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New Mechanisms of Biological Tissue Injury Following
the Low Temperature Exposure In Vivo

A number of theoretical and experimental studies, both in vitro and in vivo, have been performed to explain the action of low
temperatures on tissue. It is now evident that the thermal parameters used in the past for freezing during cryosurgery were not precise;
this may have resulted in the failure of treatment. For the first time, this report describes the early ultrastructural features of pancreatic
parenchyma after low temperature exposure, i.e. cryosurgery, in vivo.

48 animals were used for the experiment. A temperature range of —80°C and —180°C in contact with pancreas tissue was selected
for cryosurgical exposure. The cryosurgical response of pancreas parenchyma, i.e. ultrastructural cellular changes in pancreas tissue,
was investigated. For transmission electron microscopy, the specimens from the pancreas parenchyma were taken immediately, one
hour and 24 hours after the finishing of the freeze-thaw cycles intraoperatively.

The electronic microscopic analysis showed that, after local cryodestruction at temperatures of —80 and —180°C, similar processes
occurred within the pancreas tissue in the early postcryosurgical phase — immediately and up to 24 hours after low temperature
exposure on tissue. The exocrine pancreatic cells in the center of the cryozone changed upon thawing. Ultrastructural changes in the
exocrine pancreatic cells, where the first signs of dystrophic processes had been noticed, were increased. These ultrastructural changes
in the pancreatic cells provide a platform to better understand the mechanisms of damage and the pathogenesis of frostbite after
cryosurgery. The properties of the pancreas parenchyma response after low temperature exposure provide important insights into the
mechanisms of damage and the cryogenic lesion immediately after thawing in cryosurgery. Our new insights prove on the cell level that
suddenly and progressively damaged pancreatic cells in the postcryosurgical zone lead to aseptic cryonecrosis and then to aseptic
cryoapoptosis of vital normal tissue. The vascular capillary changes and circulatory stagnation demonstrate the antiangiogenesis
mechanism, which, together with cryoaponecrosis and cryoapoptosis, are some of the main mechanisms of biological tissue injury
following the low temperature exposure.

Key-words: cryosurgery, oncology, pancreas cell, antiangiogenesis, cryoaponecrosis, cryoapoptosis.

Baxneiimas npo0ieMa npu KpuoTepanuu — olpeielieHue TeMIepaTypHbIX IapaMeTPOB 3aMOpaKUBaHUA TKaHel. ONTUMalbHbIe
TEeMIepaTypbl B 3HAYUTEIbHON CTENCHM UCKIIOYAI0T BO3MOXKHBIE HEylauu npu jedeHuH. [IpakTuyeckuil uHTEpec MpeacTaBisioT
HCCIICIOBAHUS PAHHUX CBOMCTB YJIBTPACTPYKTYPhI HApEHXUMBbI IOKEITYI0YHOH jKeJ1e3bl II0CIe BO3ACHCTBUS HU3KUX TeMIIeparyp, T.e.
KPUOXUPYPIUHU in Vivo.

B skcnepumenTe ncnonb3oBaiy 48 )KUBOTHBIX. [ KpUOXUPYPrUUECKOro BO3ACHCTBHSI IPU KOHTAKTE C TKAHBIO MOMXKEITyI0YHON
KeJe3bl ObUT BBIOpaH TemrepaTypHbli quana3oH oT —80 no —180°C. M3y4anu OTBETHYIO PEaKIHIO MapeHXUMBI HOKEITYI0UHOM
JKeJle3bl Ha KPUOXHUPYPTHUIO, T. €. U3MEHEHUS YIbTPAcCTPYKTYphl KJIETOK TKaHH IMOPKEIYJOUHOM xkKese3bl. s TpaHCMUCCHOHHON
3NIEKTPOHHON MHUKPOCKOIIHU 00PAa3Iibl MAPSHXUMBI ITODKETYIOYHOM xKelle3bl Opaiu cpasy, uepe3 1 dac u 24 yaca mocie OKOHYaHUS
IIMKJIa 3aMOPaXUBAHUA-OTOTPEBA BHYTPUOIIEPATUBHO.

AHau3 ¢ NMOMOILBIO 3JIEKTPOHHOM MHKPOCKOIIMM II0Ka3ajl, YTO MOCIe JOKaJIbHON KpHOAECTPYKLUH NpH Temmneparypax —80 u
—180°C cxomHble MPOLECCHl MPOUCXOAWIN B TKAaHH IOKEITYIOYHOH KeJe3bl B PAHHIOI MOCTKPUOXUPYPTUUECKYIo a3y — cpasy
HocJie HU3KOTEMIIEpaTypHOTO BO3A€HCTBYS Ha TKaHb U BILUIOTh 110 24 4acoB. DK30KPUHHBIE KJIETKH IOJKEITYI0YHOM jKese3bl B ICHTpe
KPHO30HBI MEHSIJIHCh TIOCJIC OTTauBAHUS; UX YIBTPACTPYKTypHbIE H3MEHEHHS 00eCIIeUYNBAIOT IUTAT(GOPMY JUIs JTy4LIEro MOHUMAaHHS
MEXaHU3MOB ITOBPEKICHHS U TIaTOTeHe3a 0OMOPOXKEHUS 1T0ciIe KpHOXUPYprur. OTBeTHAs! peakLysl TapeHXUMBI OKETyI0UHOI JKele3bl
H0CJIe HU3KOTEMIIEPAaTypHOTO BO3ACHCTBUS NPEJCTABISET BAXKHYIO HHPOPMALMIO B KPHOXUPYPIHU O MEXaHU3MaxX IOBPEXKICHUS U
KPHOTCHHOTO NAaTOJIOTNYECKOr0 M3MEHEHUs cpa3y Iocie oTTauBaHus. Pe3koe U IporpeccuBHOE MOBPEXKACHHE KIIETOK MODKEITyI0UHOM
JKeJIe3bl B IOCTKPUOXUPYPTrU4eCKoN 30HEe IPUBOJUT K ACEITUYECKOMY KPUOHEKPO3Y H 3aTe€M acEeNTHYECKOMY KPHOAIIONTO3Y KUBOH
HOpMaJbHOM TkaHU. COCyANCThIC U3MEHEHUS KallWJUIIPOB U 3aCTON KPOBU AEMOHCTPUPYIOT AaHTHAHIMOT€HE3HbII MEXaHU3M, KOTOPBIH
BMECTE C KPHOHEKPO30M U KPHOAIIOITO30M SIBIISIIOTCS] OCHOBHBIMU MEXaHM3MaMH ITOBPEXKICHHS OMOJIOTMYECKOM TKaH! ITOCIIE BO3ACHCTBUS
HHU3KUX TeMIIepaTyp.

Knrwouegvle cnoga: Kpnoxupyprus, OHKOJIOTUs, KIETKU HOMKEIYI0YHOM jKelle3bl, aHTUAaHTHOTeHEe3, KpHOAIlOHEKPO3, KPHOAIIONTO3.

HaiiBaxxnuBima npobieMa npu KpioTeparii — BU3HAYCHHS TEMIIEpaTypHHUX MapaMeTpiB 3aMOpOXKyBaHHs TKaHUH. ONTHMabHI
TEMIIepaTypy B 3HAUYHIM Mipi BUKIIIOYAIOTh MOXKJIMBI HEBIa4i HpH JikyBaHHi. [[pakTH4YHuUil iHTEpeC MPEACTABISIIOTH TOCIIPKCHHS
paHHIX BIaCTHBOCTEHl YIbTPAaCTPYKTYPH HAPSHXIMH ITiJIUTYHKOBOT 3aJI031 MICJIs BIUIMBY HU3BKHX TEMIIEPaTyp, TOOTO KpioxXipyprii
in vivo.
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B excriepuMeHTI BUKOPUCTOBYBaH 48 TBapuH. sl KpioXipypri4HOro BIUIMBY IIPU KOHTAKTI 3 TKAHMHOIO IMiIILTYHKOBOT 3211031
OyB oOpaHwmii TemreparypHuid fianazoH Bix —80 no —180°C. BuBuanu BignoOBigHY peakmiro MapeHXIMH MiANUTYHKOBOI 3aJI03H Ha
KpioXipyprito, TOOTO 3MiHHU YABTPACTPYKTYPH KIITHH TKAHWHU IiJIUTYHKOBOI 3a1031. J[)1st TpaHCMICIHHOT €1eKTPOHHOT MIKPOCKOTIi1
3pa3Ky MapeHXIMH MiAIUTYHKOBOI 321031 Opanu Bifpasy, depe3 1 roauHy i 24 TOOWHM Micisl 3aKiHYCHHS UKy 3aMOPOXKYBaHHS-
BiZIirpiBaHHS BHYTPILTHHOOIIEPATUBHO.

AHaJti3 3a JOOMOTOI0 €JIEKTPOHHOT MiKpOCKOIIIT IT0Ka3aB, M0 IicIs JIOKAJIBHOI KpiogecTpyKuii mpu Temreparypax —80 1 —180°C
roxiOHi poriecH BinOyBavcs B TKAHHHI ITiIILTYHKOBOT 321031 B PAHHIO IMIOCTKPIOXipypridny a3y — Bipa3y Miciisi HU3bKOTEMIIEPAaTyPHOTO
BILIMBY Ha TKAaHUHY ax 110 24 roauH. EX30KpHHHI KIIITHHY MiJILUTYHKOBOT 321031 B IIEHTP1 KPi030HH 3MIHIOBAIIUCS IIiCIIS BiITaBaHHS,
IXHI yIBTPaCTPYKTYPHI 3MiHH 3a0€3MeUy0Th IIIaTPOPMY IS KPAIIoTo pPO3yMIiHHS MEXaHi3MiB YIIKOIKEHHS 1 TAaTOreHe3y 0OMOPOKEHHS
micIist Kpioxipyprii. BinnosiaHa peaxiis mapeHxiMH MiAIUTYHKOBOT 321031 ITICIIsl HU3BKOTEMITEPATyPHOTO BIUTUBY IPEICTABIISIE BAYKIUBY
iH(popMalifo B KpioXipyprii Mpo MeXaHi3MH YUIKOIKCHHS 1 KPIOTC€HHOI MaTOJIOTIYHOI 3MiHM Bifpa3y micis BinraBaHHS. Pizke i
MIPOTPECUBHE YIIKOIKEHHS KIIITHH ITiIIITYHKOBOI 321031 B TOCTKPIOXipYPriyHiid 30H1 MPUBEAE O ACENTHYHOTO KPIOHEKPO3Y i MOTIM
ACEeNTUYHOMY Kpi0aronTo3y KHBOT HOPpMaNbHOi TKaHHHU. CyTMHHI 3MiHH KaIlUISIPiB 1 3aCTiil KPOBi JEMOHCTPYIOTh aHTHAHT1OTCHE3HU I
MeXaHi3M, 110 Pa30M i3 KpIOHEKPO30M i KpioaronTo30M € 0CHOBHUMH MEXaHi3MaMH YIITKOKSHHS 010J10T19HOI TKAHIHH ITiCIIS BILTUBY
HHU3bKUX TEMIIEPATyp.

Knrouoei cnosa: kpioxipyprisi, OHKOJIOTis, KIIITUHH MiAIUTYHKOBOI 321031, aHTHAHT10T€HE3, KPioalloHEKPo3, KPioamomnTos.

The use of deep freezing as a method of destroying
biological tissue has been known for a long time and
has been described in detail [ 1-9]. Cryosurgery is based
on the application of low temperatures to destroy
abnormal tissue. The use of cryogenic techniques for
the resection of parenchymal organs [10-12] and in
situ ablation of tumors using subzero temperatures for
surface malignancies [13—15] have been described.
Advances in this technology have aroused interest in
the use of cryosurgery for the treatment of parenchy-
mal malignancies [16—17].

Tumors are not cut out but shock frozen. Recent
scientific research on the application of freezing in the
fields of biology and medicine, and numerous
theoretical and experimental studies in vitro and in
vivo, have demonstrated the effect of low temperatures
on tissue as well as the impairment and destruction of
cells under cryoinfluence [18-22].

Advances in cryosurgical technology have further
stimulated interest in using low temperatures to treat
diseases of the pancreas, first and foremost pancreas
malignancies [23-28]. It has been suggested that
cryoablation should be used where pancreas tumors
are deemed unresectable [29-30].

The pathophysiologic consequences of freezing a
significant portion of primate pancreas have been
investigated using a liquid nitrogen cryosurgical probe
[31]. Histologically, typical cryonecrosis occurred in
the treated area, while untreated pancreas and
surrounding tissue remained normal. This study
demonstrates that cryonecrosis of a significant portion
of pancreatic tissue can be produced in a primate
without the development of diffuse pancreatitis or other
ill effects.

The other study was designed to evaluate the effects
of direct pancreatic surface cooling on the exocrine
pancreas [32]. The changes in serum amylase levels,
pancreatic water, amylase and cathepsin B as a
lysosomal enzyme, content, histological changes of
acinar cells, and the subcellular distribution of cathepsin
B after 1-2- and 3-hours of direct pancreatic cooling
in rats have been measured. In additional, the in-vivo
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amylase and cathepsin B output stimulated by caerulein,
in vitro lysosomal and mitochondrial fragility as well
the pancreatic adenylate energy metabolism were
evaluated.

Electron microscopy of acinar cell of the pancreas
cooled to —30°C with subsequent thawing has already
been reported [33].

Quick-freezing and freeze-drying were used in pre-
paration for high quality morphology and immunocy-
tochemistry at the ultrastructural level to obtain ultra-
structural localization of insulin in the pancreatic beta
cell by the unlabeled antibody-enzyme technique [34].

Also, fetal rat pancreases, cultured for 8 days in
PRMI 1640, were successively frozen to —196 degrees
C [35]. The effects of culture, various cooling times,
warming rates, thawing procedures, dimethyl sulfoxide
concentration, and ultrastructural changers of cellular
elements were analyzed.

Currently no data is available either on ultrastruc-
tural cellular changes of cryosurgical response in
normal and pathological pancreas tissue when exposed
to low temperatures.

Neither the in vivo sensitivities of the pancreas
parenchyma to different cryosurgical exposures, nor
the minimum temperature required to cause adequate
cryodestruction and prevent tumor recurrence, have
as yet been defined or described in medical literature.
The effect of different temperature applications on the
freeze-thawing process and the cryosurgical response
of normal pancreas tissue in animals have not been
investigated by electron microscopy. Such studies
would permit an assessment of cryosurgical techniques
as a treatment option for diseases of the pancreas,
especially for pancreatic tumor.

To our knowledge, this is the first study investigating
the ultrastructural findings in the acinar cells of the
animal pancreatic parenchyma after exposure to
different low temperatures. An experimental study in
pancreas cryosurgery, revealing hitherto unreported
ultrastructural changes in the exocrine cells of the dog’s
pancreas after the freeze-thawing process, is presented
here.
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Materials and Methods

Animals. The experiment was carried out on 48
mongrel dogs weighing 12.1 to 14.6 kg. The aim of the
study was to investigate the processes which occur in
pancreas parenchyma subjected to destruction by the
application of low temperatures of various intensities
and the degree of their early ultrastructural manifesta-
tions.

Experimental cryogenic destruction was performed
as follows: After anesthesia, an upper medial laparo-
tomy was performed and the abdominal cavity was
opened in layers. The pancreas was brought as close
to the opening as possible. The anterior surface of the
organ was exposed and the cryogenic instrument of
the Cryoelectronic (Scientific-Production Company
“Pulse”, Kyiv, Ukraine) device was firmly applied to
the organ [36].

The operation control unit was adjusted to the
temperature required to produce the cryogenic effect
of —80°C and of —180°C because the cryozone forma-
tion is dependent on different parameters, particularly
on these temperatures. This way an in vitro experi-
mental study was shown [37]. Cryogenic destruction
which means only freezing was performed for three
minutes. The time parameter was investigated in this
study too [37]. The freeze-thaw cycle was monitored
using intraoperative ultrasound before, during and after
cryosurgery. The cryogenic applicator was then
automatically warmed up and removed from the tissue.

Automatic thawing of the destruction area was
continued up to four minutes. In order to study early
ultrastructural changes in the pancreas parenchyma
after low temperature exposure, biopsy samples were
taken immediately, one hour and 24 hours after warm-
ing up. For transmission electron microscopy, the speci-
mens were taken immediately and one hour after the
finishing of the freeze-thaw cycles intraoperatively.
Afterwards, the abdominal cavity was closed. Further,
the next specimens were taken in 24 hours, this time
also intraoperatively.

A total of 48 healthy adult mongrel dogs of both
sexes weighing 12.1 to 14.6 kg were used for the
experiment. All animals were quarantined at the
University Animal Care Facility for one week, and the
dogs were kept strictly in accordance with the guide-
lines for the care and use of research animals establi-
shed by the animal ethics committee of the National
Medical University and the Ukrainian National Veteri-
nary University in Kyiv. All animals were provided
with standard pellet food and water, but were not fed
for 12 hours prior to the experiment. In this study, all
dogs were kept in their cages and observed for next
24 hours postoperatively.

Experimental Design. Twenty-eight animals were
used for the experiment. The dogs were divided into
two groups of fourteen each. In group A the pancreatic
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parenchyma was frozen to —80°C and in group B to —
180°C. The cryoprobes were in contact with the animal
pancreas for three minutes at each of these
temperatures. The remaining twenty animals were
used as controls and again divided into two groups. In
the first control group (10 animals) the cryoprobe was
inserted into the pancreas but no freeze-thaw cycle
was conducted. The second control group of ten
animals underwent sham (simulated) laparotomy
(opening of the abdominal cavity).

Operative Procedure. After a twelve-hour fast
the animals were anesthetized by intravenous injection
of 50 mg/ml ketalar (0.2 mg/kg body weight) and xyla
(xylazine base, 0.2 mg/kg body weight) in a ratio of
1:1 (InterChemie, Netherlands). After endotracheal
intubation the animals were ventilated with a respirator.
The pancreas was exposed for laparotomy using an
oblique abdominal section and a vertical or hockey-
stick-shaped incision towards the left costal arch. The
pancreas was examined bimanually and the peritoneal
cavity was explored to rule out extrapancreatic
disease. The pancreas was then isolated by disconnect-
ing all of its peritoneal attachments. One hour after
cryo-surgery the abdominal wall was closed in two
layers. In 24 hours, this operative procedure was
repeated. When the dogs regained consciousness they
were returned to their cages.

The Cryosurgical Approach. A disc probe with a
diameter of 20 mm was placed on the pancreas. A
temperature range of (—-80°C) and (—180°C) in contact
with pancreas parenchyma, at a temperature stabiliza-
tion of £1%, was selected for cryoexposure. A three-
minute freeze followed by complete thawing of the
pancreas was used for each freeze-thaw cycle. Every
cryolesion was observed for 60 minutes after thawing.
The two freeze-thaw cycles were monitored by
intraoperative ultrasound before, during and after
cryosurgery. Liquid nitrogen was applied by Cryoelec-
tronic, a cryosurgical device of our own, produced by
the Scientific Company (Kyiv, Ukraine), suitable for
universal application. Liquid nitrogen was circulated
through the probe at —196°C [36].

Freezing with a Cryoprobe. Specific lesions in
the pancreas could be identified, targeted, and cryoabla-
ted in the animal experiment. A cryoinstrument with a
disk-shaped cryoprobe measuring about 20 mm in
diameter was placed on the pancreas tissue to induce
necrosis (tissue destruction). Guided by continuous
intraoperative ultrasonic monitoring, the pancreas
tissue was frozen to —80°C and —180°C in order to
achieve complete tissue destruction. The ice-ball (cryo-
genic zone) was generated without difficulty. The line
of demarcation between the area that was cryosurgi-
cally destroyed and followed by cryogenic necrosis,
and the healthy pancreatic parenchyma, is clearly out-
lined by the rim of the cryozone. The cryozone includes
a 7 mm margin which surrounds the normal-looking
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pancreas parenchyma. When the pancreas tissue had
frozen to an ice-ball at a temperature of —80° and —
180°C, liquid nitrogen refrigeration was stopped.

Immediately after a single freeze-thaw cycle using
a cryoprobe with a diameter of 20 mm, the cryozone
measured 34 mm. During the freezing process the
diameter of the cryogenic zone was 7 to 15 mm larger
than that of the cryoprobe. No intraoperative or
postoperative complications were encountered. All
dogs tolerated pancreas cryosurgery well and none
died.

Thawing the Tissue. Thawing each freeze-thaw
cycle took approximately 4 minutes in the automatic
cryosurgical unit. The cryoprobe was warmed up and
removed from the tissue. The two freeze-thaw cycles
that were performed for each cryolesion in the course
of expe-rimental cryosurgery revealed the same
cryozone with an ice crater in the middle and an ice
margin with a demarcation line immediately after
cryosurgery.

Electron Microscopic Study of the Pancreas. For
transmission electron microscopy, the specimens of the
pancreas tissue were divided into fragments and then
secured in a 1% solution of osmium tetraoxide for a
period of two hours at a temperature below 4°C. The
objects were dehydrated for fifteen minutes in each
of the following solutions: a) 70° and 80° ethanol at

4°C, b) a room temperature (18°C) of 96° ethanol,
¢) 3 portions of 100° ethanol, d) in a mixture of ethanol
and acetone, ¢) in 2 portions of acetone. The objects
were immersed in 3:1, 1:1, 1:3 mixtures of acetone
and epoxy resin.

They were left in each of the mixtures for one hour,
in pure resin for 12 — 24 hours and then embedded in
epoxy resin. The latter consisted of an Epon-Araldite
mixture. Section of 0.5-microm thickness were cut and
then stained with 2% solution of uranyl acetate on 70°
ethanol for 15 minutes, and left in a lead citrate(s)
concentration for a further 15 minutes.

For light microscopic studies, specimens from the
pancreas parenchyma were collected from the cryo-
zone immediately, one hour and 24 hours after cryosur-
gery. The biopsy was taken from the margin between
frozen and normal pancreas parenchyma, i.e., from
the center of the cryonecrosis, and investigated under
a light microscope. The histological results have been
published separately.

Results

The Freeze-Thaw Cycle at —180°C. For the first
time, tissue was taken directly from the central portion
of the cryozone in the dog’s pancreas immediately after
thawing to observe the ultrastructural changes in
pancreas parenchyma (Fig. 1a). An exocrine pancrea-
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Fig. 1. a — freeze-thaw cycle at —180°C: Exocrine pancreatic cell (1), nucleus (2), margination of the chromatin into large
aggregates (1), canaliculi of the rough endoplasmic reticulum ([J); b — pancreatic exocrine cell (1), mitochondria and a small
number of cristae (2), canaliculi ([J), erythrocytes (3), endothelium cell (4), canaliculi of the endoplasmic reticulum ([J),
basement membrane (1).
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Fig. 2. a— pancreatic exocrine cell (1), nucleus (2), mitochondria (3), dilated canaliculi of endoplasmic reticulum ([1), myelin-
like structures (1); b — pancreatic exocrine cell (1), plasmatic membrane (1 a), canaliculi (), erythrocyte (2), myelin-like
structure (3), endothelial structure (1 b), myelin-like structure (4), cell organelle (6).

tic cell (1) and the nucleus (2) with a well preserved
nuclear envelope (membrane) are seen. The perinuc-
lear space is insignificantly dilated all over the cell.
The chromatin is divided into large aggregates (1).
The canaliculi of the rough endoplasmic reticulum are
slightly dilated and partly fragmented (LJ). Zymogen
granules are absent.

As demonstrated by Fig. 1b, the bottom part of the
pancreatic exocrine cell (1), mitochondria with a dense
electronic matrix, and a small number of cristae (2)
are seen. Canaliculi of the rough endoplasmic reticulum
are slightly dilated and partly fragmented ([J).

Erythrocytes (3) are found in the vascular capillary
space. An endothelium cell (EK) with electron-dense
mitochondria (4), canaliculi of the endoplasmic
reticulum ([J) and ribosomes are visible. The basement
membrane (1) of the endothelium cell is reduced to
powder.

Fig. 2a shows the central portion of the cryozone
in the dog’s pancreas one hour after thawing. An
exocrine pancreatic cell (1) with a nucleus (2) posses-
sing a dense chromatin and mitochondria with an elec-
tron-dense matrix, and a small number of cristae, are
seen. Dilated canaliculi of the endoplasmic reticulum
full of an amorphous flake-like substance ([J) are also
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observed. No ribosomes are found on the membranes.
The number of ribosomes in the cytoplasm is suddenly
reduced. The myelin-like structures (1) in the cyto-
plasm testify to the increase in free radicals.

Also, Fig. 2b illustrates the central portion of the
cryozone in the dog’s pancreas one hour after thawing.
An exocrine pancreatic cell (1). The plasmatic memb-
rane on the bottom (1 a) surface is not clearly structu-
red. Canaliculi of the endoplasmic reticulum ([J) frag-
mentize upon intensification of the edema and loosen
the ribosomes. An erythrocyte (2) and a myelinlike
structure (3) are present in the vascular capillary space
where the endothelial structure is locally damaged (1 b).
The endothelial cell reveals a myelin-like structure (4).
An erythrocyte (5) and the remains of the cell organel-
les (6) in the interstitial space are also seen.

Fig. 3a illuminates the central portion of the cryo-
zone in the dog’s pancreas 24 hours after thawing. An
exocrine pancreatic cell (1) with a pyknotic nucleus is
seen. The cytoplasm is filled with an electron-dense
homogeneous content (3) and with the canaliculi of
the endoplasmic reticulum (1). A segmented neutrophil
is seen in the center of the inflammation (4).

Twenty-four hours after thawing. The central
portion of the cryozone in the dog’s pancreas after
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Fig. 3. a — pancreatic cell (1), pyknotic nucleus (2), cytoplasm (3), endoplasmic reticulum (1), neutrophil (4); b — Cell
detritus (1), fibrin fibers (2).

Fig. 4. a — freeze-thaw cycle at —80°C: Pancreatic cell (1), nucleus (2) with aggregates (1), endoplasmic reticulum (U),
ribosome (3), homogeneous substance (4); b — pancreatic cell (1), membrane (1), endoplasmic reticulum (2), erythrocyte (3),
endothelial cell (EK).
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b

Fig. 5. a— exocrine pancreatic cell (1), plasmatic membrane (1), endoplasmic reticulum (2), erythrocyte (3); b — pancreatic
cell (1), plasmatic membrane (1), endoplasmic reticulum (2), homogeneous substance (3), cell detritus (4).

thawing (Fig. 3b), cell detritus (1) and fibrin fibers (2)
are observed.

Freeze-Thaw Cycle at —80°C. The central portion
of the cryozone in the dog’s pancreas after thawing.
Tissue was taken immediately afterwards (fig. 4a).
The illustration reveals an exocrine pancreatic cell (1)
and the nucleus (2) with the sharply outlined rim of the
chromatin and the formation of aggregates (1).
Undilated and dilated canaliculi of the rough endoplas-
mic reticulum ([J) with loose ribosomes (3) are visible.
Zymogen granules are absent. The electron-dense
homogeneous substance (4) is reduced.

Fig. 4b demonstrates the central portion of the
cryozone in the dog’s pancreas; here the tissue was
extracted immediately after thawing. An exocrine
pancreatic cell (1) is well seen.

The plasmatic and basement membranes (1) of the
cells from the side of the basement surface have been
preserved. There are countless ribosomes and insignifi-
cantly dilated canaliculi of the endoplasmic reticulum
(2). Furthermore, erythrocytes (3) are present in the
vascular capillary space, and the endothelial cells (EK)
of the vascular capillary are largely preserved.

Fig. 5a illustrates the central portion of the cryozone
in the dog’s pancreas one hour after thawing. An exo-
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crine pancreatic cell (1) is visible. The plasmatic mem-
brane (1) of the cells on the bottom surface is locally
lysed. Canaliculi of the rough endoplasmic reticulum
(2) are filled with an amorphous flake-like material of
a different electronic density. Empty erythrocytes (3)
are seen in the interstitial space.

Fig. 5b shows the central portion of the cryozone
in the dog’s pancreas 1 hour after thawing. An exocrine
pancreatic cell (1) and a plasmatic membrane (1)
which are locally lysed, can be clearly observed.
Canaliculi of the rough endoplasmic reticulum (2) are
seen.

Drops of an electron-dense homogeneous substance
are present (3). Cell detritus (4) is also seen in the
interstitial space.

Fig. 6a elucidates the central portion of the cryozone
in the dog’s pancreas 24 hours after thawing. Cell
detritus (1) has formed instead of the exocrine pancrea-
tic cells. The damaged blood cells (2) in the vascular
space together with the endothelium cover are fully
desquamated and a crumbly basement membrane (1)
is seen.

Finally, (Fig. 6b) illustrates the central portion of
the cryozone in the dog’s pancreas 24 hours after thaw-
ing. Damaged exocrine pancreatic cells (1) are seen.
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a
Fig. 6. a— cell detritus (1), blood cell (2), membrane (1); b — 24 hours after thawing: exocrine cell (1).

Discussion

The study has been carried out on the effects of
low temperature exposure of various intensities on
pancreas cells. Our results clearly suggest that the
pancreas cell damage after freezing and thawing of
various intensities is of acute type and the pancreas
cell architecture can not be return more or less to
normal. The disruption of pancreas cells has been
occurred after freezing and thawing using different
low temperatures, especially at temperatures of —80°C
and —180°C. Pancreas cells are entities with a highly
specific intracellular morphological content, separated
from the non-specific extracellular solution by the cell
membrane.

An inadequately addressed aspect of cryosurgery
is the mechanism by which damage is affected during
the freezing process. This is important because, al-
though cryosurgery is clinically used to treat parenchy-
mal tumors, especially liver tumors, neither the freezing
process nor the mechanism of damage involved in this
kind of treatment are fully understood.

Therefore, research studies on the process of freez-
ing in liver tissue are of great significance for experi-
mental studies in pancreas surgery.

An experiment-based investigation of pancreas
cryosurgery must address the following aspects: 1) the
mechanism of tissue destruction with respect to
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pancreas freezing; 2) the viability and safety of cryosur-
gical applications in the pancreas; 3) biological perspec-
tives of freezing pancreas tumors; and 4) experimental
studies focused on refining the technology of the
equipment used for pancreatic cryosurgery.

The data presented here constitute the results we
obtained from the experimental investigations in the
field of pancreas cryosurgery. In the present study,
healthy pancreas parenchyma was investigated grossly
and morphologically by electron microscopy. The study
was focused on the mechanism of the freeze-thawing
process with applications of -80°C and of -180°C to
pancreatic tissue by means of early pancreatic cell
changes. Endothermic transformation of the cryogenic
lesion in the pancreas parenchyma already immediately,
one hour and 24 hours after freeze-thawing does
correlate with various low temperatures.

In this study, the following early ultrastructural
changes in the formed postcryosurgical zone occur in
the pancreas at the temperature of —180°C more than
at the temperature of —80°C: the division of chromatin
into large aggregates, the dilation and partly fragmen-
tation of the canaliculi of the rough endoplasmic
reticulum, the reduction of the basement membrane
of the endothelium cell, the reduction of the number of
ribosomes, and the presence of the myelinlike structu-
res in the vascular capillary space. Further, the cell
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detritus and the fibrin fibers are more clearly visible at
the temperature of —180°C, compared to —80°C.

Cell changes in the pancreas tissue augment with
time both in animals after exposure to —180°C and in
animals after exposure to —80°C. Immediately after
the freeze-thaw cycle at —180°C, no myelin-like struc-
tures in the cytoplasm can be found. They occur only
after one hour after thawing, indicating an increase in
free radicals. On the other hand, a segmented neutro-
phil as well as cell detritus and fibrin fibers are not
observed immediately nor one hour after the freeze-
thaw cycle, but only after 24 hours.

Similarly, in this study, the cell changes in the
pancreas tissue depend on time after the freezethaw
cycle at —80°C. Thus, a cell detritus in the interstitial
space can firstly be seen one hour after thawing in the
cryozone and damaged exocrine pancreatic cells are
visible 24 hours after thawing in the dog’s pancreas.

Further, our investigation demonstrated that the
damaged endothelial structure and the damaged blood
cells in the vascular capillary space including segmen-
ted neutrophils are the initial signs of an aseptic inflam-
mation and circulatory stagnation after the freeze-thaw
cycle.

The results of our study have shown that the early
pancreatic cell changes in the postcryosurgical zone
being observed in the first 24-hours after the freeze-
thawing cycles are the beginning phase in the whole
postcryosurgical process [38]. They lead to the next
phase of aseptic cryoaponecrosis and then to aseptic
cryoapoptosis which, in many weeks, will clinically finish
by the formation of a postcryosurgical crust and a
postcryosurgical scar.

Further, fundamental investigations of cryodest-
ruction mechanisms in pancreatic tissue would allow
the researcher to list the main requirements of cryo-
surgical equipment. The main technical parameter for
effective cryodestruction is the provision of a
sufficiently low, subzero temperature in the biological
tissue, followed by deliberate thawing. Our findings,
i.e. early ultrastructural changes in the pancreas
parenchyma, show that research into cryosurgical
techniques will yield data on the main medical
requirements for the application of cryomethods (39).
However, studies which will reflect the late ultrastruc-
tural changes in the pancreas after low temperature
exposure, e.g. one week, two weeks, four weeks, two
months, three months, six months, are yet to be
conducted. Such data would enhance the efficiency
of cryosurgical methods in the different fields of
medicine, primarily for the treatment of malignant
tumors in the pancreas and other parenchymal organs.
Thus, our findings and additional further studies shall
fully understand the ultrastructural features of
parenchymal tissue after cryosurgery, giving rise to a
new concept concerning the technical requirements
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of cryosurgical equipment to perform modern cryo-
surgical operations, especially in oncology.

The optimal technical data for the modern universal
cryosurgical systems should be of a high cooling
capacity, of a great accuracy, this way guaranteeing
the cryo-destruction of the specified volume [40].

Prospective randomized clinical trials concerning
cryogenic surgery and conventional surgical techniques
in patients with pancreas carcinomas have not been
published so far. It is, however, necessary to work out
a clinical concept of cryosurgical and conventional
surgery focused on intraoperative tumor reduction in
pancreatic cancer, as this would improve the patients’
survival rate and quality of life.

Conclusions

The present observations on the early ultrastructural
changes in the pancreas tissue clearly provide a
platform to better understand the mechanisms of dama-
ge and the pathogenesis of frostbite during cryosurgery.
The properties of the pancreas parenchyma response
after low temperature exposure provide important
insights into the mechanisms of damage and the cryo-
genic lesion immediately after thawing in cryosurgery.
Progressively damaged pancreatic cells in the
postcryosurgical zone lead to cryoaponecrosis and
cryoapoptosis. Vascular changes and circulatory
stagnation indicate the anti-angiogenesis mechanism
of biological tissue injury after low temperature expo-
sure to —180°C and —80°C. Thus, cryoaponecrosis,
cryoapoptosis and anti-angiogenesis are some of the
most important mechanisms of living tissue damage
as a response to cryosurgery.
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