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YV MHOTHX IPOKapHOTHYECKUX OPraHU3MOB, PACTCHHI U TAKHX MPOCTHIX OECIIO3BOHOYHBIX, KAK HACEKOMbIE, 0OTMEYEHO U3MEHECHHUE
SKCIIPECCHUHU I'€HOB B OTBET Ha OXJIAXKJICHHE, OTHAKO €r0 BIIMSHUE Ha KJICTKH MIICKOIUTAIOIIUX MeHee OHATHO. Llens nanHoro o63opa —
ONMCAaHUE PEaKIHi KJIETOK MIICKONMTAIONIMX HAa HU3KHE TEMIEpaTypbl, KOTOpbIE HEOOXOAMMO YUYUTHIBATh IPU MPOBEACHUU
TEpaneBTUYECKUX MPOLEAYP C IOHIKEHUEM TeMIIepaTyphl TeNa, IpU KOHCEPBUPOBAHUH KJIETOK U OPI'aHOB U ITPU KPUOKOHCEPBUPOBAHUH.
B o0miem xonop yka3pIBaeT rpaHuUIly CTPECCOPHBIX PEAKIMH Yepes3 ONpejeJIeHHbIE CUTHAIBHBIC ITyTH, KOTOPbIE MOT'YT A€TEPMUHHPOBATh
BBDKHBAEMOCTH WX T'H0eIb Ki1eToK. O4eBUIHO, B YCIIOBUSIX MSTKOH THIIOTEPMUH CYLIECTBYIOT PEAKIMHU, OTPaXKaIoIIne MIIaHOMEPHYIO
aJlalTalliIoO K HOBOMY OKPY’KEHHUIO, B TO BpeMs KaK OXJIaXKICHHUE BbI3bIBAET Oojiee 00LIyI0 peakLuio Ha crpecc. KoHnenuu, o KoTopbix
UJIET peub, ABIIIOTCS YacThIO JOKIaaa Ha KoHpepeHun ObuecTBa HU3KoTeMIieparypHoit ouosoruu (2002, Jlonnon) “XpomMocomsl,
reHbl U KproOuoorus”.

Knrwowueesvie cnosa: HU3KNE TEMIIEPATyPhl, TUIIOTEPMHUS, KPHOKOHCEPBUPOBAHUE, TEHHBIE IPOLYKTHI, CTPECCOPHBII OTBET.

Y GararpoX MPOKapiOTUIHUX OpTraHi3Max, pOCIHHAX H TAKUX MTPOCTHX 0e3XpeOETHUX, IK KOMaXH, BiIMI4Y€HO 3MiHHU EKCIIpecii reHiB
y BIAMOBiZb Ha OXOJIOJKEHHSI, ajie HOTO BIUIMB Ha KIITHHU CCAaBIIB MEHII 3p03yMiIHA. MeTa IIbOro OISy — ONUC PeaKUiil KIITHH
CCaBLIiB Ha HU3bKi TEMIIEPATYPH, 1110 HEOOXiTHO BpaXOBYBATH IIPH [IPOBEICHH] TEparieBTHYHHUX MPOLIEAYD 3 OHWKEHHAM TEMIIepaTypu
Tija, MIPH XOJIOA0BOMY 30€epiraHHi KIITHH Ta OpraHiB i IpU KPiOKOHCEpPBYBaHHI. B3araii xomoJ Bkasye MeXy CTPECOPHHX peaKii
Yyepe3 BU3HAUYCHI CUTHANBHI IUISXH, II0 MOXYTh ETEPMIHYBaTH BIDKMBAHICTH a00 3arubeins KiIiTHH. O4eBUIHO, B YMOBaX M’ SKO1
rinoTepMii iCHYIOTh peaxilii, 10 BiAOMBAIOTh INIAHOMIPHY aJIalTAaliio 10 HOBOTO OTOYCHHS, Y TOH Yac K OXOJOIKECHHS BUKIHKAE
OinmpIn 3aranbpHy peakmiro Ha crpec. KoHmenmii, mpo ski iize MoBa, € YaCTHHOW JOoNOBiAi Ha kKoH(epenuii ToBapucrtea
HU3bKOTeMIeparypHoi 6ioorii (2002, Jlonnon) “Xpomocomu, reHH i kpioGionoris”.

Knrouosi cnosa: HI3bKI TEMITEpaTypH, TIIOTEPMist, KPIOKOHCEPBYBaHHS, TeHHI MMPOAYKTH, CTPECOPHA BiATIOBIAb.

Altered gene expression in response to cooling has been identified in many prokaryotic organisms, plants and lower invertebrates
such as insects, but the effects in mammalian cells are less clearly understood. This review was undertaken to identify responses of
mammalian cells to cold temperatures, such as might be encountered in therapeutic procedures where body temperatures are lowered,
in preservation of cells and organs, and in cryopreservation. In general, cold elicits a range of stress responses through identified
signaling pathways, which may determine the survival or otherwise of the cells. Under conditions of mild hypothermia, there is
evidence for responses which reflect an ordered acclimation to the new environment, whilst deep cooling invokes a more general stress
response. The concepts reported here form part of a presentation to the Society for Low Temperature Biology (2002, London)
Meeting Chromosomes, Genes and Cryobiology .

Key-words: low temperatures; hypothermia; cryopreservation; gene products; stress response.

MHorue )KHUBbIe OPraHU3MbI HCIIONB3YIOT CIIOKHBIC
CTpaTeTHH, MO3BOJISIOIINE UM BBDKUTH B U3MEHSIO-
meMmcsa auanaszoHe temmnepartyp [1]. OTBeT Ha
MOBBILICHNE TEMIIEPATYPhl U3y4YaJICs Ha TPOKApUOTaxX
U HEKOTOPBIX HU3MIUX dyKapuorax (Hampumep,
HaceKoMbiX). OOBIYHO TEIIOBOE BO3JEHCTBUE
NPUBOJAUT K MHAYKUHMH OEJIKOB TEIJIOBOTO IIOKA
(BTI), cembu OeNKOB, KOTOPBIE ABJISAIOTCS OOLTMMH

Many living organisms have adapted sophisticated
strategies to allow their survival over a dynamic range
of temperatures [6]. The response to elevated tem-
peratures has been extensively studied in prokaryotic
and some lower eukaryots such as insects, and
generally involves the induction of heat shock proteins
(HSPs), a family of proteins that are highly conserved
between all organisms [20]. Many HSPs are

Aopec onn xoppecnonoenyuu:B. Fuller, Royal Free & University
College Medical School, London, NW3 2QG, UK, Tex: 00 44 (0)207
472 6111, e-mail: b.fuller@rfc.ucl.ac.uk

NMPOBJIEMbI
KPUOBMHOJIOTUU
2004, N3

Address for correspondence: B. Fuller, Royal Free & University
College Medical School, London, NW3 2QG, UK, tel: 00 44 (0) 207
472 6111, e-mail: b.fuller@rfc.ucl.ac.uk

PROBLEMS
OF CRYOBIOLOGY
2004, N3



JUTSE BceX OpranusmMoB [2]. Muorue ctpyktypsl BT,
MIPUCY TCTBYIOIINE TPHU (PHU3UOIOTUICSCKUA HOPMATBHBIX
TeMIeparypax, BelyT ce0s KaKk MOJEKYJISpHBIE
[IarepoHbl, KOTOpPhIe TPUHUMAIOT Y4acTHe B 00pa3o-
BaHWU W CEKpElHH IMMOJHOIEeHHBIX OenkoB [3]. B
OPOTUBOMON0KHOCTh 0TBeTy BTII MexaHu3Mmsl,
YYacTBYIOIIUE B OTBETE Ha BIUSIHUE HU3KUX TeMIIepa-
Typ, MeHee U3y4eHbI. [IeiicTBIe HU3KUX TeMIepaTyp
SIBJISICTCA OJIHUM W3 Hambojiee OOIIUX CTPECCOB,
KOTOPBIM TOJBEpTaeTcs LEeNbld Kilacc pacTeHUH U
JKUBOTHBIX TPH €KETOTHBIX CE30HHBIX U3MEHEHUSX.
AJTanTUBHBIC PEaKIMU HAOJIFOMAIOTCS BO MHOTHX
CHCTEMAaTHYCCKUX CIUHUIIAX, BKIIOYAST HU3IIUX
MIPOCTHIX TO3BOHOYHBIX, KaK HA MOJICKYJISIPHOM, TaK U
(buznonormueckom ypoBHsX [26]. Bormbmioe konmngect-
BO PACTUTENBHBIX TEHOB HH Iy IIUPYETCSI HU3KOTEMITe-
pPaTypHBIM CTPECCOM, a y MPOKAPHOTOB XOJIOIOBOM
CTpecc HHAYIUPYET HEKOTOPBIE XOPOIIO H3YUCHHBIE
oenxu xomonosoro moka (BXII) [1]. B [4] npuBoasTcs
nansble o0 BXII, B yacTHOCTH y HaCEKOMBIX. B nposxoxax
OTBET Ha CyO(HU3MOIIOTHYECKHE TeMIepaTypbl ObLI
HCCIIE0BaH MHOTHMHY YUYEHBIMH TP UCTIOJIb30BAaHUHT
mukpoananusa JJHK u TeHOMHBIX TeXHOJIOTHH [5].

Huzkue TeMrieparypsl MIUPOKO UCTIOIB3YIOTCS JISI
TEXHOJIOTUH MPAKTUICCKOTO KOHCEPBUPOBAHUS KIIETOK
U TKaHEH MIIEKOMUTAIONINX B OMOTEXHOJIOTUH U
MenuiuHe. llens naHHOW TeXHOIOTHH — CHaOIUTH
KUBOU, (DYHKIMOHUPYIOMIEH KIETKOW MPOIENyphI
MaHUTYJSIIAA WK AMIDIAHTAANA ¢ MaKCHMaJbHBIM
COXpaHEHHEM BCEX XapaKTEPHCTHUK OMOOOBEKTOB.
Bormpocy reHeTHyecKkux OTBETOB Ha HU3KHE TEMIIe-
paTyphl KIETOK MIIEKOMUTAIONIUX U CBSI3aHHOMY C
3TUM 00IIeMy UCXOAy KPHUOKOHCEPBHPOBaHHS
MIOCBSIIIICHO HEOOJIBIIIOE KOJTHMYECTBO MUCCIICIOBAHUH.
Takoe cocTostHUE TIPOOJIEMBI ITPSIMO TPOTHUBOIIOIOKHO
TTOJIOXKCHUIO B 00JIaCTH KOHCEPBUPOBAHUS U OMOTEXHO-
JIOTUHM PAacCTEHHUU, TIE YK€ HavaT aHaJIU3 CBSI3U
YYBCTBUTEIHLHOCTU U OTBETA KJICTKH HAa HU3KHE
TeMreparypsl [9].

JanHb1il 0030p OBLT MPEANPUHSAT ISl PACCMOT-
PEeHUS 3TOM MPOOIIEMBI U TTOTBITKA HICHTH(PUIPOBATH
TOYKH MPUIIOKEHUS OYIYIIINX UCCIIeJOBAaHNH BaXKHBIX
JUTS. MEAMIIMHBI CHCTEM YeJI0BEeKa M MIICKOTTUTAOIINX,
KOTOPBIE MOT'YT HCITONIb30BAThCS IS TPAHCIUIAHTAIH
WJIH B TEPANEBTUYECKUX IIEIIAX.

Heo0x0mumMo 0TMETUTh, UTO CYLISCTBYET TpyIIa
MJICKOTIUTAIOINX, CE30HHBIE UMIIEPATHUBBI KOTOPHIX
MPUBEIN K Pa3BUTHIO XOJOJOBOM afamTalliu — 3TO
MJICKOTIUTAIOIME-THOCPHATOPBI. Y 3TUX BUJAOB
pa3BUBAETCS CIOXHBIH KOMILIEKC T€HETHYECKUX
OTBETOB BCJICJICTBHE HAPYIIICHUS XapaKTepa MUTaHus,
W3MEHEHUS JIJTMHBI CBETOBOTO THS M HACTYIUICHUS
3UMBI 711 00€CTIeYeHNs HACTOAIIETO aallTUBHOTO
OTBETa, N3yYEHHEM KOTOPOTO 3aHUMaeTCsl (PU3n0IIo-
rug akkiauMmatuzanuu [3, 10]. XoTa geTanbHOE
M3y4eHHe Mpolecca THOepHAIUU MOXKET JIaTh MHOTO
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constitutively expressed at physiologically normal
temperatures and act as molecular chaperones,
assisting in folding and secretion of mature proteins
[13]. In contrast to the HSP response, the mechanisms
involved in the response to low temperatures have been
less thoroughly investigated. Exposure to low
temperatures is one of the most common stresses
experienced by a whole host of plants and animals with
annual seasonal change. Adaptive responses can be
measured across many phyla, including lower orders
of vertebrates, both at the molecular and physiological
level [26]. A number of plant genes are induced by
low temperature stress, and in prokaryots, cold stress
induces several well-characterised cold shock proteins
(CSPs) [1]. A recent review has set out the current
knowledge on CSPs, particularly in insects [29]. In
yeasts, the response to sub-physiological temperatures
has been investigated in a number of groups using DNA
micro-array and genomic technologies [12].

On the other hand, low temperatures are widely
used for pragmatic preservation technologies in areas
of biotechnology and medicine, where the target cell
or tissue is of mammalian origin. The goals of this
technology are to provide a viable, functioning cell for
manipulation or implantation, and the focus has been
on optimising these characteristics. There has been
little consideration to date about genetic responses to
low temperatures in mammalian cells and how these
may affect the overall outcome. This is in contrast to
areas in plant conservation and biotechnology, where
investigators are beginning to piece together the
complex puzzle of how cells sense and respond to low
temperatures [9]. The current review was undertaken
to address this issue and try and identify where such
research might go in the near future for systems of
interest in medicine, i.e. human or mammalian systems
which can be harnessed for transplantation or
production of important therapeutics. It should be stated
here that there is one group of mammals where
seasonal imperatives save driven the evolution of cold
adaptability — the mammalian hibernators. In these
species, a complex array of genetic responses have
developed during changes to feeding patterns, day
length and onset of winter to provide a truly adaptive
response which yields an acclimated physiology
[10, 33]. However, whilst there are many interesting
and important lessons to be learnt from understanding
the hibernatory process, this knowledge is still infancy.
In decades to come, an understanding of such
molecular changes will cross-fertilize our approach to
cell and tissue preservation, but right now we have to
deal with non-acclimated cells in medical technology
on a day-today basis, and this is the area which will be
the focus of this review. In the majority of clinical
applications, where complex structures such as whole
organs are under consideration, low temperatures are
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WHTEPECHBIX W BAXXHBIX NMAHHBIX, OHO BCE €IIe
HaXOJAWTCS Ha HadaJdbHOM cTaguu. BmocnenacTtBuu
[MOHMMAaHUE YTHX MOJIEKYJISIPHBIX U3MEHEHHI YCOBEP-
[IEHCTBYET HAIll ITOAX0JI K KOHCEPBHPOBAHHIO KIIETOK
Y TKaHe#, HO B COBPEMEHHON METUITMHE TPUXOIUTCSI
HMMETH JIEJI0 C HEAaKKIIMMAaTU3UPOBAHHBIMH KJIETKaMH,
WMEHHO OHU OyAyT paccMaTpHWBAThCI B JAHHOM
0030pe. B 00bIIMHCTBE KITMHIYECKIX UCCIIETOBAaHUN
TaKUX KOMIUIEKCHBIX CTPYKTYp, KaK IeJIbIe OpTaHBI,
HHU3KHUE TEMIIEPATYPhl OTPAHUYCHBI TEMIIEPATypPaMH,
MIPU KOTOPBIX BOJIA OCTACTCS B )KUJIKOM COCTOSIHUH, U
JUIs yIoOCTBa OMMCAHUs OHM OBUIM pa3leiiCHbl Ha
BeIcokue (6obire 30°C), cpennaue (30-10°C) u Hu3KHE
(10-0°C 6e3 3amopakuBaHwus), 9TO HEOOXOAUMO ISt
pa3NuYeHus OTBETOB KJIETKH Ha OXJaXICHHE U
OTBETOB, KOTOPBIE 3aBUCAT OT XOJIOJOBOTO BO3MCH-
CTBHUS, HO MOTYT OBITH OIpEAeNeHbl TOJHKO MOCIE
BO3BpAIllEHUSI UX K HOPMAJIbHBEIM TEMIIEpaTypaM.
[IpuBomuTcs u o0cyxaaercst nHGOPMAIUS O TEHETH-
YECKHX OTBETaX CUCTEM MIICKOITUTAIOIINX Ha KPUOKOH-
CEepBUPOBAHUE.

OxAaxAeHUe KaK CTpeccopHbiii akTop
AaKTMBALMKU TEHOB

HecomMueHHO, HIOaHCHI MeTa0o0IM3Ma U penapariu
WUTPaIOT BaXHYIO POJb B QYHKIIMOHUPOBAHUH TEILIO-
KPOBHBIX NPU HOPMAJIbHOM TeMmepaTrype Teina,
onuskoit k 37°C. IlpakTuKyromue Bpauud H3AaBHA
nmpuaaBaind OONBIIOE 3HAYEHHE 3aMETHBIM M3MEHe-
HUSIM TEMIIEPATyphl T€Ia, YTO U JO CUX MOP SIBISETCS
npaBoMepHbIM. [1agenue Temneparypbl Ha HECKOIBKO
rpaxycoB y OOJNBITMHCTBA TETUIOKPOBHBIX, K COXKalle-
HHUIO, MOXKET BBI3BATh KaK CEPACUHYIO, TAK U PECIIH-
patopuyto HegocTtaTtouHOCTh [40]. IIpu mpoBeneHnn
CEepbE3HBIX OIepalnii U B IEPUOJ] ITOCIEOTIEPAIHIOHHOTO
BOCCTAaHOBJICHHUS MPUJIATAIOTCS OTPOMHBIE yCHIIHS,
YTOOBI IOJAEP)KUBATH TEMIIEpaTypy Tella MalueHTOB
B )KECTKHUX Ipejienax. Toraa Kak 3T0 MOYKHO COOTHECTH
C MpUMEHEHHWEM THIOTEePMHUU NPU TeMIlepaTypax,
omm3kux k 0°C, st XpaHeHUs! OPTaHOB U TKaHU IS
TpaHcmiaanTauuu? [louemy MBI cuMTaem, 4TO
CHCTEMBI MJIEKOTHUTAKIUX BOOOIIE CITOCOOHBI
pearupoBaTh Ha HU3KHE TEMIEPaTypbl, Ipeanoiaras
YTO “IPEeMITIONIHIA” METa00IN3M OyIeT HAlpaBJIeH Ha
TEIUIONPOAYKIHIO AJI HOJACPKAHUS TEITIOKPOBHOTO
coctostHUs? JleCTBUTENBHO, YTO O3HAYaeT TEPMUH
“HU3KHE” TeMIlepaTyphl B MPUMEHEHUHU K KIETKaM
MIJIEKOIIUTAFOIINX ?

Ecnu He yuuTHIBaTH KaTacTpopuUUEecKHe BO3-
NEVICTBUS HEKOHMPOAUPYeMOU TUTIOTEPMHUH BCETO Tella,
TO Hallle BOCTIPUATHE TEPMHHA ‘“‘HHU3KHE TeMIiepa-
TYypbl OTPAaHUYUBAETCS] JAHHBIMH O TAKUX OCHOBHBIX
IpoLeccax B KJIETKaX, KaK pPeIIMKalus U CUHTE3
Oenka. CroBo HekoHmponupyemas: ObLUIO BBIIEICHO B
JaHHOM KOHTEKCTE, MOTOMY 4YTO 3a MOCJIEAHEE
JECATUIIETUE HAKOIUIEHO JOCTATOYHO JOKA3aTEIbCTB
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restricted to those in the liquid state down to 0-2°C
(effectively the temperature of melting ice), and for
ease of the following discussions, I have classed these
as ‘mild’ (down to 30°C), ‘moderate’ (30-10°C) and
‘deep’ (10-0°C without freezing). It is important to
distinguish here between responses which the cell
institutes during cooling, and those which depend upon
cold exposure but can only be detected after return to
normal body temperatures. There is also some
information on genetic responses of mammalian
systems to cryopreservation, and this will also be
considered.

Cooling as a stress for gene activation

For homeotherms, it is a sine qua non that the
fine details of metabolism and repair are geared to
function at a normal body temperature, close to the
fabled ‘98.6°” (Fahrenheit, that is) of modern
vernacular, or more commonly 37°C. Practicing
physicians over the centuries have given great concern
to a noticeable shift of body temperature, and rightly
so. A fall by a few degrees in subjects unfortunate
enough to be stranded in exposed cold environments
can be fatal as respiratory and cardiac insufficiency
set in [40]. Even to-day, a great deal of effort is taken
to keep patients’ core body temperatures within close
limits during major surgery and post-operative recovery.
How, then, can this be balanced with the application
of hypothermia down to temperatures close to 0°C in
the preservation of organs and tissue for transplan-
tation? Why should we expect mammalian systems to
be able to respond to low temperatures at all, given
that much of resting metabolism is focused on heat
production to maintain the homeothermic state? Indeed,
what constitutes ‘low’ temperatures for a mammalian
cell?

Apart from the catastrophic effects of uncontrol-
led whole body hypothermia, our perception of what
constitutes ‘low temperatures’ is coloured by what we
have learnt about basic cellular processes such as
replication and protein synthesis. I have stressed the
term uncontrolled in this context, because evidence
has accumulated over the past decade which shows
that by paying attention to certain fundamentals such
as changes in blood rheology and oxygen diffusion at
hypothermia, it is possible to successfully cool and
resuscitate large animal species such as the dog to
around 10°C [35]. This technology has, as far as [ am
aware, not yet been transferred to the clinical arena,
but it does offer potential advantages where surgery
in tissues sensitive to hypoxic damage (such as the
brain) is undertaken. However, these results do show
that low temperatures per se are not lethal. A similar
conclusion can be drawn from the thirty year
experience in renal transplantation, where many
thousands of kidneys have been successfully
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B TIOJIB3Y TOTO, YTO €CIH YAEISATh BHUMAHHUE TAaKUM
OCHOBOIIOJAraloImuM (Gakropam, Kak U3MEHEHHUS B
PEOJIOruu KpOBU M PACTBOPUMOCTH KMCIIOpOJa MPHU
TUTMOTEPMHUH, TO MOXHO oxiaxaats a0 10°C u
OKMBIISITh KPYIIHBIX IpPEACTaBUTEICH >KUBOTHOIO
Mupa, HanpuMmep cobak [35]. Dra TexHoIOTHA,
HACKOJIBKO U3BECTHO, €llle He BHEAPEHa B KIIMHUYEC-
KYIO MPaKTHUKY, XOTS OHA JACHCTBUTEIBHO HMMEET
MIOTEHIHAJIbHBIE TIPENMYIIECTBA IIPU OTEepaIusaX Ha
TKaHSX, YyBCTBUTEIBHBIX K IIOBPEIKICHHUIO THITIOKCHEH
(Takux kak Mo3r). OgHAKO TH JAaHHBIC CBUCTEIh-
CTBYIOT, UTO HU3KHE TEMIIepaTypbl caMu 1o cebe He
SIBJISAIOTCS JIeTadbHBIMU. [10X0XUI BBIBOI MOKHO
caenars ucxoas u3 30-IeTHEro omeiTa TpaHCIUIAH-
TAIMM TOYEK, KOIZa MHOTO THICSY MOYEK YCIEIIHO
Nepecajin ¢ IpeABAPUTEIbHBIM OXJIAKICHUEM 10
4°C c coxpaHeHHneM >Ku3HeHHbIX GyHKIMH. Ho Bee aTH
uccliefoBaHus ObITM HampaBlieHbl HA PACCMOTPEHUE
TOJBKO (husnonornueckux GyHKkuui. JIume HexaBHO
CTaJIM BO3HUKATh BOIPOCHI, KAK M3MEHETCS SKCIpec-
CHS TEHOB BO BPEeMsI WJIH TIOCTIE PA3IMYHBIX PEKUMOB
KOHCEPBUPOBAHMA U KAKIM 00pa30oM 3TO MPOSBIISIETCS
B Oosice oTHajJeHHBIE CPOKH. JTH BOMPOCH! OBLIH
00yCTIOBIEHBI IOHMMAHUEM TOTO, YTO XOJIOOBOE
XpaHEeHHEe caMo Mo ce0e MOXKET OBITh OJHUM W3
YCTaHOBJICHHBIX (PAKTOPOB, BIUSIONIUX HA MATOPU3NO-
JIOTHYECKHUE MPOIECCHl B TPAHCILIAHTHPOBAHHOM
oprase, ¥ MPOSIBISITHCS UEPE3 FOJIBI [TOCIIE XOJI0I0BOTO
Bo3jeicTBus [16].

PaccmarpuBast ypoBeHb OTHEIBHON KIETKH,
clenyeT OTMETHTh W3BECTHBIH (PaKT, YTO OXJIaxK-
JCHUE MOXXET MHTHOMPOBAaTh OCHOBOIIOJIAraloLIye
MPOLECCH], BOBJICUCHHBIE B PEIUIMKALUIO KIETKH.
HUccnenoBanuga Ha KJIETOYHBIX JUHHUAX MBIIIH
MOKa3alii, 4To JIeJICHHE KIeTOK 3(h(HEeKTHBHO UHTHOU-
pyercs ipu cHIkeHnH TeMnepatypsl 10 30°C [38], u
Npu JalbHEHIIeM CHUXXEHUM TeMIIepaTypsl 110
CpeHEero nuama3oHa CKOpPOCTh JENeHUS KIETOK
MIPOJOJIKAET MOCTETNIEHHO CHIDKAThea. OXyaxaeHue
BIIMACT Ha BCe (asbl KIETOYHOro 1MKia, a dasa G,
SBISIETCS HamboJiee YyBCTBUTENBHOM: X0OJIOJ0BOE
BO37ICHCTBUE MPUBOJUT K OCTAHOBKE PAa3BUTHUSA KIETOK
[36]. CunTanoch, 4To 0o0IIee yrHETeHHE MeTabo-
JU3Ma MPOHMCXOIUT 3a CUET 3TOr0 MHrMOMPOBaHUSI.
3arem JaHHOE SIBICHUE OBUIO IEPECMOTPEHO C TOUKH
3pEHHUS] YCOBEPIIEHCTBOBAHHBIX MOJIEKYISPHBIX
TEXHOJIOTHI UACHTU(HUKALIMK SKCTIpeccHy reHoB. Fujita
¥ COaBTOPHI [6, 22] moKa3aiu, 9To TPAHCISITMOHHEIE U
TPaHCKPHUIIIIMOHHBIE MPOLECCH B KJIETKAX MIJIEKOTIH-
TAaIONMX aKTUBHO OTBEYAIOT Ha TEeMIIEPATYpPHBIU
casur 10 30°C. B ¢pubpobnacrax Meimu (M Jpyrux
TUNAaxX KJIETOK) Ha MPOTSDKEHUH 6 4 TeMIIepaTypHOTO
CIOBUTA MOXET OBITH OOHApy»eH HOBBIH OenoK —
uHaynupyembii xononom PHK-cBs3piBatomuii 6emok
(UXPB) [22]. HecMmoTpst Ha OOIIYIO 3aJEPKKY B
nerpagannu myna MPHK B knetkax mpu ymepeHHON
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transplanted after being cooled to 4°C and shown life-
sustaining function. But, these observation have
necessarily focused on physiological function. Only
recently have questions begun to be asked about how
gene expression might be altered during and after such
preservation protocols, and what this means for the
longer term outcome. These have been stimulated by
an awareness that cold preservation itself can be one
identified factor which can affect pathophysiological
processes in the transplanted organ and detected years
following the cold exposure [16].

To return to the level of the individual cell, it has
been known for many years that cooling can inhibit
the fundamental processes involved in cell replication.
Studies on mouse cell lines demonstrated that cell
division was effectively inhibited on reaching 30°C
[38]. Growth rate gradually reduced at intermediate
temperatures. All phases of the cell cycle are affected
on cooling, although the G, phase seems most sensitive,
with cells unable to progress [36]. It was initially
thought that a general depression of metabolism
accounted for this inhibition. More recently, the
phenomenon has been revisited with the benefit of
improved molecular techniques to identify gene
expression. Fujita and colleagues [6, 22] have shown
that mammalian cells actively respond to a shift in
temperature down to the 30°C region by transcription
and translation processes. In murine fibroblasts (and
other cell types) a novel protein, designated cold-
inducible RNA binding protein (CIRP) can be detected
in cells within 6 hours of the temperature shift [22].
Even though there was a general delay in degradation
of the mRNA pool within the cells during mild
hypothermia, and the change in half-life of CIRP
mRNA was not very different from other gene
transcripts, the CIRP gene seemed to be preferentially
transcribed during mild hypothermia. This suggests
that the cells actively sense the mild cooling and respond
by targeted gene activation. This hypothesis was further
strengthened by work which has demonstrated tyrosine
phosphorylation in proteins of Chinese hamster ovary
(CHO) cells exposed to mild cooling [ 13]. Such specific
phosphorylation is evidence of targeted post-
translational modifications.

Our group have been interested in a different aspect
of genetic response to cooling, that concerning the
ability of cells to respond via transcription and/or
translation to signaling mechanisms provided at low
temperatures. The rationale for this type of work is
that, under some circumstances, post-cooling function
of cells may be enhanced by ‘pre-conditioning’ them
to up-regulate stress responses. In experimental
situations, this may be achieved by providing stimulation
before the cells enter the cooling phase [37], but in
many clinical situations it is not possible to provide this
pre-cooling signaling. Thus it would be helpful to
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TUTIOTEPMUH U HEOOJBIINE OTIHYHS B U3MCHCHUU
nosnynepuoaa xxu3au MPHK MXPDB ot npyrux reHHsix
TPAHCKPHUIITOB, OKa3aJI0Ch, YTO TPAHCKPHUIIIUS T€HA
NXPB npoucxoauT NpeuMyIIeCTBEHHO NIPU YMEPEH-
HOU THUMOTEpMUH. DTOT (HAKT MPEAIoIaraeT, 4To
KIJIETKW aKTUBHO PEarupyroT Ha YMEPEHHOE OXJIaXKIe-
HHUE HaNpaBJECHHOM akTuBauueil reHoB. JlaHHas
rumnoresa ObLIa MOAKpENeHa paboToil, KoTopas
poIeMOHCTpUpoBaia (Gpochopumsiuio THPO3WHA B
Oelkax OBapHAIBHBIX KJIETOK KHUTAHCKOTO XOMSYKa
(OKX), moaBepraBmuxcst YMEpeHHOMY OXJIXICHUIO
[13]. Takas cneruduueckas Gochopuisus CBUIC-
TEIHCTBYET O HANPaBICHHBIX MOCTTPAHCIUIAHTA-
LIUOHHBIX MOTU(PUKAITHSIX.

Hama uccnenoBaTenbckas rpynmna 3auHTEpeco-
Bajach OTIMYAIONUMHUCS aCMEeKTaMU TeHETHIECKOTO
OTBETa Ha OXJIAXKICHHE, KOTOPBIH OTHOCHTCS K CIIO-
COOHOCTH KIJIETOK OTBEYAaTh MOCPENCTBOM TpPaHC-
KPUNIUA W/UIIA TPAHCISAINWN HAa CUTHAIBHBIE Me-
XaHU3MBI, o0ecrieunBaeMble HU3KUMHU TeMIIepaTy-
pamu. [IpennochuIKo# Takoi paboTHI ABIISIETCS TO, YTO
IIPU HEKOTOPBIX 0OCTOSTENBCTBAX (DYHKIIMOHHUPOBAHHE
KJIETOK TOCJIE OXJIKICHUS MOXET OBITh YIydIlEeHO
MIPEeIBAPUTEILHBIM BBIICP)KUBAHUEM UX B OTIPEIICIICH-
HBIX YCIOBHSIX JIJISI TO3UTHUBHOM PETYIISIIIMHA OTBETHBIX
peakuuii Ha cTpecc. B sKkcriepuMeHTax 3TO MOXET
OBITH IOCTUTHYTO CTUMYIHUPOBAHNEM KIIETOK 00 MO20,
KaK OHU BOUIYT B a3y oxnaxaeHus [37], oqHako BO
MHOTHX KJIMHHYECKUX CIIyqasx HEBO3MOKHO 00ecTIe-
YUTHh TaKOW CUTHAJ mepes oxnaxaeHueM. [loatomy
nenecooOpa3Ho HACHTUPUIIUPOBATH AUATA30H
OXJIQXKICHNS, KOTOPBIH ITO3BOMHII OBl HHUIIUUPOBATH 3TY
HEOOXOAMMYIO CTPECCOPHYIO PeaKIH0. MBI Hccieo-
BaJ{ MO3UTHUBHYIO PETYIAIUI0 TEMOKCUTEHA3HI-1
(I'O-1, BTIHI-21) Ha MOMETH XOJIOA0OBOTO XPaHEHUS U
TpaHCIJIAHTAIIUN TTOYKH KPOJHWKA, U PE3yJIbTaTHI
MMOKA3bIBAIOT, YTO CYIIECTBYET HEKOTOPOE MPEUMY-
I[eCTBO TAKOTO IMOAXO0Ja C MpeIBapUTEIbLHBIM
curHaioMm [1]. OgHako TO3UTUBHYIO PETYISAIHIO
yIalloCh CTUMYIIMPOBATh YK€ M MPU HOPMallbHOU
TeMIeparype Teina. MBI Takxke HCCIeIOBaIU
akTUBHOCTH ['O-1 B AnuTENMaNbHBIX KIETKaX MOYEK
CBUHBH B OTBET HA Pa3IIUYHbIE arOHUCTHI (JaHHBIE HE
ONyOJTMKOBaHBI) B TedeHHE 6 4 MPHU Pa3TUYHBIX
temrieparypax. OnTuManbHasi CTUMYISAIHS KIETOK
nipu 37°C npuBoOAMIIa K OBBIIICHHIO aKTUBHOCTH OeJKa
I'O-1 10 570%, a npu 30°C HaOIIONANIOCH YBEITHUCHHUE
aktuBHOCTH A0 200%, KOTOpOE CTAaTHUCTHYECKHU
JIOCTOBEPHO OTINYAIOCH OT HOPMAILHOTO YPOBHS IIPU
p<0,05. IIpu 20°C ypoBeHb aKTMBHOCTH COCTABJISUI
140% m DOCTOBEPHOCTH OTIUYHI OT HOPMAJIBHOTO
YpOBHS He ObLTO OTMedeHo. TakuM oOpa3om, Halu
MpeBapuUTEIlbHBIE PE3YIbTATHl COTIACYIOTCS C
nanHbiMU [1, 37], moka3pIBalOIIUMH, YTO KIIETKaM
MJIEKOTIUTAIONIUX MPUCYIIN MPOLECCH aKTHBHOTO
MIPOYIIMPOBAHUSl CUTHAIIOB TP MIANAIIEM OXJIaXK-
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identify a range of cooling which will allow initiation
of such helpful stress responses. We have investigated
up-regulation of haeme oxygenase-1, (Heat shock
protein 21) in a rabbit kidney model of cold preservation
and transplantation, and our preliminary results suggest
that there is some benefit to this pre-emptive approach
[1]. However, the upregulation was stimulated at
normal body temperatures. We have also studied haeme
oxygenase-1 activities in porcine renal epithelial cells
in response to various agonists (unpublished data) for
6h at different temperatures. Optimal stimulation in
the cells at 37°C resulted in an increase of HO-1 protein
activity of 570%, whilst at 30°C, there was an increase
to 200%, which was statistically significant at a level
of P<0.05. At 20°C, the activity level was 140%,
which did not reach statistical significance. Thus our
preliminary findings would fit with the previous data
showing that mammalian cells are capable of active
signaling processes during mild cooling. The intriguing
question is whether conditions of time or agonist
mixtures can be manipulated to allow significant
responses in the moderate cooling range, which would
be more helpful in the clinical setting. From studies on
RNA and protein synthesis in hepatoblastoma cells [24]
there may be some optimism for such approaches;
whilst both RNA and protein synthesis were
significantly reduced by cooling to 27°C, there was
still some 70% of detectable activity at this tempeature.

Aspects of biotechnology are also concerned with
gene expression during cooling, where enhanced or
prolonged production of important proteins by batch
cultures are under consideration. For example, a shift
to mild cooling provided higher production yields of a
model product (secreted alkaline phosphatase) in CHO
cells [13] by prolonging the production phase. However,
this is not a universal finding, and in other studies [34]
culture under mild cooling was reported to result in
loss of monoclonal antibody production. It would again
seem that control of many variables may be required
to optimise the effects of cooling on expression of
specific gene products.

Moving from moderate to deep cooling (below
10°C), the processes of transcription and translation
become effectively inhibited, at least on the time scales
usually studied. Deep cooling is associated with such
arange of alterations in cell ultrastructure and function
[7] that it is unsurprising that multi-component
processes such as protein synthesis are halted. In fact,
very few studies have been made on protein synthesis
in mammalian cells below 10°C where the strong
inhibition was observed from the high activation
energies measured at these temperatures [5]. Rather
than new synthesis, the stability of transcripts and
proteins becomes an issue, because in some
circumstances an activation of proteolytic enzymes has
been demonstrated after prolonged cold exposure. For
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nerny. HeMamoBaXHBIM SIBIISI€TCS BOIIPOC, MOXKHO JIU
MaHUMIYJIUPOBATh BPEMEHHBIMH YCIOBHUSAMHU HIIU
COCTAaBOM CMeceil aroHHCTOB JAJS MOJTYYEHUS
3HAYUTEIHHOW OTBETHOW pEaklIWu B JIHaNa30oHe
YMEPEHHOT0 OXJIaXJIeHUs, YTO OBbII0 OBl OYEHB
TOJIE3HO NPY KITMHUYECKOM MprMeHeHuu. 13 nccemo-
Baunit PHK u cunTe3a Oenmka Ha KieTKax remaro-
OacToMBl [24] MOXHO CIelaTh BBIBOJ, YTO TaKHE
MIOJIXOJIBI MOTYT OBITH IMOJIE3HBIMH; B TO BpeMs Kak
cunte3 PHK u Genka 3Ha4MTeNbHO CHMIKAJCS MPHU
oxyaxaeHun j10 27°C, mpu 3TOH TeMIiepaType Bee eIie
obnapyxuBanack 70%-Hast aKTHBHOCTb.

buoTtexHonornyeckue acmekThl TaKXKe KacaloTCs
9KCTIPECCHUH T€HOB MPH OXJIAKACHHUH, YBEITMYESHHOMN WiIH
MIPOJIOHTUPOBAHHON BBIPAOOTKE OEIIKOB CEpUHHBIMU
KynbTypamu. HampumMep, CIBUT B CTOPOHY MIAJISTIIETO
OXJaXJAeHHUs oOecriedynBan 0ojiee BHICOKUN BBIXO[
MIPOAYKIMH MOJIENTEHOTO TIPOTYKTa (CEKPETUPOBAHHON
ankanuH ¢ocdatazs) B OKX [13] u3-3a npoanenus
(hazel mpoxyrupoBanus. OHAKO HEIlb3sI TOBOPUTH 00
YHHBEPCAJIbBHOCTH 3THX TAaHHBIX: B CCIIEIOBAHMSX [34]
[MOKa3aHo, YTO IaJsIIee OXJaXACHUE KYIbTypPHI
MIPUBOJIMIIO K MOTEpe MPOTYKIIUH MOHOKJIOHATBHBIX
aHTUTEN. MOXHO 3aKJIIOYUTh, YTO HEOOXOAUMO
KOHTPOJUPOBATh MHOXECTBO NMEPEMEHHBIX A
ONITUMU3AIIUH BO3ACUCTBUS OXJIAKICHNS Ha IKCIIpec-
CHIO CIIETIM(PUYECKUX TeHHBIX TPOAYKTOB.

[Ipu mepexone oT yMepeHHOTro K TIyOoKOMY
oxnaxaeanto (Hmxke 10°C) mporiecchl TPaHCKPHUITITUN
Y TPAHCISAIHUH CYIMECTBEHHO MHTHOHUPYIOTCS, IO
KpaliHe# Mepe, B paMKax OOBIYHO HCCIIeAyeMOun
BpeMeHHOH mkajbl. [TTy0okoe oxliaxaeHne CBI3aHO
C MIUPOKHAM JAMAa30HOM H3MEHEHHWH B YJIbTpa-
CTPYKType U QYHKIUAX KJICTKH [7], HOITOMY
HEYIUBUTEIbHO, YTO TaKH€ MHOTOKOMIIOHEHTHBIE
MPOIECCHl, KaK CUHTe3 OelKa, OCTaHaBJIMBAIOTCS.
JeficTBUTEIbHO OYEHb Maji0 MCCJIEJI0BaH CUHTE3
Oenka Ha KJIETKax MJICKONMUTAIOIMX MPU TEeMIle-
parypax Hmwke 10°C, mpu KOTOPBIX HaOJIOmaeTCs
CHUJIbHOE WHTUOMPOBAHHE W3-32 HAJUYHS BBICOKHX
sHepruii aktuBanuii [5]. IlpenMerom oOCyxaeHuUs
CTAHOBHTCS CKOpee CTaOWIBHOCTh TPAHCKPHIITOB U
0eIKOB, YeM WX HOBBIA CHHTE3, TaK KaK B HEKOTOPBIX
YCIOBUAX TOCIE MPOJOHTHPOBAHHOW XOIOAOBOM
AKCIMO3HIINY NTOKa3aHa aKTUBAIIHSI TIPOTEOTUTHIECKIX
(epmenTtoB. Hampumep, HaMu OTMEUYEeHA aKTHUBAIUSA
(depMeHTa KelaTHHA3bl MPH XOJOJA0BOM XpaHCHHH
MeYeHHM B KITMHUKE [27], a Takoke oOHapykeHa 20%-Hast
noteps crenuduueckoit aktupHoctu st [O-1 B
TKaHU NoYKH yepe3 24 1 xpanenus npu 4°C [1]. Cra-
omnpHOCTE MPHK B yCITOBHSIX TITyOOKOTO OXJIaXKICHHS
M3ydeHa HeJ0CTaTo4HO. Hamm mpenBaputenbHbIe
HCCIEAOBAaHMS CBUETENBCTBYIOT, uTO ypoBHU MPHK
JUTSL OTIPEJIEIICHHBIX YIPABISIONUX T€HOB M OEIKOB
MOJIEKYNl aAre3uu (J4acTh OTBETHOU peakIuu) He
M3MEHSITUCH B KIIETOYHBIX JIMHUAX TIeUueHH yepe3 18 1
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example, we demonstrated activation of a gelatinase
enzyme in clinical liver cold storage [27], and also found
that in kidney tissue, there was a loss of some 20% of
specific activity for HO-1 over 24h at 4°C [1]. Stability
of mRNA under conditions of deep cooling has been
less well investigated. Our preliminary data suggest
that levels of mRNA for certain ‘house keeping’ genes
and for adhesion molecule proteins (part of the stress
response) did not change in liver cell lines over 18h at
cold temperatures. Similarly, in human liver, mRNA
for a constitutive enzyme in the endoplasmic reticulum
was unchanged over 10h (unpublished observations).
However, there is a great deal more to be understood
about control of gene products in mammalian cells under
deep cooling before a generalised statement can be
made.

If deep cooling is truly the ne plus ultra stage for
gene-orientated molecular processes in mammalian
cells, what happens in the aftermath? Most pragmatic
cold storage protocols for tissues or organs are based
on the optimistic assumption that protein expression
and function is restored on return to normal body
temperatures. It certainly seems the case that if the
cold exposure (below 10°C) is brief (<2h), no significant
alteration in overall protein synthesis was observed [4]
on return to warm temperatures. Whilst overall
synthesis may remain unchanged, up-regulation of
specific proteins of the stress response has been clearly
shown after deep cooling. An early study demonstrated
synthesis of heat shock proteins (HSP) in skin biopsies
rewarmed after deep cooling [11]. In human fibroblasts,
Liu et al [18] showed that cooling to 4°C and return to
warm incubation for Sh resulted in production of a range
of (HSP). Relative synthesis of HSP remained high
over 8h on rewarming, and then gradually returned to
baseline values. Similarly, in rat cardiomyocytes, cooling
to 4°C for 1h and rewarming for 2h enhanced
expression of mRNA for HSP70, and of the protein
detected by Western blot [15]. An increase in mRNA
for HSP25 was also seen. Another stress pathway
(the p53 gene dependent WAF1 protein, which can
cause cell cycle G1 arrest) was activated in
glioblastoma cells after 1-2h at 4°C and 6h at 37°C
[23]. The authors hypothesised that this might be a
protective mechanism to maintain homeostasis and an
orderly return to cell cycle progression after a repair
period. Indeed, Ota et al. demonstrated that cold shock
could provide protection in mouse skin and cultured
keratinocytes against a subsequent genotoxic stress
on rewarming [25]. Thus the accumulating evidence
(although by no means conclusive) suggests that after
‘brief” or ‘tolerable’ cold shock , mammalian cells may
switch on stress mechanisms which assist in a post-
cooling repair period to restore cell function. The
sensing mechanisms are likely to be multiple, and
include factors such as altered pH, production of
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IIpU XOJIOMOBBIX TemmepaTrypax. [logjobro 3ToMy B
neuyenu yenoBeka ypoBenb MPHK nms onpenensro-
miero epMeHTa B 9HA0TUIA3MaTHIECKOM PETUKYTyMe
He u3MeHsiIcs uyepes 10 9 (JaHHbIe He OITyOTUKOBAHE! ).
Onnaxo ropas/o OobIIe ClIeAyeT yACIATh BHUMaHUS
aHaJ¥3y yIpaBJIeHUs TeHHBIMA MTPOITyKTaMH B KIIETKaX
MJIEKOITUTAFOIINX TIPHU [ITYOOKOM OXJIaXKISHHUH, TIPEIKIC
YeM MOKHO OyJIeT BRIABUHYTH 00OOIIAFOIINN BBIBOI.

Ecau rnybGokoe oxmaxaeHHE NeHCTBUTEIBHO
HETIPEB30U ICHHAS CTa TN 111 TEHOPUESHTUPOBAHHBIX
MOJIEKYJISIDHBIX MPOIECCOB B KJIETKaX MIIEKOITH-
TAIONMIUX, YTO XK€ MPOUCXOMUT BIMOCIHECACTBHU?
Haubonee mparmMaTU4YHbIE MPOTOKOJIBI XOJIOAOBOTO
XpaHEHUS JJIsI TKaHEeW W OpraHoB OCHOBAHBI Ha
ONTHMHUCTHYECKOM JOIMYIICHUH, YTO IKCIPECCHS U
(hyHKIHS OeTKa BOCCTaHABIMBAIOTCS TIPU BO3BPATE K
HOpMalbHBIM TeMIlepaTypam Teia. JedcTBUTeIhHO
OKa3bIBAETCsI, YTO NMPHU KPAaTKOBpeMeHHOU (<24)
xX0JI01oBOH sKcro3uIyH (Hmke 10°C) He HaOrOmaeTCs
3HAYUTEIHLHOTO H3MEHEHHS B O0IIeM CHHTEe3e Oeka
mocje Bo3Bpara K 0ojiee BHICOKUM TEMIIEpaTypaM.
B To BpeMs kak ypoBeHb OOIIEro CHHTE3a MOXKET
O0CTaBaThCsl HEU3MEHHBIM, SIBHO MPOJAEMOHCTPH-
pOBaHa MO3UTHBHAS PEryJsIUs CHEeMUUISCKUX
OENKOB CTPECCOPHOM peakiuu Mmocie rIyOooKoro
oxnaxaenus. B [11] ormeuen cunte3 BTII B
OmonTaTax KOXKH, OTOTPETHIX MOCIIE TITyOOKOTO OXJIaXK-
nenns. Ha ¢pubpobnactax yenoeka Liu u coaBTopsI
[18] mokazanu, uro oxnaxaeHnue 10 4°C 1 BO3Bpar K
TETUIOBOY WHKYOAITUH Ha 5 4 MPUBOTUIIN K BRIPAOOTKE
uenoro nuanazoHa BTHI. OTHocUTENbHBIN YpOBEHB
cuntesza BTII ocTtaBancs BBICOKMM moclie 8 4
ITOBTOPHOTO HArpeBa M 3aTeM IOCTETIEHHO BO3Bpa-
majics Kk 6azoBomy. Ha kapauomMuonuTax KpbIChI
MoKasaHo, uto oxuaxaeuue 10 4°C B Teuenue 1 4 u
MOCTEAYIONUNA OTOTPEB B TCUCHHUE 2 U MPHUBEIU K
noBeimeHu0 dxcnpeccurn MPHK mist BTII 70 u
Oeyika, oOHapykeHHOTO TecToM Western blot [15].
Takoe xe yBenunuenue skcrnpeccun MPHK nabmio-
nanoch u st BTI25. dpyroil cTpeccopHblil myTh
(3aBucsmumii ot rena p53 6enok WAF1, koTopsrii
MOYET BBI3bIBATH OCTAHOBKY KJIETOYHOrO 1ukna G))
OB aKTUBUPOBAaH Ha KIIETKaX IIIHOOIACTOMBI TIOCIIE
1-2 9 sxcno3unmu ripu 4°C u 3atem 6 4 ipu 37°C [23].
ABTOpPBI BBICKA3alld UJCKD, YTO 3TO MOXKET OBITh
3aIMUTHBIM MEXaHU3MOM TSI TIOJJIEPIKAHMS TOMEO-
CTaza W KOHTPOJHPYEMOTO BO3BpaTa K Pa3BHUTHUIO
KJIETOYHOTO IMKJIA ITOCJIE IEPHOIa BOCCTAHOBIICHUS.
HetictBurensro, Ota 1 COaBTOPHI MPOAEMOHCTPH-
poBand, YTO XOJIOJOBOH IIOK MOXET 00€CIeUnTh
3aIATY OT TEHTOKCHYECKOTO CTpecca, CICTYIOMIETO
32 OTOTPEBOM B KOXK€ MBI U KyJIBTUBUPOBAHHBIX
keparuHoIMTax [25]. Takum 00pa3oM, HAKOTLIIEHHBIS
JIOKa3aTeNIbcTBA (XOTS, KOHEYHO, OHU HE SIBIISIOTCS
OKOHYATEJIbHBIMH) MPEANOJIaraT, 4YTO MOCIe
“KOpPOTKOT0” WIIH “TIEPEHOCUMOT0” X0JIOI0OBOT'0 III0Ka
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oxygen free radicals, accumulation of damaged
proteins and redox disbalance, all of which can induce
stress responses without cooling. There is as yet no
one identified factor of induction which can be linked
solely to cold exposure. However, recent work has
demonstrated that nuclear transcription factors (in this
case NF-kB) may be translocated to the nucleus within
minutes of exposure at 4°C [30]. Such transcription
factors are central to initiating stress pathways, and
also in the development of anti-apoptotic pathways.
The mechanism for cold-sensing in such a short time
remains unclear, but it is difficult to believe it could be
due to altered metabolism. Perhaps a rapid change in
ion homeostasis (such as intracellular calcium) could
be responsible, but this is pure conjecture.

What happens when deep cooling becomes
‘intolerable’? Following very prolonged cold exposure,
progressive cold necrosis and autolysis sets in, which
render the cells non-recoverable, even without
rewarming. However, in many mammalian cells, this
point is not reached before at least 72h of deep cooling.
Before that time, stress pathway activation on cooling
and gene product accumulation during early rewarming
may be the branch-point which decides the fate of the
cells. As alluded to above, NF-kB may control anti-
apoptotic mechanisms, but under different conditions
it can direct up-regulation of inflammatory factors such
as adhesion molecules, which assist targeting of
damaged cells by the immune system in the body, a
central step to their elimination. We have been
interested in looking at such adhesion molecules
(ICAM-1 and E-selectin) in liver cells and the whole
organ during and after deep cooling. Our data so far
do suggest that increased expression of adhesion
molecules can be detected after short (4h) deep cooling
and rewarming, and that this increases with time over
24h. An example of the findings is shown in Table 1.
Cold hypoxia and rewarming induced a marked up-
regulation of mRNA for ICAM-1 in a cultured liver
cell line. This was inhibited by providing anti-oxidants
to the cells in the pre- and post-hypothermic stress
period (i.e. loading the cells to maximise their anti-
oxidant capacities. Both water soluble (N-acetyl
cysteine) and lipid soluble (0-tocopherol) agents were
effective. These studies suggest that the signaling
mechanisms here for adhesion molecule induction may
be free radical mediated secondary to cold hypoxic
stress, rather than a direct temperature effect, but we
do not yet possess a complete understanding of the
scenario.

It has also been demonstrated that apoptosis can
be switched on under similar conditions of deep cooling
in liver parenchymal cells and endothelial cells [28],
and this was linked to generation of oxygen-derived
free radicals during the rewarming phase. In addition,
activation of the p53 pathway by cooling has also been
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B KJIETKaX MJIEKOIHMTAIOUIUX MOTYT 3aIlyCKaThCs
CTPECCOpPHBIE MEXaHH3MBbI, KOTOpPbIE 00ECTIeYNBaAIOT
B0300HOBIICHHE KJIETOYHBIX (PYHKIIHMI B BOCCTAHOBU-
TEJIbHBIA MEPHOJ MOCIe OXJIXKICHHUSI. MeXaHU3MBbI
YyBCTBUTEIBHOCTH, CKOPEE BCEro, SIBISIOTCS
MHOTO(aKTOPHBIMH U BKITIOUAIOT TAKUE KOMIIOHEHTHI,
kak n3MeHenus pH, oOpasoBanue cBOOOIHBIX
panuKasoB KUCIOPOJa, HAKOIIJICHUE OBPEKICHHBIX
0eJIKOB M OKHMCJIHUTEIbHO-BOCCTAHOBUTEIbHBIN
nucOanaHc, KaKAbIH U3 KOTOPBIX MOXKET MHIYIIHPO-
BaTh OTBET Ha cTpecc 6e3 oxnaxaeHus. Ha manHbri
MOMEHT HE CYyIIECTBYET YCTAaHOBIIEHHOTO (pakTopa
WHAYKLIWHU — €AMHCTBEHHOT0, KOTOPBIN OBLT OBI CBA3aH
C X0JI0IOBOM 3kcrio3uruert. OnHako B [30] mpoxeMoH-
CTPUPOBAHO, YTO SIACPHBIC TPAHCKPUIIIIUOHHBIE
taxTops! (B nanHOM ciyuae NF-kB) moryT ObITh
NepeMeIleHbl B AP0 B TCUCHUE HECKOJIBKUX MHUHYT
sxcrioznimy npu 4°C. Takue ¢axropsl TPaHCKPUILUH
SIBTISIFOTCS] LIGHTPAJIbHBIMU B MHULIMALIH CTPECCOPHBIX
MeTa0oINUYECKUX MYyTEeH, a Takke B Pa3BUTUH
AHTHANONTOTHYECKUX IyTeH. MexaHu3M pa3BUTHS
X0JIOJIOBON YYBCTBUTEJIHHOCTH B TaKHe KOPOTKHE
CPOKH OCTA€TCs HEICHBIM, HO CJIOKHO IIPEIIOJarars,
YTO OH MOJKET 3aBHUCETh TOJBKO OT M3MEHEHUN B
MeTtabonu3me. BepoaTHo, Ha HETO MOTYT OKa3bIBAaTh
BIIMsIHUE OBICTPHIE U3MEHEHHS MOHHOTO TOMeocTas3a
(HampuMep, KOHIEHTPALUU BHYTPHUKIECTOUHOTO
KaJIbIIMsA), OHAKO 3TO OCTAETCS MPOCTON AOTAIKOM.
Uro 3xe IpOUCXOINT, KOTa ITyO0Koe OXJIaKICHNE
npeonosieBaet nopor tosnepantHoctu? Ilocne oueHs
MIPOIOJLKUTETBHON XOIOJOBOM SKCIIO3ULIMHI HAYHMHAET-
Csl pa3BUTHE XOJOZOBOI'O HEKpO3a M ayTo3a, 4TO
MIPUBOANT K HEBO3MO>KHOCTH BOCCTAHOBJICHUS KJIETOK.
OpHako BO MHOTHX KJIETKaX MJIEKOMHUTAIOUINX 3TO
COCTOSIHME HE JIOCTUTaeTCs, 10 KpalHed mepe, B
TeueHHe 72-X 4acoB MTyOOKOTO OXJIAXKIeHH. B aTOT
MEPHOJ aKTHBALMS CTPECCOPHBIX META00IHMUYECKUX
ITyTei B OTBET Ha OXJIAKICHHUE M HAKOTUIEHHE T€HHBIX
MIPOAYKTOB B paHHUE CPOKH IOCIE OTOTPEBA MOKET
OBITH TOUKOW Pa3BETBICHUS, KOTOPas peuaer cyap0y
kinetku. Kak ymomuHanocs Beime, NF-kB moxer
KOHTPOJINPOBATh aHTUAIONTOTUYECKHE MEXaHH3MBbI,
HO B Pa3HBIX yCJIOBHUAX OH MOJXET HalpaBlsTh
MO3UTHBHYIO PETYIALMIO TAaKMX BOCHAIUTEIbHBIX
(hakTOpOB, KaK MOJIEKYJIbI AATE3UH, KOTOPBIE CIIOCO0-
CTBYIOT MEYEHHIO MTOBPEKIEHHBIX KJIETOK C TOMOIIBIO
MMMYHHOW CUCTEMBI OpraHu3Ma, YTO SBJISIETCS OCHOB-
HBIM 3TaroM 3JMMUHAIMU. MBI 3aHHTEpPECOBAIINCH
paccmoTrperueM 3Tux monekyn aaresun (ICAM-1 u
E-cenexTrH) B KJIETKaxX MEUEHH U LIEJIOM OpTaHe IpU
TyOOKOM OXJIaXKJAE€HUH U Tociie Hero. [loka Hamm
JaHHBIE TTOKA3bIBAIOT, YTO MOBBILICHHAS SKCIIPECCHS
MOJIEKYJI aAre3ud MOXeT ObITh OOHapyskeHa mocie
HEIMPOAOIDKUTENBHOTO (4 1) TITyOOKOTO OXJIaXICHUS
U MOBTOPHOT'O HarpeBa W 3TOT MPOLECC HapacTaeT
yepes 24 4. HekoToprie U3 HAIIMX pe3yabTaToB IIPHUBE-
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suggested as a route for directing apoptosis and
elimination of damaged cells [8]. It has been known
for some years that cold shock can induce apoptosis
in cells at susceptible stages of the cell cycle [32] and
this may explain in practical terms why significant
apoptosis has been found after some conditions of deep
cooling but not in others.

Genetic responses to cryopreservation

Since cooling can induce gene responses, it is not
surprising that cryopreservation might induce similar
effects. The multiple stresses of a cryopreservation
protocol — osmotic stresses during addition or removal
of cryoprotectants (CPA), deep cooling during CPA
equilibration, residual chemical effects of CPA during
the early rewarming period — may all be seen as
potential signaling factors. Given this, there have been
surprisingly few studies in this area. Freezing to very
low temperatures under sub-optimal conditions (in the
absence of cryoprotectant) was shown to be
associated with DNA damage in suspension of human
Cumuls cells (which normally surround the developing
oocyte in the female), measured by electrophoretic
pattern changes in the Comet assay [17]. Addition of
glycerol as cryoprotectant significantly reduced the
indices of DNA damage, and went hand in hand with
improved cell viability on thawing. Since the comet
assay was performed immediately on rewarming, it
would seem likely that the observed changes were due
to cryobiological effects rather than secondary to cell
degeneration in culture after thawing. However, in
cells with normal viability, there is a continual
homeostatic balance between DNA damage and
compensatory repair mechanisms, so this study does
not tell us anything about long-term DNA damage from
cryopreservation in cells with an adequate capability
for DNA repair. It was shown that cryopreserved
hepatocytes, on rewarming, could respond to a similar
degree as fresh cells by switching on DNA repair
mechanisms after cell exposure to genotoxic chemicals
[31]. More recently, a study in bovine oocytes [21]
demonstrated (again using the single-cell comet assay)
that DNA damage could be detected early after
thawing. Different cryopreservation regimes (slow
cooling or vitrification) showed differences in DNA
susceptibility. Such observations will become
increasingly important in the future with the hoped-for
progress towards the use of pluripotent stem cells to
treat a variety of clinical disorders. Also, in the moves
towards reproductive cloning, it will be vitally important
to understand any damage to the genome in the somatic
cell nuclei used for the cloning (if the source of this
cell is from a cryopreserved bank).

A more detailed study on cryopreservation of
fibroblasts frozen either as cell suspensions or as three-
dimensional cultures showed differences in response
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neHsl B Tabnuie. XoilogoBas
TUTIOKCHUS U OTOTPEB WHAYIIH-
pOBaIu 3aMETHYIO O3UTUBHYIO
perymsauuto 3xcnpeccun MPHK
11 monekynsl ICAM-1 B kyib-
THUBUPOBAHHOW JIMHUM KJIETOK
nevyeHu. DTOT NPOLEecC HHrHOu-
poBalcs BBEICHHEM aHTHOKCH-
JTAHTOB B KJIETKH B TIEPUOJ TIpe-
Y IOCTTUITOTEPMUIECKOTO CTPEC-
ca (T.e. IpH Harpy3Ke KISTOK JIJIst
MaKCUMU3AIUA X aHTHOKCH-
JAHTHBIX CBOMCTB). DPHeKTHBHEI
Kak BojiopacTBopuMble (N-areTnn
LUCTENH), TaK U JTUITHIOPACTBO-
puMble areHThl (0-ToKo(hepo).
OTu UccneAOBaHMs MOKA3bIBAIOT,
YTO MEXaHU3MBI MPOIAYIUPOBa-
HHSl CUTHAJIOB JUIS WHIYKIUH
MOJIEKYJ aAre3Uuu B 3TOM Ciyuae
MOTYT OBITH OTOCPEIOBAHBI
CBOOOHBIMH paJIKajIaMH ITOCTIe
XOJIOJIOBOTO THIOKCHUYECKOTO
cTpecca, a He HeTIOCPEICTBEHHO
TEeMITepaTypPHBIM BO3ICHCTBHEM,
HO TOJHOM SCHOCTH B 3TOM
BOIIPOCE €UIE HET.

Takxe ObIIO TIOKa3aHO, YTO
amonTO3 MOXKET BKIIFOUUTHCS B
MOJTOOHBIX YCIOBUSAX TIIyOOKOTO
OXJIQXKJICHUS B TAapEHXHMallb-
HBIX U HJIOTETHATBHBIX KIIETKAX
neyeHu [28], U aBTOPHI CBA3BI-
BaJM 3TO ¢ 00pa3oBaHUEM CBO-
OONHBIX PaTUKATIOB KHUCIOPOI-
HOTO MIPOUCXOXKICHUS B TEUCHHE
(haze1 oTorpeBa. AKTUBAITUS Ty TH
p53 oxmaxkIeHueM TaKXKe Io-
Jlarajach B Kaue€CTBE MeXaHH3Ma
JUTSL HAITPABJICHHOTO aronTo3a u
SIIMMHUHAIIUHA TTOBPEKICHHBIX
kinetok [8]. U3BecTHO, 4UTO
XOJIOIOBOM IIIOK MOXKET HH]TYIIH-
poBaTh amonTo3 B KJIETKaxX Ha
YYBCTBUTENBHBIX CTAJAMIX KIIE-
TOYHOTO ITUKJIA [32] ¥ 3TO MOXKET
MIPOSICHUTD, MTOYEMY IIPU HEKO-
TOPBIX YCIOBHUAX TI1yOOKOTO

OXJIAK/IE€HUS ObUT OOHApY)KEH BBICOKHHM YPOBEHB
arorTo3a, Torna Kak MmpH JIpyrux HeT.

OTBeTHbIE p€akuuMn reHoB Ha KpPUOKOHCep-

BMpOBaHHe

[TockobKy OXJaKA€HUE MHAYIHPYET OTBETHBIC
pEaKIUK reHOB, HEYTMBHTEIBHO, YTO KPHOKOHCEPBH-
pOBaHUE MOXET BBI3BIBATH MOM00HBIE 3(PPEKTHI.
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Oxkcnpeccusi MPHK ICAM-1 (intercellular adhesion molecule 1 — monekyna
MEKKJIETOUHOM aare3nu 1) B KynbTuBUpyeMbIxX kieTkax HepG2, BeIpakeHHast Kak
oTHoLIeHHEe nHTeHcuBHOCTH 3Kcnpeccur MPHK k sxkcnpeccun k reny GAPDH
(tmunepanbaerun-3-docdar)

Expression of [ICAM-1 (intercellular adhesion molecule 1) mRNA in cultured
HepG2 cells as a ration of mRNA intensity in comparison to the house-keeping
gene GAPDH (glyceraldehyde 3-phosphate)

Otnomenune MPHKICAM — 1 k GAPDH
Ratio of mRNA ICAM — 1 to GAPDH

O6padoTka 5 K6A CTKH, Kaerku,
0GpaboTaHHbIe
Treatment HopmaabHbIe I\II) — ob6paboTaHHbIe
KAETKI a — TOKO(EPOAOM
IUCTEUHOM

Cells treated with
o —tocopherol

Normal cells Cells treated with

N —acetyl cysteine

KnaeTouHast KyAbTypa
(KyAbTHBHpOBaHue 24 4,
OTMBIBKA, KyABTUBUPOBAHHUE
4 4 ipu 37°C)

Cell cultures (24h,washed,and
4h at37°C)

108.3%+9.6% 97.3+4.6% 104.5%+8.9%

KaeTouHass KyAbTypa
(KyApTHBHpPOBaHHe 24 4,16 1
XOAOAOBOU rurokcuu npu 4°C,
OTMBIBKQ, Ky/\bTI/IBI/IpOBaHI/Ie
4 4 ipu 37°C)

Cell cultures (24h,16h cold
hypoxia at 4°C ,washed and 4h
at 37°C

286.1+14.3% 127.7+9.3%* 143.6+12.1%*

KyAbTYpa KOHTPOABHBIX
KAETOK (KYABTUBUPOBaHUE
48 u nocae naccaxa npu 37°C)
Control cells cultured (48h
after passage) at 37°C

111.7£10.2% 104.8+11.6% 106.3+6.9%

* —paznuune ¢ p<0,01 mpu cpaBHEHUH C HOPMAJILHBIMHU KJICTKAMH B TEX K€ YCIOBHSIX.

Kietkn HepG2 xynpruBupoBanu B MoaudumpoanHoii cpene Mrna {ronp0exko ¢
10%-it Tensubeii (eTanbHON CHIBOPOTKOM. JIJIss MHIYKIIMK XOJOMOBOW THIIOKCUH CPEIy
3aMeIaJIi OXJIaXICHHBIM PAaCTBOPOM YHUBEPCHTETa BUCKOHCHH 1 KIIETKH BBIACPKHUBAIN
npu 4°C B arMocdepe azora B TedeHue 16 4. 3aTeM KyJabTypy KISTOK OTMBIBAIN YHCTHIM
DMEM wu nepenocmiu B 37°C. B HEKOTOPBHIX SKCIEPUMEHTAX AHTHOKCHUAAHTHI
N-anerunnuctend win 6-tokodepos (1 MM kaxmaplif) ObUTH 100aBICHBI 10 M MOCIE
xononoBoi runokcun. Dctparuposanu PHK u mpoBoaumm oOpaTHyio monuMmepasHyio
LIEMHYI0 peakiuio ¢ ucrnoiab3oBanueM Habopos s ICAM-1 u GAPDH, nonocsl Ha
arapo3HOM TeJIe MocIIe AEKTpodopesa OMpeAeNIsiIz ¢ TOMOIIBIO (QIIF0OPECICHIHH.

He ormeueno usmenenuit B sxcupeccun ICAM-1 B KOHTPOJBHBIX KYyJIbTypax U
KyJlbTypax ¢ Jo0aBKaMH aHTHOKCHJIAHTOB U IPOBEACHHEIX Yepe3 MPOUEeAy Pl OTMBIBKH. B
KJIETKaX, NMOJBEPrHYTHIX XOJIO0A0BOM runokcuu, ypoBenb ICAM-1 cymiecTBeHHO
MOBBIIIAETCS TIPH OTOTPEBE, TOIJa Kak J00aBICHNE aHTHOKCHIAHTOB MHTHOHMpPYET 3TO
U3MEHEHHeE.

* denotes a difference at P<0.01 vs normal cells under the same conditions.

HepG2 cells were cultured in Dulbecco’s Modified Eagles Medium with 10% fetal calf
serum. To induce cold hypoxia, the medium was replaced with cold University of Wiscon-
sin solution and the cells maintained under nitrogen gas at 4°C for 16h. The cultures were
then washed with fresh DMEM and returned to 37°C. In some experiments, antioxidants
N-acetyl cysteine or 6-tocopherol (ImM each) were added prior to, and after, cold hy-
poxia. Total RNA was extracted and reverse transcription polymerase chain reaction per-
formed using commercial primers for ICAM-1 and GAPDH, with fluorescence detection
of bands on agarose gel electrophoresis.

There were no changes in ICAM-1 expression in control cultures or those cultured
with anti-oxidants and taken though the washing steps. In cells exposed to cold hypoxia,
ICAM-1 increased significantly during rewarming, whilst the addition of anti-oxidants
inhibited this change.

between the two models [19]. An increase in HSP
(HSP 27, 70, 90) was detected as early as 20 min
after thawing and return to normal culture. These
changes then returned to baseline over 5 day in culture
[19]. In general there was a decrease on overall RNA
and protein synthesis on the first post-cryopreservation
day, and these again gradually returned to control
values over the subsequent days. Several of the
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MHOTroO4YHCIEHHBIE CTPECCOPHBIE BO3AECUCTBUS
MIPOLIEAYPHl KPUOKOHCEPBUPOBAHMS (OCMOTHYECKUN
CTpecc Ipu J0OABICHUH WX YIAIEHUH KPHOIPOTEKTO-
POB, ITyOOKOE OXJIAXKJCHHE BO BPEeMs SKBIITUOpAIHH
C KpUOIPOTEKTOPAMH, OCTATOUHBIE XUMHYECKHUE
3¢ (HeKThl KPUONPOTEKTOPOB B HAdalbHBIA TEPUOLT
IMOBTOPHOTO OTOTPEBa) MOTYT TaKXe paccMaTpH-
BaThCS KaK TMOTEHIIMANBHBIE CUTHAIBHBIC (PaKTOPBI.
B aT0i1 cBsi3u yauBnsgeT HeOONBIIOE KOJIUYECTBO
WCCIIeZIOBaHUI B 3TOM oOnacTH. brina mokazaHa cBs3b
3aMOpaKMBaHUA J0 OYEHb HU3KUX TEMIEpaTyp Mpu
cyboNnTUMAaNbHBIX YCIOBHUAX (MPU OTCYTCTBHUHU
KpHoIpoTekTopa) ¢ nopexxaenuem JJHK B cycnenzuu
KJIETOK KyMYJIOoca 4eiloBeka (KOTOpbIe OOBIYHO
OKPYKalT Pa3BUBAIOIIYIOCS SHUIIEKIETKY), Ha 9TO
YKa3bIBAIOT U3MEHEHHS B JIEKTPOPOPETUUECKUX
oOpasmax B anamuze Komer [17]. JloOaBnenue
DIMLIEPUHA KaK KPUOIIPOTEKTOPA 3HAYUTENBHO CHIDKAIIO
nokazarenu nospexaenusa JHK, uto mpoucxoauno
MapauiebHO C YAYUYUICHUEM BBIKMBAEMOCTH KIIETOK
npu orrauBaHuu. Tak kak ananu3 Komer npoBoauics
HEIMOCPEJICTBEHHO TOCJe OTOrpeBa, eCTECTBEHHO
MIPEAIONIOKUTH, YTO 3TH U3MEHEHHUS IPOUCXOIMIN
CKOpee U3-3a KpHOOMOJIOTHYECKIX BO3ICHCTBHI, YeEM
BTOPUYHBIX, BBI3SBAHHBIX KJIETOYHOM JIereHepaluei B
KyJbType mocye oTorpeBa. OnHaKo B KJETKax ¢
HOPMaIIbHON XKU3HECTIOCOOHOCTHIO  HAONIOMaeTCs
YCTOMYUBBIN TOMEOCTATHYECKHUI OalaHC MEXIy
noBpexaeHueM JIHK 1 koMIeHcaTOpHBIMU MEXaHU3-
MaMHu BOCCTaHOBJIeHHUS. TakuM oOpa3zom, 3TO
HCCIIEAOBAHUE HE JACT HOBBIX JAHHBIX O JUIUTEILHOM
nospexaeHun JJHK, BbI3BaHHOM KPHUOKOHCEPBU-
pOBaHHEM B KIIETKAaX C aJeKBaTHOH CIOCOOHOCTHIO
BocctanaBiauBath JIHK. Bwiio mokazano, 4To
KPHOKOHCEPBUPOBAHHBIE TEMATOIUTHI [TOCIIE OTOTPeBa
HMMEIOT TaKHe e OTBETHBIE PEaKIiH, KaK U CBEKEBbI-
JeJeHHbIE KJIETKH, YTO AOCTHUTAETCS BKIIOYECHUEM
MexaHu3MoB BocctanoBneHus JIHK nocie Bo3neiict-
BHSI TEHOTOKCUYHBIX XxuMukaToB [31]. B pabote Ha
STAIIEKIIeTKaX KOPOBHI [21] oTMedeHo (¢ HCIONb30-
BaHHEM OJHOKJIETOYHOTo aHamu3za Kowmer), 4to
noBpexaeane JJHK moxeT ObITh 00HApYKEHO Cpasy
’)Ke mocyue oTrauBaHus. IIpuMeHeHHne pa3IuYHbIX
PEKUMOB KPHOKOHCEPBUPOBAHUS (MEUIEHHOE OXJIaXK-
JEHUE WM BUTPUQPUKALKSA) MMOKA3aJI0 Pa3iudus B
gysctButensHocT JJHK. Takue nabnronenus: OyayT
MMETh OOJIBIIOE 3HaYeHHE B OyAyIIeM Ui UCTIONb-
30BaHUS TUTIOPUIIOTEHTHBIX CTBOJIOBBIX KJIETOK IpHU
JICYEHUH PA3IMYHBIX KIMHUYECKUX HapymeHud. 1lpu
Pa3BUTHH PEMPOAYKTHUBHOIO KIOHHUPOBaHUS Oyaer
YKU3HEHHO HEOOXOMMO 3HATh O JTFOOBIX TIOCTICICTBHIX
MOBPEXKICHUS TEHOMA B sSIIPaX COMaTHUECKUX KIIETOK,
WCIIOb3YEMBIX JJIS KIOHUPOBAHUSA (€CIU KIETKU
MTOJTyYeHBI U3 HU3KOTEMIIEPaTypHOTO OAaHKA).

bonee ngeranbHOE HcclienOBaHUE KPUOKOHCEPBU-
poBaHus PUOPOOIACTOB, 3aAMOPOKEHHBIX KaK B BUJIE
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changes in HSP could be detected on exposure of the
cells to CPA (Me,SO) and cooling before cryo-
preservation, but the changes did not exactly match
those in the cells taken through the entire cryo-
preservation protocol. Interestingly, in the 3-D cultures,
mRNA for various growth factors (such as vascular
endothelial cell growth factor) were up-regulated over
the first 2 days following thawing, and may have
resulted from increased signaling through MAPK
(mitogen activated protein kinases), which were also
detected.

Perhaps a similar pattern of gene expression for
stress responses follows cryopreservation as after deep
cooling — pathways which can act to permit recovery
of ‘tolerable’ injury, but which can go on to eliminate
terminally damaged cells. Certainly, activation of
apoptosis has been identified following cryopreservation
[2, 3]. Transcripts for apoptosis-involved enzymes
(caspases) were increased over 6-18h following
thawing in cultured human fibroblasts [2], suggesting
that apoptosis may be one mechanism for elimination
of sub-lethally damaged cells. Another question which
is beginning to be considered in mammalian cells
following cryopreservation is that of the stability of
the genome. Particularly in areas of reproductive
biology, where gametes or embryos are being
cryopreserved as part of infertility treatments or for
banking of animal species, it will be important to fully
investigate genetic effects of cryopreservation both in
the short term and on long-term outcomes. The
circumstantial evidence accumulated so far from two
decades over which cryopreserved embryos have been
implanted in a various species is encouraging, with no
higher frequencies of genetic abnormalities consistently
reported, but this does not constitute conclusive proof.
More detailed investigations, for example, in sperm,
are now beginning to be made [13, 39], and we must
await the outcomes.

Conclusion

From the above review, it will be obvious that there
remain many unanswered questions about the genetic
impact of cooling and cryopreservation on mammalian
cells. The new technologies which have sprung up to
address questions about the human genome, and how
genotype affects phenotype have yet to be applied in
depth to mammalian cryobiology. In this respect, plant
cryobiology has surged ahead (see the Review in [9]).
Some of these differences in philosophy between the
disciplines reflect practical and logistical differences
such as the deep interest within plant cryobiology in
maintaining the genetic stability of important inbred crop
species through many seasonal generations, whilst
clinical cryobiologists are dealing with outbred
populations with a prolonged generation time. However,
the ‘long view’ in mammalian cryobiology is beginning
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KJIETOYHBIX CYCIIEH3HM, TaK U TPEXMEPHBIX KYJBTYD,
M0Ka3ajJi0 pa3judie B OTBETHON pEeaKIuu MEXay
IByMmsi moxensiMu [19]. YBenuueHue comepkaHus
BTHI (BTIL 27, 70, 90) onpenensinocs uepes 20 MUH
Iocjie OTTAaWBaHUS U Hayalla KyJIbTHBUPOBAHUS B
HOPMAaJbHBIX YCJIOBHAX. OTOT NMOKa3aTeslb 3aTeM
BO3BpAIIAJICS K NCXOJHBIM 3HaYEHUSAM IOCie 5 nHel
KynetuBupoBanus [19]. Habnionanock cHuxeHHe
conepkanus oomeit PHK u cuaTesa Genka B repBbIid
JIeHb MMOCJe OTTauBaHHUS M BOCCTAHOBJIEHHUE 10
KOHTPOJBHBIX 3HAaYEHWH B TEUCHHE IIOCIEIYIOMINX
nueil. Hexoropeie usmenenus coaepxkanus bTII
MOTJIA ONPEIENAThCS TOCJe IKCIO3UINN KIIETOK B
pacTtBopax kpuonpoTekTopoB (IMCO) u oxtaxaeHus
nepes KpHOKOHCEPBUPOBAaHHUEM, HO 3TH U3MEHEHUST HE
COBMAJalM TOJHOCTBIO C U3MEHEHUSMHU B KJIETKaX
[OCJIE TOJHOTO I[UKJIa KPUOKOHCEPBUPOBAHUS.
WHTEpecHO OTMETHUTD, UTO B TPEXMEPHBIX KyJIBTypax
skcnpeccuss MPHK nns paziaudHbiXx pocTOBBIX
(axTopoB (HanpuUMep, COCYIUCTOrO SHAOTEIUATIBHOTO
pocTOBOTO paKkTOpa) MO3UTUBHO PETYIUPYETCS uepes3
NepBbIC JIBA JTHS ITOCIIE OTTAUBAHMUS, YTO MOXKET OBIThH
pe3ynbTaTOM YCHJIEHHOW Mepegadydl CHUTHAJIOB
MTOCPEICTBOM MHTOTEH-aKTUBHPOBAHHBIX OEIKOBBIX
KHHA3, TAK)Ke 0OHAPY)KEHHBIX B 00pa3nax.
Bo3moxHO, T0T0OHBIH ITyTh 3KCTIPECCUH TEHOB B
OTBET Ha CTPECC CIEAYET 3a KpHOKOHCEPBUPOBAHUEM
nociie IIyOOKOTro OXJIaXKICHUS U TI03BOJISIET BOCCTA-
HOBUTBH “00paTHMOe” MOBPEKACHHE, HO B TO JKE BPEMS
croco0eH 3alyCTUTh YHUUYTOXKEHHUE HEoOpaTHMO
MOBPEXICHHBIX KJIeTOK. Heo0XoanMo 0oTMETHTE, UTO
ocJIe KPUOKOHCEPBUPOBAHUSI OOHAPYKEHA aKTUBALHS
aronTo3a [2, 3]. Yepe3 6-18 4 mocne oTTauBaHus B
KyJIbTHBUPOBaHHBIX (uOpobiIacTax vemoBeka [2]
YBEJIMYUBAJIaCh TPAHCKPHUIIHS BOBIICYCHHBIX B
aronTto3 (epMEeHTOB (Kacras), 4To Mpeanojaract
BO3MOXXHOCTh YYacTHA aloNTO3a B YHHUTOXEHUHU
cyOJieTanbHO MOBPEXKACHHBIX KIETOK. Jlpyrum
BOMPOCOM, KOTOPHIA HAa4MHAIOT paccMaTpuBaTh B
HCCIEIOBAHUSIX KIETOK MIICKOITUTAIOLINX MTOCIIE KPHO-
KOHCEPBHUPOBAHUS, SIBISIETCS CTA0MILHOCTh T€HOMA.
B wacTHOCTH, B pENIPOAYKTHBHON OHOJIOTHH TaMET U
SMOPHOHOB IPH KPHOKOHCEPBUPOBAHWH B IIPOrPAMMax
JedeHuss OEeCIUIOAMS WIIM CO3AaHUsi OAHKOB BHJIOB
JKUBOTHBIX BaYKHO JIETAJIbHO UCCIIEIOBATh TEHETHYEC-
KHE BO3JCHCTBUA KPUOKOHCEPBUPOBAHUSA KaK MpHU
KpPaTKOCPOYHOM, TaK M JUINTEIHBHOM XPaHEHHH.
Habnronenusi, HaKoIJICHHBIC 3a JBa JCCSTUICTHUS, B
TEUEeHHE KOTOPHIX OBIJIO MPOBEAECHO MHOXKECTBO
HUMIUIAHTAIUH KPUOKOHCEPBHPOBAHHBIX SMOPHUOHOB
PA3TIMYHBIX BHJIOB, SIBJISIOTCS 00HAAESKMBAIOIIUMU: B
M3YYEHHBIX CIIyYasX 4aCTOTa TEHETHYECKUX OTKIIOHE-
HUI ObLIa HEBBICOKOW, XOTSA 3TO WU HE SIBISETCS
OKOHYATEJbHBIM JI0Ka3aTeIbCTBOM. bojee 00CTOs-
TEeJNbHBIE UCCIEAOBAHMSA, B YACTHOCTH CIEPMBI,
Ha4MHAIOT MPOBOAUTHCS TOJBKO ceituac [14, 39].
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to shift to take account of these important new
questions.
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BbiBOAbI

W3 mpuBenenHoro o630pa o4eBHIHO, YTO Oe3
OTBETA OCTAETCs €Ile MHOXECTBO BONPOCOB O
TEHETHYECKOM BO3JICHCTBUU OXJIAXKICHUS U KPUOKOH-
CEpPBUPOBAHUS Ha KJIETKU MieKonutaromux. HoBeie
TEXHOJOTHHU, MO3BOJSIOMINE AETAIbHO U3YUUTh
YeJIOBSYSCKUHM I'€HOM M TO, KaK I'€HOTHII BO3JICHCT-
ByeT Ha ()EHOTHIL, eIIe He HAIIUTH JJOJKHOTO TPUMEHE-
HHSI B KPHOOHMOJIOTHH MJIEKONMHUTAamNUuX. B aToM
OTHOIIEHNH yCTIEXH KPHOOHOJIOTHH pacTeHHI Ooiee
3HAYUTENBHEI [9]. Pa3HHIIA B TOMX0MAX MEXKTY ITHMH
JIBYMS TUCIUIUIMHAME 3aBHCHT OT IPAKTUYCCKHUX U
JIOTHYECKUX OTJIMYMH, TaK, HATPUMEP, B KPHOOHOJIOTHH
pacTeHui ompeensolel ABaseTca 3auHTEPECO-
BaHHOCThH B TOJJCPKAHUU TCHETHYECKON CTaOWIIb-
HOCTH BaXXHBIX MHOpPEIHBIX MPHUPOIHBIX BUIOB
3€PHOBBIX B T€UEHHWE MHOTHUX CE€30HHBIX MTOKOJICHUH,
TOT/Ia KaK KPHOOUOJIOTH, PAa0OTAOIIHE C KITHHUIECKAM
MaTepHualioM, Yallle BCEro MMEIOT JeNo ¢ ayTOpe-
HBIMU TOMYJISUIHUSIMHU C OOJIBIIMM CPOKOM JKHU3HU
rokosieHni. OMHAKO KPHOOHMOIIOTHS MIICKOITUTAIOTITHX
Ha4YMHAET KOHICHTPUPOBATH BHUMAHUE HA DTUX
BaXXHBIX BOIIPOCAX KaK MEPCIEKTHBHBIX HCCIEI0-
BaHUSX.

FBnazooapnocmu: Hoes nanucanus 0aHHO20 0630pa CMumyaupo-
sana desmenvrocmoro kageopvr FOHECKO no xpuobuonozuu
npu Hucmumyme npobiem Kpuobuoio2uu u KpuomeOuyuHbsl
HAH Yxpaunvl, Xapvkos. Yacme pabomel 6biia nonoxceHa 8
OCHO8Y 00Knada Ha edxcezo00Hom 3acedanuu Obuecmea
Huskomemnepamypuou ouonozuu, Jlonoown, 2002. Aemoput
xXomenu Ovl NOOIA200APUMb MHOSUX KOALe2 3d UX 6KIAAO 8 HMY
pabomy u o6cyaicoenue, exniovas B. Davidson, V. Hoang u M. El
Wahsh (cocnumane Posin @pu, Yuueepcumemckuil KoLLeOHC
Jlonoona), a maxace R. Motterlini (Mncmumym meOuyuHckux
uccneoosanuii Hopmeux Ilapk).
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