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Abstract—The orientation and ordering of the molecules of carotenoids and fatty acids of phospholipids in
myelin of nerve fiber was investigated using Raman spectroscopy. A method for the quantitative description
of the order of the molecules in myelin lipid bilayer has been developed. It was established that the difference
in the distribution of the molecules of carotenoids and phospholipids is associated with the morphology of
myelin and nerve fiber. The molecules of carotenoids are predominantly perpendicular to the surface of the
lipid bilayer of myelin, while phospholipids are oriented at an angle of 45° to it. It is assumed that the micro-
domain organization of the internodal myelin is due to the presence of areas with high degree of saturation
and order of the fatty acid chains of phospholipids.
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INTRODUCTION
The study of changes in the structure and proper-

ties of myelin during nerve fiber excitation is an
important area of molecular physiology. It is known
that myelin isolates the paranodal region of the fiber,
reducing its effective electrical capacity and thereby
providing a higher overall rate of excitation transfer
over myelinated fiber. During the excitation or activa-
tion of a number of Schwann cell (SC) receptors, not
only the structure of myelin changes, but also the con-
tent of potassium and calcium ions in its compart-
ments [1]. It was proved using electron microscopy
that the structure of myelin is characterized by alter-
nating dense (contrast) and loose layers; the period is
16–18.5 nm in peripheral nervous system (PNS) and
15–17 nm in central nervous system (CNS); the length
of the internodal segment varies from 150–200 μm (in
CNS) to 1 mm (in PNS) [2–4]. It was shown by scan-
ning X-ray diffraction microscopy that myelin lamel-
lae in the internodal area are characterized by a period
of about 200 Å [2]. Probably one of the reasons of the
microheterogeneity of myelin may be the different ori-
entation of the lipid bilayers (LB) relative to each other
along the nerve fiber. It is important that the packing

direction of myelin lamellae is not radial [2, 4]. Struc-
tures, leading to local disorganization of myelin, are
notches of Schmitt–Lanterman (NSL), which cause
an irregular extension of the cytoplasm between the
layers of myelin.

Raman spectroscopy (RS) makes it possible to
study the vibrational energy spectra of molecules and
by this means to analyze the chemical structure and
conformation of the molecules [5]. RS was used to
study the state of myelin lipids of nerve fibers during
series of action potential [6–14]. However, when
Raman spectra were recorded from different areas of
myelin fibers (myelin and myelin-sheath gaps) several
questions arose. For example, the size of the focal vol-
ume (the volume of space from which Raman spectra
are recorded) is comparable to the size of a part of the
object. In addition, the presence of carotenoids in
myelin nerve fibers is not only of scientific interest [9],
but also provides an opportunity to create a technol-
ogy for testing the state of LB. For example, depend-
ing on the chemical structure of carotenoid molecules
they can be oriented in LB in different ways: molecules
of nonpolar carotenoids (beta-carotene) can be ori-
ented both perpendicular and parallel to LB. It is
important that the orientation of the carotenoid mol-
ecule can affect the order of the “tails” of fatty acids of
membrane phospholipids in LB and, accordingly, the
physico-chemical properties of myelin [15, 16]. In this

Abbreviations: SC, Schwann cell; LB, lipid bilayer; NSL,
notches of Schmitt–Lanterman; RS, Raman spectroscopy;
OPD LB, optical path difference of the light beam; FD, focal
doublet; LIM, laser interference microscopy.
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Fig. 1. Raman spectra of carotenoids (a), lecithin (b), and myelin nerve fiber (c).
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regard, we used the method of polarized Raman spec-
troscopy (PRS) to study the orientation ordering of
carotenoids and lipids [17, 18].

The aim of this work was to develop an approach
for the quantitative description of the ordering of mol-
ecules in LB and to identify the microdomain organi-
zation of myelin nerve fiber.

MATERIALS AND METHODS

Objects of study. Myelin nerves of a common frog
(Rana temporaria) served as the objects of the study.
Animals were anesthetized with propofol (50 mg/kg).
Single nerve fibers were placed in a plastic chamber
with Ringer’s solution containing NaCl (Sigma)
100 mM, KCl (Sigma) 2 mM, CaCl2 (Sigma) 1.08 mM,
10 HEPES (Sigma), pH 7.4 (adjusted with NaOH),
and covered with a coverglass (0.17 mm). The nerve
fibers selected for the experiment contacted with the
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
surface of the cover glass that allowed to control the
angle of inclination of the object and minimize aber-
rations.

Raman microspectroscopy. Raman spectra were
recorded using a WITec alpha–300 system with a
ND:YAG continuous solid-state laser (wavelength
532 nm). Linearly polarized light was focused on the
object using 20× (NA = 0.4) or 50× (NA = 0.8) lenses.
The average output power of the laser from the lens
was about 0.5 mW. The accumulation time of a single
spectrum varied from 10 s to 2 min. To measure the
anisotropy of the Raman spectra, the analyzer was
placed in front of the pinhole of the microscope,
which made it possible to record plane-polarized light.
The RS measurements included single Raman spec-
tra, Raman spectra recorded along a line, or two-
dimensional images. The lateral and axial resolution
was 1.2 and 9.7 μm for the 20× lens, and 0.9 and 7.5 μm
for the 50× lens, respectively [10–14]. To identify the
EMBRANE AND CELL BIOLOGY  Vol. 13  No. 3  2019
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Fig. 2. The distribution of the intensities of the bands of the Raman spectrum in internodal and paranodal areas of myelin
nerve fibers.
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contribution of vibrations of the characteristic bonds

of the molecules of carotenoid and fatty acids of the

phospholipids of myelin nerve fibers, a number of

ratios of the Raman spectra were used (see below).

The Raman bands of myelin nerve fiber were identi-

fied using the spectra of carotenoids and lecithin [5].

Laser interference microscopy. Measurements of the

optical path difference of the light beam (ODLB) were

performed using an automated interference micropro-

filometer MIA-1 based on a MII-4 Linnik interferom-

eter (LOMO, Russia). The objects were illuminated

with unpolarized light of a LED laser with a wave-

length of 650 nm and the power of 5 mW. The radia-

tion power on the studied cell was no more than 3 mW.

The image was focused using a 30× lens with a numer-
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
ical aperture NA = 0.65; the image was recorded using
a 12-bit VS-415U black-and-white video camera
(NPK Videoscan, Russia). The resolution of the
images was 512 × 512 pixels [19].

Statistical processing of the data. All obtained data
were divided into two groups. The first one was the
ratio of the intensities of the bands of Raman spectra;
the second one was the ordering parameters ⟨P2⟩ and

⟨P4⟩. Normal distribution of sample means allowed

using Student’s t-test for comparison of mathemati-
cal expectations of two general sets corresponding to
the control and experiment. Thus, the student’s
t-test with unequal variances was used to compare
the ratio of the intensities of the Raman spectra
bands (p < 0.05).
EMBRANE AND CELL BIOLOGY  Vol. 13  No. 3  2019
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Fig. 3. Laser beam propagation in different areas of the myelin LB (a, b), intensity distribution of the focal doublet (FD) along
the fiber (c), and the profile of OPD LB along the fiber (d). Black arrows and black squares indicate places of laser focus; gray
arrows and white squares indicate the expected place of the FD recordings. Ordinate in (c) is the intensity of the band of the Raman
spectrum and in (d), the value of OPD LB (both in m–9); abscissa in (c) and (d) is the distance along the fiber, µm.
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RESULTS AND DISCUSSION

It was found that the Raman spectrum of myelin

nerve fiber is a superposition of the spectra of β-caro-

tene and lecithin (Fig. 1). Scanning in the range of

900–1700 cm−1 revealed the bands characterizing

f lexural vibrations of methyl side groups –CH3 in the

molecules of carotenoids (1004 cm−1); vibrations of
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
–C–C– bonds of carotenoids (1160 cm−1); rotational

vibrations of –CH2– of the alkyl radicals in the lipids

(1300 cm−1); f lexural vibrations of –CH2– of the

alkyl radicals in the lipids (1440 cm−1); vibrations of

–C=C– bonds of carotenoids (1527 cm−1); and vibra-

tions of –C=C– bonds of the alkyl radicals of unsatu-

rated fatty acids in the phospholipids (1655 cm−1).
EMBRANE AND CELL BIOLOGY  Vol. 13  No. 3  2019
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Fig. 4. Comparison of the ratios of the intensities of the major bands of the Raman spectrum for the FD− and FD+ types of areas.
The data are presented as mean ± standard error.
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Symmetric vibrations of the methylene groups –CH2–

of the lipids (2850 cm−1); asymmetric vibrations of the

methylene groups –CH2– and – CH2– of the lipids

(2884 – 2885 cm−1); vibrations of methylene groups

–CH2– and symmetric vibrations of –CH– groups of

the lipids (2932–2940 cm−1) were revealed in the

region of 2800–3000 cm−1 [19, 20]. From the whole

set of the above-mentioned bands, the following

intensity ratios were used to analyze the state of myelin

lipids (Fig. 1): (1) I1527/I1160 ratio (conformation of

carotenoids in LB) increases with increasing lipid

ordering (denoted as I1); (2) I1655/I1440 ratio increases

with increasing the degree of fatty acid unsaturation in

phospholipids (denoted as I2); (3) I2884/I2932 ratio

(conformation of the “tails” of fatty acids of phospho-
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
lipids in LB) increases with increasing ordering of lipids

in LB (denoted as I3).

It was found that the Raman spectrum of the inter-

nodal region of myelin nerve fiber is symmetric rela-

tive to its center with pronounced maxima at the fiber

edges (Fig. 2). The inhomogeneous distribution of the

Raman intensities in the paranodal area of the fiber is

due to the disordered packing in LB involved in the

formation of the so-called paranodal loops, the end

fragments of myelin. Note that the distribution of the

intensities of the bands of the Raman spectrum of

carotenoids repeats the shape of the distribution of the

amplitudes of the bands of the Raman spectrum of

fatty acids of phospholipids, which indicates the local-

ization of these molecules in LB.
EMBRANE AND CELL BIOLOGY  Vol. 13  No. 3  2019
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Fig. 6. Orientation distribution functions (ODF) for carot-
enoids (a) and phospholipids (b) of myelin. Zero angle
corresponds to a direction perpendicular to the membrane.
The ODF was calculated using the mean values of the
ordering parameters (solid line). Gray color indicates the
range of the ODF changes with varying ordering parame-
ters within the standard error of the mean. (c) Orientation
of the molecules calculated using spatial angles ((c1) and
(c2)). Due to the finite curvature of myelin membranes
within the focal volume (indicated by a dotted line), ideally
oriented molecules (arrows) will appear to be located
within angle β (c3). 
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During the recording of the distribution of the

intensity of the focal doublet (FD), the heterogeneity

in the distribution of these molecules in LB of myelin

was detected: FD was absent (FD– type) in some areas

of the myelin (Fig. 3b); FD was recorded (FD+ type)

on the opposite side of the fiber in other areas of
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
myelin (Fig. 3a). Intermediate intensity of FD was not

taken into account, for example, the second maximum

(Fig. 3c). Probably, the occurrence of FD is associated

with the “loss” of light in myelin: if the structure of

myelin was an ideal optical resonator, the light waves

would circulate inside. The FD+ type is due to the fact

that at a given curvature of myelin surface, the angle of

incidence of the light wave may not correspond to the

angle of total internal reflection, as well as to the scat-

tering of light on inhomogeneous myelin structures.

Thus, using this approach, it is possible to study the

structure of LB in different areas of myelin nerve fiber.

In these experiments, the plane of polarization of the

exciting laser was parallel to the axis of the nerve fiber.

I1, I2 and I3 were calculated from Raman spectra of

carotenoids and fatty acids of phospholipids (Fig. 4).

It was found that myelin membranes in the areas of the

FD+ type were characterized by a higher degree of dis-

ordering and unsaturation of the fatty acids of phos-

pholipids. Probably, for LB with a high degree of dis-

ordered lipids, the formation of dense contacts

between adjacent myelin layers is restricted as com-

pared to more ordered membranes of the FD– type. It

is known that various local inhomogeneities, such as,

for example, notches of Schmitt–Lanterman (NSL),

which form the “channels” of the SC cytoplasm inside

myelin, are characteristic of myelin structure. As

noted earlier, the results of X-ray diffraction micros-

copy also indicated the presence of structural hetero-

geneities in myelin within the internodal area of the

nerve fiber. Laser interference microscopy (LIM) was

used to relate microscopic differences in the structure

of LB with the density of their packaging [19]. In this

series of experiments heterogeneity of the distribution

of OPD LB along the nerve fiber was revealed: the

minimum OPD LB corresponds to the interception of

Ranvier. Thus, some properties of myelin (distribution

of fatty acids by their degree of saturation and confor-

mation of carotenoids) within the internodal region

may vary.

In the study of the orientation of molecules of

carotenoids and fatty acids of phospholipids of myelin,

the Raman spectra of nerve fibers were recorded at

different positions of the polarization plane of the laser

beam relative to the fiber and a fixed polarization

plane during the recording of the received signal (Fig. 5).

The bands of carotenoids (1160 and 1527 cm−1) and

lipids (2885 cm−1 ) of the Raman spectrum were used

for calculation of the ratios of intensities ⟨Jzz⟩/⟨Jzy⟩ and

⟨Jyy⟩/⟨Jyz⟩ and construction of an orientation distribu-

tion function (ODF) (fraction of particles oriented

with a certain angle) (Fig. 6). In the case of a symmet-

ric bulk phase (a stretched polymer or a membrane)

with molecules having cylindrical symmetry, their

ODF (N(θ, ϕ, ψ)) is a function of only one argument,

the angle θ between the molecule axis and the normal

to the membrane. Based on the Bower theory, such
EMBRANE AND CELL BIOLOGY  Vol. 13  No. 3  2019
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Fig. 7. Main specificities of the measurements of the Raman spectra of single nerve fibers (a–c), comments in the text. Changes
in LB of the nerve fiber myelin (d). Model of the myelin structure (e).
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ODF can be decomposed into a series of Legendre
polynomials [20]:

The presence of C2h symmetry in carotenoid mole-
cules allows using only even terms in the equation. By
measuring Raman spectra with different positions of
the polarizer and analyzer, it was possible to obtain

( )
0

1
( ) (cos ).

2
i i

i

N i P P
∞

=
θ = + θ∑
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
⟨P2⟩ and ⟨P4⟩ coefficients by solving a system of equa-
tions as described in the study of Everall et al. and use
them to construct the ODF [21]. It was found that
carotenoid molecules were positioned mainly perpen-
dicular to the surface of LB, and their orientation
depended on the chemical structure and composition
of the membrane [16–18, 20].

Previously, only NSL were considered as inhomo-
geneities of myelin internodal area (Fig. 7). We found
that the microdomain structure of myelin includes
EMBRANE AND CELL BIOLOGY  Vol. 13  No. 3  2019
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radial areas of dense myelin occupying a certain area
along the fiber (Fig. 7e). Such an organization of
myelin structure implies a local correlation with the
properties of neighboring LB of myelin. Note that,
unlike NSL, such microdomains cannot be detected by
standard optical microscopy; for their study it is neces-
sary to use the visualization method we have developed.
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