1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Eye Res. Author manuscript; available in PMC 2018 May 01.

-, HHS Public Access
«

Published in final edited form as:
Curr Eye Res. 2017 May ; 42(5): 721-731. d0i:10.1080/02713683.2016.1231325.

Changes in the properties and organization of human lens lipid
membranes occurring with age

Laxman Mainali@, Marija Raguz®, William J. O’Brien¢, and Witold K. Subczynski?"
aDepartment of Biophysics, Medical College of Wisconsin, Milwaukee, W1 53226, USA

bDepartment of Medical Physics and Biophysics, School of Medicine, University of Split, Split,
Croatia

¢Department of Ophthalmology, Medical College of Wisconsin, Milwaukee, WI 53226, USA

Abstract

Purpose—This research was undertaken to document the changes in the organization and
properties of human lens lipid membranes that occur with age.

Materials and Methods—Human lens lipid membranes prepared from the total lipids extracted
from clear lens cortices and nuclei of donors from age groups 0-20 and 21-40 years were
investigated. An electron paramagnetic resonance technique and nitroxide spin labels (analogues
of phospholipids and cholesterol) were used.

Results—Two distinct lipid domains, the phospholipid-cholesterol domain (PCD) and the pure
cholesterol bilayer domain (CBD), were detected in all investigated membranes. Profiles of the
acyl chain order, fluidity, hydrophabicity, and oxygen transport parameter across discriminated
coexisting lipid domains were assessed. Independent of the age-related changes in phospholipid
composition, the physical properties of the PCD remained the same for all age groups and were
practically identical for cortical and nuclear membranes. However, the properties of pure CBDs
changed significantly with the age of the donor and were related to the size of the CBD, which
increased with the age of the donor and was greater in nuclear than in cortical membranes. A
more-detailed analysis revealed that the size of the CBD was determined mainly by the cholesterol
content in the membrane.

Conclusions—This paper presents data from four age groups: 0-20, 21-40, 41-60, and 61-70
years. Data from age groups 41-60 and 61-70 years were published previously. Combining the
previously published data with those data obtained in the present work allowed us to show the
changes in the organization of cortical and nuclear lens lipid membranes as functions of age and
cholesterol. It seems that the balance between age-related changes in membrane phospholipid
composition and cholesterol content plays an integral role in the regulation of cholesterol-
dependent processes in fiber cell membranes and in the maintenance of fiber cell membrane
homeostasis.
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Introduction

Our research focuses on the role of the fiber cell plasma membrane in maintaining lens
transparency. The plasma membrane together with the cytoskeleton are the only
supramolecular structures of the mature fiber cells—3 and most of fiber-cell lipids are
present in the plasma membrane. In adult lenses, two-thirds of phospholipids (PLs) are
sphingolipids, mainly dihydrosphingolipids. The composition changes with age,>-8 with the
additional increase of sphingolipid content and depletion of phosphatidylcholine.7:9.10
Also, the saturation level of PL acyl chains is very high and increases with age.*":11 The
cholesterol (Chol) content is the extremely high, reaching a value up to the Chol/PL molar
ratio of 4 in aged lenses.11-14 At such a high level, Chol saturates the PL bilayer, and forms
the pure CBDs1°16 and Chol crystals (presumably outside the fiber cell membranes).1718 |t
is unclear what mechanisms regulate the Chol content of the lens, and it is unknown if the
appearance of CBDs, and/or Chol crystals, is harmful or beneficial for lens function.15:17.19
Chol-lowering drugs increase the risk of developing cataracts; thus, it can be hypothesized
that the high Chol content of the lens is beneficial.2%-23 The Chol content of the lens from
the older population is often high enough to induce the formation of Chol crystals.17:18
Minute Chol crystals found in arterial cells can initiate and promote atherosclerosis by
activating inflammasomes?# and inflamation. However, inflammation does not appear to
play a role in cataract formation. Are these crystals harmful for the lens? It seems that Chol
crystals are not harmful in the lens. Based on our studies, we have concluded that high Chol
content, formation of CBDs, and formation of Chol crystals should not be considered major
predispositions for the development of age-related cataracts.®

Studies on model membranes indicate that the addition of Chol markedly decreased the
binding of a-crystallin to liposomes made of sphingomyelin or saturated
phosphatidylcholine.2> The association of a-crystallin with the membrane is accompanied
by increased light scattering. The Chol contents used in these experiments were high enough
to induce the formation of CBDs, which suggests that high Chol and formation of CBDs can
prevent cataract development. It is likely, however, that in intact membranes, this beneficial
effect of Chol on light scattering is compensated by the effect of integral membrane proteins.
It was shown that during aging, and in the case of cataract formation, the association of a.-
crystallin with the membrane and light scattering increase.26-28

The studies reported here focus on the functions of the lipid bilayer portion of lens fiber cell
plasma membranes in the absence of membrane proteins.2%-30 We found that intact
membranes lipids are distributed between three distinct lipid environments: bulk lipid
domain, which appears minimally affected by membrane proteins, and two domains that
appear due to the presence of membrane proteins, namely boundary and trapped lipid
domains.” The CBD in intact membranes, which was clearly detected in human lens lipid
membranes for all age groups, was not detected, possibly because the oxygen transport
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parameter measured in the CBD is the same as in the domain formed by trapped lipids. We
were able to document age-related changes in the amounts of PLs and Chol in these
domains.® The amount of boundary and trapped PLs is greater in nuclear than in cortical
membranes and increases with the age. The same is true for Chol in trapped lipid domains.
Interestingly, Chol was substantially excluded from the trapped lipid domain in cortical
membranes. Age-related changes in the organization of lipids correlate well with the
changes in the amount and the organization of lens membrane proteins. Aged fiber-cell
membranes are loaded with integral proteins,1:31:32 the organization of which—including the
formation of domains, arrays, and other structures—also changes with age.33-39 It has been
shown3# that the ordered arrays of aquaporin-0 are enriched in the nucleus. This finding is
consistent with our current data,® which show that the amount of trapped lipid and the
extent of lipid rigidity are greater in the nucleus than in the cortex. We can conclude that
both the amount of protein and the packing of protein in membranes from the nucleus might
be important in modifying the observed lipid physical properties. Also, it is suggested that,
in addition to channel functions, fiber cell membranes have specialized aquaporin-0-lipid
interactions that determine the cell shape, surface topology, intercellular junctions, and
important features of membrane aging and cataract formation#L. To assess the contributions
of integral proteins into the properties and organization of the lipid bilayer portion in intact
fiber cells, first, the organization and the properties of membranes prepared from the total
lipids extracted from these membranes must be clearly understood. Our previous studies of
human lens lipid membranes examined only membranes isolated from the cortices and
nuclei of donors aged 41 years and older.18:42 Combining the previously published data with
those data obtained here for age groups 0-20 and 21-40 years presents the broad picture of
the changes in the organization of cortical and nuclear lens lipid membranes as functions of
age and Chol content.

The major conclusions from the presented work can be summarized as follows: The
organization and properties of lens lipid membranes, both in the lens cortex and nucleus, are
not determined by the PL composition, which changes drastically with the age of the
donor.5-9:12.1343 Rather, changes are defined by the Chol content in these membranes. In all
age groups, the content of Chol was high enough to saturate the PL bilayer and form pure
CBDs. We were able to confirm our previous statement18:42:44.45 that the saturating content
of Chol keeps the physical properties of the PL bilayer portion of lens lipid membranes
constant and independent of changes in the PL composition that occur with age. The lack of
protein turnover in the matured fiber cells indicates that integral membrane proteins (mainly
aquaporins and connexins), which were synthesized during embryogenesis, should perform
the same functions in old lenses that they performed just after synthesis. Thus, the stability
and constancy of the physical properties of the PL bilayer portion of lens lipid membranes
help to maintain the fiber-cell membrane homeostasis during age-related changes of the PL
composition without altering functions of integral proteins.2%46 Only the properties of pure
CBDs changed significantly with the age of the donor. The size of CBDs increased
significantly with the age of the donor. Our results also indicate that these changes were
determined mainly by the Chol content in the investigated membranes.
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Materials and Methods

2.1. Materials

Phospholipid spin labels (7-PC, n=5, 7, 10, 12, 14, or 16; T-PC) were obtained from Avanti
Polar Lipids, Inc. (Alabaster, AL). Chol-analogue spin labels (CSL and ASL) along with the
9-doxylstearic acid spin labels (9-SASL) were purchased from Molecular Probes (Eugene,
OR). See Fig. 1 for spin-label structures.

2.2. Isolation of total lipids from the cortical and nuclear fiber cell membranes of human
eye lenses and analysis of lipid composition

Eighteen clear human lenses for each age group 0-20 and 21-40 years were obtained from
the Lions Eye Bank of Wisconsin (Madison, WI). Lenses were removed /n situ from
refrigerated bodies within an average time frame of nine hours postmortem. All of the lenses
were stored at —80°C until membrane isolations were performed. Lenses were examined
using a binocular microscope and were evaluated for color and opacities to determine the
presence or absence of cataractous changes. The presence or absence of cataracts was
determined by an ophthalmologist using a subjective grading system based on the amount of
“yellowness” to the lens (for nuclear cataracts) and opacities (for cortical cataracts). Lenses
not demonstrating any of these changes were determine to be free of cataracts. The cortical
and nuclear regions of the lenses were separated based on differences in tissue
consistency,1347 and lipids were extracted separately from each region using the Folch
procedure.*8 These procedures were described previously.4

Lipids were sent to Avanti Polar Lipids, Inc. (Alabaster, AL), for analysis of the total
Chol/PL ratio using high-performance liquid chromatography. Chol/PL ratios for the cortex
and nucleus samples of clear lenses of the age group 0-20 years were found to be 0.63 and
0.71, respectively. Similarly, Chol/PL ratios for cortex and nucleus samples of clear lenses of
the age group 21-40 years were found to be 1.01 and 1.21, respectively. These values were
calculated for the total lipid extracts, thus including lipids from plasma membranes and
lipids presented in the cytoplasm. There is evidence that multilamellar bodies presented in
the cytoplasm of human aged and cataractous lenses (with a core of crystallin cytoplasm
covered by multiple lipid bilayers)®%-53 contain Chol,>*5 which may affect the Chol/PL
molar ratio in plasma membranes calculated based on the total lipid extraction. These effects
should be especially pronounced in fiber cells from donors with nuclear cataracts,2:53:56

2.3. Preparation of samples for EPR

The membranes were prepared using the rapid solvent exchange method®’-59 with the
apparatus that was built in our lab,%0 as described in detail in®”. The membrane suspensions
(containing ~1 mol% spin label) were centrifuged briefly (12000 g, 15 min, 4°C), and the
loose pellets were transferred to capillaries and used for electron paramagnetic resonance
(EPR) measurements.51

2.4. EPR measurements

Conventional EPR spectra were recorded with a Bruker EMX spectrometer. The order
parameter was calculated based on spectral parameters measured directly from the spectra
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with the precision of + 0.25 G (see52 @463 for details). To measure hydrophobicity, the =
component of the hyperfine interaction tensor of the 7#PC, Az, was determined from the
EPR spectra for samples frozen at —165°C, as described in.546% Values of 2.4, were
measured within the precision of £0.25 G.

Spin-lattice relaxation times, 73S, of spin labels were obtained from the saturation recovery
(SR) signal of the central line measured at X-band.5¢ 73s for membrane fluidity profiles
were determined for thoroughly deoxygenated samples.®3 The oxygen transport parameter
(OTP) was measured as described previously.62:67 For measurement of the nickel (I1)
ethylenediamineN,N’-diacetic acid (NiIEDDA) accessibility parameter, a 20 mM NiEDDA
was present in the buffer, and SR measurements were performed for deoxygenated
samples.8 SR signals were fitted by single- or double-exponential functions, and 7;s were
assigned to a proper membrane environment. The uncertainties in the measurements of
decay time from the fits were usually less than 0.05%. For the sample to sample
measurements, the single exponential fit was satisfactory within 3% whereas the double
exponential fit was satisfactory within 5% for longer and 10% for shorter recovery time
constants.

Results and Discussion

The studies discussed here are a continuation of our previously published work on the
properties of human lens lipid membranes of donors older than 41 years.1842 As such, we
will present only the final profiles of membrane properties, with a minimal amount of details
as to how certain membrane properties were measured. Detailed methods can be found in
the published paper.42 The work presented here was performed on lens lipid membranes
prepared from the total lipids extracted from the clear lens cortices and nuclei of donors
from age groups 0-20 and 21-40 years; it is compared with previously obtained data for
clear cortical and nuclear membranes of age groups 41-60 and 61-70 years.

3.1. Profiles of membrane properties across PCDs

Similar to our previous work, in this study we used PL- and Chol-analogue spin labels that,
when incorporated into membranes, locate the monitoring group, free-radical nitroxide
moiety, at a certain depth and in a specific membrane domain (Fig. 1). The EPR signals
coming from the monitoring group provide parameters that describe significant membrane
properties. These properties include the order52 and rotational motion®3 of the fragment of
acyl chains to which the monitoring group is attached. They also include local membrane
properties, around the monitoring group, such as the oxygen diffusion-concentration
product®3 and hydrophobicity.5® The EPR approaches that have been developed allow these
parameters to be obtained in homogenous (one phase) lipid bilayers.6% Some of the data
obtained can provide information regarding coexisting domains’® or phases.®® The location
of the monitoring group at different depths in the lipid bilayer allows these data to be
presented as profiles across a membrane. These approaches were successfully used in our
studies of lens lipid membranes in which CBDs were induced by high Chol
content.184244.45 \\je also applied them to intact human%:71 and porcine®* membranes with
domains induced by integral membrane proteins.
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In the studies reported here, we present profiles across human lens lipid membranes from
donors of two age groups, namely 0-20 and 21-40 years. In order to demonstrate the
meaning and significance of these new data, we have presented the new data along with
profiles for age groups 41-60 and 61-70 years, taken from Ref.42 and Ref.18, respectively.
Profiles describing order and rotational motion of acyl chains are presented in Figs. 2 and 3.
Profiles describing oxygen diffusion-concentration products and hydrophobicity are
presented in Figs. 4 and 5. Figure 4 contains profiles across coexisting domains, PCD and
pure CBD. The PCD is the phospholipid-cholesterol membrane saturated with Chol before
formation of the CBD or the PCD coexisting with the CBD. (See®? for more explanation.)

In human lens lipid membranes, in which CBDs are formed for all age groups, the
phospholipid-analogue spin labels should be located only in the bulk PCD, while the Chol
analogues should be located in both PCD and CBD.58 Thus, only Chol-analogue spin labels
can discriminate coexisting PCDs and CBDs (Sect. 3.2). However, the location of
phospholipid-analogue spin labels in only the PCD ensures that obtained profiles of the
order parameter (Sect. 3.1.1), fluidity (Sect. 3.1.2), OTP (Sect. 3.1.3), and hydrophobicity
(Sect. 3.1.4) are not “contaminated” by the coexisting CBD.

3.1.1. Acyl chain order—Profiles of the order parameter across the PCD of cortical and
nuclear lens lipid membranes obtained from donors of different age groups are presented in
Figs. 2A and 2B, respectively. The order parameter should be considered nondynamic
because it describes only the amplitude of the wobbling motion of acyl chains.82 We use the
order parameter to describe the depth-dependent acyl chain organization but not fluidity
(motion).

As presented in Fig. 2, profiles of the order parameter are all identical. They are identical for
all age groups in cortical (Fig. 2A) and nuclear (Fig. 2B) membranes and between cortical
and nuclear membranes. As indicated in Sect. 2.2, these membranes differ significantly in
Chol content. However, common to all of these membranes is the fact that the Chol content
is always high enough to saturate the PL bilayer. This is confirmed by the presence of the
CBD in all preparations (Sect 3.2). Profiles of the order parameter for membranes with a
saturating amount of Chol, including those presented in Fig. 2, differ from profiles across
membranes without Chol.”2 For membranes saturated with Chol, the measured values of the
order parameter are always greater than those measured for membranes without Chol. We
can conclude that the ordering effect of Chol in lens lipid membranes was observed at all
depths from the membrane surface to the membrane center (but see Sect. 3.1.2).

3.1.2. Acyl chain motion—The SR EPR approach makes it possible to measure the spin-
lattice relaxation rate ( 7;~1) directly from the SR signal. In deoxygenated samples, this
spectral parameter depends mainly on the rotational motion of the monitoring group (free-
radical nitroxide moiety),”374 and, thus, describes motion of the acyl chain fragment to
which the nitroxide moiety is attached. We used this conventional way to describe
membrane fluidity as the profiles of 7371 versus depth in the membrane. These fluidity
profiles across the PCD of cortical and nuclear lens lipid membranes obtained from clear
lenses from donors of different age groups are presented in Fig. 3. As expected, membrane
fluidity increases toward the center of all membranes (as indicated by an increase in 7;71).

Curr Eye Res. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mainali et al.

Page 7

Similar to profiles of the order parameter, fluidity profiles in cortical (Fig. 3A) and nuclear
(Fig. 3B) lens lipid membranes are practically identical; they also are identical for all age
groups. We would like to stress again that all of these similarities are independent of the

drastic changes in the human fiber cell membrane PL composition that occur during
aging.5-9.12.1343

For simple model membranes, dynamic parameters ( 7;71, rate of rotational motions, OTP)
reveal that Chol has a rigidifying effect on acyl chains only to the depth to which the rigid
steroid ring is immersed into the lipid bilayer and a fluidizing effect at deeper
locations.39:63.75 As indicated in Sect. 3.1.1, profiles of the order parameter show the
ordering effect of Chol at all depths. Similarly, for membranes made from PL mixtures,
which resemble the composition of membranes from human lenses, Chol decreases
membrane fluidity to the depth of C9 and increases membrane fluidity at deeper locations;
these effects cannot be discriminated by profiles of the order parameter.53 All of these data
suggest that, also in human lens lipid membranes, Chol decreases membrane fluidity to the
depth at which the Chol rigid ring structure is immersed in the membrane, while the fluidity
of acyl chains is increased at deeper locations.

3.1.3. Profiles of the oxygen transport parameter (oxygen diffusion-
concentration product)—The OTP8, which is proportional to the local oxygen
diffusion-concentration product, was first used to calculate the oxygen permeability
coefficient across model®¢ and biological’® membranes. Soon, we recognized that this
parameter describes with great sensitivity (i.e., atomic resolution)5® the membrane dynamics
reported in terms of motion of molecular oxygen. The OTP can be measured simultaneously
in coexisting membrane domains and membrane phases. Because of that, it provides a
powerful tool for the discrimination of membrane domains’® and phases.9 We call these
approaches “discrimination by oxygen transport.” We used the OTP as a tool for
discrimination of membrane domains (PCD and CBD, see Sect. 3.2) and as a measure of
membrane dynamics at different membrane depths (in PCD, this section).

Profiles of the OTP across the bulk PCD of cortical and nuclear lens lipid membranes,
obtained with PL spin labels, for all age groups are presented in Fig. 4. Similar to profiles of
the order parameter and the 7771, profiles of the OTP in cortical and nuclear lens lipid
membranes are practically identical; also, they are identical for all age groups. They have a
rectangular shape with an abrupt increase in the OTP between the C9 and C10 positions. The
abrupt increase that occurs within one carbon-carbon bond (1.3 A) allows us to state that this
method has atomic resolution. Also, the overall change of the OTP across the membrane,
which is as large as eight times, confirms the high sensitivity of this approach. In the polar
headgroups and in the hydrocarbon region to the depth of C9, the OTP was as low as in gel-
phase membranes. At locations deeper than C9, it was as high as in fluid-phase
membranes.% These profiles are typical for lipid bilayers saturated with Chol and are very
different from the bell-shaped profile across membranes without Chol.59

3.1.4. Profiles of hydrophobicity—Figure 5 shows rectangular hydrophobicity profiles
across the PCD of investigated lens lipid membranes. This rectangular shape is characteristic
of lipid bilayer membranes saturated with Chol.54 The hydrophobicity profiles across lipid
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bilayers without Chol have a bell shape with significantly lower hydrophobicity in the
membrane center.8472 In membranes without Chol, the hydrophobicity of the membrane
interior strongly depends on the degree of unsaturation of PL acyl chains.5472

The 2Az values measured in the center of all membranes (positions from 10-PC to 16-PC in
Fig. 5) can be related to the hydrophobicity (or £) of hexane and dipropylamine (e = 2.0-
2.9), and hydrophobicity near the membrane surface (position of 5-PC in Fig. 5) can be
related to that of methanol and ethanol (e = 24.3-32.6). This is possible by referring to Fig.
2 in the reference®4. The bulk aqueous phase has a dielectric constant of & = 80, and, thus, is
considerably more polar than all membrane regions. The abrupt increase of hydrophobicity
between C9 and C10 also was observed for all lens lipid membranes made from lipids
isolated from eye lenses of different species.42:44.45

Similar to the profiles of the order parameter (Fig. 2), the 7;71 (Fig. 3), and the profiles of
the OTP (Fig. 4), the hydrophobicity profiles were practically identical in all of these
membranes, independent of their age group and location within the lens. All of these profiles
revealed that mainly the saturating amount of Chol and not the PL composition determines
these physical membrane properties.

3.1.5. Measurements in the headgroup region and aqueous phase—RProfiles
presented in Figs. 3, 4, and 5 contain data obtained for the membrane headgroup region, and
profiles in Figs. 4 and 5 contain data from the aqueous phase, outside the membrane. These
points gave additional information about measured properties in those regions. Only in the
case of the OTP, which describes the collision rate of oxygen with the nitroxide moiety, can
the values presented for the hydrocarbon phase be directly compared with those in the
headgroup region and in the aqueous phase. It follows from fact that collisions with
molecular oxygen are substantially independent of the structure of the nitroxide moiety.”’ In
other cases, the chemical structure itself affects the 77371 of the nitroxide moiety’8.7° as well
as the 24 value of its EPR spectrum.80 However, changes in the 7371 and 245 values
reflect changes in the fluidity and hydrophobicity, respectively, in the polar headgroup
region. When appropriate, measured values in the aqueous phase also were included for
comparison with profiles across membranes.

3.2. Discrimination of membrane domains

As we stated in the beginning of Sect. 3.1.1, only Chol analogue spin labels can discriminate
the CBD formed within the PCD.58 The OTP measured with ASL in the center of the CBD
was a few times smaller than that measured in the center of the surrounding PL bilayer (Fig.
6). Similarly, the NiIEDDA accessibility parameter, measured with CSL located at the
membrane-water interface, was a few times greater in the CBD than in the surrounding PL
bilayer (Fig. 7). (See Fig. 1 for ASL and CSL chemical structures and approximate locations
of their nitroxide moieties in the membrane center and at the membrane surface [at the
membrane water interface].) These differences were easily detected using the SR EPR
approach, confirming the presence of CBDs in all investigated cortical and nuclear
membranes.
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3.2.1. Age-related changes—Obtained with ASL and CSL, values of the OTP are
included in the profiles presented in Fig. 4. A correct assignment of the SR data for ASL is
confirmed by the fact that one of the two OTP values fits into the profile across the PCD,
thus coming from ASL molecules located in this domain. The other value was assigned to
the CBD. As indicated below (measurements with NIEDDA), CSL is also located in these
two environments. However, the OTP cannot discriminate these locations, giving the same
values in the PCD and the CBD (see Ref.81 for more details). Values obtained with ASL and
CSL in the CBD allowed us to draw approximate profiles (straight lines connecting
experimental points) of the OTP across this domain (Fig. 4). Data presented in Fig. 4
indicate that the OTP (measured with ASL) in the CBD differs significantly between
membranes from different age groups and between cortical and nuclear membranes from the
same age groups. To better describe these age and spatial dependences, we constructed Fig.
6A,; in this figure, the OTP values obtained with ASL in PCD and CBD for cortical and
nuclear lens lipid membranes are plotted as a function of the ages of the donors. Results are
presented for cortical and nuclear lens lipid membranes isolated from a pool of 18 clear
human lenses in each of two different age groups (0-20 and 21-40 years) investigated in the
presented work and recently published results for donors from the age groups 41-60 and 61—
70 years.

Fig. 6A demonstrates that, as expected and as described in Sect. 3.1.3, values of the OTP
measured in the PCD are independent of the age of the donor and are the same in cortical
and nuclear membranes. However, values measured in the CBD decrease with the age of the
donor, and values at all ages are smaller in nuclear membranes as compared to those
measured in cortical membranes. OTPs measured in the CBD for donors from the age group
0-20 years were about 33% smaller than that those measured in the PCD. For donors from
the age group 61-70 years, the values in the CBD were ~5.5 times smaller than those
measured in the PCD. The difference between both domains increases with the age of the
donor but somewhat levels out for the last two age groups.

In Fig. 7A, the NiEDDA accessibility parameter values obtained with CSL in the CBD and
PCD for cortical and nuclear lens lipid membranes were plotted as a function of the age of
the donor. Results obtained in this investigation, together with those recently published, are
presented. Similar to the OTP, the values of the NIEDDA accessibility parameter measured
in the PCD were substantially independent of the age of the donor and were very close in
cortical and nuclear membranes. Again, the difference between values measured in the CBD
and the PCD increases with the age of the donor and levels out for donors older than 40
years. Also, values measured in the CBD of cortical membranes were closer to those
measured in the PCD than to those measured in the CBD and PCD of nuclear membranes.

3.2.2. Changes as a function of cholesterol content—The OTP and NiEDDA
accessibility parameter sensed by ASL and CSL, respectively, in the CBD are the only
properties that can be assigned to the CBD. We showed that, in model membranes, these
properties change significantly with Chol content. They were close to the properties in the
surrounding PCD at low Chol content when CBDs start to form, and the difference increases
with Chol content®0. This suggests that the increased Chol content reduced the effect of the
surrounding PCD on the properties of the CBD. Most likely, this is the result of the increase
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in the size of the individual CBD. To better describe these Chol dependencies, we
constructed Figs. 6B and 7B, where the OTP values obtained with ASL in PCD and CBD
(Fig. 6B) and the NiEDDA accessibility parameter values obtained with CSL in PCD and
CBD (Fig. 7B) are presented as a function Chol content in investigated membranes. Chol
contents in the investigated lens lipid membranes are listed in Sect. 2.2 for donors from the
age groups 0-20 and 21-40 years, in Sect. 2.2 of the reference®? for donors from the age
group 41-60 years, and in the section titled /solation of total lipids from the cortical and
nuclear fiber cell membranes of human eye lenses and analysis of lipid composition of the
referencel8 for donors from the age group 61-70 years.

Both figures (Fig. 6B and Fig. 7B) reveal that all observed age and spatial differences,
described in Sect. 3.2.1, were due to changes in Chol content in the investigated membranes.
Membrane Chol content changes with age and was different in cortical and nuclear
membranes. After that “correction,” all observed abrupt differences collapsed to a smooth
function of Chol content. Based on these data, we can conclude that properties of pure CBDs
changed significantly with the age of the donor and were related to the size of the CBD,
which increased with the age of the donor and was always greater in the nuclear than in the
cortical membranes. Also, the above analysis revealed that the size of the CBD was
determined mainly by the Chol content in the investigated membranes.

Conclusions

In summary, our conclusions are as follows: (1) CBDs are present in both cortical and
nuclear lens lipid membranes, independent of the age of donor. (2) Because of the presence
of CBDs, the PL-Chol bilayer (we call it PCD) is always saturated with Chol. (3) The
physical properties of the PCD are practically identical for cortical and nuclear membranes
and are the same for all age groups. (4) Properties of pure CBDs change significantly with
the age of the donor and are related to the size of the CBD, which increases with the age of
the donor and is always greater in nuclear than in cortical membranes. (5) The size of the
CBD is determined mainly by the Chol content in the investigated membranes. (6) The Chol
content at which CBDs start to form depends on the PL composition of the investigated
membranes (see reference30 for a more-detailed explanation of this dependence). (7) The
Chol content (expressed as Chol/PL molar ratio) in cortical and nuclear lens lipid
membranes increases almost linearly with the age of the donor, up to the Chol solubility
threshold (i.e., the Chol content at which Chol crystals start to form, at a Chol/PL molar
ratio of ~2 in the investigated membranes). (8) The difference between Chol content in
cortical and nuclear membranes is negligible in lenses from young donors. This difference
increases significantly with the age. (9) Excess Chol above the Chol solubility threshold
results in the formation of Chol crystals that do not affect the properties of lens lipid
membranes.

Our conclusions are depicted in Figure 8, which presents changes in the organization of
cortical and nuclear lens lipid membranes as a function of age and Chol content. Figure 8
does not include age-related changes in PL composition,5-2:121343 \which also affect the
organization and properties of lens lipid membranes and should alter the functions of
integral membrane proteins.82-8 Independent of age, the amount of Chol in fiber cell
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membranes is always high enough to saturate the PL bilayer, or even oversaturate it,
allowing the formation of the CBD or even Chol crystals. This saturating Chol content and
the presence of CBDs ensures that the physical properties of the PCD do not change
significantly during the aging process!842 and that membrane integral proteins are always
surrounded by the lipid bilayer with the same physical properties. Thus, lipid composition
and lipid organization appear to help to maintain fiber cell membrane homeostasis. It needs
to be pointed out that the PL composition determines the Chol concentration at which CBDs
are formed.30 Interestingly, in that delicate balance, the age-related changes in the PL
composition delay the age (increase the Chol content) at which CBDs are formed. (See
Refs.430 for further discussions.) This is also expressed in Fig. 8, where the CBD is shown
at Chol/PL molar ratios of ~0.6 and ~2.0 in the lens lipid membranes of young and aged
donors, respectively. Such an observation is in agreement with the preferential depletion of
glycerolphospholipids in older fiber cells and the subsequent enrichment of sphingolipids,
mainly in dihydrosphingolipids.”10 It seems that this balance plays an integral role in
maintaining the homeostasis of the fiber-cell plasma membrane, the fiber cell itself, the
whole lens, and, thus, lens transparency.®
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Figure 1.

Chemical structures of phospholipid- (/+PCs, T-PC, 9-SASL) and Chol-analogue spin labels
(CSL, ASL), together with the structure of phosphatidylcholine (POPC), palmitoyl
sphingomyelin (SM) and palmitoyl dihydrosphingomyelin (DHSM) (SM and DHSM are the
most abundant phospholipids in human lens membranes), and cholesterol (CHOL). The
approximate locations of these molecules across the lipid bilayer membrane are illustrated.
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Figure 2.

Profiles of the order parameter obtained at 37°C with phospholipid-analogue spin labels
across PCD for cortical (A) and nuclear (B) lens lipid membranes of eye lenses from human
donors of different age groups. Data for age groups 41-60 and 61-70 years are reproduced,
respectively, from Reference 42, Copyright 2013, with permission from Elsevier, and from
Reference 18, Copyright 2014, with permission from Springer Publishing. The approximate
localizations of the nitroxide moieties of spin labels are indicated by arrows.
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Figure 3.
Fluidity profiles ( 711 versus depth in the membrane) obtained at 37°C with phospholipid-

analogue spin labels across PCD for cortical (A) and nuclear (B) lens lipid membranes of
eye lenses from human donors of different age groups. Data for age groups 41-60 and 61-70
years are reproduced, respectively, from Reference 42, Copyright 2013, with permission
from Elsevier, and from Reference 18, Copyright 2014, with permission from Springer
Publishing. Values in the headgroup region were obtained with the T-PC (T), the nitroxide
moiety of which possesses a different chemical structure than nitroxide moieties of other
phospholipid-analogue spin labels (Fig. 1). Because of that, values obtained with T-PC
cannot be straightforward compared with those obtained in the membrane hydrocarbon
phase (see Sect. 3.1.5). The approximate localizations of the nitroxide moieties of spin labels
are indicated by arrows.
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Figure 4.
Profiles of the OTP (the local oxygen diffusion-concentration product) obtained at 37°C with

phospholipid- (solid symbols) and Chol-analogue spin labels (open symbols) across PCD
(solid lines) and CBD (broken lines) for cortical (A) and nuclear (B) lens lipid membranes
of eye lenses from human donors of different age groups. Data for age groups 41-60 and
61-70 years are reproduced, respectively, from Reference 42, Copyright 2013, with
permission from Elsevier, and from Reference 18, Copyright 2014, with permission from
Springer Publishing. The approximate localizations of the nitroxide moieties of spin labels
are indicated by arrows. Localizations of the nitroxide moieties of Chol analogue spin labels
of ASL and CSL in the PCD and the CBD are explained in Sect. 3.5 of the reference.*® The
value of the OTP in the aqueous phase also is shown (dotted lines).

Curr Eye Res. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mainali et al.

Page 20

A Cortex B Nucleus
A 62- Hydrocarbon Phase 62- Hydrocarbon Phase
b 5 5 5 5
ol "2 i1 MR 5|1
= o a o | o o a o |
D 56618 |3 3| 8|5 %18 |3 3| 8
ol |ilg Bl8\% |8 B8
£ |8el?|B §12|8el?|R 82
Qo
o SV70- 5‘70_
1
S | +
I 74 T T T 74 T T L1
t T LHOT LT T 14T110T H T,— t T jl HoT LI I 14”0T lT $
9 12 16 16 12 9 12 16 16 12 9 5
Spin Labels Spin Labels
Figure5.

Hydrophobicity profiles (247 versus depth in the membrane) obtained with phospholipid-
analogue spin labels across PCD for cortical (A) and nuclear (B) lens lipid membranes of
eye lenses from human donors of different age groups. Data for age groups 41-60 and 61-70
years are reproduced, respectively, from Reference 42, Copyright 2013, with permission
from Elsevier, and from Reference 18, Copyright 2014, with permission from Springer
Publishing. Values in the headgroup region were obtained with the T-PC (T), the nitroxide
moiety of which possesses a different chemical structure than the nitroxide moieties of other
phospholipid-analogue spin labels (Fig. 1). Because of that, values obtained with T-PC
cannot be straightforward compared with those obtained in the membrane hydrocarbon
phase. The 2Az value in the aqueous phase (a dotted line) was obtained with 16-SASL; thus,
it can be straightforward compared with those in the hydrocarbon phase. (See Sect. 3.1.5 for
more explanation.) Approximate localizations of the nitroxide moieties of spin labels are
indicated by arrows. Smaller 247 values indicate higher hydrophobicity (upward changes in
the profiles).
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Figure6.
(A) The OTP obtained with ASL in cortical (dotted lines) and nuclear (solid lines) lens lipid

membranes of eye lenses from human donors of different age groups. Data for age groups
41-60 and 61-70 years are reproduced, respectively, from Reference 42, Copyright 2013,
with permission from Elsevier, and from Reference 18, Copyright 2014, with permission
from Springer Publishing. (B) The same data as in (A) but plotted as a function of the
Chol/PL mixing ratio in the suspension of lens lipid membranes. Notice that above the
Chol/PL mixing ratio of ~2, the Chol crystals are formed in liposome suspensions. Thus, the
Chol/PL molar ratio in PCDs and the amount of Chol forming CBDs should not increase
further. Chol crystals form presumably outside the membrane and can be detected by the
DSC only after a significant amount of Chol is accumulated in these Chol structures. In our
investigations, Chol crystals were detected only for nuclear membranes from the age group
61-70 years with the Chol/PL molar ratio of 4.4. For nuclear membranes from the age group
41-60 years with the Chol/PL molar ratio of 2.1 we were unable to detect Chol crystals.

Curr Eye Res. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mainali et al.

Page 22

>
o

N
‘.
il
H
H
H
H
H
H
H
H
IE
H
H
'
———
(@]
o]
o

N

Cortex PCD
Cortex CBD
Nucleus PCD
Nucleus CBD

NIiEDDA Accessibility Parameter (us")

NIiEDDA Accessibility Parameter (ps")

B Yl e ...
_— }PCD - 2
0 - 0 T T
0 20 40 60 0 1 2 3 4 5
Age (years) Chol/PL Mixing Ratio

Figure7.
(A) The NiEDDA accessibility parameter obtained with CSL in cortical (dotted lines) and

nuclear (solid lines) lens lipid membranes of eye lenses from human donors of different age
groups. Data for age groups 41-60 and 61-70 years are reproduced, respectively, from
Reference 42, Copyright 2013, with permission from Elsevier, and from Reference 18,
Copyright 2014, with permission from Springer Publishing. (B) The same data as in (A) but
plotted as a function of the Chol/PL mixing ratio in the suspension of lens lipid membranes.
Notice that above the Chol/PL mixing ratio of ~2, the Chol crystals are formed in liposome
suspensions. Thus, the Chol/PL molar ratio in PCDs and the amount of Chol forming CBDs
should not increase further.
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Figure 8.
Schematic drawing presenting changes in the organization of cortical (inside broken

rectangle) and nuclear lens lipid membranes (inside solid rectangle) as functions of age and
Chol content in investigated membranes. Excess Chol (above the Chol solubility threshold at
~2) forms Chol crystals, presumably outside the fiber cell membranes. Notice that with age
and Chol content, the Chol/PL molar ratio in PCDs and the size of CBDs change. The
shading of domains indicates changes in measured domains properties. Increased shading of
CBDs indicates that measured properties (OTP (Fig. 6) and NIEDDA accessibility parameter
(Fig. 7)) change from those similar to properties of the PCD. (Insert) An expanded drawing
of the lens lipid membrane with indicated membrane domains.
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