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10 mgdo 50096l Ms30L Fobols s FMEMEMBL, 0dEs MHrmmeE dobo
MR OIM0, S1939 LolbEds®mMzm3z5b0 LEMWJEHMMIOOL GHOIBLEMODs309,
M5 mogolb  dbMmog  ofiggzl ©30dwol  fowszgdol  Log®Eye
AMBLRMO T30, {MHIJYdS M9HYJ3000 FmMgmer 35gdDY.

bo30mbsz00, ©300¢0l 50JdoGgdGmbozol 396056963 vwo
AOBLBMOTo305 3o8mf3gmwos FbmmwmE 3sME0swMMo 3935@9d@mdoom,
099 §o60mo96L ©30dobmzol GHo30we 8gbmdgbl, MMIgElsg 9RO
5dab dogeo  mbEMgbgBol  496353¢mdsTo.  FMLGHBsGIMMO  BMHEOL
LG gdol  990pmd,  ©300olb  sMdoBgddmbogzolb  Fglisdenm
(3300 gdgOoL  OILAMMYOs 96 Mobymezs. 960d3bgemgzsbo  0dbgdms
©300wolb  LEGO®YIGHMOOL, OHMyMOE JEosbol, sbggg dobo o 3gwEwo
3M33mbgbEHdoL,  3eslBo3MGmdOl  FgLfagerolsmgol  mbEmygbgbol
©0b65003580.
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Liver regeneration following liver resection is one of the most intensively
studied processes. The intensification of this interest is caused due to increase
need for liver resection in last two decades. This is defined by to the increased
number of liver pathologies on the one hand, and increased the frequency of
transplantation of part of the liver from living donor, on the other. The
increase in the frequency of liver resections in the clinic is also due to the fact
that various modifications of liver resection are easily modeled surgery in
experimental studies, especially in small laboratory animals (rodents). It is
experimentally proven that on 7th-8th days (according to some authors, on the
end of the 2nd week) after the liver resection (partial hepatectomy — PH), liver
regains its size and mass almost completely. The study of post-resection liver
regeneration phenomenon involves: 1) Research of triggers and stimuli of
regeneration; 2) Research of molecular pathways of regeneration and its
termination after the liver mass is restored; 3) Research of structural changes
(cellular and tissue) during regeneration process;

Considering a plethora of papers dedicated to the study of liver
regeneration, the fact that the structural side of the liver regeneration,
following PH, is not studied is a paradox. Examination of the liver tubular
structures of regenerated liver by the methods of corrosion casts can provide a
valid answer to the above-mentioned question. Thus, in order to adequately
assess the structural features of liver regeneration after PH, it is necessary to
find out:

1. What does the liver regeneration at the cellular level mean? (Do
hepatocytes proliferate or occurs hypertrophy? Or both together? Or one
process is replaced by another in dynamics?).

2. What does liver regeneration at the lobular level mean? Is enlargement of
liver remnant after PH is caused by the development of new lobules or increase
in the volume of existed ones? If the latter happens, on what basis does this
increase occur, by increasing the number of hepatocytes or by the increasing
their size?

3. What is the meaning of regeneration at the level of portal and caval
tubular structures and their lined cells? How do the branches of vena cava,

hepatic vein, artery and bile duct (also lymphatic vessels) “follow” liver’s
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growth — by “developing of new branches” or “extension/elongation” of old
ones?

4. What are the differences between architectonics of normal and
regenerated liver?

The existence of such questions proves the importance of further
investigation of liver regeneration. The presented research serves to fill the
missing fragments of the complex mosaic of liver regeneration, without which
it is impossible to imagine this process in whole.

Scientific News: The process of regeneration of rat liver does not end in
the near term after resection of its 2/3 part. Transformations continue
permanently, which is the basis of changes the spatial architecture of the liver
lobules, including the formation of "megalobules", namely:

1. Transformation of the vascular network, both by changing the shape
and size of existing structures and by forming new sinusoidal capillaries and
venules;

2. Changes in the shape and size of hepatocytes, accompanied by the
formation of new intercellular connections, including the involvement of
atypical membrane protrusions of deformed neighboring hepatocytes.

Aim of the study: The aim of the study presents to investigate the structural
changes following liver tissue resection in the early and long term after surgery
and to make a comparative analysis of the architecture of regenerated and

normal livers.

Research Methodology
Material

The study was conducted at TSU Alexander Natishvili Institute of
Morphology on 64 adult male albino rats of Wistar breed, weighing 150-300

grams.

Research design
Animals of the same age (4 months) were divided into three study groups -

SG1, SG2 and SG3. The rats in the control group were age-identical animals for
each group, which carried out so-called False surgery.
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In SG1 - We studied the liver regeneration of rats during the first two
weeks after 70% resection of the liver - at different hourly and daily rates. As a
control, we used the resected liver tissue of the same rats and the liver of the
first control group - CG1.

In SG2 - We studied the liver regeneration of rats after 9 months following
70% liver resection. As a control, we used the liver of the rats from the second
control group - CG2.

In SG3, 9 months after primary liver resection, the animals underwent
repeated resection - re-resection. We studied liver regeneration 6 months
following re-resection.

Histological (H&E, Masson trichrome, CK8 Immunohistochemical
marker, transparent slides after Indian Ink injection), morphometrical
(hepatocytes areas and perimeters) and Electron Microscopical (Scanning
Electron Microscopy of corrosion casts) methods were used for the

investigation of liver architecture.

Surgery Drocedures

The surgical operations were performed on animals in the morning, in the
fasting state, under diethyl ether general anesthesia. The animals were cared
according to the National Research Council (US) Committee for the Update of
the Guide for the Care and Use of Laboratory Animals recommendations to
minimize pain or discomfort to the animals during the operation as well as in
post-operative periods.

Partial hepatectomy: PH was performed according to the Claudia Mitchell

& Holger Willenbring protocol with the application of double knot surgery.
After opening the abdominal cavity of the rat, the liver was mobilized by
sectioning the liver ligaments. The first ligature was followed by the excision of
the left lateral lobe (about 26% -30% of the liver mass), while the second
ligature by the excision of the medial lobe of the liver (about 38-40% of the
liver mass). The resected liver tissue was fixed in 10% buffered formaline. They

represented control for liver regeneration.
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Repeated partial hepatectomy: Repeated PH was performed 9 months after

the first surgery. The laparotomy and abdominal cavity revision were carried
out. The remnant liver was represented by the regenerated upper and lower
segments of the right lateral lobes and the anterior and posterior caudal lobes.
The blood vessels of both segments of the right lateral lobe were ligated by
applying the "single-knot method" so as not to hinder the blood flow in the
lower vena cava. The resected liver tissue corresponded toabout 70% of the

remnant liver.

Research methods

At the specified time after the surgery, we put the animal to sleep under
ether general anesthesia and fixed it on the surgery table. The abdominal cavity
was opened. Moderate adhesions were observed at sites of liver resection. After
transections of adhesions we identified sharply increased lobes (in SG1 and
SG2) / lobe (in SG3) in comparison to normal liver.

Macromorphological processing of the material for histomorphological
examination was performed within 24 hours after taking the material. We took

3-3 samples from each share.

Hematoxylin and Eosin staining:

Liver tissue sections of 3-um were stained by the standard H&E method

and studied microscopically with different magnification.

Histochemistry:

Liver tissue sections of 3-5 pm were stained using Masson’s Trichrome kit
(Sigma Aldrich Catalog Number: C970D37) according to the recommendation

of the manufacturer.

Immunohistochemistry:

For immunohistochemical analysys Rabbit antibody keratin-8 (KRTS8)
produced by MyBiosourse (Catalog #MBS8510691) was used. The antibody was
diluted 1:200 in 0.01 mol/L phosphate buffered saline pH 7.4 (Sigma Aldrich).
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All light microscopy was conducted by Primo star ZEISS, Jena, Germany
equipped with a digital video camera - ZEN 2.3 SP1

Morphometry:

The morphometrical analysis was conducted mb:

(a) Hepatocytes of the first zone of the liver acinus, located periportally on
both sides of the line connecting neighboring portal triads.

(b) Hepatocytes of the third zone of the liver acinus, which are located
around the central vein of the classic liver lobule.

The histological slides stained with CK8 marker were used for
morphometric analysis

Histological slides were scanned on a Motic Digital Slide Scanner and
analyzed using motic digital scanner assistant software, Motic VM 3.0. The
work area was enlarged 40 times and cell membranes were outlined manually

because the shape of the hepatocytes does not fit any geometric figure as a rule.

Histology after Indian-ink/gelatin injection:

Histological “transparent” slices of liver tissue were prepared after

injection of the Indian-ink and gelatin (1:3) mixture into the portal vein.
Scanning Electron Microscopy of Corrosion Casts (CC
Preparation of Injectable Solidifying Mass (ISM)

A series of the bench tests were done with different ratios of liquid
components of Protacryl-M and/or Aycryl C, powder components of Protacryl-
M and/or Myecryl, initiator of the polymerization (Benzoyl Peroxide) and dye
(“Redont Kolir” [STOMA, Kharkiv, Ukraine])—for obtaining ISM with the
optimal features in relation with homogeneity of ISM before and after
solidification (was assessed visually), time to start solidification, time for full
solidification, temperature of solidifica- tion, shrinkage degree during
solidification, sensitivity/resistance toward corroding agents (acid/alkaline),
time of corrosion; ability of coloring (color resistance to water and acid),
possibility of high-quality coating (by metals or carbon) for SEM; resistance to
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electron bombing in the SEM; suitability for SEM in high and low vacuum
conditions; possibility to identify the tubular structures filled with differently
col- ored ISM by X-ray spectroscopy during SEM); ability to penetrate into—
and casting small tubules (capillary networks); ability to imprinting the luminal
surface of the tubular structure; ability to produce “leakages” and fill lymphatic

vessels; ability to replicate tissue spaces

Injection of the selected ISM with the proved optimal ratio of the above-
mentioned components was done in adult Wistar (second post-pubertal period)
male rats, weighing 180-220 g. The injection was carried out under diethyl
ether deep general anesthesia, after washing-out of the blood vessels with 0.1
ml. Heparin (5,000 U/ml) mixed in 0.9% NaCl solution (washing-out speed—20
ml/min). The manipulations were performed using surgical glasses, or
microsurgical microscopy.

Polymerization of injected mass happened in the animal body placed in

water-bath with the for 2 hr on room temperature.

Preparation of CC for Scanning Electron Microscopy

After polymerization of injected mass tissue was corroded in in 20% KOH
solution, in-room temperature. After 2 hr fragments were removed from KOH
solution and washed out in distilled water for 10 min three times. These
KOH/water change was done three times which was quite enough for full
corrosion of the soft tissues.

The CCs were studied by the “ProScope” digital camera (served as a light
stereo-microscope) and SEM (JEOL-JSM-6510LV and Hitachi S-570) allowing
the visualization of the sample by the both Secondary Electron Imaging (SEI)
and Backscattered Electron Compo- sition (BEC) regimes. The microscope
JEOL-JSM-6510LV was equipped with an X-ray spectroscope (Oxford
instruments X-Max, Great Britan). For the investigation in high vacuum
conditions, the CCs were preliminarily coated by the gold in equipment JEC-
3000FC (Tokyo BOEKI Group, Japan; vacuum = 3.2 Pa; coating time = 180 s).
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Statistical analysis

The results of measurements of hepatocyte area and perimeter, as
quantitative variables, are represented as medians. Quantitative variables were
compared using the t test. All P values were two-sided and the significance

level was set to 0.05. The program SAS 9.2 was used for statistical analysis.

Research results and discussion

Approbation of a injectable solidified mass to obtain CCs

Analyzing the obtained results of our bench experiments, it was con-
sidered that the above requirements toward the injectable solidifying mass
(ISM) is mostly met by the mixture with the following propor- tions of the
components: 0.25 g MAYCRYL C. C. Powder (4.7% of whole mass) + 0.08 g
Benzoyl Peroxide (1.5% of whole mass) + 5.0 mL Protacryl-M liquid component
+0,2 Redont Colour (dye concentrate). The CCs obtained by the mixture was
investigated by Proscope Digital Microscopy and Scanning Electron
Microscopy.

The results confirm that casting media prepared by us gives possibility for
visual control (monitoring) of parenchymal organs (liver, kidney) by
observation, as filling the subcapsular microcirculatory vascular bed is easily
noticeable. The color of the injected structures depends on the dye mixed with
ISM.

The study of CCs using a stereo (digital) microscope shows the possibility
of reproducing only the portal circulatory bed, as well as the portal and liver
venous network simultaneously by using different colors ISMs. The CCs
prepared on the basis of Protacryl — M are well subjected to coating with gold
for scanning electron microscopy under high vacuum conditions. The
scannograms reveal the intercommunicated uneven cylinder-like casts of blood
vessels with different diameters and sharp contours. The surfaces of the casts
are characterized by narrowing and expansion areas, as well as imprints of
nuclear-containing zones of endothelial cells. t is worth to notice that all these
characteristics of the CCs are preserved as well in case of their SEM
investigation in a low- pressure vacuum condition—without gold coating. ISM
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fills with equal success the large-caliber and tiniest (smaller than 1 pm)
ramifications circulatory bed. In addition, the casts are subjected not only to the
measurement of the lengths and the diameters but also to the angles of
branching, also, Besides, X-ray spectral analysis of the molecular composition of
the ISM. In some samples of the CCs, the “extravasation” (leakages) of ISM
from the injected tubular structures was found. They have the forms of typical
conglomerates or plates. From the parts of leakages originate the casts of
lymphatic vessels with the diameter 10-25 um, typically flattened form, with
“blind-ended ramifica- tions” and narrowed areas corresponding to the zones of
valves. On the surfaces of lymphatic vessels, there is a typical reflection of
nuclear-containing zones of lymphoendoteliocytes.

Such cheapness of CM, when applying the method of CCs in research, is
quite important as far as it is often used in the preparation of both micro- and
macro-specimens, thus dramatically increasing its cost and therefore finances.

The ISM we have provided is characterized by such viscosity that
successfully replicates both large and small caliber (with the diameter up to 1
um) tubules. The above mentioned components of ISM is widely used in dental
practice in many countries (ISO 9001, ISO 13485 and GMP) which is the
clarification of its non-toxicity.

The ISM, recommended by us, retains its viscosity for up to 10 min, thus
enabling injecting tubular structures, to be researched without hurry. In
addition, as shown above, the ISM starts firming from the 10th minute, which
prevents the “reversal” of the injected mass and assists the creation of the
complete casts. It is also worth noting that during the process of solidification
our ISM actually is not subjected to shrinkage, which allows considering the
data of the cast measurements as the dimensions of the lumens of the
corresponding tubular structures. Thus, the named paints do not create a
barrier for scanning electron microscopy, facilitate the examination of different
tubular systems (both, separately and simultaneously. At the same time, it
allows, evaluation the degree of filling adequacy of microcirculatory bed in the
process of injection by observing the organs (especially on parenchymal
organs—liver, kidney. The resistance of our casts towards so-called “bombing”

in thescanning electron microscope is confirmed by the fact that during pro-
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longed, 1-2 hr sessions of microscopy, there were not observed typical
explosions on the surface of the specimens as in the cases when the research
surface was sensitive to electron flow.

The continuity of the casts of small tubular structures, the “stretching” of
their surfaces and the negative reflec- tion of the lumenal surfaces of the
corresponding tubules on them confirms that the images of our CCs, obtained
by scanning electron microscopic study, are up there with the results of the
casts obtained through the internationally recognized CCs media. It is
important solidification (polymerization) temperature of ISM did not exceed
45°C.

Thus, the characteristics of the ISM created by us meets all modern

requirements for the CCs media.

Peculiarities of regeneration during the first 2 weeks following 2/3 partial

hepatectomy

24, 48, and 96 hours after liver resection, the area and perimeter of
hepatocytes increased in the first and third zones of the acinus compared to
normal (p <0.001). 1 week after resection, the area and perimeter of hepatocytes
in the third zone of the acinus were smaller than normal (p <0.05), and the
perimeter and area of hepatocytes in the first zone exceeded the normal values
(p = 0.05). In addition, the perimeter and area of hepatocytes in the first and
third zones of the acinus were smaller compared to similar data for previous
regeneration terms (p <0.05). 2 weeks after resection, the area and perimeter of
the regenerated liver hepatocytes in the first and third zones of the acinus
exceeded the normal values obtained one week after resection (p <0.001).

Comparison of hepatocyte areas and perimeters by zones at the same terms
shows that, at normal, at 24 h and at 96h of regeneration, the area of
hepatocytes in the third zone exceeds the area of hepatocytes in the first zone

(p = 0.01; p = 0.005, p=0.03 respectively), and no significant difference is
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observed between the perimeters of the hepatocytes (respectively p = 0.06; p>
0.9; p=0.1).

The situation is changed at 48 hours after resection, when the area and
perimeter of hepatocytes in the first zone of the acinus exceeded the area and
perimeter of hepatocytes in the third zone (p <0.05).

One week after 2/3 liver resection, the area of hepatocytes in the first zone
was significant larger than the area of hepatocytes in the third zone (p = 0.009),
and the difference between perimeters was not significant (p = 0.1). However,
two weeks later, the area and perimeter of hepatocytes in the first zone of
acinus do not differ from the area and perimeter of hepatocytes in the third
zone (p=0.5;p=0.2).

By the histological examination of the normal rat liver can often identify
lobules where the hepatocytes are arranged radially, in the form of plates of one
or two hepatocytes, between which the sinusoids are more or less equal in size.
On the 24th and 48th hours after 2/3 hepatectomy, it is difficult to identify the
lobules, and the lobules whose outline can be identified are increased. The
radial arrangement and architecture of the hepatocyte plates are disordered.
They are replaced by conglomerates of liver cells and sinusoidal capillaries. In
some areas of these conglomerates, zones without sinusoids, as well as with
sinusoids of different sizes and shapes, are identified. In addition, some
sinusoids are sharply widened. The typical configuration of the cytoplasmic
membrane of hepatocytes are changed, cytoplasmic protrusions (procesus)
appear on some hepatocytes. Multiple mitotic figures are observed On the 48th
h of regeneration.

On the 96" h of regeneration mitotic figures are found in unit quantities.
Part of hepatocytes undergo destructive-necrotic changes. Such necrotic
hepatocytes are often bordered by binuclated, large, or mitotic hepatocytes.
Necrotic hepatocytes are also often found in so-called, bloodless areas.

1 week after regeneration, the liver tissue returns to a more or less typical
architecture, and the size of the lobules that can be identified on histological
preparations is larger comparing to normal. Part of the sinusoids is dilated, and

in some areas there are markedly irregular sinusoids with branching. The
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plasma membrane of hepatocytes surrounding such sinusoids is also abruptly
irregular, sometimes so much that the liver cells have a star-like shape.

On the 24%, 48" and 96% hours of regeneration, hepatocytes differ
markedly in size from normal hepatocytes. Typical form of the normal
hepatocytes are replaced by hepatocytes with dramatically different shapes and
sizes, which are connected to each other by an unusually shaped plasma
membrane protrusion so that the histological picture of whole section
resembles the puzzle construction. Connection of hepatocytes through these
new “growths” (protrusions) indicates formations of new connections, and
remodeling of hepatocyte cords, as it is shown in case of changes in aortic
endothelial cell under pressure by Gusev et al 1991.

It is noteworthy that within a week after regeneration in some areas there
is intense formation of sinusoid capillaries and an abundance of small tributaries
of the hepatic veins (central and sublobular veins) against the background of
the small amount of portal triads.

SEM examination of corrosion cats of the same term reveals a network of
sinusoids that spatially lines lobules of different shapes and sizes, including
those that appear to be a combination of two "normal" lobules (megalobules).
Sometimes the diameter of sinusoids is markedly different. Particularly the
superficial sinusoids. In some areas, small (narrow) diameter casts of sinusoids
are observed, which have an irregular rough surface with small bud protrusions,
which gives the contour of these casts a zigzag shape. These casts correspond to
the sinusoids observed in some slides prepared on the same term and stained by
H&E. SEM of corrosion casts reveals the replicas of the hepatic vein tributaries
and associated with them large sinusoids which with the typical features of
vascular sprouting. Such sprouting casts sometimes anastomose to each other.

After 2 weeks of liver resection, the number of areas whose construction
looks like normal increases. In addition, areas with hepatocytes with
cytoplasmic growths (protrusion) and sinusoids of different diameters are still
detected. Regenerative nodules without sinusoids indicating that the
sinusoidalization process is not complete.

Changes the data of hepatocyte area and perimeter obtained by us are not

characterized by a single common tendency. Taking into account, that
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hepatocytes of a strange (non-standard) shape appear with a kind of
cytoplasmic protrusions, we must assume that not only the vascular network
and, consequently, the shapes and sizes of the lobules, but also the population of
hepatocytes are subject to transformation

Sprouting of the hepatic vein tributaries detected on corrosion casts
confirms that the proliferative processes are not complete and therefore the
liver / lobules remodeling process continues. The sprouting of the above-
mentioned venules corresponds to areas quite commonly found on histological
slides, where exists a lot of central veins and sublobular veins without a
corresponding number of triads, this does not fit with the classical description
of rat liver. In addition, a similar proliferation of veins may be some indication

of the formation of new lobules.

Peculiarities of regeneration after 9 months following 2/3 partial

hepatectomy (SG2)

Tissue of liver was investigated by complex morphological methods after 9
months following 2.3 PH (2" study group). The results of the morphometric
study of liver tissue reveal that the area and perimeter of the CG hepatocytes
differ from the SG2. Namely, a) hepatocytes located in the first zone of the liver
acinus is significantly less than the area of the hepatocytes in the third zone of
the acinus (P < 0.05) while we could not find significant difference between the
perimeters of the corresponding cells (P > 0.05). The cells of the first and third
zones of the acini for the SG1 and SG2 do not differ significantly either by area
or by the length of the perimeter (P > 0.05 in both cases). b) In the SG2 the
area and of hepatocytes and perimeter of the 1 and 3™ zones of the acini do
not differ from each other significantly (P > 0.05 in both cases); c¢) The area of
the hepatocytes of the SG2 , located in the third zone of the acinus significantly
exceeds the area of the corresponding hepatocytes of the CG2 (P < 0.05).

Regular shaped liver lobules of the histological slices (H&E) from the CG
are represented by a circular or multi-dimensional geometrical structure close

to the circle in the center of which the central vein can be identified. The
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identification of such lobules is relatively easy on transparent histological slices,
prepared after Indian Ink-Gelatin injection. It should be noted that the
diameter of such "classical" lobules varies significantly and ranges from 300 ym
to 600 pm.

Nine months after PH the sizes of those lobules of the histological slices,
contours which can be identified, are higher than normal. Part of the sinusoids
are dilated asymmetrically giving, to the liver tissue, a nonhomogenous view.
The sinusoidal non-homogeneity is better seen on transparent histological slices
prepared after Indian Ink - Gelatin injection: the "mega-lobules" formed by the
aggregation of merging several adjacent lobules, a unified sinusoidal network of
which originates from several portal venules, can be clearly seen in different
areas. The boundaries between the adjacent lobules (including mega- lobules)
are widened and filled by connective tissue fibers.

The results provided below are based on SEM investigation of the vascular
casts of the normal liver containing blood vessels less than 300 ym in diameter.
The sinusoidal vessels form three-dimensional meshwork of more or less
uniform regular form as well as the mesh with difficultly described geometry.
Three types of lobules can be distinguished in the liver tissue: Superficial
lobules, deeply localized lobules and lobule-like structures.

The diameters of the sinusoidal replicas vary in a wide range (from 6 um
up to 20pum). The length of the sinusoidal vessels before the branching also
varies (from 6 pm up to 50 ym). On some regions of the corrosion specimen,
we have observed small capillary meshworks, connected to the sinusoidal casts
— a so-called “periportal meshwork”, which sometimes connects the sinusoids of
the lobules, located on the opposite sites of the portal vein branch. Although
the border between these two lobules remains obvious.

The diameter of sinusoidal casts of the regenerated liver lobules often
exceeds the diameter of sinusoidal casts in the control group. The sinusoidal
casts, similar to the casts in the control group, create two types of meshwork —
with parallel, rarely interconnected fragments and twisted, often
"anastomosing” fragments. Sinusoidal casts, in addition to loops with an inner
diameter of 30-50 ym (which are commonly found normally as well), often

form loops with an inner diameter of 2-4 pm.
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A large scale imaging of the sinusoidal casts shows that except for the
imprints of the endotheliocytes and/or their nuclear-containing zones (which
are also found in the control group samples). Unlike to the CG2, in SG1 the
villous outgrowths are observed on the casts. The presence of such villi gives
the sinusoidal casts a “scratchy” look.

Comparison the data obtained by morphometric investigation of SG1 and
SG2 shows that after 9 months from PH the area of hepatocytes of the I and III
zones are lesser compared to the similar data of the 2 weeks after PH. There was

no significant difference between petameters.

Peculiarities of regeneration after 6 months following re-resection (SG3)

Peculiarities of regeneration after 6 months following re-resection were
studied by complex morphological methods. The data obtained were compared
with the examination results of relevant control group animals, as well as those
of the first, and second study groups. Morphometric research findings of the
liver tissue of animals from the 3 study group reveal that: a) In the third study
group, both the area and perimeter length (P<0.05) of hepatocytes located in
the first and third zones of the acinus increase when compared to the control
group; The hepatocytes in the first zone of acinus of the 2* and 3¢ study groups
did not differ from each other in terms of either area or perimeter (P>0,05 ); c)
In the 3% study group, the area of hepatocytes in the third zone of acinus
exceeds the similar area of hepatocytes in the 2™ study group. (P<0,05).

The diameters of the liver sinusoids of the 3" study group animals are not
the same, the boundaries between seperate lobules and mega-lobules are more
clearly defined. The number and size of megalobules formed by lobule fusion
has increased, according to a scanning electron microscope analysis of
reregenerated liver corrosion specimens (often exceeding 1 mm). Architectonics
of such megalobules is quite different from architectonics of control group
lobules. At the same time, the boundaries between the structures that form
meglobules are difficult to distinguish, whereas the limits between nearby
megalobules are well defined. The diameter of the sinusoids and associated

blood vessels exceeds the corresponding sizes of similar blood vessels in the
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control and regenerated liver. In the network of hepatic sinusoidal casts of the
3" study group animals, blind-ended areas were prevalent; In addition, there
are local dilations, resulted by a combination of 3-4 sinusoids. Sinusoidal casts
form loops with various inner diameters (5-30 p). There are marked the
imprints of adjacent cells and/or their nucleated zones on some of the casts. On
the part of the sinusoidal casts, piliform processes identical to those described in
regenerated liver sinusoidal casts have been observed. However, the size and
occurrence frequency of these processes is much higher in the regeneration
group.

The same length and varied area of periportal and pericentric hepatocytes
in the liver of the 27 control group animals indicates a difference in the section
shape of these cells. Hepatocytes located in the periportal direction are more
often polyhedral shapes within the square, and hepatocytes located in the
pericentric direction have a more oblong. Regeneration of the liver as a result of
resection and re-resection is associated with hepatocyte hypertrophy, located in
both the I and III zones of the acinus. In addition, the hepatocyte are more
uniform. It should be noted that hypertrophy is more pronounced in
hepatocytes located in the III zone of the liver "reregenerated" after re-
resection.

We studied the structure of the liver tissue at such terms when, the
processes of liver regeneration are completed according to literature data.
Considering the existing consensus, this indicates that post-resection
regeneration has reached a state when, on the one hand, the liver satisfies the
body's metabolic requirements, and on the other hand, portal hypertension is
equalized.

According to our data, it may be assumed that hypertrophy of hepatocytes
resulted from post PH activated mitoses (repopulatory) provides the first, i.e.
body's requirements for metabolism, while the second, i.e. portal pressure
equalization, is provided by an increase in the size of the blood vessels and
dilation of part of the sinusoids. The results of our morphometry also confirm
that the regenerated liver (regenerated lobes) following PH, should contain an
increased number of hypertrophied hepatocytes. But in this case, the size of all

lobules in the regenerated liver must be larger than the size of the lobules in the
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control group. The findings of the histological and corrosion cast specimen
studies reveal that, in addition to hypertrophy to varying degrees and to so-
called megalobules, lobules of the size and shape of control animals are detected
in both regenerated and reregenerated liver samples. Their presence indicates
that the process of hyperplasia and hypertrophy did not affect all hepatocytes,
and therefore all lobules.

The hepatocytes subjected to the proliferation and hypertrophy
underwent remodeling into increased in size, including non-standard shape
(hypertrophied) lobules, so called "Megalobules".

Despite the fact that corrosion and ink-injected specimens prepared 9
months after partial hepatectomy clearly show an increase in the number of
"lobule” blood vessels, we prefer the careful term "lobule re-modeling" over
"lobule proliferation”. On the hepatic specimens regeneration after partial
hepatectomy, we detected lobules that were smaller in size than the lobule sizes
control group animals. Thus, more research is needed to confirm or disprove
the assumption of the emergence of new lobules after partial hepatectomy.

After partial hepatectomy, remodeling of liver cells is accompanied by an
increase in the number of connective tissue structures not only around large
vessels, but also around their thin branches and, moreover, in Disse's spaces too.
This indicates that both the remodeled cells and the whole lobules are more
firmly embedded in the connective tissue skeleton of the liver compared to
liver in the 2™ and 3™ control groups. Such embedding, supposedly after
repeated partial hepatectomy, should result in less intensity of the new wave of
remodeling. Studies of both histological and corrosion casts confirm this
hypothesis. Furthermore, compared to the post-primary resection condition,
masson's trichrome stained specimes indicate a significant increase in
connective tissue fibers after repeated partial hepatectomy. Collagen fibers also
accompany the peripheral blood vessels surrounding the remodeled lobules
(megalobules), giving the liver parenchyma a nodular appearance. Due to the
above, it may be assumed that after another (third) hepatectomy, the lobules
will have less ability for remodeling.

The presence of numerous anastomoses between sinusoidal networks

adjacent lobules allows us to imagine the entire sinusoidal network of the liver
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as a single net that is supplied and drained by many blood vessels. Supplying
blood vessels are represented not only by the interlobular venules, but also by
the "involved" venules, which separate from the larger caliber blood vessels at
every 300-600 micrometers, on two opposite sides. The distance between the
involved venules corresponds to the size of the lobules, and the distance
between the sinusoidal involvement sites in the central and/or sublobular
venules corresponds to the zones of pericentral hepatocytes, given that one or
two hepatocytes may be located between two adjacent sinusoids. The periportal
and peribiliary networks, which emerge from the branching of the portal vein
and hepatic artery, represent additional specific tributaries of the sinusoidal
network.

After partial hepatectomy, as well as after repeated partial hepatectomy,
during the ongoing liver tissue remodeling with the creation of so-called
megalobules, the sinusoidal capillaries are involved by dilation, proliferation,
and the formation of a new spatial network structure. However, this
remodeling, as in the control group hepatocytes, does not apply to all sites of
the sinusoidal network in the same way. Though, the sinusoidal network, like
the control group, has two types of sites: parallel, with few connections to each
other, and tortuous, with frequent anastomoses, but their intralobular
topography is lethan that of the norm. The widening, lengthening of the
sinusoidal folds, the appearance of "blind" extensions and increased loops
confirm the existence of a proliferative process, which seems to be based on
both hypertrophy and proliferation of sinusoidal endothelial cells. The latter is
confirmed by the presence of imprints of endothelial cells, and their nucleated
zones on part of the casts, the dimensions of which are larger than normally
described.

Existance of blind extensions on the sinusoidal casts should be considered
as confirmation of proliferation by gemmation of sinusoidal capillaries. The
small inner diameter of some loops (for example, 2-4 micrometers) suggests that
at that location hepatocyte should not be present always (it can not be placed,
can not fit in).

The loops, with even smaller inner diameters, created as a result of

interconnection of the small pterygoid extensions (processes) of the sinusoidal
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cast, should be noted seperately. Presumably, the presence of such processes
and loops should indicate that the so-called splitting mechanism of capillaries is
involved in sinusoid proliferation, by creating an "endothelial curtain"
("partition") in their lumen and thus dividing this lumen into two, often
unequal, parts.

Scanning electron microscopy of corrosion specimens prepared after 6
months from repeated resection of the regenerated liver, performed after 9
months from partial hepatectomy, also confirms the next stage of sinusoidal
remodeling. There are local dilatations (sinusoidal lakuns) generated by a
combination of 3-4 sinusoids, the sites of which are often difficult to separate
from the central veins on histological specimens, in addition to the increased
number of blind extensions of sinusoidal casts, as noted above.

The presence of fine piliform extensions on the regenerated liver
sinusoidal casts should indicate the dilation of the sinusoidal endothelial cell
fenesters and the possibility of penetration of ISM into them. Increased size
and frequency of such processes on reregenerated liver sinusoidal casts is
thought to be linked to greater dilatation of the sinusoidal endothelial cell
fenestrae. Increased fenestration, in turn, must be related to endothelial cell
hypertrophy, which occurs after resection and becomes more intensive after

repeated resection.

Summary

The results of the light and scanning electron microscopy of
our ISM characteristics, as well as corrosion casts made with it, confirm that
this mass meets all the essential parameters for corrosion casts media and can be
successfully used for relevant studies.

If we compare the data obtained from hepatocyte morphometry two
weeks after partial hepatectomy to the data obtained nine months after partial
hepatectomy, we'll find out that they differ as well. This allows us to assume
that the structural transformation of the liver is a long process after resection of
its 2/3. These data make corrections to the assumtion that regenerative
processes in the liver of rodents after the resection of its 2/3 are over at the 7t -

10* day. Based on the results of our research, we consider this formulation to be
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more accurate: after resection of its 2/3, liver regenerates and restores its mass
and volume in 7-10 days, however the alteration of both its cellular and
vascular structures, which in turn result in the spatial transformation of liver
cells, continues even in the long term after resection.

The question is whether the permanent transformation of the liver
architecture is caused only by partial hepatectomy, or is a regular phenomenon
for the liver, occuringthroughout the entire ontogenesis. Confirmation or
denial of possible changes in liver architecture after the completion of postnatal
growth would be important for the study of the plasticity of liver structure,
both as a whole or as its individual components, in the dynamics of ontogeny.

The process of regeneration of the rat liver does not end in one or two
weeks. Despite the recovery of liver volume and mass, which is mainly based on
hepatocyte mitosis, there is a permanent process of transformation of
hepatocyte shape and size, as well as the vascular network in the regenerated
liver. New intercellular connections are formed, including with the
involvement of atypical membrane extensions of deformed adjacent
hepatocytes. The vascular network also undergoes transformations both with
changes in the shape and size of existing structures and with the formation of
new sinusoidal capillaries and venules.

Changes in the spatial architecture of liver lobules are a result of these
modifications.

The regeneration and re-regeneration of the liver occurs against a
background of/due to complex morphological alterations. Both the
parenchymal and stromal components of the organ are affected by alterations.

Data obtained from our studies suggest that after resection the liver mass is
restored due to the hypertrophy of hepatocytes, dilatation and proliferation of
sinusoids, as well as elongation of the existing blood vessels, increase of the
number of ductules and multiplication of the interlobular connective tissue
component, which in turn results in alteration of the structure of the lobule, i.e.
remodeling. It should also be noted that changes occur not only within one
classical lobule, but also due to the merging of adjacent lobules and the

formation of a "megalobule".
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The presence of observed minor lobules, however, necessitates additional
research in this area to confirm that, in addition to enlarging and remodeling of

the lobules, the regeneration process also occurs due to their multiplication.

Conclusions

* Mixture of solidified injection mass developed by us - 0.25 g of MAYCRYL
CC powder (4.7% of the total mass) + 0.08 g of benzoyl peroxide (1.5% of the
total mass) + 5 ml of Protacryl M + 0.2 ml of Redont Color dye - can be used
successfully for replication of hepatic tubular structures (blood vessels).
Corrosion casts obtained by using this mass are relevant for both light and
scanning electron microscopy;

* Liver regeneration after 2/3 resection is a complex process that lasts for
months; Liver "growth" during the first two weeks is due to cell hypertrophy /
proliferation; In later stages, liver tissue is remodeled - by formation of
unusually shaped and large lobules ("megalobules"), which is based on the
remodeling of sinusoidal network architecture and the shape of hepatocytes;

* After liver resection, as well as after re- resection, remodeling of the
intralobulular blood bed - sinusoidal network - is manifested by the
transformation of spatial architecture, which is manifested by sinusoidal
"budding” and "splitting" proliferation. Transformed network consists of
sinusoids with different diameters and branching, some of which show signs
of "veneration";

* Remodeling of hepatocytes is manifested by changes in their shape and
diameter, serration of plasmic membrane, and the development of pseudopod-
like protrusions, which in turn confirms the possibility of developing new

intercellular connections.
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