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Low-temperature 'H NMR spectroscopy was used to study the pig spinal and brain tissues of the original samples
at different temperatures, in chloroform, including that with the addition of hydrochloric acid, and in a mixture of
chloroform and trifluoroacetic acid (TFAA) in a ratio of 6:1.

It has been found that water in the tissues of the pig's brain and spinal cord is bound and is part of polyassociates,
the radius of which is in the range R = 1—100 nm. During the freezing-thawing process, only the signal of bound water
is observed in the 'H NMR spectra, while the protons of biopolymers and phospholipid membranes are not detected in
the spectra, which indicates their low molecular mobility. Chloroform dissolves in the substance of cell membranes,
increasing the mobility of aliphatic groups, and the membrane material passes from an ordered to a partially
disordered state. This effect is much stronger for spinal cord tissue, which is due to the lower content of interstitial
water.

The characteristics of interstitial water layers were calculated: the concentration of strongly and weakly bound
water, the maximum decrease in the Gibbs free energy in the layer of strongly bound water and interfacial energies. It
has been found that for spinal cord tissue, the introduction of chloroform into the system is accompanied by a decrease
in the binding of water in the nervous tissue (the amount of highly bound water decreases from 180 to 250 mg/g), and
the value of interfacial energy decreases from 24 to 19.6 J/g. However, these changes have little effect on the radius
distributions of interstitial water clusters. The main maximum of the distribution does not change and is observed at
R =20 nm. In the presence of TFAA, the amount of strongly bound water increases to 1400 mg/g, and the value of
interfacial energy increases to 77.6 J/g. For brain tissue, their value turned out to be significantly less. Thus,
chloroform had virtually no effect on the binding energy of water in the tissue, and the effect of TFAA also turned out
to be half that for spinal cord tissue.

Keywords: 'H NMR spectroscopy, brain, spinal cord, phospholipid structures, strongly bound water, weakly bound
water, association of water

INTRODUCTION experiments, one of the most accessible types of
nerve tissue is pig tissue.

From a physicochemical point of view,
nervous tissue, both the brain and the spinal cord,
is a colloidal system consisting of nerve fibers
immersed in a gel-like substance called neuroglia.
Its basis is the aqueous system, consisting of
sections of intracellular cytoplasm separated by
cell membranes [7]. In this case, the number of
neuroglial cells is approximately 10 times greater
than the number of nerve cells, although their
linear dimensions are many times smaller. Then
nervous tissue can be represented as a system of
compartments filled with an aqueous solution of
low- and high-molecular substances formed by
neuroglial cells, nerve cells and organelles of

Currently, the study of the phase state of nerve
tissues is largely associated with solving the
problems of their fusion, cryopreservation and
transplantation [1-4]. Nervous tissue belongs to
complex biological systems that ensure the
interaction of the organism with the external
environment and its response to changes in both
the state of the environment and the organism. In
addition to nerve cells (neurons and axons), the
composition of nervous tissue includes neuroglia,
which ensures the functioning and metabolic
processes of nerve cells, as well as synaptic
systems that allow the transmission of nerve
excitations to other cellular structures [5, 6]. For
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different types of cells. Due to the small volume
of these compartments, water is in a bound state
due to interaction with cell walls, biopolymer
molecules and mineral and organic substances
dissolved in it. On the other hand, cell membranes
are formed predominantly by phospholipid
structures that are in a liquid crystalline state
(8, 9].

The phase state of both water and
phospholipid membranes is mainly influenced by
temperature and the presence of substances that
can penetrate the membranes or concentrate in
them. A convenient experimental method that
allows one to detect the transition of water from a
liquid to a solid state is the method of low-
temperature '"H NMR spectroscopy [10-13]. In
this case, the large difference in the transverse
relaxation times of protons in solid and liquid
water is used [14]. Freezing of part of the
interstitial water leads to a decrease in the
observed intensity of the water signal in liquid
NMR spectra. Similar patterns apply when
observing the spectra of phospholipid structures.
The state of phospholipids with low molecular
mobility is not recorded in high-resolution
spectra. If organic substances that increase the
mobility of aliphatic fragments are dissolved in
the substance of the cell membrane, signals from
individual phospholipid groups can be observed.

The purpose of this work was a comparative
study of phase transitions in the nervous tissues of
the spinal cord and brain of a pig during heating
of samples cooled to 210 K, the influence of
weakly polar chloroform and highly polar
trifluoroacetic acid on this process. The choice of
a non-polar medium and an acidic additive was
determined by the desire to find out how they
affect the structure of the network of hydrogen
bonds of water in nervous tissues, its clustering
and stability in a wide temperature range, during
the process of thawing the samples.
Deuterochloroform and deuterotrifluoroacetic
acid were used as substances that did not produce
extraneous signals in the "H NMR spectra. It was
assumed that in real experiments with
cryopreservation they could be replaced with non-
polar hydrocarbons (fats) and organic acids.

MATERIALS AND METHODS

The measurements used post-mortem
samples of pig brain tissue taken from the inside
of the hemispheres at a depth of 30 mm. Spinal
cord tissue was taken from the middle part of the
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spinal column. Before use for NMR studies,
tissues were stored in a freezer at —18 °C 14 days.
Measurements were carried out in 5 mm NMR
ampoules. The samples were pieces of fabric with
linear dimensions of about 3 mm? They were
placed in a measuring ampoule in such a way that
they filled approximately 60 % of the working
volume of the ampoule, the rest of which could be
filled with a liquid organic medium. The amount
of tissue in the ampoules was 200-300 mg.
Deuterated  chloroform  and  deuterated
trifluoroacetic acid (NMR spectroscopy grade)
were used as organic media.

NMR spectra were recorded on a high-
resolution = NMR  spectrometer  (Varian
“Mercury”’) with an operating frequency of
400 MHz. We used 90° probe pulses with a
duration of 3 us and a bandwidth of 20 kHz. The
temperature in the sensor was regulated by a
Bruker VT-1000 thermal attachment with an
accuracy of =1 degree. The signal intensities were
determined by measuring the peak area using the
procedure of decomposing the signal into its
components, assuming a Gaussian waveform and
optimizing the zero line and phase with an
accuracy that was no less than +5 % for well-
resolved signals, and +10 % for overlapping
signals. To prevent overcooling of water in the
studied  objects, measurements of the
concentration of non-freezing water were carried
out by heating samples pre-cooled to the
temperature of 210 K. The technique of NMR
measurements and its use to determine the
thermodynamic characteristics and radii of bound
water clusters was described in detail earlier
[10-13].

RESULTS AND DISCUSSION

In Fig.1a,b there are shown 'HNMR
spectra of a spinal cord sample taken at different
temperatures in the case when the voids in the
working gap of the measuring ampoule are filled
with air. At temperatures 7<270 K, one broad
signal is observed in the spectra, the chemical
shift of which is Jy=5.8-6.5 ppm. At higher
temperatures it splits into two signals with
different intensities. One (more intense) with a
chemical shift dy=5.5-5.8 ppm, and the other
with dy = 4.5-5.0 ppm. Both of these signals can
be attributed to interstitial water. As was shown in
[10-13], the chemical shift of water is
predominantly determined by the average number
of hydrogen bonds in which each of its molecules
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participates. For water that does not participate in
the formation of hydrogen-bonded complexes,
chemical shift values in the region
o= 1.0-1.5 ppm are characteristic. In the case of
tetracoordinated water (hexagonal ice) -
ou = 7.0 ppm. For liquid (bulk water), depending
on temperature, the value of the chemical shift of
protons is dx =4.5-5.0 ppm. Then the signal in
stronger magnetic fields (with a smaller chemical
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Fig. 1.
medium (e, f) taken at different temperatures

The large width of the water signal at
temperatures 7> 270 K can be due to two reasons:
the low molecular mobility of water, which forms
gel-like systems inside cells and in the
intercellular space, as well as the existence of
several states of water with different values of
chemical shift, between which a slow (on a scale
of NMR time) molecular exchange [14]. Signals
of protein molecules, DNA, lipids and

ISSN 2079-1704. X®TI1. 2024. T. 15. Ne 3

413

shift) should be attributed to that part of the
interstitial water, the association of which is close
to that of liquid water. That is, the properties of
such water are close to its bulk properties. This is
also evidenced by the fact that the signal in strong
fields appears only at 7> 270 K, which is typical
for water experiencing weak disturbances from
macromolecules or other cellular structures with
which it can enter into adsorption interactions.
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'H NMR spectra of initial pig spinal cord tissue (a, b), in CDCl; medium (c, d) and in 6CDCl; + 1TFAA

glycoproteins present in cellular tissues are not
observed in the spectra due to the low mobility of
their proton-containing groups. In a completely
thawed sample (at 7=283 K, Fig.15b) at
or=1.5-2.5ppm. Low-intensity signals are
observed, which may be due to unassociated
forms of water or aliphatic groups, such as
phospholipids [10].
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Filling the space between pieces of the spinal
cord with weakly polar CDCl; leads to a change
in the appearance of the spectra (Fig. 1 ¢, d). The
width of water signals decreases, and the signal
intensity in strong magnetic fields (o = 4-4.5 ppm)
decreases. In addition, quite intense signals
appear in the region dy = 1.5-2.5 ppm throughout
the entire temperature range accessible to
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measurement. These can be signals from weakly
ordered forms of water [10] or protons of aliphatic
groups of lipid structures, concentrated
predominantly in cell membranes [5]. To assign
signals in this part of the spectrum, the sample
was dried at the temperature of 376 K for 1 hour.
The spectra of such a dehydrated sample are
shown in Fig. 2.
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Fig. 2.

C

"'H NMR spectra taken at different temperatures of samples of dehydrated nervous tissue of the pig spinal

cord in air (a), in CDCI3 medium (b) and in CDCl3; medium with the addition of HCI (c¢)

In air (Fig. 2 a), one broad signal is recorded
in the spectra, the center of which has a chemical
shift 0y = 2.5 ppm. As the temperature decreases
to T7=256K, the signal intensity gradually
decreases, and then in a small temperature range
it abruptly decreases several times. This behavior
of the NMR signal is typical for substances with a
phase transition. Filling the gaps between
particles of nervous tissue with chloroform leads
to a sharp decrease in the width of the signals and
the manifestation of its fine structure (Fig. 2 b). In
this case, the shape of the spectrum is
characteristic of the spectra of phospholipids [12].
If weakly associated forms of water are present in
the system, they cannot be distinguished against
the background of signals from aliphatic groups
of phospholipids. The addition of 50 mg/g
hydrochloric acid to the system (Fig.2c¢) is
accompanied by the appearance in the spectra of
a water-acid merged signal in the region
o = 8-8.5 ppm. The rest of the spectrum remains
unchanged. It can be concluded that despite the
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high water content in the nervous tissue of the
spinal cord, chloroform, which is poorly soluble
in water, easily penetrates the tissue and is
localized mainly in cell membranes, increasing
the mobility of lipid structures in them. This
entails a change in the parameters of phase
transitions of lipids in the direction of reducing
the probability of the formation of their sedentary,
ordered forms.

In  complex, hierarchically  ordered
heterogeneous systems, which include biological
objects, water can be part of spatially separated
structures formed by various types of water
polyassociates (clusters or domains) [11]. The
association of water in clusters of different sizes
differs slightly, which causes similar values of the
chemical shift of protons. However, as was shown
in [15, 16], the solubility of strong acids in them
can differ significantly. Since “acidic” protons in
acids have chemical shifts in the range
o =9-11 ppm, clusters with greater solubility
with respect to acid molecules are observed in the
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spectra in weaker magnetic fields (they have a
larger chemical shift).

Fig. 1 d, fshows ' HNMR spectra of a sample
of spinal cord nervous tissue in a 6CDCl; +
ITFAA medium. As can be seen from the figure,
TFAA causes differentiation of water clusters
located in the nervous tissue based on their
capability to dissolve trifluoroacetic acid.
Assuming that the chemical shift of water in
clusters that do not dissolve acid is dy = 5 ppm,
and for pure acid is dz = 10 ppm, we can estimate
the acid concentration in different types of water
clusters formed in the nervous tissue of the spinal
cord, located in CDCl; medium (Fig. 1 e).

As the temperature decreases, the water
present in the nervous tissue freezes and the acid
concentration in the unfrozen part of the water

system increases. In this case, a shift of water
signals to the region of large chemical shift values
is recorded. Between different types of water
clusters containing dissolved acid, molecular or
proton exchange reactions can occur. As can be
seen from the data in Fig. 1 e, in the temperature
range 253 <T<213K with  decreasing
temperature, separation and then merging of
signals is observed, which is typical for the case
of acceleration of proton exchange [14] — a
transition from the region of slow to the region of
fast proton exchange. This probably occurs due to
the preferential freezing of water in their clusters,
which contain little acid. Then, with a decrease in
temperature, exchange processes between
clusters, which contain a lot of acid and differ less
in the magnitude of the chemical shift, accelerate.
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Fig. 3. ! H NMR spectra of pig brain tissue taken at different temperatures in the original (a, b), in CDCl; medium

(¢, d) and in 6CDCl; + 1TFAA medium (e)

Fig. 3 shows the results of a study of the
nervous tissue of the pig brain. The shape of the
spectra is similar to those shown in Fig. 1. The
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difference consists in a slightly larger signal
width, which, in some cases, does not allow
observing the fine structure of the spectra. In air,
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even with high sensitivity of the spectrometer
(Fig. 3 b), signals from lipid groups are not
recorded. They appear in a chloroform
environment (Fig. 3 ¢, d), but their intensity is
significantly less than for the nervous tissue of the
bone marrow. This is probably due to the high
water content in the tissue. The addition of TFAA
to the CDCl3; medium does not lead to the receipt
of resolved signals related to water clusters
containing different amounts of dissolved acid,
which may be due to the large widths of water
signals related to different types of water clusters.

Based on temperature changes in the intensity
of the water signal, its thermodynamic parameters
and distributions along the radii of bound water
clusters can be calculated [10—13]. To determine
the geometric dimensions of clusters of adsorbed
water, we used the Gibbs-Thomson equation,
which relates the radius of the pore in which water
is located with a decrease in the freezing
temperature [17-18]:

20—8|Tm,00 _ kﬂ

ATm =Tmoo_Tm(R)=_—_
' AH,pR R

()

where T,(R) is the melting temperature of ice
localized in pores of radius R, T, is the melting
temperature of bulk ice, p is the density of the
solid phase, oy is the energy of interaction of a
solid with a liquid, 4Hyis the volume enthalpy of
melting and kgr— constant of the Gibbs-Thomson
equation.

The influence of the solid surface extends to
several molecular layers deep into the liquid
phase [19]. The process of freezing (defreezing)
of bound water corresponds to changes in the
Gibbs free energy, caused by the effects of limited
space and the nature of the phase interface. The
differences from the process in volume are
smaller, the further the water layer is from the
surface. At T7=273K, water freezes, the
properties of which correspond to bulk water, and
as the temperature decreases (without taking into
account the effect of supercooling), layers of
water closer to the surface freeze. To change the
free energy of bound water (ice), the following
relation is valid:

AGiee = —0.036(273.15 — T), )

where the numerical coefficient is a parameter
associated with the temperature coefficient of
change in the Gibbs free energy for ice [20]. By
determining the temperature dependence of the
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concentration of non-freezing water Cy(7) from
the signal intensity in accordance with the method
described in detail in [6-9], the amount of
strongly and weakly bound water and the
thermodynamic characteristics of these layers can
be calculated.

The interfacial energy of water at the interface
with solid particles or in its aqueous solutions was
determined as the modulus of the total decrease in
the free energy of water due to the presence of a
phase boundary [10—13] according to the formula:

max
Cuw

7/5 :_K J. AG(Cuw)dcuw (3)

where C[7 is the total amount of non-freezing

water at 7= 273 K.

The amount of water in tissues per unit mass
of dry matter was determined by drying tissues at
T=376 K for 1 hour. Measurements showed that
brain tissue contained 4000 and spinal cord tissue
3500 mg/g of water. Fig.4a shows the
dependence of the concentration of non-freezing
water on temperature for all studied systems.
Based on these dependences, using formula (2),
we calculated the dependences of the change in
the Gibbs free energy of interfacial water on the
concentration of non-freezing water (Fig. 4 ¢),
and based on formula (1), the distribution along
the radii of clusters of interstitial water (Fig. 4 d).

Table shows the characteristics of the layers
of interstitial water: the concentration of strongly
and weakly bound water (C,° and C.,”,
respectively), the maximum decrease in the Gibbs
free energy in the layer of strongly bound water
(AG®%) and interfacial energies calculated in
accordance with formula (3). It was assumed that
strongly bound water is that part of water for
which 4G < —-0.5 kJ/mol (temperature 7 < 265 K)
[10-13].

For spinal cord tissue, the introduction of
chloroform into the system is accompanied by a
decrease in the binding of water in the nervous
tissue. Thus, the amount of strongly bound water
decreases from 180 to 250 mg/g, and the value of
interfacial energy decreases from 24 to 19.6 J/g
(Table). However, these changes have little effect
on the radius distributions of interstitial water
clusters (Fig. 4 d). The main maximum of the
distribution does not change and is observed at
R=20nm. The difference in distributions is
observed in the relative increase in the amount of
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water included in the R = 100 nm clusters. In the
presence of TFAA, the amount of highly bound
water increases to 1400 mg/g, and the ys value
increases to 77.6J/g. This occurs due to the
dissolution of acid, both in the substance of
phospholipid membranes and in interstitial water
clusters. A new maximum appears in the
distribution R(4C) at R =2 nm. The difference in
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ys values is due to the effect of solvation of TFAA
molecules by water molecules. Due to the high
interaction energy during the freezing process,
water can only go from solution to a solid state
(hexagonal ice) at very low temperatures, and the
difference in interfacial energies determines the
solvation energy.
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Fig. 4. Temperature dependences of the concentration of non-freezing water (a), the contribution of the NMR signal
from protons in the region dy = 1-2.5 ppm (b), changes in the Gibbs free energy from the concentration of
non-freezing water (¢) and distribution along the radii of clusters of interstitial water (d)
Table. Characteristics of bound water layers in the nervous tissues of the pig spinal cord and brain
Cuws Cu” AGS s
Sample Environment
P (mg/g) (mg/g) (kJ/mol) J/g)
Air 180 3320 -2.16 24
Pig spinal cord CDCl;3 150 3350 -2.25 19.6
6CDCIl3+1TFAA 1400 2100 — 77.6
Air 225 3775 -2.25 26.8
Pig brain CDCl3 210 3790 -2.25 26.1
6CDCIl3+1TFAA 500 3500 -2.25 52.8

Similar effects are also observed for brain
tissue, only their magnitude is much smaller.
Thus, chloroform had virtually no effect on the
binding energy of water in the tissue (Table). The
effect of TFAA was also half that for spinal cord
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tissue. This is probably due to the high water
content in the sample and the lower solubility of
chloroform in the substance of cell membranes.
The radius distribution of interstitial water
clusters shows that in the presence of TFAA, the
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distribution maximum is at R = 10 nm, i.e. the acid mobility. Chloroform can dissolve in the
concentration in the tissue is significantly less substance of cell membranes, increasing the
than that in the case of spinal cord tissue. mobility of aliphatic groups. In this case, the

membrane material passes from an ordered to a

CONCLUSION partially disordered state. This effect is much
The water in the tissues of the pig’s brain and stronger for spinal cord tissue, which may be due
spinal cord is bound. It is part of polyassociates, to the lower content of interstitial water.
the radius of which is in the range R = 1-100 nm. The obtained research results allow us to
During the freezing-thawing process, only the visualize more clearly the processes that take
signal of bound water is observed in the 'H NMR place in the nerve cells of living organisms when
spectra, while the protons of biopolymers and they are frozen in the presence of organic
phospholipid membranes are not detected in the solvents, which can give a new impetus to the
spectra, what indicates their low molecular understanding of the mechanisms of their action

on functionally differentiated cells.
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Memodom nusvxomemnepamypnoi 'H SIMP-cnexmpockonii 6yau 0ocniodceni npu pisHux memnepamypax
MKAHUHU CRUHHO20 ThA 201108HO20 MO3KY CEUHI BUXTOHUX 3PA3KI8, Y cepedosuiyi X10pogopmy, y momy Yucii 3 006a8KoI0
ConsAHOT Kuciomu, ma y cepedoguwyi cymiuti xaopogpopmy 3 mpugmopoymogoio kuciomoro (T®@OK) y cniesionoutenni
6:1.

Byno ecmanosneno, wo 600a 6 mxanunax 201061020 Ma CRUKHO20 MO3KY C8UHI € 36 A3AHOI0 Ma 6X00UMb 00 CKAAOY
noniacoyiamig, paodiyc axkux 3Haxooumecs 6 dianazoni R = 1—100 um. ¥V npoyeci 3amopooicysanus-eiomasanus 6
cnexmpax 'H SAMP cnocmepizacmbcsi minoku cuenan 36 'a3anoi 600u, y moil uac sAK npomonu biononimepie ma
doconinionux membpan y cnekmpax He QIKCYrOmMvCs, wjo C8IOUUMb NPO IXHIO MALYy MONEKVISAPHY DYXAUGICb.
Xnopogopm posuunacmvbca y pewosuni KAimuHHux MemopaH, nioguwyrouu pyxausicms anipamuunux epyn, y c6010
uepzy, Mamepian MemMOPaHu NepemseopIOEmMbCs 3 YNOPAOKOBAHO20 8 YACTKO80 po3ynopaokosanuil cman. Lleti egpexm
3HAYHO ~ CUNbHIWE NPOAGNAEMbCA Ol  MKAHUHU CHUHHO20 MO3KY, WO O00OYMOGNEHO MEHUWUM GMiCIOM
BHYMPIUHbOMKAHUHHOT 800U,

Pospaxosani noxaznuku wapie 6HympiuiHbOMKAHUKHOI 600U. KOHYEHMPAyilo CUlbHO- i c1ab036 A3anoi 600u,
Maxkcumanvhe 3HUdICeHHs 8ilbHOI enepeii [166ca 6 wapi cunvbho36 'a3anoi 6oou ma migicgpaszui enepeii. Bcmamnogneno,
WO y MKAHUHI CHUHHO20 MO3KY 86€0€HHA Y CUCEMY XA0POPOPMY CYRPOBOONCYEMbCIA SMEHUEHHAM 38 SA3V6AHHI 800U
Hep8060I0 MKAHUHOIO (KINbKICMb CUNbHO36 A3aH0T 600U 3menuyembcs 6i0 180 0o 250 me/2), a eenuuuna misgcgaznoi
enepeii 3nudicyemuca 6i0 24 0o 19.6 [oc/e. Oouak yi 3minu ciabko enausaioms Ha po3noodin 3a padiycamu Kiacmepis
BHYMPIUHLOMKAHUHHOT 600U. OCHOBHUTL MAKCUMYM PO3NOOLTY He 3MIHIOEMbCSL ma cnocmepieacmobest npu R = 20 um.
Y npucymnocmi TOOK xinvkicme cunvho3e’sa3anoi 600u niosuwyemocs 00 1400 me/2, a senuuuna migcgasmnoi enepaii
00 77.6 /2. [{na mxanunu 201061020 MO3KY iXHS 6eIUYUHA BUABULACS 3HAYHO MeHuio0. Tak, Xx10pogopm npakmuyro
He GNIUMYE HA eHepeilo 36 ’A3yeantsa 600u 6 mkanuni, a egpekm TOOK maxodic 6UABUSCs B0GIUT MEHWIUM, HIJIC MKAHUHU
CRUHHO20 MO3KY.

Knwouosi cnosa: ' H SIMP-cnexmpockonis, 20n06Hull MO30K, CRUHHULI MO30K, ochoninioui cmpykmypu,
CUNbHO38 'S3aHa 600a, c1a0038'93aHa 800d, ACOYILOBAHICIb 800U
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