2-fold
in the basolateral membrane marker NKA and the apical
membrane marker GGT, respectively. The mitochondrial
marker SDH was found to be a relatively minor component
of the membrane fraction (data not shown).

In crude homogenate, gill NKA activity, normalized
to protein content, increased 1.4-fold with 5 °C acclima-
tion, compared with gills from animals held under ambient
conditions (P <0.05) (Fig. 1). In contrast, GGT activity
expressed relative to protein was reduced 1.5-fold with
5 °C acclimation (P < 0.05) (Fig. 1). These trends in activ-
ity were consistent when normalized to wet tissue weight.

Synaptic membranes were enriched 4.2-fold in AChE,
myelin was enriched 3.7-fold in CNPase, and brain mito-
chondria were enriched 4.2-fold in SDH. Contamination
of the membrane types within the three fractions was rela-
tively minor. Enzymatic activities for all markers in brain
did not differ significantly between the acclimation groups
(data not shown).

o

Activity (umol/min/mg protein)

0°C group 5°C group 0°C group

NKA GGT

5°C group

Fig. 1 Protein-specific activities of sodium—potassium ATPase
(NKA) and gamma glutamyltransferase (GGT) from gill epithelia
in 0 °C (white bars) and 5 °C (black bars) acclimation groups. Error
bars represent means + SEM (N=7). One asterisk indicates P <0.05
between acclimation groups

Evidence of HVA was observed in membranes
from gill and heart but not brain

For gill plasma membranes, cardiac microsomes, and cardiac
mitochondria, the 5 °C group displayed significantly greater
polarization values, indicating reduced membrane fluidity
compared to membranes from the 0 °C group (P <0.0001)
(Fig. 2a—c). Homeoviscous efficacy (HVE) (calculated as
the ratio of polarization values for both acclimation groups
at their respective physiological temperatures, expressed as
a percent) was 100% for all membrane types measured in
the gill and the heart. In contrast, polarization values did
not differ significantly between acclimation groups for the
three membranes from the brain, (Fig. 2d—f); no evidence of
a homeoviscous response was observed. No significant dis-
continuities in membrane fluidity were observed, indicating
the lack of a detectable phase transition over the temperature
range measured.

Lipid profiles differed between tissues
and with thermal acclimation

In gill plasma membranes, cardiac mitochondria, and brain
mitochondria the most abundant phospholipid classes were
phosphatidylcholine (PC) (48-56 mol%), phosphatidyletha-
nolamine (PE) (15-36 mol%), and plasmalogen PC (ePC)
(612 mol%) (Table 1). In brain mitochondria, phosphati-
dylinositol (PI) and phosphatidylserine (PS), two phospho-
lipids in lower abundance, increased by 1.3-fold and 1.6-
fold, respectively, following 5 °C acclimation (P <0.05). In
cardiac mitochondria, the abundance of lyso-PC (LPC) was
reduced by 1.4-fold following 5 °C acclimation (P <0.01).
No other significant differences in phospholipid class, nor
changes in acyl chain unsaturation, were altered with tem-
perature acclimation across the three membrane types.
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Table 1 Relative distribution of phospholipid classes in mitochondria from gill, heart, and brain tissue in N. coriiceps held at 0 °C and 5 °C

Plasma membranes (gill) Mitochondria (heart) Mitochondria (brain)

0°C 5°C 0°C 5°C 0°C 5°C
PC 539+ 1.5 544 +12 56.1 +2.8 543 +2.6 51.8 £4.2 484 + 1.6
PE 145+14 153 +£0.8 159+3.6 21.1 +£4.0 29.6 + 6.8 359+ 1.8
ePC 12.1 £ 0.5 123 +£0.2 9.7+0.7 83+0.8 69+1 56+02
PI 52+06 54+0.6 42+02 45+04 1.8+0.3 2.4 +0.07*
LPC 1.1+£02 0.85 +0.08 59+0.6 4.3 + 0.6%* 1.7+0.7 0.76 £ 0.2
LPE n.d. n.d. 28+03 23403 1.7+ 0.6 0.82+0.1
PG n.d. n.d. 1.3+05 097 +0.3 23+04 1.5+ 0.19
ePE n.d. n.d. 1.1 +0.2 1.1 £0.1 23+0.1 24 +0.14
PS 6.4+0.5 74+0.5 0.60 = 0.09 0.80 £0.1 1.2+0.14 1.9 +0.17*
[LPE+LPC)/ 0.016 + 0.002 0.012 + 0.001 0.12 + 0.01 0.090 + 0.1%* 0.019 + 0.0003 0.044 +0.02

[PE+PC]

Ul 276 +9.1 286 + 6.9 537 + 41 572 + 44 548 + 31 513+ 13

Phospholipid data are expressed as mol%. Values represent means + SEM. (N=8 for gill plasma membranes, N=>5 for cardiac and brain mito-
chondria). One asterisk indicates P <0.05 between acclimation groups. Two asterisks indicate P <0.01

PC phosphatidylcholine, PE phosphatidylethanolamine, ePC plasmalogen PC, PI phosphatidylinositol, LPC lyso-PC, LPE lyso-PE, PG phos-
phatidylglycerol, ePE plasmalogen PE, PS phosphatidylserine, Ul unsaturation index, n.d. not detected

The proportion of long-chain fatty acids (i.e.,>20 car-  with those maintained at ambient temperature (P <0.01)
bon atoms per acyl chain) increased by 1.2-fold in cardiac (Table 2). Similarly, the proportion of long-chain fatty acids
mitochondria from the 5 °C-acclimated fish, compared  was increased by 1.1-fold in gill plasma membranes from
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Table 2 Relative abundance of fatty acids with at least 20 carbon
atoms per chain in mitochondria from gill, heart, and brain tissue in
N. coriiceps held at 0 °C and 5 °C

Plasma membranes
(gill)

0°C 5°C 0°C 5°C 0°C 5°C

Mitochondria (heart) Mitochondria (brain)

17.6+0.8 19.1+04* 7.6+0.8 8.8+0.5%* 31.5+8.8 34.8+2.7

Values represent means+SEM. (N=8 for gill plasma membranes,
N=5 for cardiac and brain mitochondria). One asterisk indicates
P <0.05 between acclimation groups. Two asterisks indicate P <0.01
between acclimation groups

the 5 °C-acclimated fish, compared with those from the fish
maintained at ambient temperature (P <0.05) (Table 2). In
contrast, acyl chain lengths did not differ between acclima-
tion groups in brain mitochondria.

In cardiac mitochondria from the 5 °C acclimation group,
the relative proportion of hydrolyzed phospholipids (i.e.,
lyso-PC and lyso-PE, relative to PC and PE) was reduced by
1.3-fold (P <0.01), while the abundance of the specific class
lyso-PC (LPC) was reduced by 1.4-fold (P <0.01) compared
with the 0 °C group (Table 1). In gill plasma membranes and
brain mitochondria, the extent of lipid hydrolysis did not
differ between acclimation groups.

Cholesterol contents were measured in gill plasma
membranes, cardiac microsomes, synaptic membranes,
and myelin (i.e., membranes known to display cholesterol
enrichment). In gill plasma membranes, cholesterol contents
increased by 1.2-fold (P <0.01) in the 5 °C group, compared
to the 0 °C group (Table 3). Similarly, in cardiac micro-
somes, cholesterol contents increased by 1.6-fold in in mem-
branes from the 5 °C acclimation group compared to those
from the 0 °C group (P <0.05) (Table 3). However, in both
myelin and synaptic membranes, cholesterol contents did not
differ between the 0 and 5 °C groups.

Table 3 Cholesterol contents of gill plasma membranes, cardiac
microsomes, synaptic membranes, and myelin following acclimation
to 0 °C or 5 °C in Notothenia coriiceps

Membrane type Tissue 0°C 5°C

Plasma membranes Gill 0.36+0.01 0.44 £0.02%%*
Microsomes Heart 0.14+0.01 0.23+0.01*
Synaptic Brain 0.21+0.05 0.21+0.03
Myelin Brain 0.32+0.07 0.34+0.03

Cholesterol contents are normalized to total phospholipid (mol/mol).
Values represent means+SEM. (N=38 for gill plasma membranes,
N=35 for cardiac and brain mitochondria). One asterisk indicates
P <0.05. Two asterisks indicate P <0.01

Osmotic permeability was reduced with acclimation

When compared at a common temperature, rates of osmotic
gain were 1.5-fold lower in intact gills from the 5 °C group,
compared with gills from animals held under ambient tem-
peratures (P <0.05), indicating greater permeability to water
in the 0 °C group (Fig. 3).

Discussion

We explore in detail the question of whether Antarctic
notothenioids have retained the capacity to mount a homeo-
viscous response to an elevated temperature of 5 °C, and
given a compensatory response, what lipid constituents are
responsible. Using a variety of biological membranes from
three major organs, we report complete compensation of
fluidity (i.e., HVA) in biological membranes from the gill
and heart in response to thermal acclimation of N. coriiceps,
yet an absence of modifications to membrane fluidity in any
of the biological membranes we measured from the brain.
Remodeling of cholesterol contents and fatty acyl chain
length represent two mechanisms contributing to the home-
oviscous response in the gill and heart. Given the lack of a
homeoviscous modulation in the membranes from the brain,
we suggest the likelihood that function within the nervous
system, rather than cardiac performance or gill function,
of Antarctic notothenioids may be most compromised in a
warming world.

The cardiac and nervous systems have been identified as
likely candidates limiting the thermal tolerance of ectother-
mic animals. Because cardiac arrhythmia occurs just prior
to CTyax, cardiac failure is a likely contributor to the loss
of performance during acute warming (Ferreira et al. 2014;
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Fig.3 Osmotic permeability of plasma membranes from gill epithe-
lia in 0 °C and 5 °C acclimation groups. Assays were performed at
0 °C and 4 °C. Error bars represent means+SEM (N=10 for 0 °C
and N=38 for 5 °C). One asterisk indicates P <0.05 between acclima-
tion groups
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Joyce et al. 2018b). Furthermore, recent evidence suggests
that cardiac failure with warming reflects changes in passive
(i.e., resting ion leak) and active (i.e., inward charge move-
ment) electrical properties of ventricular myocytes, which
elevates the ventricle excitation threshold (Haverinen and
Vornanen 2020).

Other reports suggest that brain function is compromised
at elevated temperatures (Somero and DeVries 1967; Fried-
lander et al. 1976; Nilsson and Lefevre 2016; Jutfelt et al.
2019). Neuron firing rates increase with warming until a
critical temperature is reached, beyond which firing becomes
more random (Harper et al. 1990). While these studies indi-
cate failures to the cardiac and nervous systems with warm-
ing, the present study provides a potential mechanism that
may underlie changes to the functions of these systems.
Further, our previous work suggests that differences in the
fluidities of synaptic membranes and cardiac mitochondria
may contribute to differences in thermal tolerance among
notothenioids (Biederman et al. 2019a, b).

At the same time, the teleost gill is also likely to be
affected by a shifting dynamic of both temperature and oxy-
gen availability associated with climate change. Oxygen
uptake incurs a significant energetic cost in passive ion and
water movement across the gill epithelium (Gilmour and
Perry 2018). Currently, for most Antarctic notothenioids,
oxygen demand is relatively low while oxygen availability
is relatively high (Davison et al. 1997). For notothenioids,
optimization of gill function—particularly, maintenance of
osmotic permeability—is likely to be critical in the alloca-
tion of an animal’s energy budget. Although relatively little
work has focused attention on structural remodeling in the
gills of Antarctic notothenioid fishes, previous work in 7.
bernacchii and T. newnesi demonstrate a decrease in serum
osmolality following acclimation to 4 °C (Gonzalez-Cabrera
et al. 1995), suggesting at least some degree of plasticity in
gill function of notothenioids.

Capacity for membrane remodeling varies
by species and tissues

At first glance, it would seem plausible that the varied ther-
mal response of membrane remodeling among notothenioids
stems from differences in thermal history. For example,
notothenioids collected from higher latitudes (with relatively
small swings in annual temperature) might display reduced
thermal plasticity, compared to those from lower latitudes
with larger (seasonal) fluctuations in temperature (Llano
and Littlepage 1965; Clarke et al. 1984; Hunt et al. 2003).
Consistent with this, samples collected from 7. bernacchii
in McMurdo Sound, a high latitude locale, (77°51’ S) do not
appear to undergo lipid remodeling (Gonzalez-Cabrera et al.
1995; Malekar et al. 2018). However, in contrast with this
hypothesis, a study of liver mitochondria from notothenioids
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collected from lower latitudes—King George Island (Nototh-
enia rossii, 62°14' S) and South Georgia Island (Lepidono-
tothen squamifrons, 53°24' S)—also demonstrates a lack of
adjustment in lipids from liver mitochondria (Strobel et al.
2013). Further, crude gill and muscle homogenates from 7.
bernacchii collected in another high latitude locale, Tethys
Bay (74°42' S) display rapid changes in lipid composition
with acclimation (Truzzi et al. 2018a, b). Consequently, the
capacity for thermal plasticity associated with lipid remod-
eling of notothenioids does not appear to be directly related
to thermal habitat.

Neither a homeoviscous response, nor evidence of major
compositional remodeling, were detected in the three dis-
tinct biological membranes from the brain. Our results here
are in marked contrast with previous work demonstrating
the capacity for remodeling in membranes from the nervous
system in temperate species, which demonstrate a robust
degree of HVA following thermal acclimation. For exam-
ple, in Cassius auratus, changes to fatty acid unsaturation
in brain lipids (Johnston and Roots 1964) and fatty acyl
chain composition and plasmalogen contents in the optic
nerves and optic tectum (Matheson et al. 1980) have been
reported. Further, HVA has been reported in mitochondria
(HVE =43%), synaptic membranes (HVE=35%), and mye-
lin (HVE =19%) of C. auratus (Cossins et al. 1977; Cossins
1977; Cossins and Prosser 1982). A recent study, however,
has indicated that membranes from the brain might be less
plastic under certain conditions than membranes from other
tissues; membranes from C. auratus brain were incapable of
remodeling after exposure to hypoxia, in contrast with mem-
branes from gill, muscle, and liver (Farhat et al. 2019). We
posit that the lack of HVA in synaptic membranes, myelin,
and brain mitochondria observed in this study might reflect
a similar difference in plasticity among tissues.

While our findings suggest limited thermal plasticity in
the brain of this species, it is also possible that acclima-
tion to 5 °C might be insufficient to prompt a homeoviscous
response in the nervous system. We posit that—even with
similar perturbations in fluidity—the brain and the heart
require different threshold temperatures, only above which
a homeoviscous response will occur. The physiological lim-
its for acclimation in notothenioids are not fully understood;
this topic warrants investigation in a future study.

In the brain, a longer time scale for achieving a homeo-
viscous response might be required, as evidence of a homeo-
viscous response exists—in comparisons to membranes of
temperate and tropical animals—in synaptic membranes
of notothenioids (Behan-Martin et al. 1993; Logue et al.
2000). Prior work in brain membranes suggests that thermal
compensation may occur over an extended time course. For
example, in a thermal acclimation study of synaptic mem-
branes of C. auratus, HVA was observed within 20 days,
but fatty acid remodeling occurred over a period of 50 days
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(Cossins et al. 1977). We posit that Antarctic notothenioids,
which have adapted to an environment with a relatively nar-
row degree of thermal fluctuation, may require additional
time to achieve HVA in brain tissue. This topic, as well as
differences in functional temperature ranges among tissue
types, may be explored in a future study.

Increases in membrane cholesterol and fatty acyl
chain length are consistent with changes in fluidity
in gill and cardiac membranes

Modulation of cholesterol content likely plays a significant
role in the homeoviscous response we observed. Cholesterol
stabilizes membranes by restraining movement of fatty acyl
tails (Quinn 1981; Yeagle 1985) and typically imparts an
ordering effect to resist increases in fluidity that occur with
warming (Hazel 1995). Cholesterol’s role in HVA in gill
and heart membranes in N. coriiceps is further supported
by our observation that cholesterol was unchanged in mye-
lin and synaptic membranes, neither of which exhibited any
compensatory changes to membrane fluidity with thermal
acclimation. A positive association between membrane
cholesterol and acclimation temperature has been observed
in several species of non-Antarctic ectotherms (Robertson
and Hazel 1995; Hassett and Crockett 2009; Reynolds et al.
2014), although the trend is not always present (Crock-
ett and Hazel 1995; Robertson and Hazel 1995). Malekar
et al. (2018) did not detect changes in cholesterol contents
of membranes from liver in T. bernacchii or Pagothenia
borchgrevinki following thermal acclimation. Overall, these
results may reflect species differences or variation in accli-
mation design (e.g., duration, temperature).

Like the modulation of cholesterol contents, changes
in acyl chain length with warm acclimation were consist-
ent with alterations in membrane fluidity, as extended acyl
chains increase membrane order (Chintalapati et al. 2004).
Alterations in chain length have been reported in membranes
from temperate fishes following thermal acclimation (Hazel
and Landrey 1988), consistent with the data reported herein.

Remodeling of phospholipid classes, fatty acid
unsaturation and hydrolyzed phospholipids

The relative abundances of the two major phospholipid
classes (PC and PE) were unchanged in select membranes
analyzed (cardiac mitochondria, brain mitochondria, and
gill plasma membranes) of all three tissues, yet changes in
the proportions of three less abundant phospholipids (LPC,
PI, and PS) were observed. These phospholipids represent
a small portion (~ 1-5 mol%) of the biological membranes
measured.

Although HVA was observed in gill and cardiac mem-
branes, the extent of membrane unsaturation (i.e., UI)

appeared unchanged in the tissues analyzed in this study.
However, due to the analytical method employed in this work
(which reported each phospholipid species by the sum of its
acyl chain tails, rather than individually), we are unable to
rule out the possibility that the distribution of unsaturation
across individual acyl chains was altered with acclimation.
Previous studies in notothenioids have demonstrated changes
in the relative abundance of diacyl chains with warm accli-
mation (Malekar et al. 2018; Truzzi et al. 2018a, b). Thus, it
is still possible that changes to fatty acyl chain unsaturation,
not detected in this analysis, occurred. We point out, how-
ever, that changes in individual phospholipids likely would
be reflected in total membrane unsaturation. Thus, our data
suggest—albeit somewhat indirectly—that major restructur-
ing of membrane unsaturation did not occur.

Hydrolysis of membrane phospholipids is associated
with enhanced fluidity (Quinn 1981), and our observation
of lower proportions of hydrolyzed phospholipids in cardiac
mitochondria is consistent with HVA. Previous studies have
indicated that lipid hydrolysis can indeed be modulated dur-
ing times of environmental change. For example, enzymatic
activity of phospholipase A,, which cleaves fatty acids from
phospholipids, increases with cold acclimation in O. mykiss
(Neas and Hazel 1985), and phospholipase A is enhanced at
cold growth temperatures in Escherichia coli and is modu-
lated by membrane fluidity (Audet et al. 1974; Michel and
Starka 1979). It is also possible that phospholipid hydrolysis
contributes to preservation of membrane structure at subzero
temperatures (i.e., ambient temperatures) for notothenioids,
because phospholipid hydrolysis enhances cold tolerance in
plants (Welti et al. 2002) and produces intermediates for
membrane restructuring (Cowan 2006).

Reduced membrane fluidity accounts for decreased
osmotic permeability and NKA activity

The reduced osmotic permeability in gills of the 5 °C group
suggests thermal compensation, and consequently, preserva-
tion of at least one aspect of membrane function with warm-
ing. This decrease in osmotic permeability with 5 °C accli-
mation was matched by the higher contents of membrane
cholesterol, which is thus likely to be responsible, at least in
part, for the change in osmotic permeability. Cholesterol is
well known to influence membrane permeability (Pfrieger
2003; McMullen et al. 2004). Additionally, changes to the
distributions of other membrane components, such as aqua-
porins and/or claudins, may also modulate osmotic per-
meability (Fujiyoshi et al. 2002). The expression of these
proteins in N. coriiceps with thermal acclimation warrants
future study.

The activity of membrane-bound proteins is also likely to
be affected by both physical and biochemical changes in the
membrane lipid environment. For example, the relationship

@ Springer



298

Journal of Comparative Physiology B (2021) 191:289-300

between environmental temperature and NKA activity is
well documented in fishes from both polar and temperate
habitats, with enhanced enzymatic activity with environmen-
tal warming most commonly associated with marine rather
than freshwater fishes (Crockett and Londraville 2005). Con-
sistent with the present data, enhanced NKA activity in gill
has been reported following warm acclimation in the noto-
thenioids T. bernacchii, T. newnesi, and Eleginops maclo-
vinus (Gonzalez-Cabrera et al. 1995; Guynn et al. 2002;
Oyarzin et al. 2018). Increased NKA activity with 5 °C
acclimation may also reflect changes in the lipid environ-
ment; cholesterol, for example stabilizes the lipid environ-
ment in which the enzyme resides (Yeagle 1985; Cornelius
et al. 2015). Alternatively, changes to NKA activity with
thermal acclimation may reflect differences in gene expres-
sion (Urbina et al. 2013), post-translational modifications,
such as phosphorylation (Feschenko and Sweadner 1995),
and/or changes in the relative distribution of mitochondria-
rich chloride cells, which are enriched in NKA (Evans et al.
2019). At this time, we cannot eliminate any of the possible
mechanisms responsible for the increase in NKA activity
with warm acclimation in N. coriiceps.

Perspectives

We demonstrate the presence of a homeoviscous response
to thermal acclimation in gill and cardiac membranes, but
an absence of a detectable response in membrane fluidity
among the biological membranes from the brain in the Ant-
arctic notothenioid N. coriiceps. Because preservation of
membrane fluidity is likely to be critical for optimal physi-
ological function, our results indicate that membrane lipid
remodeling (e.g., cholesterol and acyl chain length) might
provide continuity of some aspect(s) of gill and cardiac func-
tion at elevated temperatures. Consistent with these findings,
work by our collaborators suggests evidence of thermal plas-
ticity in cardiovascular function of N. coriiceps following
acclimation to 5 °C (Joyce et al. 2018a).

Our observations suggest the possibility that disruption
of membrane integrity in the brain may limit performance
of notothenioids in a warmer world. Evidence of membrane
compensation in the notothenioid brain—relative to those
of temperate and tropical animals—is well documented
(Behan-Martin et al. 1993; Logue et al. 2000). Yet it remains
largely unknown whether biological membranes from the
brains of notothenioid fishes can respond in a manner to
keep pace with warming in the Southern Ocean.
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