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Neil Segal Ph.D Animal Science 

THE DEVELOFMENT OF AN IN VITRO PERFUSICN SYSTEM 'ID ASSESS THE FtJNC:.l'ION OF ----
RABBIT KIDNEYS AND ITS APPLICATION 'ltW\RDS THE 'l'RFA'lMEN'l' OF KIDNEYS WITH 

THE ŒYOPROI.'OCTANI' DIMETHYLSULFOXIDE 

'Y 

A colloid-free, reduced pressure in vitro nonrothennic ~usion systan was 

developed te assess rabbi t kidney function follCMing cryobiolOCJical 

, manipulation. Rabbit kidneys rftainerl sigIÙ.ficant levels of :fÙnction with 

stable or increasing GFR, sodiÙrn reabsorption of 40 te 60%, and glucose 
-

reabsorption of greater than 80% of the filtered load. 

Including dextran in the Ï?erfusate as a sourçe of colloid osm:>tic pressure 

was deleterious to kidney function. The kidney daronstrated sensitivity to 
~ 

exogenoüs energy sub.stratei s..upplanentation of lactate and glucOse resulted in 

~tter function over butyrate with glucose or glucose alone. The ~tan proved 
.-",~- J.... . 

sensitive te ischania and to stimulation with an antidiuretic preparation. 

This system was utilized to examine the effects of treatment of rabbit kidneys 

with climethylsulfoxiàe(Me2SO). A recirculating constant pressure tmx>thermic 

(10 oC) perfusion apparatus was assanbled arrl kidneys werè perfused with 
4-

fOtass!un-rich, socliun-poor solution with elevated glucose and mannitol. The 

pharmacokinetics_43 M .Me2SO EqUilibration was stuQieÇl through estimation of 

the inutin and Me2SO spaces using radiochenical markers. Medullary tissue ~ 

equilibratiqn was achieved Prier to cortical equilibration, which was canplete 

after 35 'rn:i.ri\:ltêS of exposure to 3 M Me2SO. Me2SO perfusion resulted in ,increased 

fiuid retention by tl1e kidney. 

Function of rabbit kidneys was assessed at noooot:heonia follCMing Me2SO 
• 

.introouation at t\«> different rates, 35 minute equilibration at 3 M Me200, 
, 

am ,reroval by an OSlOtic coon.terbal.ance system ccmnencirg wi th ei ther 800 or 

, -600 nos/kg washout solution made hypertonie with ~tol. 
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I<idneys exhibit:el excellent in vitro funct.i.on fOllowin:) perfusion with 
, ' 

Me2SO. washout with solutions of hyperosrolarity ~in1 at 600 ~s/kg . 
with gradual and ste};Mise reducticn tQ 400 rrOs/kg allowed :imnedi?te raroval 

of MeaSO without damage; initiation of washout at 80()n()s!kg resulted in 
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Ph.D Animal Science 

LE DEVELOPPEMENT D'UNE, METHODE DE LA PERFUSION EXTRACORPORELLE 
POUR~DETERMINER LA FONCTION DES REINS DU LAPIN ET L'APPLICATION 
POUR LE TRAITEMENT DES REINS AVEC DIMET.HYLSULFOXIDE 

Une méthod~ de perfü;:ôn sans cOlloi~e à pressio,n diminuée et à 370 C a 

été developpée pour estimer la fonctIon des r-eins après les marüpulations 

cryobiologiques. Les reins ont démontré de bonnes fonctions avec un taux de 

filtration glomérulaire stable croissante une réabsprption du sodium entre 40 et 

60% et une réabsorption de glucos~ de plus de 80% de la"charge filtrée. 

Le' dextran s'est avéré dommageable a~x fonctions rénales quand ajout€'à 

la solution de perfusion comme agent osmotique. Les reins ont de montré une 
, -

sensibilité à l'énergie disponible, préférant l'acide lactique avec Je glucose 

plutôt que l'acide butyrique et le glucose ou le glucose seul. Ils ont démontré 

aussi une sensibilité à l'ischémie et à un agent antidiurétique. 

Une méthode de pe~fusion hypothérmique a, été mise au point pour . , 

perfuser les reins avec une solution intracellulaire, à forte teneur en potassium 

et à faible teneur en sodium à laquellë-c5fl a ajouté du glucose et du mannitol 

pour la rendre hypertonique. Ce système était utilisé pour examiner l'action du 

diméthylsu,lfoxide (Me2SO): sur les reins de lapins. Les cinétiques de 

l'équilibration ave~ Me2SO de 3 M à }Ooe ont été .étudiées.,L'équilibration 

était complète apr~s '35 minutes de ~erfusion avec Me2SO à lO~C. Le tissu 

médullaire s'est équilibré plus rapidement que le tissu cortical. 

La fonction des reins après l'i~troduçtion, l'équilibration et l'enlèvem~nt 
du. Me2SO a été étudiée. L'enlèvement a été .accompli en utilisant une méthode 

< nouvellé ~qui a permis l'enlèvement du Me2SO immédiatement a~ec le contrôle 

du volume cellulaire avec une solution hypertonigué. Les reins ont démontré de 

bonnes fo~ction5 à 370 e après le traitement ~vec Me2SO. Commençe~ 
l'enlèvement du Me2SO avec une solution à 600 mOs/kg était mieux que le faire 

avec une solution à 800 mOs/kg. 
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Introduction 

Renal transplantation is rapidly replacing dialysis as the) 

treat:rœnt of choice for tenninal renal failure. The primary source 

of organs is ne.·lly deceased caàavers. Surgical techniques for 

transplantation have becane highly successful; the major problans 

to overcane are inmunolo:Jical. 

With the growing utilization of cadaver kidneys, the need 
--

for developnent of better imnunological matchin:] arxl regional 

organ sharing is increasing. Devel<:>~t in these areas are 

hampered by the relatively short interval of ~e organ storage 

available using current techniques. Longtenn préservation is needed. 
_/ 

Although successful longterm cryopreservation is routinely 

us~ for cell suspensions and thin tissues (Ashwood-Smith, 1980-), 

the organ banl< has IlOt becane reali 1:'.1. Although sporadic success 

in freezing whole kiÇlneys bas been rep;:>rted,_ no repeatable metho:1 is 
/ . / 

available. 

As the principles underlying successful cryopreservation emerge, 

the distinction between tJ:'lé character~~_:p-cs of the single cell systan and 

the ccmplex organ widens. Recent evidence suggests that gi ven the 

present technology, successful kidney cryopr~enration will oost 

probably be achieved by slow cooling in the presence of high concen

trations of c:ryoprotectant. Earlier work has rot helped elucidate ~_/ 

the acceptable cryoprotectant, the maximal concentration tolerance, 

or the-appropriate rœthod of addition anl rerroval. Recent work bas 
,'" . / 

shawn that rabbit ki.dneys will survive following treatrnent with 

high concentrations of glycerol. Dirnethylsulfoxide (Mè2SO), the 

, 1· 
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cryoprotectant which bas sham prani~ in kidney freezing 

(Gutt:IlEn et. al. ,',1977',) l'las not,peen subject to sfuu.lar investigation. 
- - J 

\ ~- -
One obstacle ~ kidney preserva~on research is the litck of 

a single suitab1e viahility test to describe kidney status 

follCMing preservation treat:nent. HistorÙ:ally, researchers .. ' . 
\ 

relied on' autotransplan-qttion- an expensive;\. teclmica11y difficult 

and tiIœ-consuming process requiring highly sl;dlled surgical techn.i.ques 

and revealing little information concerning localization of damage. 

Measurerœnt of integrated kidney function by in vitro perfusion is 

an attractive 8;lternative which bas beenrttilized by few W21rkers 

in the field of kidney preservation. 

~ purpose of this study was to develop-a system of in vitro 

rabbit kidney perfusion which allowed sufficient integraterl function 

an;} sensitivity to assess the functional integritiy of the kidney. 
\ 

'Ihis systan was utilized to examine the kinetics of perrceation of 

nultilrolar concentrations of 11ezSO during hypothe:tmic perfusion, and 
\ 

to test the hypothesis thai: kidney function could ~\, preserve4, if 

addition am rem:>val of MezSO were accanplisha:i in ân osrotical'lY-

controlled manner. 
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LlTERA'IURE REVIEW 

I. Introouction to thè Freezing of Water and Solutions 

Living cells, or groups of cells, exp:>sec;1 to temperatur~s 
.' , 

below the normal body temperature, are subject to an alien 

environrnent. This adverse environrœnt contrasts with the 

. nonnal milieu which has evol ved as optimal for ~imal survi val 
• j ,$"1) 

and productivity. In order to effect long tenn preservation-

of cells or organisms by prolonged storage at temperatures 

inhibi ting biolog-ica~ function, 'a myriad of potentially lethal 

• 
obstacles must be surmounted. 

At 0
0 

C" and atm:::>spheric· pr~ss~e, pure water is in. 

equilibrium with the liquid ànd solid phase. This point is 

tenned the freezing point of water. Increasing the pressure 

will cause ~s point to he ~gepre7sed to a lower temperature, 

in effect lowering the melting point of water. Even at 

atnospheric pressure when the t,€lllperature of pure water is 
, ' 

.lowered belQW OoC, the water doks.not ,begin t~ .free~e __ ,.' 

irrmediately but supercools. Th~reticallYI it is r:o;;sible 

ta supercool watér to -40°C if rlucleation particles are 
\ 

~sent. 'The tenn f~eezing descr~s the actual crystallization 

of water. At 0,° C, the rate ~fJlecuJ.ar ~ion of water, th~ 
heat energy, is greater than ~~, iœ_. ;transfonn fran water to 

, - \ \ ~ 

ice, 80 calories of heat must he r~leased fram every gram of 
, \ \ . 

water wh;i.ch crystallizes. If wat\:er\ has supercooled below 
\ ' 

'.\ 

/ 

/ 

\ 

./ 

• 
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, \' C before freezing, the latent heat of fusion will cause the 

\ ~ , 

r 

i'quid-ice mixture te reoo~, or rewann towards DOC, ~ as 

c stallization proceeds a temperature plateau, or isothe:rnY 

j s, where the tanperature dces net decrease'. Cooling 

con~?es after crystallization is canple~., 

~\ter may solidifY' by vitrification or crystal~ization. 
\\ 
Il 

The tenn-' .vitrification applies to the foz;mation of an amorphous 

solid withOut organized struct~, exhibiting a glassy a~ance. 

The vitrification of water is achieved by ultra rapid '~ling , 
'" 
which quickly stops roolecular Ïrottcm without allowing' sufficient 

tirœ for a rrore organiied structure te forra. This,only applies 

to pure water. Biological material cannot tmdergo vitrificatio~. 

- By the application of. different cooling rates and pressures 1 

intenœdiate ice fo:r:ms can develqp. 

For the formation of ice crystals 1 a nucleating agent 
J 

must be present. 'lhis agent can/be water nblecules cltnnped 

together via hydrogen bonds, or insoluble czysta11ine 

~ities which either appear crystallographically s.ùnil~ to 

ice or can intéract wi th hydrogen binding sites of water. The 

potential of an a~ent te cause nucleation is dependent upon its 

size and the temperature. As the temperature decreases below 

DOC, the size requirernen~ to initia~ ice formation decreases. 

-3SoC, rrolecular aggregates of water can act as self 

nucleaters. The size and number of ice crystals fonned 
, 

depends on the cooling rate. When the tanperature of water 

/ 
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or a solution is decreased s owly 1 crystals develop, arouro 

the scarcer, larger nucleato ~ ____ A few large crystals aevèl.op , 

sinee it is energetically 10011 stable to add to an al.i:-eady 

existing crystal rather r than.\· ~tiate a new one. With !fOre 

'rapid cooling rates, the t:e!rpera~ure falls quickly into the 
r \ 

\ 

range\where smalr. and roore nmnerous nucleating particles 

becaœ effective, giving rise te smaller, oore nUIœrOuS ice 

partieles. 

Solutions freeze at l~ te:rq?eratures than pure solvents. 
" 

, . 
Ideally, the freezing point of 1000 9 of water at atnospheric 

pressure is decreased by 1.860C for each 'noIe of soluble 

particles. At sare point which is below the actual freezing , 

point 'of a solution, the canplete solidification of both 
.. 

the solv~t imd solute occurs. This IX'int is tenned the 

eutectic point of thE}- solution. ':Chus, between the freezing 
~ 

};Oint of a solution, and -the eutectic point, there exists a 
\. 

mixture of ice, water and. solute.. The dissolved solutes 

cannat beccme incorporated \ into the crysW1ine structure 

of ice. This irnplies that the concentration of solutes 

increases in the water which rernains in liquid fonn. As 

solute concentrqtion increases with deé::reasing tanperature, 

the solubilities' of different solutes are alteJ;ed and 
1 ;,1 

« 

nonhcm::xJeneous precipitation results, significantly altering 

the pH of the existing so1ution . ( van den Burg and Rose, 
p ---. ~ 

1959 van den Burg ~ Sol.iman, 1969 ). 
," 
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II. Cell Damage: The Effects of Slow Coolin'J 
) .... 

By c60ling ceUs below the freezing FOint of the supporting 
J 

medium, tID func:laIœntal factors are involved in de~ ~ 
survival of the cells ( Farrant, ~970 ). 'It1e first is assooiated 

, .~ 

with the concentration of solutes :in the ~acellu1ar liquid . 

phase a~ ~ter is witMrawn as -ice. The secokt is the fonnation 
1 _/_/ 

'of intra?ellular ice. These factors fcpnn the basis of the 'b.o-

factor theory of fr~zing damage proposed by Mazur ( 1965.b). 

Mazcl:- (1970 ) ref~ te Love1ock's theol:y on the 

&'ncentrating solutes in thé /extemal medium when water is 

withdrawn f~ solution in the fOll1l of ice as. so~utio3 effects. 1 

He suggested that these effects are functions of ~ature, , 

provided tha't the cell is maintained at that tetv?erature long 

eoough to establish vapeur pressure equilibrium, Le. a slow . ~ , 
CClÇIling rate. TPis tenn, solutiOn effects, enccmpasses thè 

concer:ted action of four discrete events during the sli:::Jw' 

freeze process: Cl) The water ID the extracell~-lœctium is 

.< raroved fran the solution as ice with ~ing tetperature. 

'.- (II) Tfiis causes a gràdual cÔncentz::atian of both high am low 

1OO1ecular weight solutes in the sur:rounding mediun. (III) As a . . 
. F result, cell volmne decreases te ~l below nomal volune. 

(IV) COncurrent wiib these changes is the precipitation of 
:/ / 

solutes ,fran the supp:>rtive solution. AU four effects are 

assumed to oc::cur SjmuJ.taneouslY7 thus it is difficu1t to 
~ \ 

ascribe solution effect damage ta any one of these events in 

particular • , , 

. / . ./ 

/ 

\ 

• 

/ 
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'Lovelock { 1957 proposed that the increased 

concentration of solutes and the removal of water has deleterious 

effects on the lipid prote in canplexes of celi nanbranes, 

, weakening them, and increasing lipid and phospholipid losses. 
, _/,.. 

The caU is' rendered ~able to cations and swells, eventually 

bursting. The lipovitelline membrane is subjected to pH changes 

towards acidic pH as buffering salts rure precipitated by water - , 
r~al. The rrolecules of lipoprotein are contracted to the 

point of actual physical cont'act. Smith (1954 ) sugges~ ~_ 
that as the temperature falls and water is drawn oùt of cells, 

the solution becanes saturated with respect to the solute. A , 

further dèèrease in ~ature causes aIl the solute to 

precipitate out at a point termed the euteGtic point of that 

solution. (J · 1 

In contrast, Meryman (1962 1 1968 ~970) -p3:(;')pOsed 
-, 

~t slow freeze injury in rnost celis is not due ta the co~centration ., . 

of aI1Y particular solute, but rather a result of decreased 

intracéllular volurœ beyond a criticaLvoIume. As the cell 

reduces in size in response to increasing'CJsmalarity, the 

compression of the çell contents enhances the resistance to 

further shrinking. This results in a hydrostatic pr~ssure. 
. , 

difference across the cell nanbranes,' incurring cell rnanbrane 

damage. Williams (1968 ) rneasured the, a:rrount of water 10ss in 
/ 

red blood cells and rrollusks at minimal tanperatures for survival. 
, \ 

Ea~ \ b'Pecies of cell reaçhed different minimal ~atures, but 

the arrount of water 108,S, approximately 64% of ~11 voltnœ was 
" 

" 
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n~ ecruaJ:. for both cell types. 

Ievitt (1962 ) theoriZErl that loss of-Water frou the 

protop1asm brings protein ,rro1ecules in apposition, presenting the 

opportunity for the fonnati6n of nEW chemical rorrls previouSly 

too distant and rigid1y struct';IToo in hydrated fOrTIl tb permit 

ccmbination. Tha.wing would have ~ disruptive force on the new 

canbinations, permitting unfolding and denaturation.. Klotz 

(1958 ) suggested tlat intracel1ular ice forma.tion affects the . 
organization of cellular round water, and. resul ts in the 

irreversib1e denaturation of macrœolecu1es. Kendrew (1963 

shCMed that in myoglobin, the exterior of the protein is encased 

in a hexagonal water lattice, while the interior exhibits 

clathrate-like, pentagonal water structures. KarON and Webb 

(1965 ) explained SION freezing injury as a consequence of the 

extraction of this bound water fran cellular structures for 

inoorp:Katio~ into ice crystals, denuding proteins of lattic~ 

arranged round water essential to cell integrity. 

Although the precipitating factor for damage during the SION 
/ 

cooling of ceUs-the concentration of solutes in the unfrozen 

liquid phase-is inco:q:orated in the theories described above, 

the controversY over the rnechanism of action is still unresol ved. 

RaIl et. -al. (1978 ) observed that the survival of red blood 

ce1ls correlated with salt concentration during freezing. 
4 

Fishbein and Winkert (1978 ) froze solutions of the enzyme 

catalase. 
, .,,6-'" 

Increased NaCl concentration was damaginJ te the 
-

enzyrœ; freezing in KCI solutions was less deleterious, suggesting 
/ 

• 

-
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that 10ss of activity was due' to acidification of the solution 

during slow o:x:>li:f:1g. Wiest and Steponkus (1979 ) fourrl that 

red cèlls behave as osrraneters in solutions as high as 3.5 M 

\ ~ salt concentration without reaching a m.:inimum cel1 volume. 

,./ 

Reports on the effects of dehydration of nuc1eated cells do IlOt 

support the minimum cell volume hypothesis (Mironescu arrl Seed; 

1977 ; Mironescu, 1978 ; Griffiths, 1978 ). 

Attention bas been focused on the cell rnanbrane as an 

important si te of freeze-thaw damage during slow coo1ing. 

Meryman et. al. ( 1977 ) proposed that extracellular ice fanna.tion 

resul ts in a 10ss of membrane materia1 due to forces exerted 

on the rne:nbrane during plasrro1ysis .. Evidence that manbrane 

fluidity is inportant for freeze-thaw survival was provided by 

Kruuv et. al. (1978 ). Yeast cells grawn on different 

~urces of fatty acids, which altered membrane fluidity, shcMed 

different rates of surv~val after freezing and thawing. 

Mironescu (1978 ) fourrl no correlation be~een cell size and 

'surviva1 after exposure of Chinese Hamster cells to hypertonie 

solutes. Close correlation was found between survival and 10ss 

of cellular 1<"", assurœd due to the onset of manbrane leakage. 

'Griffiths (1978 ) assessed freezin] clartla9é": ta Chine se Hamster 

ce11s using specifie radiochenical rnarkers. Cell death was . 
linked to a loss of membrane integrity, increased perrneability 

to cations, and loss of cytoplasm. -"The extracellular i.ce 

surrouriling frozen cells was thought to be a 'mechanism qf 

red cell haem::>lYêis by Nei ( 1970 ). 
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III. Cell Damage: The Effects of Rapid Cooling. 

Just as the solution effects associated with slow cooling 

rates are J.X)tentially deleterious to the cell, the rapid freezing 

of the cell can be equally, if not more, destructive. Between 

.-/ 
-5 and -150C, ice forros in the external ~ium, whereas the , 

cell remains unfrozen and supercooled, probabl,y~ue to the -
fact that the plasma. membrane blacks the growth of ice crystals 

into the cell ( Mazur, 1965 a ) • The supercooled water has a higher 
\ ~ 

chemical potential than partly frozen water, 50 it leaves the 

cell. If cooling is slow enough the water leaves at a rate 

which maintains an equilibrium with ~tracellular fluid, and 

no intracellular ice fonns. If not, the cell water continues to 

supercool and freezes interiorly (Bank and Mazur, 1973 ). 

Intracellular ice formation, during cooling and rewanning of 

cell systemsJ is considered ta be the primary factor for 

cell death during freezing (Leibo et. al., 1974 ). Smith 

et. al. (l95l ) observed that extracellular ice crystals 

did nat physically damage the one-celled amoeba; but 

intra8ellular ice, induced by seeding the cell with an 

ice-tipped pipette at O. SOC was always lethal. Rey ( 1960 

found that mou~e-fibroblasts warmed slow1y fram -40oC ta 

-20°C were disrupte:1 by the gro.Ilt!1 of minute icél crystals. 

Whil,e freezing rouse hepatic parenchymal cells, Tnnnp --et. al. (1964 ) noteà. that at slow rates of coo1ing, ice crystals 

were large and primarily extracellular. In rapidly frozen 
~ 6 

tissuer'Small ice crystals 'Nere s~_ bath intra-~d extra cellularly. 

./ 

l , 

1 _____ ~ ____ ~-- ___ , -:;----__ -r;-
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Mazur ( 1970 ) noted that yeast cells cooled atlOOoC/min 

contained 70% of their original water at -SOOc. He profX)sed that 

the value for the critical cooling rate which will produce 

intraceliular crystallization is a function of the volume: 

surface area ratio .of the cell, and the cell penneability to 

water. large spherical cells, and ce],ls with low penneability 

to water, require a cooling rate lower than the critical ra.te 9f 

smaller, or more penneable cells. Mazur and Schmidt C 1968 ) 
, l ' , 

studied the interact~s of cooling velocity, tanperature>, and > 

warnùng velocity: on the surVival of frozen and thawed yeast cells. 
\ 

Survival rate dropped sharply when ~ing velocities al:ove \ 

7oC/rnirY were used and this was correlated with the sarre 

velocities that the cellular water is calculated te becane 

increasingiy supercooled and thus rore liabie to freeze. 

Mazur (1977 ) prese.t:lted a series of equations which allow, " 

one to ealculate the extent of supercooling in cells as a fune/Ion 

of. cooling rate, given cell perrneability to ~ter, its tE!mpe!t~e 

coefficient, the initial oSlIDlarityof the cell and the raTô of 

cell surface ta volume. 'Tc prevent intracellular freez:inf the 

water content of the cell must approach an equil.i1;>hum Œifore 

intracellular nucleation occurs. In this way the probability 

of intracellular ice formation with cooling rate was calqulated for 

_ yeast and human red c~;-~s. When the calculated survivals were 

canpared with actual exper.irnental survival curves, the dr~p 
\ 

in survival coincided with an increase in the pro~).lity Of 

intracellular freezing. Leibo et. al. (1978 ) observed 

\ 
\ 

1 
1 
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this SëUœ wttem in unfertilized nouse ova using a .cryanicroscope 

which allCMs visualization .aL·the ovun during controlled freezing 

andthawing. 

Farrant et. al. ( 1977 ) froze Cmnese Hamster cells using a 

two - --S'tep cooling technique. Cells coolErl rapid1y to, ~ held 

at, a temperature just al::x::>ve that at which intracellular nucleation 

occurs to1erate a second rapid cooling step to -196 Oc and rewanning. 

This suggeste:1 that the 'cells were sufficiently dehydrated at the 

holding temperature and contained few ice nuC"lei. Cells cooled to 

and. held at a higher tanperature in the first step contained ice 

nuclei, killing the cells. It was concluded that cell damage 

oorrelated with-tBe total aIOOtmt of ice fonned per ce11, rather 

then the -size of the individual ice c.rysta1s. 

Fujikawa' ,( 1-%0"") studied me:nbrane damage of hurnan 

erythrocytes by freeze - fracture and freeze -- etching techniques. 

'!he results were consistent with a direct damagim effect of. 

intracellular ice crystals. He suggested that ice formation in 

direct contact with a nenbrane causes bilayer membrane rrolecular dis-

ruption which .Eesul ts in post-tllaw hae:mJ1ysis. 
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IV. The Effect of Ccx>ling and Wanning Rates· on Cell Survïva+ 

There are different optimal rates for each tyJ;>e of cell 

(see Figurel), and for identica:l types under differerlt freezing 

conditions. Mazur et. al. (1970 ) caupared the effects of 

., 

different cooling velocities, wanning velocities and cryoprotective 
, , 

agents on f:\..D different œIl Iines; mouSe marraw stem cells, 

and chinese hamster' tissue culture celis. The viability of 

nouse marroo stan cells was de~de.nt on the l3IlOunt of cryo

preservative at l~ cooling rates but independent at cooling 

rates abov:e the optimum, Le. l.SOC/min with 15% concentration of 

glyceroi. in the freezing rœdium. Chinese hamster cells, however, 

exhlbited maxirnurÛ survival with~ut 'cryopreservatives at 300°C/min 

cooling rate, and at' IOOC/min with cryopreservatives. Further

nore, a cooling rate of 1. 60C;Inin was shawn ta be rrost 
/ • 1 

deleterious. The optimal oooling rate for unprotected red 

cells was reported to be appr:oxirrately 2500 to 30000C/min; 

however folla.ving the addition of glycerol prior te fteezing, 

the optimum was 1 ed to 15000C/rnin (Rapatz and Luyet, 1965 . ,------

1968 f. Mo e aTIlm:yos do not survive freezing when cooled at rates 

greater 

e rate.-cf cooling interacts with bath ,the cryoprotectants 

uti {zed an:1 the rate o{ thawing. The rate of warming has not 

investigated ta the extent which freezing rates have • 
. j 

ally , thawing-rate has little effect on surviyal of cell 

!ines follCMing sloo freezing ~ but becares a very :i.rrportant .. 

i:>arameter following rapid freezin;]. Mazur and Schmidt (1968 

~ that the surviv.:tl of yeast cells deperrled greatly on 
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Figure 1. 

Cooling Rate Oc / min 

Optimal cooling rates for different cell types. 
(adapted fran Leibo et., al., 1974 ). 
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warrning rate after rapid cooling of 44. 7 te 47300C/min. If 

cells oooled at 3640e or 452°C/min were thawed at lOe min, 

s~ival rate was 2 xlO-6% •• With ultra rapid thawing 

(4B,OOOOC/min), survival of 4 x lO-~% was obtained, an increase 
, ' 
~ - ° of 100%. Survival after slo.ver cooling (0.24 ta 7.2-' e/nùn) was 

not dependent on the rate of thawing. Mazur et. al. (1970 
~' - -

found that rapid1y frozen rrol.lSe marro.v stem cells were rrore 

susceptible ta warrning rates than slow-cooled cells. Rapidly 

coo1ed cel1s suffered Imre darrage by slow thawing when canpared 

ta rapid thawini: -.-survival after freezin:; ~t 1. 70e/min was 

.. 

64.1% and 62.3% for rapid (910°C/min) and slow (l.Boe/min) wanning ----,' 

rates, respectively. eells cooled at ~950e/min showed~urvival 
~ 

rates of 23% and 4.6% ~or ;apid and slow wanning rates, respective1y. 

LeiJ:::o et. al. (1974 ) tested tv;o and eight-celled mouse 

ernbryos for sensitivity ta wanning rates between 1 ana. lOOOe/min. 

'l\\Q-celled ~s coo1ed at 0.210e,lmin were insensitive ta warming 

rates between l and loooe/mini but proved ta he sensitive ta' 100 and 

high wa.nn:i..n~ rates if ccoled at 1. gOc/min. eonversely, eight

celled embry'CETcooled at O.lSOC/min showed--h:±gh s~tiv-
ity . to rates- of \varming, with the optimal warming rate being 

2.S0C/min. More rapidly cooled (l.70e/rncin) eight-celled 

embryos were insensitive ta warming rates between l and 100 Ge/min. 
t, 

Reasons 1 for the dependencY of S011e celfl cooled al::ove their 

optimun cooling rate on wanning rates' and the appârent independence 

- of ITOst cel1s-é~led belCM the ~ooling optima are speculative. 

Snith (196). . . l -----suggested that upon thaW1ng of rap1d frozen ce 1s -
~-" 
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rnigratory recrysta1lization, an actuàl growth of previously 

srnal1 innocuous ice crystals during rewanning, might be the 

key to al! damage. Mazur (1966 ), stated that when cells are 

cooleà. rapidly, crystals of ice within cells are small. Smaller 

crystals have higher surface ,energies than large ones, and will 

grow if wanning is slow enough. If wanning is rapid, tirne 

does not r;x=nnit :this te occur before the rœlting p:>int is reached. 

As described arove, Farrant et. al. ( 1977 J provided evidence 

that the cri tical factor is not the size of intracèllular 

crystals, but the arrount per cell which is allowed to achieve 

equilibrium during re~g. Rapid thawing does not allow 

this arrount of ice te be achieved. 

The fact that each cell tYPe exhibi ts an optinrum 

treatrnent upholds the o..u factor freezing damage hypothesis. 

There is a po.int between solution effects and intracellular 

ice fonnation where ITOst cell types' can survive to a-

lirnited extent. This I;X)int is deJ?endent Ol} the rate of freezing 
/ 

and rewarming, and on the cryOprotecti ve' meas~es taken. However, 

there are other aspects of concern which need to be conside~ed 

as other cell species beccme the subject of low teroperature 

~torage resear~h. 

Certain cells were found to be damaged well arove freezing 

tenperatures. spennatoza could not be coo1ed to oOe without 
/ 

incurring high rrortality. Red blcx:x1 cells coo1ed rapidly fran 

o 0 

37 e te 0° showed 10w survival ( Iovelock, 1954 ). The 

.-/ 

/ 

/ 
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term coined for this destructive phenaœnon is therm:ü shock. 

I.ov~lock (1954 ) felt that the effects of thennal shock/ 

manifest in the ceU membranes at low temperaJ::ures as an 
~---- , 

incre~se in the ratio of cholesterol, i. e., the cholesterol 

lipoprotein complex,' to lecithin in the ceil membrane. 

Farrant and furris (1-973 ) aisa supp:>rt the contention that 

thermal shock isy major cont.iwutor ta cell damage in the ~jority 
of cèlls. Although cooling ta OOc is not in itself lethal to many 

ceUs, it exerts sublethal damage making th~ ceU susceptible to 

damage during slow freezing. Th€!'j added' the suggestion that a 

dilution shock roay also cause cellular damage during thawing. 

Dilution damage occurs by an increase in susceptibility of the 

- ceU ta solute le~ing the return ta the original' 

volume. Thus the dilution shock may he additive ta therm.:g,~hock, 

but is probably a less significant comportent of cell damage. 

Bank aI)d Maurer (1974 ) found eight-celled rabbit ernbryps very 
'---

sensitive te hypert?nic shock requiring a gradual reduction of 

osrrolarity. Dilution was perfo~ at 370C on the assumption 
t 

that the rœmbrane may reseal at higher temperature. reibo et. al. 

( 1974 ) feel that an oSlrotic effect developing fran tPe rapid 

change in osrrotic pressure of the medium during fast thawing might 

he a problemi especially if a cryoprotective agent is employed. / 

A transient terrperature gr9dient could he imposed by a ~~lay 

in·rewarming rate due t~ absorption of latent heat of fusion 

in areas of large arrounts of ice (Farrant et: al, 191'7 ). If 
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this occurred, and all the ice welted on one side of the nanbrane 

prior te the ?ther side, an ostOOtic gradient \<oOUld be fonned. 

This would damage cells auring: rapid thawing by fluctuations in 

the oSlIDtic novaœnt of water. 

Because the destructive forces discussed are aH exerting their 

effects concurrently, it is impossible te attribute cell, death to 
J 

any one factor -in particular. What seerns evident, fran 

the shape of rrost <::O()ling curves ( Figure 1) is that t:hei optimum 

for cell survival lies be~ the point whe.re either solution effects 

due te slow: cooling or ice fonnation due te rapid cooling are both 

evident, but non-lethal. This delicate balancing point, lxlwever , 

may be rna.nipulated ta sare extent wi~ the use of Cl:}'OProtective . 
additives. 

/' 

\ 
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v . Cryoprotection 

I.llyet suggested that if water could l:e Vitrified in biological 

syst~, the (Viabilit Y of the system ~uld be maint.aineQ. Tc date, 
l ,/ 1 

it has r been impossible' to test Ws hypocl1esisi in a biological 

systan, no natter how rapid the cooling rate, sare fom and 
-' 

quantity of ice ,is always produced. In general" Vè:y few cell 
'1 

systans are frozen at rates above 10°C, and freezing damage :lis 

normally attributed te the solution effects - an increase intra

cellular concentratiOn of solutes and electro1ytes which affects 
/' . , 

protein configuration and solubility, salt precipitation, pH 

changes and œIl dehydration. When ,?n&' considers the delicate 

balance that must be preservec1 when freezing tissue or cells, 

the structural change in water -fran liquid to ice forros presents 

itself as a destructive force -bath intra-and extracellularly. 

Acceptance of the present inability ta vitrify, biologicaJ. systems 
, ~- -

dictated that a diffÊh:.ent app~ch ta ;freezing was needed ~ , 

~re plasticity in the freezing reg.ime would IlOt drastically r~uce 

" viability. - Cryoprotecti ve agents have p~ to exparxl tl)e range 

""" of freezing rates and increase smyival. Rates of freeziIlg an:]. 
, . 
~wing can he ~pulated ~ a effort ta establish an optirnùm J 

pos~~ree~thaw survival ; but rrost ccl.I-systems frozen uM.er, 

slow f~zing r~tes do IlOt survive the 'storage process witlDut the 
~ - ' -

protection ~ certain additives, ,or ~g:ryoprotective agents ( Meryman, 

1966 ). Ini~ally these additives, which consisted of egg :yolk 

0: milk derivati~lums, were -~l~ in o:r:der to effect ,,-

a ~~ the ",,11s. 'ltlis, ~t "aupec:ul.ateÇl, WJUld 

'\ 
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. 
renove sare of the cellular water 1 and prevent formation of 

intracellular ice. The importance of protective ccmpoUnds 
/ 

-becarœ apparent with the accidental discovery of the beneficial 
-~ 

effects of glycero1 in protecting rooster spennatozoa fIan slow 

" " 

freezing injury by Polge et. al. ( 1949 ). Since that; tirne manJ( 

different Canpounds have been found capable of protecting against 

freezing darnageJ glycerol, dimethysulfoxide (Me2,SO)", ethylene 

, glycol, p:>lyvinylpyrrolidone (PVP), sucrase and polymers. 

The cryoprotective canpounds have ùbeen traditionally 

c1assifiéd into -two broad categories (Meryman, 1971 ). The 

first group i5 carq::osed of penetrating agents. These are 

asSOC!iated with proteetion frcm slow freezing injury and are used 
o 

in multim:>lar concentrations. Penetrating agents are assumec1 
~ ~. 

te act on a colligative basis, -reducing the arrount of ice . -
fo:aned and the extent of co]lCentration of nonpenetr-atitlg solute. 

[ 

An acceptable agent. must penetrate the œIl readily, and 1::?e nontoxic 

te the celle Examples of this group are i".e2 SO, glycerol, 
./ 

trimethylainine acetate, ethylene--g~l, and nethanol. 

The second group is classified as nonpenetra~g agents, such 

as PVP, sugars , sugar alcohols, polymers am proteins. Their 
L 

mechanism of action is unknown. 

Several eXplanations of the rrode of action "of the cr:YoProtective 

agent have beên put f6rth. Luyet and Keane (1952 , 1953, ) 
J 

attributed proteCtion to a partial dehydration of the tissue. 

~y sugg~ that char~cteristi~ chemicals havirig properties 

of easy penetration, low toxicity, efficiency of binding water 
.../ / 

j 
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and a low eutectic temperature COlfld serve as CPA. Mazur et. al. 

( 1970 .) list the p;Jssible ways an additive can protect against 

freezing injury: 1) by decreasing the magnitude of solution 

effects, 2) by decreasing the susceptibility of the c~lL 

ta solution effects,_ 3) by decreâsing the li.kelihood of 

P intracellular freezing and 4) by decreasing the sensitivity of 

the cell to freezing damage. Ta act in one of these capacities, 

it was thought that the additive must penneate the cell and act 

on a colligative basis. 

Lovelock (1953, 1 a,_,b) found that the penneability of the 

cryoprotectant was oost important when using glycerol in a :t:ed cell' 

system. If glyç:erol was able to penetrate the red cell, it 

had a protective effect. If ea++ - treated red cells were e:posed 

ta glycerol, the cells 'became dehydrated, but were not protected 

against freezing d?JIlél-ge. He proposed. b'lat action was. of a 

co1Iigati ve nature - the non-electrol yte cryoprotecti ve agent 

lowers -the effective concentration' of salts in equililJriurn -wi th 

ice at a given temperature and protected the celI. Red blood 

celis subjected to incr~asing co~centration of salts would mirnic 
/ ~J 1) 

'-. freezing conditions and an effective cryoprotectant should have 

a low molecular weight, low toxicity, be highly soluble, and 

a. good cell penneator. Using these criteria, I.ovelock 

and Bishop (1959 ) were able to predict the effectiveness 

.of Me~SO as a cryoprotective agent. In support, Meryman ( 1968 

dem:>nstrated that 4M amnoniurn acetate, a cryoprotective'<lage;nt with 

no' dernonstrable eutectic p:Jint will protect the human red blocx1 
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o 
celli whereas armonium chloride, with a eutectic of .... :15.8 C, will 

not protect. The buffering effect was supported by Rasmussen and , 

Mackenzie (1968 ) who detennined that the water .... Me2 SO 
/ _ 0 

trihydrate bas a eutectic point of .... 63 ± J. C. 

Further studies have cast doubt on the necessity of cellular 

penetration for cryoprbtec:tion. Mazur et. al. (1974 ai b ) studied 

the survival of bovine red ceUs as a function of the penneation of 

glycero1 and sucrase, and of hurnan red ceUs under similar conditions 

(Mazur and Miller 1976 ,a, b ). For ooth ceU types, varying 

intracellular glycerol concentration did not confer significantly 

greater protection to ce11s, indicating that extensive penneation 
t". 

is not required. Freezing ceUs wi th the nonpezmeant, sucrose, 

conferred simi1ar protection, but attempts ta rerrove sucrase were 

deleterious. Furthenrore, no infonnation concerning the ~ation 

of glycerol during the freezing process was obtained. These authors 

concluded that the protection of agents is not due ta prevention 

of excessive cellular dehydration to a mini.rm.nn ceU volurœ and 

rraubrarie collapse. 

Leibo and Mazur ~( 1974 ) indicated that- glycerol penœation 

is not a requiranent for protection in the eight-celled rrouse 

enbryo. A 20 second exposure ta glycerol afforded the same 

protection as a 60 minute exposure. Furth.errrore, a 20 second exposure 

prior to freezing gave the sarre protection at 0, 10" 20, or 
o / 

37 C. Taylor et. al. (1974 ) studied the penneability of glycerol 
-_/ 

~ 0 
arrl ~2S0 in hamster ovarian cells before cooling ta -196 C. They 

o 
found that glycerol may he regarded as a non .... permeant at 2 C 

t 
\ 

3 , 1 
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\"ith a 30 minute.):.lJcubation perim i while Me2S0 was considered to 

œ a good permeator under él'll conditions. Leil:o et. al. (1974 

measured the cell volume of eight-celled 'nouse embryos photographically. 
o 

Even after 90 minutes at-O C, embryos in Me 2SO - PBS solution did 

not attain original Volume unless diluted rock to original oSIrOlarity. 
( 

They concluded that MezSO penneates- the cell very slowly, if at all, 
o 

at 0 C , and thus protection does not reguire penneation. Meryman 

et. al. (1977 ) froze human red cells in t.l"!e presence of rneth anol, 

ethal101, glycero1, Me2S0 , arnnonium acetate, sucrase and PVP, and 

/ 

-
determined that the ac~ion of the cryoprotectant was purely 

colligative in the case of penetrating cryoprotectants - the percentage 

of hemolysis was a function of the salt concentration. In addition 

studies with sucrose indicated no cryoprotective function. Effects 

of PVP were better than with sucrose, but the results were rnisleading 

since PVP was found to ret~ hemoglobin release. Dilution 

of the PVP foilowing thawing revealed that it offered no additiona1 

cryoprotective properties. Meryman offered the interpretation that 

cryoprotectants act in tv.u ways : I} colligatively, by reducing the 

arrount of ice fomed, requiring penetration of the cell, and 2) 

kinetically, by retarding water efflux fran the cell through 

increased.solution ~iscosity. , . 

using a tv.o - step cooling procedure, McGann (1978) Compared 

survivai of Chinese Hamster cells frozen with a penetrating-

agent, Me2S0, and a non penetrating agent, hydroxyethyl starch 

(HES) • As the Me2S0 concentration was increas~, thé holding 

tenperature for maxbnal surviva1 decreased. Inôreas~g concentration 
-. 

1'-----------------.. ' .... ""'1 ------""I,--:O----~--.'m_~ ___ ~ _______ ._n ..... _. ",,,,_,,_.,,,,,,,,, ,> 
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of RES did not alter the, holding temperature for maximal survival. 
o 

Glycerol added ta the cells at 20 C ta effect penetration exhibited 
o 

a pattern similar to Me2 SO ; hOWBver, if added at 0' C , penneation 

of the cell was poor, and and the pattern was s:imilar ta HES. 

concluded that bath penetrating and non-penetrating agents proteçt 
i 
\ 

by colligative action- allowing cell survival by decreasing the \ 

volume of water and reducing the likÈÙihood of intracellular 
~.:::.. 

" \ 

ice. Penetrating agents reduce cell water content at tempe ratures 
_/ 

low enough to reduce the deleterious effects of increased solute 

concentration, and protect during slow cooling. Non-penetrating 

agehts act by squeezing water out of the cell at higher temperatures-

suggesting little protection fram increased solute toncentration. 

In the latter case, slow cooling may be hazardous. 

---

The theory of Lov;elock does not, however, explain how nonpenetrating . 

canpounds such as sucrose, polyvinylpyrrolidone, or dextran act_as 

cryoprotective agents.' Furthenrore, it does not explain the 

specifiçityof low rrolecular weight cryoprotective agents, since 

aIl will reduce the salt concent;ation during freezing. The latter 

objection, however, may in part be -due to seme intrinsic toxicity 

of different rrolecules. The fact that cryoprotective abÙity varies 

between different tissues is probably due to the interrelationship 
, • 1 
• , 1 

between physical factors and biological variability. The sOlubility 

of the agent, the eutectic changes it produces in a given system, 

the viscosity and temperature al~ affect the diffusion of the agent 

in a system, and its protection. Keane (1953 ) suggested that 

hydrogen binding of the agent can be one factor of its variability. 

·~---------------'------_t_·~·!~" __ ~I_U ___ ~~U_ : ( 
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Karow (1969 believErl that the hydrogen birrling of ~oprotective 

agents may relate to the "pseudo toxic" effect of glycerol, Me2SO 

and dextran on cardiac muscle. He definErl two effœts of 

cryoprotectan~-an intrinsic toxicity related te the chanistry of 

the cryoprotective agent, and a non-specifie toxicity re1ated ta the , . 

concentration, the te:nperature of administration, and the duration 

of the mq;osure ID' the cryoprotecti ve agent. 

Other theories have been suggested to explain the action of 

cryoprotectants in different freezing systems, especially in view 

of the protective effect on the cell membrane. The hydrogen bonding 

theory (Doebbler and Rinfret, 1972 ) could acéount for the specifici ty 

of the çryoprotective agents. X-ray diffraction studies dercon

stratErl that there is vitreous ice in rapidly frozen solutionS of~ 

knawn cryopro~tants, but only hexagonal crystals in frozen solutions 

of structurally similar compounds \vhich do not protect cells. The 

.. growth rate of ice in supercooled liquids with a variety of solutes 

/ 

is c:orrelated \vith t.."1e mole equivalent of :pJtenqal hydrogen bindi.J:lg 

sites provide;i by the solutes (Doebbler '. 1966 ). Multiple binding 

sites incrEXlse the protective action (Doebbler and Rinfret, 1965). 

The theory is presented that the cryoprotective agents establish 

hydrogen 1::onds with water, reducing' the am::>unt of water available 
) 

for ice crystal incorporation, and prarote the formation of 

vitreoui ice. KarCM and Webb (1965 ) further throrized that 

hydrogen binding may act by stabilizing the hydration lattj.ce 

surrourrling proteins am reducin:] t:?\ probability of protein 

denaturation by dessicatlon during~r~Zing. SlOl" cooling allCMS 

sufficient time for water lattices around proteins to ~ow, and 

------------;,'j-.... -
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-
~ strengthen, thus protec~g. According to ~ (1971 ), 

o . 
at -20 C, 1 noIe of glycer'ol binds to 2 noIes of HzO,and l noIe 

, 

protective agents 1 ability to act as hydroxy radical scavengers, 

which w:Julà prevent oxidation of protein sulfhydryl groups to 

interrrolecular disulfide bonds. 'Ihey found that both cryoprotectant 
\ 

and scavenger- efficiency decreased in the same order within a 

hamologous series. 

In a cell-frée system, Tsutsayeva et. al. (1978 ) studied the 

rnechanisrn of action of low teuperature and cryoprotecti ve agents 

on . imnune antitoxic antitetanus sera and globulins frozen in the 

-
presence and absence of polyethylene oxide. They suggested that 

the cryoprotective effect was due to the fonnation of a protective 
.Q 

coat preventing protein dehydration precipit?ted by contact with ice, 

and glycerol could protect through interaction of it~ hydroxyl ~ups 

wi th polar arriino acid residues on 
. .~/ 

the protell1 surface. Korber 

and Scheiwe (1980 ) investigated the cryoprotective properties 

of HES by differential thennal analysis. They hypothesized that th~ 

protective action of HES diff~s fram the colligative effect 

attributed te f.ÉzSO or glycerol - and is due to its water 

absorpti ve capacity. williams and Harris (1977 ) studied the , 

distribution of6ryoprotective agents into lipid interfaces, êInd 

propoSed that they protect by' interaction with the plasma. nanbrane 

by virtue of surface activity and/or distribution into nanbrane 

lipid., Barnett ~1978 } found that glycerol and~2S0 inhibit Na + 

K + ATPase of pig kidney medulla due te interactions with ~mE!llbrane 

.. 

,L ____ . _.--___ ~~ __ --
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lipids. Both agents lCMer the lipid transition tanperature and increase 

membrane fluidity, rerrlering the menbrane rrore resilient to OSIrotie 

stress. 

Alterna.te thoorie~ of eryoprotection do rot reduc,e the importance 

of acolligative action. They may serve te identify certain 

characteristics of agents which aid in freeze-tflaw protection of eells 

in conjunction with the ability to prevent intracellular ice arrl ~ 
. 

delay solute concentration. Cell water volume, sodium concentration, 

• 
and potassium concentration were measured in hunan red cells under 

o 
hypertonij conditions e:;JUivalent te fr~zing at -37 C with NaÇl 

(Farrant and V\bolgar, 1972a ), sucrose (Farrant and Woolgar, 1972b ), 

and Me2SJ (Farrant and voolgar, 1972e ). 'Ibey found that the mass of 

ceil Wa"ter reached rnin..irnal values of awroximately 0.4 that of total 

cell water under isotonie conditions with both' sucrose ànd Nacl, 
, 

while exp:>sure to Me200 resulted in only a transient 1055 of eell 

liquid which attainerl uear nonnal values after 5 or 10 minutes. It 

was shawn th3.t sucrose did not permeate the cell above nonnai isotonie 

arrounts, but labellerl Me200 did enter the cell an3. replaeed a certain 

proportion of eell ~ter. studies foun::I that the onset of cation leakage 

occurred at approx.imatel~ 1500,2050, an:l 5350 m;illiosroles for NaCl, 

sucrose and Me2 00 :t:espectively. 
-, 

It was eoncluded that a cation 
J 

. . 
leak develops at approxirnately 2000 mi,llio~les even with sucrose 

as a protective additive; but the nonpenetrating additives suçh as 

/ 
sucrase am PVP, even though they do not prevent the onset of the 

\ 

nanbrane leak, nroerate the concentration gradient sueh ~t the 

'" manbrane is able to take advantage. of the leak, and by J:::ema.inin:J 

~le help to prevent ~1lin:J of the cation-leaky celle \ ,They 

-----
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lend oSlrotic protectic:n to the cell and reduee post hypertonie damage. 

Penetrating agents prevent cell shrinking and resulting cation leaks, --/ postponing the se damaging effeets t~ higher osrrolarities. 

Alterations to membrane structUre of Chin~e Hamster Ovary 

cells under hypertonie condi ti-ons ~re observed by Mironescu and Seed 

(1977 ) using searming el~tron nùcroscopy. Exposure to 2600 mOsm!kg 

NaCl produced minimal changes. Above 2600 nOsm/kg, the microvilli 

and blebbing of the rœrnbrane were reduced, and cell locc:m:::>tion ceased. 

At 7550 IrOsmjkg, the cells were devoid of normal surface detail, and 

exhibited srnall perforations. with Me2S0 , at 7550 mOsjkg, 

microvilli, blebbs and ruffling acti vi ty were sHII present. 

Substituting sucrose as the hyperosmotic agent produced membrane changes, 

but were not the SaIœ as those produced with NaCI. The authors concluded 
_J 

that increased solute concentration dramatically altered surface 

microprojections of cells. The extent 'of alteration was mediated 

by the osrrolality, duration of exposure and type of- solute, and was 

mitigated by ~2S~ suggesting an ability QP Me2S0 to protect cells 

ftom hyperosmotic damage in addition to a colligative effect. 

Further studies failed ta corre1ate survival of cells with cel1 size 
J 

or sodiwn cont~t ( Mironescu, 1978 ), but found a close correlation 

with potassium 105S suggesting that Me2S0 may regu1at;:e K+ 10ss frem 

the cell, which may he protective at low temperature in hypertonic 

medium. 
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VI . Organ Cryopreservation: Problems of Extrapolation fran eell 
Suspensions ta Organs 

Karow ( 1974 lists the numerous agents ~ which have shawn 

cryoprotective properties and the cell types which have been frozen 
1 

and tha~. It is readily apparent that although the optimal cryo-

protec;:tion procedures are mrked out for many ceU types, few organs 

have as yet been successfully preserved. The graduation fran tissue 

to organ preservation has, except for sporadic successes, been difficult. 

The assumption bas been ta app1y the SaIœ rnethods of freezing to 

organs as was successful with cells and tissue. This situation MS 

not changed dramatically- over the past 6 years (Ashwood-Smith, 1980 ). 

Problems which are associa1!ed with organ cryopreserva.tion are different 

fran those associated with cell suspensions or thin slices of tissue. ' 
, ' 

These differences are a result of the unique norphological features / 

of a highly organized structure. 
/' -

~ first diff~entiatin~ factor be~ organs and cell ~spensions 
relevent te _~JYOpreservation is the fixed gecrnetry of the organ. 

This precludes manipulation of theçurface area ta volurœ ratio, and 

p::>ses a problem of non-unifonn ~ling. It does not allow adequate 
,../ 

control of organ core ~ature by the nethod of conduction cooling 
, -

uti1ized for cell suspensions frozen in suitably-designed srnall vessels. 

Tc determine the effects of a constant coo1ing rate irnposed on the 

outer surface of an organ, Rubinsky et. al. (1980 ) deve10ped '!Jl 

ana1ysis of the thennal stresses exerted on a sphere. When water 

j freezes at sare location in an organ, or sphere, canpressive stresses 

develop. For the identical freezing protocol, the stresses which 
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develop in an organ of 5 mn radius \\Ould.OO ten t.i.rœs greater than a' 
_/ 

piece of tissue of l mu radius. 

The effect of' cell density is considered to 00 of particular 

importance in organ freezing. Nei (197-0-) suggested tÏ19-t increased 
J 

concentrations of rabbit red cells lead to tighter'packing of cells ----
in inter-ice charmels resulting in increased haem::>lysis. pegg et. 

al. (1979 ) studied the effect of high ~~ll density on cryosurv'ival 

of red cells. As the packed cell volurœ approached 80%, a density 

similar to that found in organs, cel! recovery was drastically reduced. 
J 

8imilar resul ts were reported for HeLa 8-3 cells by McGrath et. al. ' 

(1975 ). They found that intracellular ice was present in a larger 

proportion of cells, at a given cooling velocity, which ~ a greater 

packing d~sit1. I.evin ~t. al. (1977 ) used the cell cluster as a 

first order approximation of organs to predict the anount of intra-

cellular water retained by a group of closely packed cells during 

cooling and rewanning. At a gi ven cooling rate, the probabili ty of 

intracellular ice nucleation was increased for cells in the interior 

of the cluster. The survival curve characteristic of the single 

cell was shi~ ta the left - maximal survival was achieved at a 

lCMer cooling rate. 

Two recent studies of cell packing and cryosurvival suggest that 

the damaging effects are due to inhibition of" cell dehydration. Slow 

cooling and high concentrations of, cryoprotectant \\Ould prevent 

decreased survival (Pegg and Diaper, 1980 ; Meryman et. al., 1980 ) .-

The third factor to 00 considered in organ cryopreseJ:Vjition 

is the diversity of cell type which canpranises the organ. The evidence 

" ! 
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for a different optimal rate of oooling and thawing for 'diffèrent , 
cell types was presented in Section IV. of this review.· It was also 

noted that multicellular ernbryos required different procedures than . 

b.o-celled embryos (I.eibo et. a1." 1974 ). The rec}uiraœnts for 

optiIPal cryosurvival of one J:X)pulation of cells in an orgaIl~may net 

fall within the range for adequate survival of another cell type. 

Ifi~cOntrast to cell suspensions 1 the spatial orientation of cells 

in an organ is of :Eundame!ntal importance to organ functi6n and viability. 

The cellular arrangerrent must be preserved intact. A specific exarnple 

is the vascular system. Even if the parenchyrna is well preserved 

during é::ryopreservation, if the vascular systEm has been rerrlered 

incapable of providing oxygen, nutrients or raroval of waste products, 

the organ will not survive. The relatively innocuous effects of 

extracellular ice in singlé cell freezing becaœ damaging in organ 

freezing. Extracellular, intravascular ice expansion could produce 

damage similar to that found in a pipe which bursts due te expansion 

of ice. 

The volume fluctuations which a cell undergoes during the process 

of low t:err{:lerature preservation (Puskar et. al., 1980/) could affect 

the cellular spatial orientation. uncontrolÎed fluctuations may prarote 
/ 

detachrœnt of cells frou the baserœnt rœmbrane or fran neighbcuring 

cells. , 
In spite of the limitations of cell density and diversity, encouraging 

results ~ve been reported for the cryopreservation of organized 

tissue fragments and thin organs. Successful cryopreservation 

has béen reJ:X)rted for fetal and neonatal rat hearts (Rajotte et. al., 
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1976 ), parathyroid tissue fragments (welles ~.~ 1977 ) , 
, 

and fetal rat pancreas (Kemp et. al., 1977 ). Salle success with 

spleen (Barner and Schenk, 1966 ), and intestinal segrœnts (Gut;:tman 

et. al., 19 69 ) has also bèen repo:i:te::1._ 
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VII. -9)'OPreservation of the Kidney 

The transition fran organized tissue fragrrents arrl tlùn 

segmants ta' 1arger, ll'Ore cauplex Qrgans bas been re1atively 

unsuccessful. The heart arxl ~,have been the object of intensive 

stUdies _i as yet, no' repeatab1e procedures for adult manmalian heart 

or kidney long tenu f-:eeze-p~sEllVation are availab1e (As~ 

Smith, 1980 ). 

At 1east -eight steps are requir,ed to achieve successful kidney 

c:ryopreservation (Filo et. al, 1976 ): (1). Harvestin9i (2). short 
...,..--

teDn preservation; (3). cryopreparation; (4)-. controlled freezing! 

(S). long tenn storagei (6) contro11ed thawing; (7). reinstitution of 
.-/ 

hypo~c ~ vivo perfusion; (S). reinp1antation. Each step must he 

accanp1ished in a manner whieb causes the 1east arrount of trauma. 
j .-/ 

Kidneys harveste1, perfused hypqtheDnically, and reimplanted are 

capable of supporting life (Small et. aI., 1977 ; Belzer, 1977 
~-- - . , 

Proctor and Joyce, 1978 f Belzer and Southard, 1980 ); ~er if 

sub1ethal damage does occur, the susceptibility te further damage 

during steps 3 through 7 could):eincreased and CUIm.l,latively prove 
--- - --

fatal. Rabbit kidneys per,fused hypotheJ:mical1y for relative1y short 
- 0 

periads exhil:>it funct.ioœ.l 1npai.nœnt during pérfusion at 37 C 

(pegg and Wusternan, 1977 ) • 

Steps 3 and 7 . invol ve the introduction of cryoprotectant erior 
~. 

/ -te freezing and the reroval following thawing, reÈ;pective1y. To sana 
, j 

extent, the penœation- of cryoprotectant, and the final ex>neentration 

achieved dictate the cooling rates needed. It was mÉmtioned in' the 
- 1 

previous section ~t the organ 'size does rot permit rapid ooo1ing 

. .-/ 
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rates. Cryobiologis~s are locked in slow cooling rates given the present 

technology. The high cell density aOO struétur~ of the 

kidney render it particularly sensitive ta lx>th intra and extra-

cellular ice formation. ' The oost pranising route to follCM appears te he 

the tr-eat:Irent with high. concentrations of cryoprotectant te mi.ni.m.ize 
/ J , ' ~ 

excessive buildt,p of solute concentration anct delay the effècts of 

ice fonnation. The nature of the crYoProteètant; ,and its ~tration 

dictate the appropriate Iile~ for additi?Jl and rE!lO'lal. This process 1 

. 
is of considerable interest ta ki~y cryobioJ,ogists, .and will De , .... 

/" ( 

discussed in greater getail in the follCMing section. 

Thawing procedures (step 6) are a!1r the ~ject of ~search aM 

debate. Jl.dvocates. of fapid thawinÇJ art( investigatinÇJ the use of micro-
-. ~ .. - . /' 

wave illumination (Ketterer et. ~., 1979 ),. Serf?us drawbacks to the 

. use of microwaves are non-ll.I'li.foIm thawing, lack of direct.iônal 

control of the radiânt energy and the PQssibility of 1etha~effects 

of microwa.ves thansel ves aM in conjuncti.on with o:yoprotect:ant. 
, .' 

'l'at'q?erature sensing during miciowave thawinI poses serious problens; 
, 

application of electrodes to the organ surfaœ--Proéfuces ~ due 

to, contact resist:ance. Saqe of these prOb1ems âi:e sunn::runtable. 
. . 

Bl1rdet.te!!!:~ a1! ( 1978 ) 'obtaiœ.d Ullifoxmity of tbaw of dcîtld.dneys ~ . 

im9l.ant~ ~ (s~ ~es' insèitErl in the renal ~) ~ 
'-- illmdnation with Ïlpth ,2~0 !fiz aoo 7 MHz. Guttman!!=. • .!!.. (1~80 r 

• j 

have' developed a netl'ril of ~"'COntact ~a,ture sensing w1tich pend.ts 
1 0 

nadtoriD;J of org~ 1:et{Jerature ta '0 c. 

. Pe99' ard OO!I~œrs; argue that rapid thawiD:.J is unnecessaxy ~ 

(PegÇr et. al., 1978 
1: 1 --" 

.;.: 
; Pegq et. al.,,. '1979 f - ....... /' • . , 

- ; 
/ 
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<> 

Jacobsen and Pegg, 1979 ). It was postulated that the increased ~ , 
concentration of intrace1lular solutes during slow cooling would not 

be rn.:;tintainCd in equilibrium with extracellulm;. fluid during r~id 

thawing. During the phase change, water \'X)uld rush into cells and 

produce osmotic cell lysis. 
o' 

The final step is the re:i.rnplantation of the kidney.' The ma,jority 

of researchers have relied oh' this stringent test of kidney viabili ty , 

'" " 
due t~ a lack of approp:date in vitro tests which reflect the functional 

integrity of the kidney (Se11, 1967 ). RelInplantation Ras se:dous 

drawbacks. The procedure is expensive and recÎuires highly ski11ed 

surgic~l help. Technical failures due ta the long and r~ated 

procedures are_ often cited. The t:ime interval between experimentation 

and conclusion of results ~s prolonged. The, procedure does not lend itself 

readily to identification of the specifie areas of damage to the kidney 

prec~pitated by the various procedures. ':he need ta Efl'q?loy a suitable 

in vitro test of kidney function prior ta transplantation is discussed - -- ~ 

rrore fully in seCtion VIII of this review. 

Very limited and sporadic successes in kidney freeze
o 

preservation have been refXJrted. 'After freezing ta -59 C 
1 

for 15 minutes in 2.2 M glycerol, Halasz et. al. (1967 ) found 25% 
. 

of dog kidneys had life- sustaining function. 'MQndthoet.~. '( 1965 
o 

reported 2 of 14 kidneys survi~freezing. to -20 C with 1.6 M M3zS0 • 
1 

Dietzman ~. al. (1973 ) refOrted funCtJ.on in 2 of over 150 kidneys 
o , 

, frozen to -20 C for 15 minutes with 1.6 M Me2S0. using 1.4 M Me2S0 

• 

o 
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o 
and cooling to -80 C for ;15 minutes, Gutbnan et. al. (1977 ) fOlU1d 

9 of 18 kidneys could support life. '.!he kidneys were cooled with 

intra-arterial helium and thavm by rnicrowave illumination. These 

findings could not be repeated by Pegg et. al. (1978 ), or by 

Guttrnan hirnself (Guttrnan et. al:, 1979 ); however 'lbledo-Pereyra 

(1980 ) did obtain survival of 3 out of 10 kidneys frozen to -80 or 
o 

-120 C using sirnilar techniques. , In the latter case the kidneys were 

cooled very rapidly and held at the rninimurn. temperature for on1y 

3 ta 5 minutes. 

The camon factor in these reports was the use of 100 concfmtrations 

of cz:yoprotectants and very short holding times at the lowest temperature 
/' 

reached, net allowiÎlg equilibriUIll freezing to occur. The experiménts 

were empirical studies te obtain results using techniques extrapolateà. 

tram freezing ce1ls in suspension without providing infomation of 

the rœchanisms operating in this 1arge1y different system. 
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VIII. Çryoprotection of the Kidnej" 

pegg (1973 ) suggested that due to orgaI) size and heterogeneity, 
) 

freezing of organs will remain locked in~a slow cooling system. 

Therefore, we will need te find the appropr~~te cryoprotective agent 

in the highest tolerable concentrations in order ta achieve success. A 

reviewof the l~t;.erature reveals that there is no agreaœnt as to the 
n 

agent of choice, its concentration, the method. of addition and reroval, 

ànd the terrq::erature at which these manipulations are carried out 

(Pegg 1 1972 ; Jacobsen, 1978 ; Karow, 1974 ). 

Barly work with the kidney focused on the use of 'the cryoprotective 

agent 1 glycerol (Hu99in~, 1959 ). He was unsufSSful when trying ~o 
perfuse dog kidneys with progressively increasing and decreasing 

concentri3:tions of glycerol in Tyrode solution. Failure was due to massive 

renal ~lling-and cortical necrosis. In vitro imnetsion of rabbit 

kidney slices in 5 or 10% glycerol in Tyrode solution sl:xJwed a decrease 

. in tissue weight after 50-80 minutes which gradualJ-y increased and equilibrate:::l 

at a weight greater than the original. The higher glycerol concentration 

s~ greater increases. Transfer from glycerol ta heparinized blood 
../ 

increased weights te ovèr 100% of the control after 3.5 hours. 'This could 

be checked if the slices were placed in 20% sucrose in Tyrode solution 
-

after placing' in blood for 10 minutes.' The tEroperature of .these j 

manipulations was not mentioned. 1 

Rivers et. al. (1961 ) recognized, that the effective osrrotic 

• pressure of glycerol resulted in-acute changes in weight fran rapid gain 

or 1055 of water , depending on, whether the higher concentration of , 

glycerol is within or outside the vascu1ar space. The rate and degree of 
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weight change reflects this concentration gradient. He suggested that 

edE!iÎa and swe11ing fran glycerol rem:Jval "'-Duld contribute ta 

resis;tance to blood f1CM and may represent a potential for ceU 

destruction by lysis. Thus, deglycerolization probably represents a 

greater threat ta organ viabi1ity than glycerolization. Dog kidneys 

perfused with 15 and 30% glycerol decreased in \\eight over 5 minutes and 

then steadily increased in weight achieving a 50% increase after 

6 murs, WJ. tllout stabi1ization, ref1ecting cellular damage. COntrol 

kidneys perfused with blood or Balanced Salt Solution with albumin 

reached a constant \\eight leveL Kidneys, were perfused in vivo 
o 

with ~ 15% glycerol in saline at 6 C for l haur rfollov;ed by decreasing 

concentrations ta 10% and 5% for 20 minut~s resI?ectively. Of 27 dogs, 

Il survi veel longer than J, nonth; 6 of which had nonnal kidney physiology • 
" ' 

~e remaining 5 showed plasma cell nephritis and pyelonephritis. 

Short terrn survivaIs (2-3 days) showed vascular chaÈges sirnilar ta 

reyersible o!:iffiJtic nephrosis. AU survivors s~ elevated BUN and 

albt.IIDinuria for 3-7 days. This indicated that although kidneys were 

affected, toxicityof glycero1 was rn:inimal if oerotic changes were 
o 

controlled. one kidney, frozen at -l4 C for _ 5 heurs following perfusiop 

with 15% glycerol, fai1ed ta function. 

Brada and Shloerb (1965 ) perfused dog kidneys at 18.3 ml/nù.n 

with 5, lO and 15% glycerol in a salt solution, containing labelled 

glycerol and water for 5 t 10, 15, 30 and 60 minutes. 
1 

They found that 

equilibration was cq:nplete at 30 minutes. Perfusion with lO% glycerol 

for 10, minutes resulted in survival after :inrœdiate contralateral 

nephrectany • . ' .. , 



,,0 
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Makin and Howard (1965 ) attempted te pro long the storage of 

canine kidneys by supercooling with 7 .5% ~2S0 il) salt solution 
o 

perfusa te. Ten kidneys weré perfused at -5 C for 20 minutes and 

stored at that temperature for 4 hours. Nep~éctomy fOll~ reim

plantation 1 te 6 weeks fOst implant. An additional 5 kidne s 
o 0 

were stored for 12 heurs at -5 C, and. 2 were storeq at 5 C /for 

4 hours. No kidneys were observed te freeze; all exhibi ted a uniform 

shrinkage predcminently ih the cortex, and aIl secreted urine 

following contralateral nephrectany. AlI kidneys appeared m-;ollen 
1 

and. discoloured following reestablishment of blood 'flow. '!ID Dt 10 dog 
o 

kidneys stored 4 heurs at -5 C might have sw:vi ved since BUN levels 

started to faU, but died of eKtrarenal causes. AlI other kidneys -

were necrotic.' Histelggically, 10 rnihutes after reimplantation the 

kidneys showed proximal convoluted tubule· and glcmerular damage, , , 

with tubular casts appearing ·after 3 days. Aiter 11 days, there 

was sane evidence of regeneratiort of tubules; after 6 weeks, fibrosis 

was marked. Nevertheless, the authors cla..iIœd te be the first te 

report the conservation of urine production after subzero /sterage, 

where other authors had not. 

Halasz et. al. ( 1966 
o 

perfused dog kidneys in situ at 20 C 

with gly~erol, propylene glycol and ~2S0 alone and in canbination. 

The perfusate contained 6% low rrolecular weight dextran in a balanced 

salt solution. ,'Each kidney was perfused for 10 minutes at 70 I11I1Hg 
/ 

at a rate of 60-75 ml/min. AlI control kidneys survived. Kidneys 

perfused with 15% gl~l exhibited swélling and cyanosis. Outflow 
, 

blockage was dirninished if the kidney was' washed with 50 ml of basic j 

" 
~""'-' ________________ .""'.'.:c:?' ...... :"':. ,cc:".-,,"" .. _______ _ 
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perfusate, and b'.iJeleas.ing the vascular clamp slowly. Perfusion with 

glycerol or propy1ene glyao1 in concentrations of up to ,20% resulted 

in reversible-11amage. Three out of five kidneys functioned after 

perfusion with up te J5% MelSO. In canbj,nation, 10% glycero1 and: 

10% propylene glycol were tolerated, but 15% of éach ~e not. 

Solutions of aU three cryoprotective agents at 5% concentrations 
\ 

each gave 4 -out of 4 dogs surviving after contralateral 

nephrect<ll'!Y, with surviva"l decreasing until 11% concentrations of '. , 

each in ccmbination resu1ted in 0 out of 4 surVivaIs. ,They conc1uded 

that dëlJ'l'age was reversib1e and due te the hyperosrro1arity and not the 

texicityof the agents. Damage was rnain1y confined te the tubules, 

and sweU.ing and outflow black was probably due te the hyperténie 

medium. 

There is conflicting evid~oe of~ actual cytotoxic effect 

of cryÔprotective agents, specificaUy Me2.S0. Malinin (1:973 ,) 

incubated prirnary kidney cells frgn Rhesus roonkey embJ:yos in 'TC-199 

and 10% FCS with Me2S0. Lots were incubated in 7.5 or 15%, Me2 SO 
" ~, 

in Parles Salts at 4°C or 2S»Ç for 10,20,40 and 60 miilUtes, then 

fixed and exarrdned under the electron microsc::>pe. Structural differenees 
o 

were observed after 10 minutes at 4 C with 7.5% Me2.S0. -evidence 

of lipid accumulation, mitochondrial swelltn,g ~ .damage to the 
o 

~mitochondrial membrane and cris:ae. At 25 C ~ 7.5% Me2S0 after 

10 minutes, mitochondrial swelling, RER dilatatIon and degrarlUlation, 

autophagie activity, and changes in the nuclear rœrnbrane occurred. .. ---
. As incubation tirre with Me2S0 increased. there were inereased numbers 

of liIXJSClœs, and' cell ruptures, regardless of temperature. 

• 
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: Although viability was not tested, the Me 2 SO did not appear innocuous. 

In contrast, ~ll and Ide' (1976 ) could not detect any deleterious 

effects of Me2S0 on kidney function ln rats chronica11y injected 

with .Me2S0 over a 28,day period. 
j 

To differentiate J:::etween toxic and osnbtic aarnage of Me2SO, 

Hak ~. al. (1973 a) 'examined the effects of Me2S0 on cultured beatirîg 
o 

rat heart cells at 4, 24'aiid 37 C. The method of addition and r€ll9va1 

of Me2SO was varied. A single addition and rerroval of 1.5 M MezS9 

was tolerated well at rrost temperatUfes l detérmined by myocardial 
.. ~ 

contractility studies and trypan blue staining. l>i:!2S0 in 2.0 M 

concentratiorts had nore drastic de1eterious effects 1 especially at 
./ 

lower ternperatures. With a slOW" e1imination of Me2S0 , higher 
o 

temper:atures increased tolerationi 24 C was optimal. If the exposure , , 

time to Me2S0'waS 1engthened (60 minutes vs 10Aninutes), lower 
o 0 , 

ternperatures (4 C, 24 C) were rrore favorable. Further studies 

(Hak et. al., 1973b ) indicated that sucrose and sorbital in 
- - 1 

~ncentrations up ta 1.5 M was not tolerated as weÙ as NaCl at similar' 
;\ 

concentrations. Me2S0 was best tolerated. The authors felt this was 

due ta a dehydration of ce11s ta a mirrimum volurœ, causing death. 

Pegg (1972
1 

) perfu~ rabbit Jddneys with 2 rrolar concentrations· 
1" 

of glycero~, Me:zSO or ethy1ene glycol. The perfusate contained 

4.5% dexrran 70 and 1.5% BSA, and the organs weÏe perfused at 3']0 C 
o 

or 5 C at 40 rnnHg pressure. After an initial washout for 5 minutes, 

the cryoprotectant was added and the kidney perfUSed for 2 heurs. 
, . 

FoÙowing perfUsion, the kidney washarogenized and the extent of j 
1 

EqUilibration with cryoprotective agent detennined. COntrol .. 
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~ 0 
perfusions exhibited a 50% .iQcrease in vascular resistance at 37 C 

during the first 40 minutes, which decreased to original values by 
o 

90 minutes. 'At 5 C , onlya small initial increase was observed. 

At bath temperatures, -weight gain was sirnilar, at 0.1% per' minute. 
o 0 

Glycerol perfusion caused a decreased resistance at 37 C and 5 C , 
o ,0 

greater at 5 C; -weight gain transiently decrease1 at 37 'c . . 
initially~ then increased in both cases to 40% of initial weight 

o 
after 2 heurs. ,Ethylene glycol perfusion IS similar, _but at 5 C, 

weight ?ain was minimal. ~2S0 perfusion resultOO in a decreased 
,~ -

resistance at the beginning, foll~ by an increased resistance 
o 

throughout perfusion especi,allyat 5 C. Weight followed a similar 

pattern. Histological examination showed edema, tubule dilatation, 

and capillary dilatation which corresponded to weightyain. Ederna 
• 0 

was oost marked with glycerol at 5 C, least with ethylene glycol. 

Glyeerol shcMed~ the least change. Me2S0, and te seme extent ethylene 
J 

glycol perfusion resulted in striking changes in the capillary 

vascular epithelium manifested as cel! swelling and detachment fran 

the basaœnt nanbrane. In certain instances (this damage was sa wide-

spread ~t only nue lei ranained. The extent of equilibration of 

cryoprotectant agent after ~ heurs varied with terrperature,. 
o 0 

Glycerol.equilibration at 5 C was 72%, while at 37 C it was 102%. 
--{)- 0 

Me2S0 equilibration at 5 C was superior te 37 C, 67% and 58% 

respectively. 

other reports of Me2S0 perfusion do net derronstrate the sarœ 
- 0 

toxieity. Jeske_et. ~~J1974 ) perfused rabbit kidneys at 37 C 

with 10, 15, and 20% (1.4, 2.1 and 2.8M) Ma2S0 for 50 minutes 
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followed by electron microscopie evaluation. They foU1"Xi that 

the kidney telerated Me2SO perfusion ultrastructurally, except for 

clarification of proximal tubule cytDplasn. The proximal oonvoluted 

tubule seaned oost sensitive to damage: glaœruli appeared te be 

extrenely durable. It was suggested that the ear:,ly resistance changes 

~ ~bs~ed inpegg' s reIX>rt (1~72 ) were due te changes in srrooth 
./, 

muscle tene, net. ultrastructural changes; whereas after prolonged 

perfusion (2 murs), these chan:fes may have been due to capillary 

degeneration. 

KarCM and Jeske (1976 ) presented a rrore canplete evaluation of 
/ 

renal function during Me2SO J?eFfusion. A -éoll-oid-free K -M:J 
o , 

rich perfusate at 37 C was used containing 10,15, or 20% (1.4,2.1, 
o 

or 2.8 M) 'Me2 OO. Kidneys ~ perfused for 10 ndnutes with 
, , 

Me2SO-free perfusate fol~ by 50 rn:Ï.J:lutes with MezSO. No attempt 

was made te introduce Me2SO in a $teFMise rranner.'Kidney function at 

15 minute intervals was ccrrpared te control function at similar 
1 

in~ls. Perfusion with 1.4M Me2SO increa.serl flow at 50 minutes, 

but decrea.sed at 60 nùnutes. G1anerular filtration rate_ increased 

significantlyat 35 nùnutes; sodium clearance increased at 30 
j 

rm.-nutes. weight gain was 56.8%., The kidneys perftised with 2.lM 

Me2 so did not differ significantly in function fran contxols 
. . 

except p:lr~ohiPIXll"ate (PAH) clearance, which decreased at 30, 

50 and 60 minutes. With 2.8M Me2SO, rena.l flow was higher than 

controls at aU tirœs. lEsistance did not show significant changes, 
, -- / , ..... 

but did increase. PAH clearance ~ severe1y depresséd. The authors 

concluded that changes inluced by Me200 were due te osrrotic /luid " 

shifts, edema, and vasoaction of Me2SO on sroooth muscle cells. -

Furt:her sttrlies ~ done with rabbit an:i do;J kidneys with 
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1. 4M fvE2SO (Karow et. al. " 1979 ) • In rabbit kidneys perfused at \. 
o \\ 

37 C,maximum tissue ~2SO distribution was achieved in 30 minutes a.nd\ 

washout was 90%..-/ canp1ete in 30 minutes. pro~onged- ~s~ut did not \ 

reduce residual ~2S0. 
o 

In dog kidneys perfused at 37 , 25 or 10 C, ---- \ 1 
1 r 
t 

.J similar values were obtainedi /lower t~atures reduced the '1-

., ~ 
" 

1 

f 
i 
\ 

i 
\ 
i 

i:/_:-~~~J.;}~' 
".t,a .. J,l-,sr ......... 

;j'~~"l' 
~ .. 1It't .. 

o 

saturation rate ~ not the final concentration after 10 minutes. 

Dog kidneys were re:i.rrplanted after Me2 SO administration. After 
0../ 

perfusion at 25 C, 5/12 dogs survived carpared te 3/7 controls. 
-0 

• 

Results at 37 C were better - 2/3 survived aft.er. perfusion with 1.4M 

.MezSO, compared te 4/5 controls. GraduaI addition and reroval of 
o 

Me2S0 at 25 C increased survival (8/9) canpared te one-step 

addition and rem:wal (2/6). 

/ 

Small et. aL (1977 )perfused canine kidneys with ~lSO 

to test (1) the agent r S effects on renal tubule function, and (2) 

the equilibration of Me2S0 with renal tissue. Kidneys were 

perfused with 10% M:lSO in cryoprecipitated canine plasma at gO nmHg, 
o 

0.7 nù,hnin/g kidney weight, at 8-10 C. '!he Me2.PO was added and rem:>ved 
1 

./ 

graduaIly. Exp:>sure te 10% Me2S0 was 20 minutes. The kidneys 

were reimplanted and clearance studies were done after reirnplantation, 

ana. repea.ted one week l~'ter just prior to contralateral nephrectcmy. 
~ 

In the kidneys perfused without ~2S0, only renal concentrating 

ability was impaired. In
I
.tJ1e ~2So-perfused group, urine flow, 

( " . 
glucose reabsorpti9n, inulin clearance, PAR extraction, and f:r:ee water 

clearance were all :i.rrpaired for '2 days following reiIrq;>lantation. 

At 7 days, only the renal free water clearance defect renained. 

MelSO tissue content expressed as a ~tage of perfusate ~ntént 

\, 

\ 
\ 
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revea1ed that -~t hignest perfusate M:2SO 'concentration (10%), Ma2,SO 
... 

content of outer, inner ~rtex, and rnedul1a was 96.9 ± 1.5, 88 ... 3 ± 2.5, 

and 60.8 ± °4.0% respectively. At -100 perfusate concentrations of 

Me2S0 (2.5%) corresponding values ~e 115.4 ±2.5, 113.7 ± 1.67 , 
/ 

and 113.2 ± 4.6%. 

Recognizing the possible contribution of osrrotic effects to 
J ~ 

injw::y during the introduction and raroval of cryoprotectant, pegg and 
o 

Wustanan (1977 ) perfused rabbit kidneys at 5 C with increasing 

glycerol concentrations to 2M at rapid rates of addition, at 80 ITM 

min -1 and at 30 rrM min -1. Deglycerolization was accanplished at, ,Ir 
the sarœ ~é.!te as addition. Rapid and 80 rrM min-l additions produced 

o 
large increases in renal vascu1ar resistance during 5 C perfusion 

and deleterious effects were observed during assessment of 
o 

function by in vitro perfusion -at 37 C. Including marmitel 

arooliarated t:l1e/darraging effects ta saœ extent. After addition and 
, 0 

rerroval at 30 rrM min-II kianeys retained a level of function at __ 37 C 

s~ilar te co1d-perfused controls, but reduced in canparison to freshly 
_.J. 

lsolated Jd.àneys. 

Ufiiin9 the slow addition am reroval technique, Jacobsen (1978 

s~ that rabbit kidneys perfused with up ta 4M glycerol could 
( 

function after autotransplahtation. Characteristic of all these 

experiments was an ilfreased rena1 yascular resistance during the 

deglycerolization process. Further reduction in rates of addition 

or rerroval, and increased perfusate colloid did not irrprove the 
~ 

perfusion characteri~tics, or post -transplant function (Jacobsen, 1978 _ ). 
-_ 0 

Attanpts to freeze rabbit kidneys containing 3M glycerol to -80 C 
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(Jacobsen, 1979 were unsuccessfuli Fahy (1980 ) was ab1é ta 

.e1i9it an alpha ~ic response after storing 3M glycerolized 
o 

kidneys at -30 C, but subsequent studies suggested the kiâneys 
,1 

_...------JNere not viable. 

1 
J 

Conclusions which might be drawn fran the 1iterature are 

conl0unded by different exper.irrenta1 procedures which each investigator 

,has chosen. There does not appear ta ~ ample justification for a 

shi ft to glycero1 in, lieu of Me2S0 as Pegg bas suggested is necessary. 

Karow has shown that M32SO does not severe1y alter kidney ultra

structure or function. Unfortunately, tine and ten"perature oonditions 

in both experiments were very different and à direct cx::mparison of 

the work of both authors is l'lOt possible. The partial successes 

achieved using, Me2SO supports its uSe as cryoProtectanti and 
..-----

especial1y the success reported by Guttman and 'lb1eydo-Pereyra 

should reinforce be1ief in M32S0 as the cryoprotectant of cbJice. 

It renains te properly identify wheœ the harmful effécts lie ~ try 

.---to circurnvent these. 'lb quote Jeskeret.-' al. (1974 ): "There exists 

an obvious need ta redu~ t;hEvseverity of alterations produced by 

cryoprotec~t 'perfusion, especially if such alteratioris. predi~se 

the renal parenchyroa te' an inability ta withstan:1 the stresses of 
/ 

/ 

cooling ta very low tenperature and rewanning". 

ff Pegg and cx:>-'V.Orkers, have contributed admirably in the developœnt 

of rœtb:xis of glycerol addition and raroval with attention to 

~l 
.~~ ~~~----------
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osrootically ind~ fluifl shifts. rr.tù.s methqd is nqt without oatOtic 

tratuna; an alternate me~ ~ still~. ~Sirnilar ~rk ~ 
lœ2SO has rx>t been reported; yet it does have 'advantages: Glycelnl 

Ji 

is a poor permeator at low 1:aTperâtures and slowly~lycerolizing 

may net be adequate sinee efflux of cellular glyceroi ~~. slai 

(Dooley, 1980 ). 'lb date, there is litt1e
l 

kn::lwn about the extent of 
. ....---_____ - 1 

intracellular penneation of Me2~ 0:- glycerol; infœ:mation which may 

serve to identi:fY optimal procedure~ for introduction and n:!ooval -- '-. 
/ 

of cryoprotectant. 
/ 

..J 
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IX." ~sessrœnt of K~ Viability a.rd Funct:.ion 
, 

~i10 (1976 ) proposed that the hypot:henn:ic perfusion step 

fo1101i.ng thawing (Section VI.I) could serve a dual pm:pose: 

(1) The rÈnDval of the cryoprotectant ; (2) an qp:>rtunity ta assess 

organ viiiliility prior ta reinplantation. Assessrœnt of orgap. function 

prior to re.inplantation would he advantaçeous in' both clinica1 aOO ... 

exper:iIœntal aw1ications (calman, 1974 ). As the~nunber of 

potential kidney donors increases, selection of !Qdneys Which will .. 

function inmedi.;ttely follCMing transplantation \\lOl1l4 inprove 
Q • , 

success and reduce econcmic factors. Experimentally, an in 

vitro teSt would save both time and animals • ...--- ' --Malinin am Perry (1967 ) reviewed the different viabi] i ty tests 

useful for 'Cells and tisSues. 'Ihese 'inclWed vital staining, 

nuc1eotide incorporation, œU culture, and analysis of the . 
enzyrœ spec1:rum. Use of these metb:x1s bas l'lOt resulted in routine 

~ , 
awlicati<?Jl in renal studies for prediction o~ organ sta~ Fior ta 

- i 

transplantation. Sell (1967 ,. indicated the unreliahiHty of the 
-,J 0 ~ oit 

tetrazolium dye test. 'l'UI:ner et. al. (1967 ) fOUl'Kl oxygen __ 
- - -- ~ 

consuitt>tion of rat kidneys, fo11owincJ ischemia or freeze-thaw 
...-

treatment, ~riate as an iIXiex of the functioniU-iittegtitY 
-

of the Jddney. Totàl nucl.eotide levels correlated with Survtval 

of rat Jcidneys fo11owing in vivo clarrpi.ng' -of blood vessels (calman, 
~ - .......... -

, ----
1974 ); ~, it wâs jnpossible to distinguish betWeen vascular 

,j a ,;,,' • 

or metab:>1ic ~.as tœ site of 1~ ~ 

'll1e po$Sibility of utillzing a rnm.œr of in vitro paramet:.ers - - -~---./ 

ta obtain an "!!!:vitxo index" of viability wu explœ:ed l:rJ A'tIJatt. 

'. 
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(1969 ). Ten pararreters \oiere exarnine:l, and the resultant index was 

, useful fa! delineating tissue slice ,damage as the resul t of 

cryananipulation. Correlation of this index with who1e organ function 

was llC?t reJ?Orted. Fahy (1980 ) found the ability of kidney cortical 

slices to transport PAIl ~ re:-establisp. cation ratios was a useful 
,f' 

1 

indicator of slice viability • 
/ 

Al:ouna (1974 ) ccrrpared measurements of tv.entyoarameters during 

"' hypothennic perfusion and nine parameters i:rctrediately foUowing 

transplantation of canine kidneys. These fX>tential viability tests 

were cémpared between kidneys which function~ foUowing transplantation 

and those which failed to support life. 'Qf aU 'parameters :rœasured 

during in vitro hypothennic perfusion, only perfusate flow rate and 

vascular resistance ~e significantly different in the tv.u groups. 

During post-transplant studies, only urine volume and créatinine 

clearance differed between survivors and non-survivors. It did 

appear that renal tubular function in kid.neys event~lly slxMn 

capable of supporting 1ife increased during the second clearance 

period~ in co~}:rast ta non-viable kiàneys. 

, --rt; ~problan of employing a simple viability test is the inability 

to assess the extent of damage to the vascular systan as weIl as the 
y 

,transpo!i:- functions of the ki~. Sells (1967 ) d~scribed the 

prol:>lem as the need ta detennine organ transplantability, not 

viability. In vitro nonrothénnic perfq.sion is an alternative to (1 .,. 
transp1antatiori which pennits assessnent of the functi6nal capacity 

"-
of the kidney. It is IlOt subject to the problem of clim:i.nished 

:.~' ']1 

~.,------.~. --~~.~,~\ ------ 41i _ CA 
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" 

abili ty to rreasÜre vascu,lar integri ty . Perfusion of the whole 

organ at norm:::>thennia pennits detennination pf integrated organ 

function and separation of vascular 3l:l1d tû'J5'"ular impairment. 
, 1 

Utilization of the norm:::>thermic, in vitro perfused kidney 

has contributed t0 the understanding of rena1 physio109Y and 

4 ..... )1 

phannacology. It is, subject to limitations (Nizet, 1975 ), and can 

beccrne a very canp1icated procedure in certain species. For 

1arger species who1e bl00d is primarily used ~s the perfusate 

(Nizet et. al., 1967 ; Waugh and Kul::o, 1969 i Berkovitz et. al., 

1968; Conrad et. al., 1973 ; Nizet, 1975 ; Vanherweo)lan et., al., 

1976 ). 

The rat kidney has been used extensive1y as a node1 ta study 
../ 

in vitro organ function by several groups (Ross et. al., 1973 ; .- --
1975 ; .Shurek et. al., 1975 ; Merkens et. al., 1978 Trimble, 

1979 Cohen et. al., 1980 i Maack, 1980 ). Although 

function was impaired in canparison to in vivo values (deMel~o 

and Maack, 1976 i Maack, 1980 ), a considerable and accePtable -leve1 

of function using ce1"1-freè balanced salt solutions with bovine . . 
serum albumin (BSA) as colloid was obtain.ëd. Ross (1972 ) 

suggested the usefulness of t.liÎs p~paration ta study methods of 

renal preservation. The methocl is rapid; in contra st ta survival 

exp9r.iments, where two or three ~rkers rnay require severa! days to . , 
accanplish an exper.iment, a single investigator could perform a sllni1ar 

exper.iment in one day with an isolated preparation. One
l coula 

follow a number of parameters using the isolated kidneyi a survival 
. 

exper.iment offers no extra infomlation and could render reasons for 

.. ' 

• 
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success or failure difficult to detel:mine. The use of smaller , / 

animaIs IDuld lessen genetic variability at 1ess cost. Finally, 

simi1ar studies IDuld he relativety- inexpensive in <XlTparison' to 

Iarger animà1s which utilized re~lantation f~~_the assessment of 

different treat:rœnts. This rrethod has been app1ied te the problem 

of deve10pnent and analysis of different flushing solutions used in 

co1d storage of kidneys (Bishop and Ross, 1978 ; Marshall et. al., 

1978 i Ross et. al, 1979 i Jablonski et. al., 1980 ). 

The rat perfusion m::Xlel is subject ta limitations. Techniques 

of cannulation and organ retrieval are difficult due te the small 

size. The potential for future transplantation as the ul timate 

"" test of funetion is limited. The small size may not he applicable 

to cooling and thawing problems associated with larger organs. 

The rabbit kidney offers advantages sirnilar to the rat with the 

added benefits of ease of hand.~ing and greater size~ Physiological 
. , -

studies with this IIDdel are rare, and, as in the rat, few reports 

of its use for preservation studiesare available. 

Rabbit kidney in vitro perfusion with whole blood was --- , 

described by Rosenfeld and Sellers (1960 ). In vitro 

kidney function was within ~ /.!"ange reported for in vivo 

studies. Isvin et. al. (1965 ) carq;>ared ~le b1ocx:1, washed 

red cell, ~ acellular electrolyte perfusates for in vitro 

rabbit kidney perfusion. Washed red cells and electrolyte perfusates 

resuy:ecI in low rates of glcmerular filtration and high perfusate 

flow rates. Renal function wi th whole blood as perfusate was approx:iJ:nate1y 

1/4 ta 1/2 that observed in vivo ; the other perfusates were 

J' 

:L~,: --- -'_.,' 

, 
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inferior. Hollennan and Malinin (1970 ) perfused rabbirKidneys 

with a balanced salt solution. They found a rapid deterioration of 

renal function which they believed was the result of changes in vascular 

patency and penœability, They notea. red blood cells tra~ 

in capillaries and blockage of glaœrular tufts by material dep:>sits. 
o 

Fonteles et. al. (1973 ) perfused rabbit kidneys at 37 C 

with solutions rich in potassium and magnesimn and with Tyrode: 

solution. Initial vasospasm was blocked by including isoxsuprine 

in the perfusate. Flow rates were low, with liigh renal vâscular 

resistance, Including BSA and dextran resul ted in higher flow rates, 

but no urine proouction. Glanerular filtration rates (GFR) were 

low in all groups. sodium reabsorption averaged 50% of the filtered 

:t.oad ; actual sodium transport was low. 

Ultrastructural evaluation of the kidney cortex after perfusion 

corr~lated with the ppysiological function re:ported above (Jeske 

et. al., 1973 ). After ~ heurs of perfusion with potassium

tnagnesium rich solution, approxllnately hait the proximal' tubules were 

necrotic, the remainder exhibited vacuolization. FoUoWing perfusion 

with 'Iyrode solution, nearly aU the proximal tubules were severely 

altered.. The vascular system remained normal. This system was 

used to study the effects of Me2S0 on renal function at no:rnothennia 
--

(Karow and Jeske, 1976 ) as described in Section VIII " 

pegg and co-wJrkers have contributed significantly to the develop-

rœnt c:f the in vitro rabbit kidn~ perfusion assay. Earlier w:Jrk 

was focused on the maintenance of stable perfusion cbaracteristics • 

...---:-.,." "'-_~rl-J~"\ ';",""11 • .... ,~\( ~ ~ ",,-- ...... ---.-....--.------1-_________ _ 

J • 
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o 
pegg and Farrant (1969 ) perfused rabbit J?dneys at 37 C 

with solutions sirni1ar to rabbit plasma e1ectro1yte concentrations. 

Dextran or PVP (6% w/v) was inc1uded as the source of colloid •. 

PVP was not as effective as dextran in the contrq1 of edema. 

InCreaS~g concentrations of dextran res~lted in pI"OtX>rtional decreases 

in renar vascular r~sistance, but dextran was incanplete1y retained • 

by the vascu1ar system and evidence suggested a ~ging effect of 

dextran on the vascular endothelium. Further evidence of dextran-

induced damage was reported by pegg (1970 ). Dextran 70 was not 

nore effective than dextran 40; BSA (6% w/v), or mixtures of BSA 

and dextran (2% and 4% respective1y) prevented edema ta a greater 
1 

~ _/ 

degree. 'It was concluded that the use of dextran as the sole 

co11oid source should he avoided. The use of BSA as a colloid 

f9r rabbit kidney perfusion was a problem as weIl. When attenpting to 

perfuse kidneys hypothennically, Pegg and Green (1972 ) noted. that 

several kidneys perfonned poorly. The reason was traced to variation 

between batches of BSA. 

pegg (1971 ) examined other para:rœters of :inq;ortance for the 
o 

maintenance of acceptable perfusion characteristics at 37 C. 

The~e results indicated that prelirninary dlood washout should he as 

cë:mp1ete. a,s possible to avoid the effects of residual red blQOd, cells 

) { and p1a:telets; a filter of 1\1 pore diarneter should he included 

in the circuit, and bubble oxygenators' avoided. Kidneys perfused 
/ 

o -
for one or twJ hours at 37 C with a simi1ar perfusate containing 

BSA' and dextran were :reirrq;>lanted (pegg and Green, 1973 ). survival 

of kidneys perfused for one hour was çjood; poor survival was obtained 

/ 

" ; 

'. 
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t 
after 2-hour perfusion. A-characteristic of t:lEse reports 'was 

leM perfusion pressure and high colloid concentration. PhysiolCXJical 

function of tubules was not exarnined in vitro. - -" 

Fuller et. al. (1977 ) studied the physiolo:3Y of rabbit 
" - -, J> 

') , . . 0 

kidneys perfused with different colloids at 37 C and 100 mnHg 

pressure. Kidneys perfused wit:.h 5% BSA, 5% ~an 70, or a mixture 

of 5% Dextran 7b and 0.7% BSA (w/v) ~H:ed lCM GER aryj large 
------j- • ./ 

arrounts of protein leakage at the glanerulus. Electron microscopie 

evaluation revealed extensive dama.ge ta the capillary endothelial 

lining. Perfusion with 3% HES or 3% Pluronic FlOS yielded 
, ~~ 

higher GFR and lCMer aJbumin leakage. lIES producecà extensive 

lesions s:im.ilar ta the dextran-perfused kidneys, therefore Pluronic 

FI08 was chosen for further study. Perfusate flCM rates 

'were high (13.3 ± 0.5 ml min-lg-l) after 1 hour of perfusion, 

erasirl:} the corticane:1u1lary concentration gradient. Oxygen delivery 
( , . 

was adequate te rraintain the A'I'P/ADP ratio close te values obtained 

for control 1d.dr<eys. Glucose reabsorption increased te 80% of' 

the filtered load dUiing the first heur of perfusion. Scxlium re

absorption increased. te 67%, but decreased significantly durmg the 

second. hour. The sodium load transported remain::d constant durinJ . 
./ 

the secorrl heur. 

~--Wust:.alan {1978 } examined the effects of other collOl.ds, RES, 

Dextran 150, and Haernaccel on kiàney function usin:J the same systan 

to canpare function with Pluronic Fl08. Dextran 150 produced 

\ 
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higher GFR than Hael'laccel or Pluronic Fl08: Protein leakage 

decreased during the first heur of perfusion, but remained high with 

HFS. Sodit:nn and glucose reabsorption rates were depressed in canparison 

te in vivo studies, and decJ;eased with tiIre. ~all, Dextran 150 

was cons~dered to be the nost satisfactory source of colloid. 

The. usefulness of this assay system ~s droonstrated by Fuller 

and pegg (l976 ). They canpared' the different methods of rabbit 

kidney hYPOthermic sterage procedures by fmctional assessrrent during 
-' 1 

nonrothermic perfusion. The resul ts of this experiment Y.tolere in 

close agreement with conclusions drawn fJ::ÇIU transplantation studies. 

Wusterran (1977 ) established the reliability of the system 

by studying the sensitivity of the preparation te ischanically

induced damage. Ccmparing function of Jreshly isolated control .. 
kidneys te group~ch received varied ischemic pèricx:ls "sOClwed that 

damage was easily détectable. The extent of ilnp:linoont of renal 

hand1ing" of sodium~and glucose by 60 or 90 minute~of ischemia was 

distinguishab1e. / 
1 
1 

The rabbit kidney in vitro norm:::>theJ::mic perfusion assay 

descr:ilied above has proven fruitfu1 in studies of preservation. pegg 
- ' 

and Wus~ (1977 ) were able te de1ineate a procedure which all~ 
o 

the introçiuction and 'raroval of 2M glycerol at 5 C. A sUbsequent 

stuçiy (Jacobsen et. al, 1978 ) proved that the nethod of glycerol, ~, 
.--- . . 

treatment predicted to he optinal by in vitro perfusion àUCM9d 

kidneys 'to support life a:Êter transplantation - providing further , 

support of the predictive ability of this assay system. 
/ 

,---
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MATERIAI.S AND MSIHODS' 

1. Kidney , :Retrieval - iJ ' 
a). AnirPals: New Zealand White Albino rai:ioits,.~hing between 

2.5 and 3.5 kg \vere obtained frou a local breeder (Berei '--5 Farm 

:Reg 'd, Athelstan, Quebec). The animals were housed in stainless 

steel rretal cages (63.5 x 45.7 x 39.3 an) in arr isolated roan 
o 

rraintained at 18 C, 12 hours light and 12 hours dark. Food 

(Supersweet Rabbit ~, D.N. Raeine !ne., Athelstan, Quebec) and 
1 

water were supplied ad libitum. The animals ~e housed under 

these conditions, for a ~ of three days prior to use as 

donors. 

b). Preparation for Surgery: The rabbits were placeà. in a 

restraining l::x:>x and brought to the surgical preparation area. 

A preanaesthetic (0.8 ml/kg lxx:ly ~ight) containing 75 mg/ml 

ketamine (Ketaset, Rogar S'ID, London, Ontario) 6.25 ng/ml 
" 

àcepranazine maleate . (Atravet, Ayerst Laboratories t M:>ntreal, 

Quebec) and 0.004 mg/ml atropine (Sterlab, Downsvie\'l, Ontario) 

was administered intrarnuscularly. 

The rabbit ranaine1 in the restraining box for 10 minuteS

following the injection and before handling. ~ alxlanen 

was shaVQ:l and the animal brought te the operating roan • .. 

/ 
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c). Anaesthesia: The rabbit was placed on the operating ~1e 

in the SUPll1e position. General ana.esthesia was induced with a 
, 

halothane (Fluothane, Ayerst Laboratories, M:>ntreal, Quebec) and 
/ ' -

oxygen mixture adrninistered through a trap.sparent self-seal smal1 

animal mask. The· anaesthetic circ;uit was a sani-closed system 

'assembled in our laboratory using a Fluotec, Mark 2 vaporizer 

(Cyprane Ltd., Keighly, England) and anall l::x:>re tubing. 

Initially the mixture was adjusted. to aàmi..nister 2% halothane in 

02 which was subsequently decreaSed ta 1% after the incision was 
" 

made. 

d). Intravenous (LV.) Administration: A 21 guage (O.8_mn) 

butterfly infusion set (Ab1::x:ylt:. Laborataries, M::lntreal, Quebec ) was 

placed in a pxaninent ear vein and, s€cured with adhesive tape. A 

solution of O. 85% NaCl (AbOO1t. Laboratories, M::lntreal, Quebec) was 

attached and administered at a slow rate te maintain patency. 
/ , 

Approx~tély 15 minutes prior to renoval of the kidney the animal received ~ 
\. 

2 9 (10 nù of a 20% wjv solution) of mannitol. Five rninutes prior to kidney 

ligation, heparin (1000 IUjkg) was injected follCJWe$l by a 

saline bolus (J.O ml/kg) to prarote diuresis. 

J 

e) • Kidney ,Isolation: A nddline skin incision approximately 

20 'an long extending fran sternum ta pùbis wa~)made with a nurnber 
, 

,15 scalpel blade. 'l.1le wall of the peritoneùïn was nicked in the 
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t b 

midline and the incision extended-w;ith a scissors. The 
J' 

intestine was deflected ta the side and placed in a plastic bag 

filled with wann saline. The perivascular tissue of the renal pedicle 

,was infiltrated with 0.5 ml of a solution containing 15 mg/ml 

papaverine Hel (Charles E. Frosst and Co., Kirkland, Quebec) and 

5 m;::r/nù lid<?Caine ,hydrochloride (Xy1ocaine 1%, Astra Phannaceuticals, 
~ 

Mississauga, Ontario), administered with a 26 gauge needle attached 

to a 1 nù tuberculin syringe. 

The ureter was dissected free of connective tissue approxirnately 

5 cm fran the point of entry into the bladder. A length of 2-0 

silk ligature was placed under the ureter and tied 100sely. A small 
'-

nick in the ureter exposed the luroon. 

The ureter cannula was a rrodified te:gon catheter of a J,,6ga 
- ---~ 

(1.7 mu) or 18ga (l6 mu) x 3.81' an intravenous catheter placaœnt 

----unit (Angiocath, Deseret Inc., Sandy,Utah). The plastic hub was 

rE!lT()ved and the catheter was gently 'shaped inta an e10ngated "s" 
J 

without kinking. 
1 

The shape was maintained with tape. The taped 

i"* 

o ---
catheter was pl,aced in hot (80-90 C) water for 2 minutes, and 

o . 
intnediately transferred ta the freezer (-20 C) for 2 minu~s. The 

1 

tape was ratnVE!d after rewanning and the cannula maintained its shape. 

Tlie tapered errl of the cannula was introduced intO the lumen and the 
~ j 

ligature wa.s tightenec1 secure1y, around the ureter and cannula • 

. Isolation of the renal vasculature was accanplished with 
~ 

minimal disturbance ta the kidney. The fat and connective tissue 

surrounding the artery and vein were teased away with a gauze pad 

and fine forceps. A loose ligature (2-0 -silk) was p1aced around 
j , 

'} 

(') 

j 
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the a.rtery, 1.5 cm frem the / point of entry into the hi lus '.' The 

ligature aro~ the vein was p:>sitioned distal to the adrenal veine 

The heparin and saline were administered and urine flow obsexved 

for five minutes té allow recovery frou handling during the isolation. 

f} ,. Kidney Extirpation: The kidney Was rerroved as quickly as 
~-------,., 

p:>ssible to min.imize ii;chania. The arterial ligature was tied and 

the artery severed distally. The procedure was repeated for the veine 

The kidney was freed fran the surrounding tissue and lifted fran 
~ , 

the bJdy cavitY. The arterial lumen was exposed with forceps and 

the cannula placed in the artery. Th,e cannula used was an etched 

teflon vessel tip (rrodel T-418,419 or 420, EKtracorporeal Specialties, 

Pa.) of varied interior dianeter (1. 6, 1. 5 or 1. 4 mn) ~epending on 

the size of the arterial lumen. The non-tapered end of the vesse! '-
. ./ ./ 

, tip was ·fitted into the syringe attaclYOent ~tor of a 20" 

ext.en.sion set (#4429, Abbo11: LabOratories, z.t>ntreal, Quebec) and secured 
/ 

with silastic adhesive (IbW Conring, Mississauga, Ontario). The 

tubing fran the bottle containing th~ oxygenated washou.!1 solutioq was 

attached and the kidney flushed by gravi ty . During the fli,Ish the 

arterial cannula was secured with 2-0 silk. The lddney was 
, 

suspended over a collection dish .until the washout was canplete. 
/ 

If the contralateral kidney was roœ used, the body cavity 

was inspected for bleeding. The intestin~ was placed in the body 
, . 

cavi ty, the skin flaps closed and the halothane red~ te 0.5%' 

concentration. RemJval of the contralateral kidney was achieved 
./ 

in exactly thé BaIre ~ as described. The animal was sacrificed 

wi th a saturated KCi. solution. 
J 
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II. The Nonrothennic (37 C) Perfusion Circuit 

A. Circuit Design and Construction 
o 

a). .IntrOOuction: The circuit for 37 C perfusion. of the 

" rahbit kidneys is outlined in Figure 2. This systan was designed and 

constructed in our laboratory wi th the exception of the organ 

chamber, retum funneJ" and heat e.xchanger/ With this system perfusions 
/ ~ 

could be run under either constant pressure or constant flow. The 
• d 

temperature of the perfuSate was maintained at 37 C by a circulating 

water bath (Forma SCientific MJdel 2095 FCR) with the capacity -----
{or .l].eating and cooling aÏrl a variable fl"",? rate. A tank of 95% 

O2 : 5% CO2 (Union Carbide, M:>ntreal) served as the source of . / 

oxygen and to maintain the pH of the perfusate at pH 7.4. 

'1'a1perature of the perfusate was rronitored using a snall animal 

esophageal probe placed. in the circuit 'fun connected to" a tele-
" 

thex:m:meter (Yellow:~ings Inst., Yelfow Springs, Ohio). Pressure 

was rroni tered using a Statham P 23Db strain guage transducer and 
~ . 
recorded on a Beckman Dynograph S Recorder (Beckman InstruJrents, 

M:>ntreal, Quebec). 

The perfusate was pur!p3d frou the reservoir by a Watson MarlOlNe 

" MHRE-200 roller ptlITp (Fred. Dungey, Toronto, Ontario). It flowed 

through a series of filters - arranged. in paralle1, and into the 
~ . 

oxygenator. Fran the oxygenator the perfusate flowed through the 
.------

J 
heat· e.xchanger and--into the OObble trap before flowing into ,the 

,( -

Il 

renal ~. Pressure am temperature were. m:mi.tored at a point 
~ -\ 

after the perfusate left the -bubble trap just before entering the 

renal artel:y. Perfusate which ex.ited. the Vein was funnelled. into the 
" 

/' 
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Reservoir 

Figure 2. Diagram of the 37°C 'peffusion circuit;-.. 
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retum column aId returned te the res.ervou:. Perfusate sanp1.es 

were draWn fran the sampling port between the reservoir an:l the PlI1P 

such that pressure was IlOt altered during perfusion. Urine produœd 

was aspirated ~~ a smal1 collecting vef!se1 ~de the organ.chantler 

and collected in a 1arger vessel. A detailed description of each 

element of the system follows. 

, c 

b). Perfusate Reservoir: '.tbe reservoi:r. (Figure 3) was cœstruct:ed 

using a plexiglass base 11.5 al!-x 7.5' an x Ô.4 an th1c::k. A 10 an - , 

length of plexiglass tubing (O.D.- 14. j an, wall. thickness -
/ 

. . 
? nm) fotrœd the outer xeservoir. A 23 c:m l.erçth of tubi.Jç 

(0.0.- 8.4 Oll,wal1 thickness - 7 ~ fcmaed the inner xeservoir. , ' 

The b«>'lengtbs of ~ were qlued tq the plate with-.lene 

chloride ethy1ene dichloride ethyl aœtate (K- lux. XSH Inc, 

St. Iouift, MissOuri) fœ.m.i.ng an i.nner and outer œservoir. TtID 
• 4 

right angled <X>l'IIleCtOrs fran a M::»t-lOO organ perfusion casset:t:e--

. (Waters Inst.:l:Ullénts, ~lis, Minnesota) weœ fitted ta the bot1jm 

of the base plate ta serve as reservoir outlets • 
../ 

'l'be connectors, wre joined ta the syriJxJe atta ~lildJt end 
~{ 

of' .a 50.8 cm' extènsion set by S;~ l.eD]ths o( 6.3S L1Il O!D •. pol}'etSiyl.ene 
~ - - ., 

~. '!'he -~ set. ~~.joj.œl into a cuwœ11ne with . -~ 

~_~~~_~3 .. ri mu Y-cxmector (Na.1.geae, ~# -(!Uebac).. '. ~ 
q ~ 

_ .. ~ ,s,--

\ 'lbe slide ~~ Web /WIe fumisbed vith the ~m l sets 

alternately clOsed and opeœd the mservoira. ' _ 6U'IO'lline ~ ~ 
,j • ) .j 

• . 

• 
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Diagram of the perfùsate reservoir asse:nbly for' the 
37° perfusion circuit. ' 
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c). S9flPling Port: Perfusate was pulled through a 6.35- x 

6.35 mn straight çonnector with a side luer lock. ~ 3-way stop 

cocks were fitted together such that both syringe attachrnent sites 

were facing upwards (Figure 4). one stopcock was fitted into the 

side luér lock of the straight cormectar. \ Two 10 nù p:!:-astic 

\ 'disposable syrmges_were attached to the stopcock. One served to , ' 

~ 

draw the perfusate sample fran the main circuit; the other had the 

piston rerrov~ élI'là: the barrel served as a small reservoir ta pipette 

the sample. c By opening the entry to the circuit, a sample was with

dra~. Closing the stopcock such that the luer side was shut opened 

the connection l::.etween the ~ syringes and allCJ'w\led the sarrple ta 
, 

he pushed into the small reservoir wher~ it Wjts tPipetted. 'Any perJusate 
. II' . , 

renaining could then hé' returned te the main circuit in the 

~ite~/ 

. d). Filters: Fran the straight connector the perfueate was 

pulled ta the pump. At th.i:s PO:if1t a length of silastl:: tubing 

6.35 rnn 0.0. and 2~ an in length was intErrfûsed am usçrl in 

contact with the ptJIIp rallers. '!he flow was then channelled into 

4 lines éU'Xi' pushed through four 47 rrm dimœter filter holders 
A , 

(Swinnex--'47 rrm, Millipore, Mississauga, Ontario) 'Mlich contained 

Ge~ type ~ glass fiber prefilters (Gelman InstrumenK, 

M:>ntreal, Q.lebec). '!he entrance and ~t ports of the filters were 

connected into the circuit with the luer attachœnt of the 50.8 an 

extension set which fo~ a tight connection, but was easy to 
• 1 

l'E!lOOVe. ;' 

1i4 b J .. 
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Figure 4. The sampling port assenbly for the 37°C 
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J 
e). Oxygenator: After flowing through the filters, the four 

perfusate channels -were collected into one channel which entered the 

, oxygenator. The container used for the oxygenator was a 0.66 SI, 1 

clear plastic fcod saver wi th henœtic pr.essure seal. '!'YIo holes 

(5 mu diarœter) v.a-e drilled in the wall approxirnately 2 cm fran the 

top and opposite each other. Thu stainless stèe1 tub~g manifolds 

with inlet diameter of 5.16 rrm and 4 out1ets of 2.41 mn (TCM-6-l3/4, 
/ . 

SInall Parts Inc., Miami, Florida) fit snug1y'into the holes such "tl19.t 

the out1ets (2.4 mu) were inside the vesse1 suspended by the inlet 

tube '( 5.16 nm).- The four small tubes ~~e connected ta their counter

parts by four 3.6 m 1engths of silastic rœdica1 grade tubing, I.D. 

,1.473 rrm, O.D. 1.956 nm (No.602-235, Dow Corning Corp.,Michigan ). 

The lengths of silastic tl.lbing were coiled and placed in the 

container. In this way flow frou the fi1ters entered the first manifold, 

was split 'into four .channels of silastic bJbing and collected into 

one channel by the~~ manifold as it exited the oJtÇYgenator. 

At the top and bottan of the oxygenator vessel ~ small hales were 

drilled into which RacHopague 014 ga I. V. teflon cath~ters 6.4 an 

in length (Abl:x:>cath T, Cat. No 4534-14, Abbott., Chicago, Illinois) 

were inserted and the hubs g'lued to the vessel with epoxy glue. The 

gas ~ure of, 95% Oz: 5% COz flqwed into the, oxygenator through the 

laver catheter and exi ~ through the top catheter. 

f). Heat Exchanger: Perfusate flowed through a short length 

of 6.35 mu tubing into' the œat exchanger. This wa.s a cotmtercurrent 

exchange systan' taken fran a Max-IOO orgëfu perfusion cassette. 

1 • 
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g). Bubble 'l'rap: The warmed, oxygenated perfusate frou the heat 

exchanger entered the bubble trap. This was constructed using a 

blood pump frcm a herroset (No. RX 171054 (3), Abbo1t Laboratories, 

M::mtreal, Quebec). The blood pump was fitted with an outlet to 

facilitate filling, and a Yellow Springs SITlfÙl animal esophageal probe 

(rrodel 402 A-4l9lS-A, Yellow Spring Instn:nnent Co. 1 Yellow Springs, 

Ohio) wi'th the junction situated at the exit. The bubble trap was 

cormected to the arterial cannula assembly of the orgah charnber. 

A T-connector 3.17 nm O.D. 1ead to a S4tham P 23Db strain guage 

transducer -Co nnniter the perfusion pressure prior to ~ing 

the organ chamber and renal arte:r:y. 

h). Organ Charnber: The organ chambeJ:: fIIld return column was 

designed in our 1aboratory. A plastic rrodel was used initially for 

testing and the final product was made of glass by a local glass 

blO\\er (Rado Glass Co., M:mtreal, Quebec). The chamber consisted 

of a ftmnel surrounded by an outer water jacket. '!he diameter at the 

top was 15 an. The total height was 10 an. The kidney was 

suspended by the renal artery over the centre of the chamber. 

Venous effluent dripped to the bottan of the funnel, which was 
> 

fitted with a 2-way teflol1 stopcock. If the perfusate was to be 

recirculated it flowed into a graduated column which could be c10sed 

te detenn.ine the perfusate flow rate. The -return colurnn 9a~city was 

100 ml. With the stopcock in the'open position the :p;rfusate 

returned to the reservoi,r and was recirculated. 

c. 

\ 
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. 
i}. urine Collection Assembly: A small polypropylene centrifuge 

tube Was at1:<:iched te the inlet on the op};x)si te side of the arterial 

inlet of the organ charnber. The ureter cannula was placed in the 
1 

small hole in the tube at the 1.5 ru ,level. Urine dripped inte the 

tube and was aspirated by vacuum fran the organ chamber inte a larger 

ooH--ection tube outside the chamber. 

o 
B. Ope:ration ·of the 37 C Circuit 

-
a). Initial Manipulation: prior te preparation of the donor, 

the apparatus 1 which had been previously cleaned and' dried , was 

assembled. / Filters \Vere plac~.' in the filter holders. The pressure 

transducer and line linking it with the perfusion circuit ~e filled 

with saline. The circulating water bath was turned on with the 

circulating Plm1P valve closed. The .r'ecorder was turned on and the 

calibration verified. Syringes Wer'e fitted into the saITq;lling. port 

assembly. The slide clamp fran the outer reservoir chamber was clo~eéi. 
- / 

", 

and the inner chambet opened. The pump segrrent of sila$tic blbing ----

was placed on the relIer stage. 

h). priming the Circuit: The ~p of the ~ide reservoir 

was rerroved am the perfusate potÙ:'ed in. The top was feplaced and the 

stirrer IIOtor turned on. The perfusate was stirreel for 2-3 minutes. 

The purrq;> was activated and set at low speéd te draw perfusate fran 

the reservoir and to fin the circuit. The course of the perfusate ,<» 

was observed te ensure that aIl filter :tx>lders ~ filled and dévoid 
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of air bubbles and that aH four snannels of the oxygènator 

system \Vere operating. If one oxygenator channel was net operating, 

the rrost probable cause' was a kink in the silastic blbing. An increase 

in the flow of the purnp' overcarœ the-resistaI;1ce to flow. The heat 

eXfhanger was filled by alternately tilting frcln horizontal to force 
« 

air out and inte the bubble trap. The bubble trap was filled ta half-

voltnœ by opening the air intake and clamping the outlet. --At this 
/ 

point the valve ~~ the tank and oxygenator was opened and the 

oxygenator was continuously flushed with 95% 02: 5% CO2 at 2 R, /rnin. 
o 

The circulating water bath temperature was set te 43 C. The circulating 

purrp valve was opened to half-maximal flow rate. The water flowed 

thÎ'ough the heat exchanger in ,the direction opposite to the perfusate 

flow rate. It then flowed into the water' jacket surrouÎ1ding the organ 

chamber and returned ta the bath. Any additions to the perfusate 
A 

(mpecifically the H-- inulin) were made after inspection for leaking 
J 

connections. The perfusate was circulated at 40 ml/min te allow " 

equilibration of 02' C02 , pH and temperature for a rni.n.i.rm.un of 15 

minutes before attachment of the kidney. 

c). Kidney Attacbrrent: While ~ kidney ~s being flushed, 

the pump speed was decreased. The renal arterial cannula was plugged 

into tne arterial outlet. 'the arte.ry was examined closely to ensure 

it was not twisted and that the kiàney was hanging freely frou the 

artery. The ureteral cannuIa was hooked i,nto the collection vessel, 

and the ureter was positioned ta avoid twisting or occlusion of-the 

luœn by the cannula. 

/ ' 

.f 

/ 
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The pressure was cont:inuously rconitored as the flow rate was 

slowly increased to the desired perfusion pressure. The temperature 
o 

was naintained at 37 C by (1) varying the flow rate of the water through 

the heat exchanger; (2) increasing or decreasing the temperature of 

the bath or (3) turning on the canpressor to cool the bath. The organ 

chamber cover was replaced. The perfusion continued for 10 minutes 

te allow kidney stabilizati6n. The pressure was rnainta.ined constant 

by varying the speerl of the roller pump: The urine was aspirated 

in"l;O-a collecting -ves.sel. 

d). Kidney Perfusion: After the .initial stabilization period., 

the initial flow rate was dete.rmined by closing the one way teflon 

stopcock, at the lx>ttan of the return cylinder' and ~suring perf6sate ' 

venous effluent flow for a one minute interval. The flaw 

rate and pressure at that point were recorded. The urine collection 

ve@sel (outside the charnber) was changed and the 15 minute collection 
./ 

period cœtœnced. Thé pressure and terrperature were constantly 

m:mitered and controlled. At the rnidpoint of the collection period a 

5 nù sample was drawn frou the- sampling port, pipetted into a prelabelled 
" 

test tube and sealed with parafiJm. 'I\\o minutes prior to the canpletion 

of the collection period, the venous effluent -flow rate and 

corr~sponding pressure were recorded~, At the end of the collection 

period the oollecting ves-sel was rep1aced and the next period began 

--Without interruption. The urine vessel wa.s capped, rnixed and the 
1 

'-

voll.:me recorded. A 10 nù aliquot was set aside-for biochemica1 

detenninations • 

.. 
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Cleaning :grocedure 
, 

\. After COt1l=>letion of the perfusion 1 the kidney was rerroved. 
, 

The outer reservoir chamber was filled with norihal saline. The inner 
. 

chamberrreditm1was aspirated into a Iiquid radioactive disposaI cano . , / 
. .----The shde clamp ta the irmer chamber was closed and the outer chamber 

slide clamP opened. The saline was pumped through the sy~tem without 

recirculation, collected in the inner reservoir and aspirated/into the 

radioactive cano If the perfusion circuit was ta be used intœdiately for 

the next experiment, one litre of saline was pumped througlr1:fie system 

~ ~s manner. The outer reservoir was§!!Pf:ied by the pump and air 

was pumped through te flush the saline fr~ the circuit. The circuit 

was then prirned as described. 

If the circuit/was not used inmediately afterwards, the saline 

wash was followed with a wash of 2 litres of distilled HzO and >Élushed, 

with air. The filter holders \Vere opened, the fiiters discarded into 

a radi()active waste can', and the holders reassembled. The outer chamber 

was filled with a stx:long alkali dis~shing detergent in distilled 

Hz O. The solution Was circU~';ted wi thout aspiration until the entire 

system inciuding the organ chaml:ler was filled. The inner reservoir 
o 

was then opened and th~ solution was' req;i.rculated at high speed for 

30 ~utes. The pump was stopped and the detergent solution was 

left in the circuit. If the circuit had previously been used for 

five experirrents, the apparatus wa~ emptied and diSlllé!ntled for scrubbing 
j 

and rinsing of the individuai canp6nents with distiiied H20 under pres;,sure. 

l'f net, the 
..-----

( . 

J 
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.-----
detergent was e:npt.ied and the circuit f-lushed with 10 litres of distilled 

1 

8,0 at high ~ ~thout.recirculation. -A vacuum source was attached 

to the arterial lk.e and the system was left te dry. 
--'--
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III. ~thermic (10 C) Perfusion C-ircuit 

A. Circuit Design and COnstruction 

a). Introduction: This system was desigIled for hyp:>therrnic 
o " , 

perfusion at 10 C with multiple re~ir access and provision for the 

------addition of cryoprotecti ve agent. The circuit for hYJ;X?thermic perfusion 

is out1ined in Figure 5. The pressure was rnaintained constânt at 

60 mnHg by estab1ishing a col~' of perf&ate over the Jddne~ at a 

fixed height. Perfusate was either recircu1ated or flCM9d once "tlirough 
. / 

the kidney. "Cooling was achieved. with a circu1ating bath identical to 
o 

the one ~ for the""37 C perfusion circuit. A mixture of water and 

ethylene glycol was continuousJ.y circulated through the outer jacket; 

" of the condenser and through the outer charnber of the organ chamber. 

Peifusate was punped through filters up te the condenser where . 

it was cooled. After the condenser the :perfusate fl~ into a bubble 

trap and into the renal arteJ:y. 'rhe venous and ureteral effluent 
f" 

flowed through a' graduated column and back te the reservoirs. 

b). Perfusate Reservoirs: The reservoir ~stem was ~ ë!esigned 

tb accamodate up te 3 reservoirs, but could be readily adapted te 
, 

accamodate nnre. The reservoirs ~e arranged te facilitatec,switching 

fran one to the other: without interruption of flow to the kidneYi and 

to enable the aspiration of perfusate fran one "reservoir while collecting 

with a second if the perfusate was not recirculated, in .o~ to rétove 
, . 

cryoprotectant progressively! Saline glass ~ttles (500 rnl.) ~ 

fitted with two-~le No 6 ruliJer stoppers. A f ml plastic ~ipette 

was placed. in one hole am pushed te the wttan of the bottle. The 

j 

,-----

/ 
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FROM 

WATER...ot . ...... bE.lEZ:m:;:d~;:W;~ 
BATH 

TO 

+ 

J 

Figure 5. oThe looe perfusion circuit. 
; , 
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male adapter of- a venotube extension set was forced halfway down the 
, ' 

secom Îx>le fran the top ... of the bottle. 'lbe protndi..Ug elrl~ connected 
.;< -, "-

, ...... , "'. . 
to a 6.35 nm.~ Wl.th a Ierqth of~6.3S nm 0.0. hlbmg. ':l'œ 

, ", J --

fE!\IëÙe adapter of the extension set was tr~ ta 6 an of tubing 
. ~ / . 

length. This was forced mtO' thé seco~ bole of the stopper frcm 

the 1x>ttan and locked into, ~ male adapter. I. V. tubing fran the 

extension set with a slide clanp was foÎ'ced over the top end of the 

pipette. Three reservoirs ~ joined tagether by T connecters. The 

aspirator tubes were j6ined with 3.17 !l1l\ Y connectors into a single 

Une. Day Pi.nchcocks were used to close the retw:n tubing at each T 

.. connector; slide clamps regulated the aspiration tubes. A separa te / 

reservoir placed outside the ~ircuit was used for ,the addition of 

diIœthylsuiioxide (~2SO). The reservoir was identical to that useQ 

for perfusate, but the retum, system was absent. 

c). Punps: The ptmt> circulating the perfusate to the top 
0, ~ 

of the cômenser was siroilar te that used in the 37 C circuit 

(watson Marlow MIRE 200). '1'tle ~ did not control the pressure or 

flow as before; sinee the am::mnt of perfusate deli vered to the COl"lCIer1œr 

was maintained at a raté which allowecl, sufficient overflow of 

perfusate to ~e propèr ~ and naintained a constant pressure 

/ head over the kidney. When the reservoir wa.s changed, or in a non-

recirculating no:le, the P\JllP speed was adjustèd to equal the flow 
6, - ,~ 

through the kidney, thus naintaining the lave! in the condenser witrout 

loss of perfusate through the overflow. 

'The lœ2SQ was de1ivered mto the gra,qUatErl bu,re~te ~with a Gilson 

J 

, 
-' 
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" ' ,.; 
Minipulse II precisiœl "911.1l1e roller rpmp (Gi) ~, ~) .. 

1 

./ j. , 

. d). FUters/ The -perfusate \eS pushed thxougb Wb paralle1 
.). / 

47 Dm prefilters. /The filter holdèfS, filters am ~ were 
J. " ' 0 ,1 _ 

similar to the inc1uded in the 37 C circuit.. ( 
j 

,e). condenser Assembly: 'lbe ,top' qg, a Graham Q)U-'JYpe pyrex ,-
, "l 

col'lderuer (jacket length - 500 Mn, Canl.Bb,' lbltreal, O~) _ fitted ---
• '\. "Co .. ' 

with the . rul:œr ~ fran an ~tra.veIx)Us ckip bottle. ---BOth a 1 ml 
j • ' '. / 

am 5 ml plastic pipette were shi1t;:ec1 into a U by gentle bea.t.inq and 
o 

forCed into the stopper... 'nE 1. V. tubinq fl:an, the ~ters was ca:mected 
< 

1 to the·1 ~ pipette. '!he larger pipette served as an_~ tube 

, which atptiErl mto a:polypropylene funnel. c ~-nmnel was ~ 
v • ':1 

. beIÎeath the opening of the ,overfldw tube. A 1en:Jth of tubing -----
~ , 

9.52 Dm 0.0. connect.ed the funnel te the œturn Une at the point , 0""', ,_ . 
where' the graduated b.lrette eDptied into the reseruoirs. 

f). Bubble 'Trap: 'Ibe blliùe trap was ~ ta ~t deScribed 
o ~ 0 J f,) J ." , . 

, for the 37 C perfusion 'cir9uit. It was ~ ta thé ooOOensor by â 

\.u.7 lIIlI x 6.35 Dm~. ,A. glass ~~ ~ """ . 

" 

j 

\ p~ in the Dlhble trap chartiJer aM seal~ 00, the ~ with mil1ipore __ 
" ' 

M.F. canent ~ MiUipoxe, Misài.ssa~a, Ontario).. ",. . 
o 

. . 
-"" --, l . .. 

. " 
l • , ' ( 

9) .! ~ Chamber: 'I1:le kidney was suspeOOed ])y the renal , 
'r T, 

artezy in a double-walled ~ fumel (81 nm O.D.) ", A wide; stem 
". 

(17 Mn) glass filling funnel (75 Mn O.D.) ,with t;:he ~1;em sOOrtened ~ 
_.,.. ... " .. ..., ............. ..,..,. ...... ~.,...;._ ... -- \ 

. 
'" 

, ""' ..... ' 

" 

, ti' 
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served as a cover. The stern of the ~uchner funnel was attached to the 

graduated burette by a 12.7 mu x 6.35 mu cormector. 
1 

h). Graduated Calumn: 'Y.eno~~ and ureteral effluent fram, the 

Buchner funpel flowed" into a 100..ml calibrated burette. The burette 

was adapted frc;xn a graduated precision VOI~ set' (soluset 100 x 

60, Abbott; M:mtreal, Quebec). 'Iha diaphragrn was rerroved through a 

small opening made in the wall of the burette which was resealed 

with millipore MF cement. The drip charnber and microdrip outlet ~e 
, 

rerroved and a 6.35 mm O.D. ttlbing fitted in place. This tubing 'was 

then joined with the overflaw to the reservoirs" A 14 ga teflon 

catheter with hub was inserted into the 'injection site of tbe 

burette. ME! 2 SO was p1.ID1pErl ~to the circuit at this J.X'int. 

o '* 
B. 9P:ration of the 10 C Circuit 

a)" prirning the Circuit: priar to attachrœnt of the kidney 
41; 

to the system, the circulating water bath was cooled to the desired 
o 

temperature. In this system maintaining th~ bath terrperature at 8 C 
o 

waSj9Ufficient to cool the perfusate ta 10 C with the eirculating 

." 

valve opened to maximum. The oottle containing peifusate'was attached 

to the stopper of the return system and the pipette pushed to the 

oottan. This reservoir was isolated by the appropriate location of 

pinchcocks and slide clamps. . The pump was turned on and perfusate 

was pushed through the fil ters and inta the condenser" A serew clamp 

at the point of arterial earmula attachment was closed ta decrease 

/ 

/ 

_, 

/ 
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~ 

the flow rate through the condenser and allow it ta fi).l canpletely. 

The excess perfusate then exited through the overflow and returned 

to the rjrvoir. The bubble trap was ~~v~ed ~d filled to \lf-. 

voll.ID1e ta cover the thenrcmeter bulb. The perfusat;e was recil:"cùJ..ated 
o 

for 10 minutes to equilibrate at 10 C. 

-
b). Kidney Attachment: The kidney was isolated, cannulated, ,. 

and flushed as described. After the washout period, the arterial 

cannula was cormected to the circuit and the kidney was suspended 

by, the artery in the Buclmer funnel. The glass funnel was lowered 

te close, the chamber. The ureter was left ta drip inside the furmel. 

The screw clamp was' o~ed campletely ta allow maxilnum flow. The pump 
, 

speed was adjusted to ensure sufficient flow through the overflowo ta 

rnaintain the pressure cons~t1and rnix the perfusate. 

cl. Kidney Perfusiofu The accessoJ:y reservoir cantaining 1 
cryoprotectant Solution was atta~hed and ~e Gilson Minipulse II 

turned on to fill the timing up to the point of entry into the return 

colurnn. When the additions ~e to begin, the pump was restarted. 

If the perfusate fran the main reservoir was c~ged, the new 

" media cantained in a 500 nù bott~ Was plac,eid in position and the 
/ 

aspifc(tory- pipette lowered to the bottan. The outlet tube frau the 
/ 

previous reservoir was clëmped and the tube of the new re~ervoir opened. 
- ./ 

The speed of the pump was adjusted to maintain the 'column of perfusate 

with minimal loss through the overflow. When a sufficient volume 

of perfusate fran the second reservoir had been circulated and collected 

~,! 

/ 

--1 
j 

/1 



/ 

{, 

in the lst reservoir, the re;urn clamps were rearranged to allow 

recirculation. The pJ.Jmp speed was increased to allow mixing by increasing 

-
circulation through the overflow. 

T.iroed flow c611ectiorys VIere ~de by clamping the return li1)e at 

a point above the j unction with the overflow line. The venous " 

and ureteral effluènt flow rate was measured in the burette, while 
---.-/ 

the overflow returned ta the reservoir. 

. . 

C. / Cleaning Procec1Ufe 
o 

J' The cleaning procedure ~s sirnilar to that described for the 37 C cir-

cuit, ha.vever thecircuit was not disassembl~ for cleaning. If the system 

waS not used for extended periods of time it was left filléd with 

detergent solution. The entire circuit was rinsed wi th distilled 

water and a vacuum source was attached tp the arterial line ta dry the 
< ' 

system. The reservoirs were removed and washed with normal laroratory 

glassware. 

~ .. / 1 i 
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IV. Media preegration 
o 

A. Perfusion Media/for Assessrnent-of Kidney/Function at 37 C 

Ali media for per~usion WEl17e pre!?ar~ l.'li th double glass distilled 
'J 

dèionize::1 H20 (dd H20). The salts used ir1 preparation were of 

~ -
analyttcal quality whenever they could be obtained. The fonnulations 

.. -::;.; ~----

were weighed LlSing an analytical balance accurate to 0,: 5 ID:] •. / 
/ 

The media formulations use::1 in the experiments are shown in 

, 

/ .~ 0 

Tables l and 2. These formulations were used for the 37 C ~fusion 
~ ~-. 

circuit ta test kidney function. Individual variations in the formula 

are 'described, but did not differ in salt concentrations. 

, . The perfusion rœdium was prepared, in batçbés of 10 or 20 litres./ 

In rrost cases 4 stock solutions of lOX concentration weré prepared 

as follows: Solution 1: CaC12' M:JC12' Glucose, Ppenol Red: Solution 

The fourth solution~depended on the final fonnulation. If Bovine 

Serum Albumin (BSA) was incl.Ude::1 the BSA (Sigma Chernical, St. Louis, 

Missouri)was layered over ddH20 in a ,large l:eaker and-stir;ed slowly to 
~ . : 

prevent foaming. If dextran was included, it was treated in a 

similar mgnner' to BSA. lactate was wêighed out into a ~OO ru beaker and 

diluted with ddlhO. The Na salt was prepared by titration with SN 

NaOH to pH 7.4 before adding te solution -3. Butyrate ~s treated in 
/ 

the
b 

identical manner as .lactate. Inulin was dissolved in 250 'uù ddH2 0 
1. P 

by warmÎng to 40 C with constant stirring. Once. the inulin was 

canpletely disso1ved, it was added to solution 2. 
1 

The ·so~utions \4.ere blended together in a 12 t boilitîg 
\ 

\ flask in the following ~emp1ary sequence: 2000 ml ddH20, 1000 ml 

Solution l, 1000 ml ddH20 " 1000 ml Solution 2, 1000 ml ddH 20, 1000 ml 

\ 
J 
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Table 1: Medium canposition for nonrothennic perfusion (grams 

per litre of perfusate) • 

J 
canponent Experiment Experiment Experiment Experiment 

g/l 1 12 3 4,5,7 
• 

CaCh· 2H20 0.1470 ;\ * * * 
MgCh ' 6H20 0.0441 .* ./ * * 
NaRC03 2.1003 * * * 

. 
Klh~94 0.0381 * * * 

K2HP04 0.1463 * * * ./ 

NaCl 7.3050 . * * * 
KC1 0.2416 * * * 

./ 

Inul.iÎl. 2.0000 * * * 
Inulin 
(rrethoxy- 3H) 

~ 

l-lCi 20~Ci * * * 
Glucose or 1.0 1.00 1.0 1.0 
Mannitol '1.01 

Lactate (88.6%) 0.0508 0.0508 0.0508 
or Butyrate 0.4405 0.4405 

Dextran 30.0 lh 

BSA 0% --, 0 
0.5% 5.0 5.0 
1.0% 10.0 

Insulin 100 LU. 14\0 LU. 100 LU. 100 LU. 
/ 

~., 

*ConcentrationS did net vary be"b.een experiments. 
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Table 2: ~ilIDl canposi tion for noIJrKjthe.rIhic perfusion 

(milliequivalents or millirroles) 

Canponent 

]<+ 

",-', Cl-, '-

/' cr~ 
,~:I \HC03-
/ ~ 

HPO,+ 2-

H2P04 -

ea2:1: 

- ..:-:: 

/ 

1 

Glucose or Mannitol 

Iac~~e or Butyrate 
" 1 

\ 

150 

5.2 

130.8 

25.0 

1.68 

0.28 

2.0 

0.6 

-

5.56 

5.0 

" 
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Solution 3, 1000 ml ddH20, 1000 ml Solution 4 and 1000 rrQ ddH20 te a 

fiiÎal volume' of 10 t. An aliquot of perfusion medium was taken for , J 

determination of osrrolality , sodium and .r;:otassium. 
j~" ~ , 

/ 

The medium was 
~ 

sterilized by pressure filtration through a, glass f~re prefilter, 

0.45 11 and 0.22 ]..1 nanbrane filters using a srnall batcfl filtration 

system (Gelman In~ents, t-bntreal, quebec). The filtered medium 
o 

was stored in sterile bottles at 5 C until use. 

Prior to addition of the perfusate to the circuit, the desired 

vol~of medium;vas rnea-gured in a volumetrie flask. Insulin 

(100 LU./-R. , Insulin Toronto, Connaught Laboratories, Wi~lo~~le, 

Ontario) was added. The medlum was added to the reservoir and the 
3 

circuit was primed às described in Section II B. The H -Inulin 
3 ! 

(20 ]..ICi, Inulin-{methoxy"': H}, 'New England Nuclear, Lachine, Quebec) 

was pipetted into the reservoir. 

The medium for flushing thJ kidney after nephrectomy was placed 

"- il 
in an-intravenous drip bottle and fitted with a stopper and intraVènous 

(/ 

administration set. Insulin was added at the same concentration as 
, . ./ 

in the perfusion medium. The medium was equilibrated to rQOffi ternperature 

and was bubbled with 95% O2: 5% C02. Isoxsuprine HC1, 0.05 mg/ml, 

~ asodilan, Mead Johnson, Canada) was added in sa:ne experiment.s 

discussed at the relevent point in the text. The I::xJttle was capped 

and suspended at a-~height of 40 cm al::xJve the operating table. The 

arterial cannula was attached to the male luer end of . the administration 

set and the line filled with medium. 
- .,- 11 

Imnediately after the renal artery 

was cannulated, the· cair clarilp wa~ opened to allow ~imai flow and 
_/ 

') the kidnez was J2€rfused. 
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fi 
(1) ~ 

/ 

B. Perfusion Media for Hypothennié (10 Cl Perfusion 

The rredia for hyp::>thermie perfusion was a nodification of the 

fonnulù.tion, Renal Preservation Solution II, described by Fahy~ et. 
, .-

al. (1979)/. The canposition oL the l1'€èliun is shawn r~n Table 3. 
o '\ 

The initial perfusûte was prepared at twice normalîconcentration 

(2X) ./The pH 'NaS adjustecl to pH 7.2 with SN NaOH. ~e solution was 
/ ' 0 ' 0 

--.filter~ as described for the 37 C perfusate, and stored at"5 C." 

The stock SOlutiorr-(2xf\~s diluted with th~ àppropriatl,; of 

ddII2Q and/or a 20'7, (\oJ/v) ~lUtio~ of marmitai to a }inal co eentration 

'v-
of lX and an osmolali ty of 400, bodC3t 800 mJsik'J. 

the preparation of one ,litre of hypothermie perfusion m . 
600 or 800 rrOs!kg by dilution of 2X stock solution. To obtain 0 

, 
and 700 rros/l~g media, a given volume (500ml) of the 600. ITÛ~/kg ium 

was blended with ~ equal volume of 400 or 800 rrOs/kg-~edium respect
'\, 

~ 
fully. 

The exact volume of eaeh of the media requirErl for the 

exper:iment was measured inta pre-sterilized 500 rr!1 glass bottles 

w~ch- served" as the reservo~s for the cold perfUSion, ap)?aratr' 

The bottleswere stored at 5 C until use. The media was discaà:Ied if 

not used within one week. 

The medium which contained Me2SO was formulated using the 2X 

concentration stock solution described abc:>~e. Me2SO (Fisher scientific, 

Montreal, Quel:::lec) was diluted ta 12 M with ddI-1z0 at roan temperature. 
--- 1 , 

The 2X concentration stock solution was placed in a beaker and 

stirred. The glass electrcrle was placed in the beaker and th~ pH 
~ 

wag adjusted ta pH 7.0 with 2N HC!. A volulle of 12 M MezSO 

1 
JI 
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Table 3: ~ia composition/for hypothennic (IODC) perfusion 

OSITDlality 
rrOs/kg 

.' 

400 

600 

800 

../-'..., 

( 
.) 1 

/ 
/ 

CanfDnent 

Glucose 

KC1 

K2HPO~ 

NaHC0 3 

*Glutathione 
(reduced) 

M:]C12' 6H2 0 

CaC12 

*Adenine 

*HEPES 

'" **Chlorprauazine 

MaEnitol -/ 
Marmitol, 

Mannitol 

*Sigma Chernicals, St. ID1,lis, Missouri 
o 

g/l 

32.43 

2:10 

1.26 

0.84 

1.53 

0.40 

0.111 

1 0.135 

5.957 

0.025 

20.039 

56.473 

92.908 

**I.argactil, Poulenc Ltd., Montreal, Quebec 
,/ 

180.0 

'-
--z8.2 

~) 
" 

7.2 

10.0 

5.0 

2.0 

1.0 

1.0 

25.0 

8.0 

110.0 

310.,0 

510.0 

>-

1 

l 
-> 
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) 

Table 4: Dilution of 2X stock saiution* ta yield one, litre each 
of lX perfusate of 400, 500, 600, 700 or 800 nOs,!kg 

Voltlll'le of OSlIDlality 
(rrOs/kg) 

Volume ~f" 2."'{ 
stock solution 

(ml) 

Voll.lITle of 
ddH20 

. (ml) 
20% mannitol** 

(ml) 

-

800 

500 

,s 

,750 

635.66 364.34 

\ 750 ' 203.49 546.51 

- '\500 ml of 600 llos/kg and 500 ~ of '400 nOs/kg ~ 
500 ml of 600 rrOs/kg @lld 500 ml of 800 rros/kg 

" *Stock solution (2X) contained twice the arrount of solute of 400 
nOs/kg ~um descr~ in T~e 3 per litre. 

**~ I.alx>.!atories, Montreal, Quebec 
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\ 
solutio~equal to th::! 2X concentration solution was slÇMly added 

~ the beaker while constantly stirr~. 'Ihe ~H Was continuously 

rronitered and maintained at pH 7.2 at 2SoC. A slig-ht flocculen~ 

precipitate, CaPO", was produced. This was raroved by filtration 

of thEYresult.ing 6 M Me2SO in lX perfusion naliun through a glass 

.... fibre prefilter. The solution was stored in SOO ml glass botUes, 
o 

200 ml of soluti~n pei' J:ottle, at -20 C. 
\ 

- --, 
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v. Chernical Detenninations 

a). Inulin; Tritiated inuli!1 cG>ntent of perfusat~ ·and· ur:i,ne 

samples wa:," estimated W Liquid Scintillation spectroscopy. ' Duplica~ 

aliquots (0.05 nù) of samples were pipetted into 15 ml of liquid 
_ _ / _ / "r 

scintillation cocktail (triton-toluene3U1d n;unfloLt", NewEngland 

Nuclear, Lac~e Quebeç) in glass vials (Wheaton, New Eng1and Nuclear, 
.' 

Lachin~, .Qu~J. Samples were coun~ for 10 minute-s on an Inter::-

-tech!Üque SL 30 liquid sc"intillation spectraneter (Cëmatecl'ï:;7M::întreal, 
?>- -~ • " --"'" • 

Quebec), and the resu1ts ccded onto a punch ta~.The tape was read 

into a Wang 700 series advanced programnàb1evcé~Tculator (Wang, Montreal, 

Quebec) YJ;:ogranmed with ,the appropriate quench curve to calculate the 

disintegrations per ~ute . 

( / 

b). Glucose: The glucose concentration iri' the samples was 
~/ 

determ.ined coloriroetrically using the glucose-oxidase-per oxidase . 

method obtained in the forro of a kit (Glucinet, Sclavo Diagnostics, 
\ . 

New Jersey). Samples Were assayed in duplicate and the optical 

densitY. read frcrn a Gilson 300 spectr-ophotaneter at 510 run. 
-~-

Concentrations were calctùated using a calibration curife prepared fqr 

, each assay. 

c). Sodium and Potassium: Soditnn and potassitnn c6nc~trations 

..wére determi.ned using emission flame photanetry. A flame photaneter 
p 

(Radianeter FIM I, tGdicmeter, Copenhagen) was, calibrated with thé 
/ 

appropriate standards ( A & C Chemicals, Montreal'; Quebec). 

1 l J 

ft .... -
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, 

d) • OsrrOlali ty: The osriblality of ~ j?01utions was aetet:rninerl' 
_--- - 1'1 

as a functigrr of the vapour PFessure of the solution using a Wescor 
_/ 

M:xlel 510P A vaJ:X)ur pressure osm.:meter (Wescor ,Ine" Utah). 

( 

e) • Prote in : Protem det;enninations ~e done using the mathod 

describedl?Y-Lowry et. al. (1951). A standard cUrve of knCMn eoncëÎ1trations 

of BSA' were_ 2repared with each assay ___ . ____________ _ 
---- / 

f) • Phenol Red: sampies' were rendered aU".a.lotic with 5 N 
~/ 

NaOH (1 ml of saITlple, 1 ml o-f 5 N NaOH) and the optical dens~ty 
, _/ 

read at 560 nrn.. The concentration was ca1culated frcm a standard 

~e processed with each assay. 

/ 

o • 

/ 
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o 

VI. Detenn.ina.tion of Kidney Weight 

Once the perfusion was cœpleted, the kidriey was raroved fran 

the apparatus. lae...c;apsule was slit along the dorsal axis and 

1 

peeled back to 'the pelvis. The capsule, artery, vein and ureter were 

eut at the point of entry into the peîvïs. The kidney was eut 

longre:ooinally, blotted for 3 seconds with a gauze pad and 
~ , 

praced in preweighed liquid scintillation vials. The vials were capped 

and weighed to detennine wet kidney tissue weight. 
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VII. Histology 

a) . Electron Microscopy: Sm3.11 sections of tissue approximataJ...y 
3 

1 mn were fixed for 2 hours in 3% glutaraldehydre in Na-cacodylate 
o 

buffer, rinsed and ~red in sacodylate buffer at 4 C until processing. 

The tissue was post-fixed in 1% OS04 in cacodylate buffer, dehydrated in 

graded alcoho1s, infi1trated with ~1:1 ~ure of Epon and propylene 
., 

oXide'l and ~ded in Epon 812. U1tra~ sections were.,cut on an 

LKB U1tratane III using a diam:md kI),j-fè and collected on 300' mesh 

copper grids. The sections were stained with uranyl acetate and 

Reynolds lead citrate, examined and photOgraphed in a Hitachi HU-12 

electron microscope. 

b). Light Microscopy: Sections for light microscopy were 
----" 

fixed in 10% ~uffered formalin and anbedded in paraffin. Thin 

sections were rrounted on slides and stained with haernatoxy1in ;;md 

eosin. Photomicrographs were obtained using a r.eitz Wetz1ar 

microscope equipped with a Leitz Ort.h.c:xnat carrera. The magnification 
.~ 

of the photographs was calculated as the proà.uct of the objective 

rnagnification, carrera ma.gnification (3.2) and the enIargement factor 

after developœnt of the negative . 
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VIII. j Calct11ations 

a). Introduction: This section describes the calculations to 

quantitate kidney function during norrrothermic perfusion. The 

determinations were perforrned on pooled samples of urine collected .-/-

over each 15 minute clearance period. The perfusate sample taken at 

the midpoint of the clearance period represented the mean values for 

the perfusate during that period. The perfusate flow rate and 

corresponding perfusion pressure were recorded at the ~beginning of 
/ / 

each clearancè period and following the final clearance period. 
/ 

A oamputer programme was prepared to perform the calculations on 
a Corrm::x1ore PET 2001 rnicroprocessor. A printout of the programœ, 

using BASIC langq.age is included in Appendix A. The canputer repeated 

the calculations for each clearance period emp10ying the following 

fonnulae. The values were expressed per gram kidney wet weight. The 

symbo1 U represents the value obtained for substance X in the pooled 
x 

urine sample. The symbol P represents the value obtained for x 

substance X in the perfusate sample drawn at the midpoint of the 

collection period. The symbol V represents the urine vo-l~ in 

-1 
mlmin p,roduced during the 15 minute collection period. 

) 

b): G1cmerular filtration rate (GFR): The GFR was assurned to 

he equa1 to the inulin c~earance (C. ) 
111 

GFR = C-.---=-f u. / P. } x V 
ID ID ID 

/ 

P. & U. expressed as dpn 
ln ID 

. \ 

"" 
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c). Scx1ïtnn Reabsorption: As a % of filtered load (% ~a) 

%~a = { l - {UNa x V }} x 100 
GFR x PNa 

""<.0' -1. 
As . t~tal ~ium tran;sJ:X))rt.ed- ()1Eq min , ) 

{PNa x GFR } - { U
Na 

x ~ 

../ 

d). Glucose' Reabsorption >'\As a % of filtered load 

% ""'lu ~ {l - luGIlJI GFR x PGlU } } x 100 

~. Prote in Leakage: As ilie ratio of albumin clearance ../ 

../ 
(C lb) to C. a lJl 

f). Phenol Red Secretion: As the ratio of phenol red 

. clearance" ( S,R) to Cin 

S,R / Cin = { { UpR / P PR } x V } / Cin 

g). Renal Vascular Resistance (RVR) 

RVR = pl Flow 

where P is the pressqre in mnHg 
- -1-1 

Flow is the perfusate flow rate in rrùmin g 

Perfusate viscosi ty was not dete.nnined. The RVR is Qot a true 
, -

indication of resistance, but of vascular conductance. In 

• 
these experiments the two were assunerl te be similar; but the 

--RVR was not carpared between groups in which rœrlia viscosity 

varied. 

, .. " ...--:;.. 
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lX. Statistical Analysis 

statistiGal analyses were performed Oh each set of pararneters 

of kidney fW1ction mœ.sured using methods of analysis of variance 
/ 

, (Sned.ecor and Cochran ,1967 ). For éxper.irnent l, the effects 

of treabœnt and perfusion time were examinoo. for differences using 

a tv.u-way c1assificùtion with proportional sul:class numbers. For. 

e1<pcriment-s 2, 3, 4 ,5 ru ri 7 . Llle effect-s-or-treatment -and -per-fusien 

tiJre 'Were examined for dÙferences using a progranme provided wi th 

the ~vùl1g Progranmabl~ Calcula~r for two-way analysis of variance 

hl' observations per celle For exper.irnent 6, the resu1 ts were- analyzed. 

using the 'wang progranme for three-way analysis of variance. The 

SCheffé-test was emp10yed for camparison betweenJtreatment means 
.' -

(Scheffé 

( 

j 

,1953 ). 

_/ 

./ 
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D.:perirnent 1: Rabbit Kidney Function' In Vitro: Nonrothcrmic Perfusion 
Stucly of the :Cffect of Colloid. 

, Intrcrluction 

S~le tests usod ta assess damage to cells or tissues-such as 

dye excl~sion, adenine nucleotide levels, enzyme release, have 

not proved completely s~tisfactary for the prediction of kidney 

status following preservation treatments (Sell, 1967 ). Auto-

trf-Dsplantation, although the ultimate criterion, is bath costly ~ 

and demands hlghly skilled help. The in vitro mcxle1 of - --- . 
nonnothermic kidney perfusion with a defined media has provided a 

useful ~lternative in preservation studies in rat and râODi~' 

kidneys. 
~ .. §/!! 

We have constructed- a simple system for the in vitro 
f (" ,IC' 

asse~~t of rabbit kidney function by normothermic perfu~ion. 

The followj.ng experiment examined rabbit kidney function in 

vitro with and without the inclusion of dextran as a source of colloid 

osrnotic pressure (COP). In ~ivo , colloid osrrotic pressure is 

exerted by sennn proteins, predorninantly Sertml alburnin. In 

~, the inclusion of rabbit albtnnin for perfusion is not 

econornically feasible. -Although highly purified preparations of 

human sé:rum a 'n have proven ta be a reliable nonspecies 

source for dogs, (Claes and~Blohmé, 1973 the 

Bovine Se:rum Alburnin (BSA), as an alternative, 

to batch variation (Pegg et. al., 1977'). 
/ --

A number of other possible synthetic colloids have been 

studied. Polyvinylpyrrolidone (PVP) utilized for rat kidney 

1 
1 
1 

1 

1 
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-perfusion, (Bullivant ,1978b), was not retaine:l'~Y rabbit 

glaœnlli (pegg and Farrant ,1969 ). Experiments using a 
.:Y 

ccrnbination, dextran and RSA, while being rrore effective 

in controlling edana, resulted in low rates of glaœrular 

filtration in subsequent, studies (Fonteles et. alh , 1973 

_ ~ler et. al. , 1977. ) . 
~- ----

'-
, In a study of the effects of four different colloids on 

glomenll~ structure and function,' perfusates corttaining BSA, 

BSA and Dextran 70, DextJ:;an 70, Hydroxyethyl stareh./ (HES) or 

Pluronic FI08 proouced structural al terations in the capi11ary 

endOtheli~ (Fuller et. al. ,1977 ). In a similar 'study, which 

cornpared pluronic FlOS, HES, haemaccel and dextran 150, dextran 150 

was the rrost satisfacto:ry (Wusternan , 1978 ). 

The following experiments were perfonned te evaluate the 

effects of high or low rro1ecular weight dextrans in our system and 

tG investigate the possibility of crnitting colloid if the 
~ . 

hydrostatic pressure was adjusted to carpensate for the absence of 

colloid. 

/ 

. , 
/, . __ L __ ._:......, _________ ~---........ """""'''\. , . 
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Methods 
~ 

1). Perfusate 

The canposi tian of the perfusion media (perfusate) for exper.i.merft./ 

l is shawn in Table 1. The rœdia were identical for all groups; 

'only the type of dextran utiliz~s varied. 

~~ 

2). Perfusion 
o 

The 37 C perfusion circuit was assembled and the circuit was 

primed with one litre of perfusate. The kidney was rerroved fran the 

rabbit as previously described;~pawever the washout by gravit y Wâs 
'" , 

not perfo.rmed. The kidney was imrediate1y attached to the circuit 

and the stopcock at the base of the organ chamber was opened to 

drain off thê first 150 ml of perfusate: When dextran was included 

in the perfusate, the pressure ';!?S adjusted to 110 rrmHg by controlling 

the flow rate at the prnnp. 
_/ 

If dextran was not included the pressure 

y;as adjusted to 50 mnHg. After the first 150 ml of pe~fusate had 

flowed through the kidney, the stopcock was c10sed and the medium 

recirculated for 10 minutes to allow stabi~ization prior to 

comnencement of the first collection period. The kidneys ~re 
1 

" 

perfused for 135 minutes. 

3). Treat:ment Groups 

(\ Kidneys were randooùy assigned ta one of the following four 
)'-. 

, 
/ 

/ 

'1 
1 
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treatment groups: 

A, Colloid-free: six kidneys Yiere perfused without à~~ for 
• 

135 minutes. The pressure was __ rnaintained at 50 rnnHg 

throughout the perfusion period. 

:,'i 

B. Dextran 18'0: /Seven kidneys were perfused with 3% (W,N) dextran 
/r ' 

MW = 180;000 (Sigma Chemicals, St. lDuisJ. The pressure 

was maintained at 110 rrf!1Hg. 

C. ,Dextran 8&: Six kidn~ys were perfused with 3% (Wf.V) dextran 

MYJ = 80,'000 (Sigma Chemicals, St. lDuis), at 110 rnnHg. 

D. Dextran 70: Three kidneys were perfused with 3% .(W/V) dextran 

MW = 70,000, (Pharrnacia) at 110 rnmHg. 

~ 

Perfusate flow rate and pressure were recorded at the begirming 

of each collection period, and follawing the last collection period. 

-- ------
Urine ~s co1],ected over 15 rn:Lnute intervals. A perfusate sample 

ij 

was drawn at the ...§amp1ing Port at the rnidpoint of eâch collection 

f:eriod. Urine 0a.n.a perfusate samples were assayed for inulin, 

s~ium ~d glucose as previously described. 
11. 
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Results 

1). Perfusion Characteristics 

The perfusate flaw rates at 30 minute intervals are presented 

in,Table 5. During the initial half hour of perfusion, kidneys 
./ 

perfused with dextran-containing perfus~te at HO rrrnHg pressure 

exhibi ted significantly higher flaw rates than kidneys perfusÉrl 

w;ithout dextran at 50 rnnHg (Oextran 70 p< .005, Dextran 80 p < 

.025, Dextran IBO p < .05)'. The fl-ow rates in the dextran groups 

were not significantly different. The renal vascular :tesistance-

(RVR) increased in aH three groups wi th dextran over the initial 

value (Figure 6); in contrast, the RVR in the group without 

dextran, at reduced pre~sure, rema.ined stable over the 135 
J 

minute perfusion period and did not exhïbit the large variation 

observed in the other groups. 

As the perfusion period progressed, a marked change in the 

rrorphological appearance of the kidneys oocurred. In aIl cases 

where dexg:-an was included in the perfusate, a pronounced edema was 

noted, concurrent with marked subcapsulàr accumulation of fluide 

This was not observed in those k-i-dneys perfused at 50 nmHg without 

dextran, 

Urine production in dextran perfused kidneys was very low 

(Table 6). Kidneys ~fUSed with ~tran 70 produced negligible 

ëtrIDunts during the first 60 minutes of perfusion; therefore, we 

could not perfonn biochemical tests. AlI three groups were lower 
, 

than the kidneys perfused without dextrans in which observed urine 

j 
i 
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Table 5: Perfusate fION rates of kidneys perfused at 37°C with a.irl 
wi thout dextran. (ml min -1 g - 1 ) 

/ 

Perfusion Time (min) 

Treatrrent 30 60 90 ~ 120 

No colloid 1. 73 ± 0.49* 1.87 ± 0.21 2.32 ± 0.30 2.64, ± 0.33 

Dextran IBO 4.92 ± 0.94 4.28 ± 0.90 3.89 ± 1.10 2.94 ± '1.16-

-DextrF 80 5.45 ± 0.95 4.65 ± 0.76 3.(65 ± 0.78 2.58 ± 0.97 

Dextran 70 7.42 ± 1.33 6.31 ± 0.72 5.06 ± 0.92 3.42 ± ,1.12 

/ 
/ 

*Mean ± SEM (between 4 te 6 observations per ~ . 

• 

• 
/ 



c 

( 

-~----~.,. , .. 

- ... -.-1----------_ 
.. r" .. Jl"!. ... .,..,..~, ..... jII'W-~~"'JrI ... .,. .. !""~ ..... >H\,...· ... !11"~ .. y,~~.'k~_~~~~.."...>.w'j(lO'Olit!'> t:\ ._' ....... a .. ""\1C .... ;»tj .. «l.,.".~ 

î 

\ 

r'igure 6. 

(. 

1) 

, , 

4.0 

3.0 

2.0 

; 

G DEXTRAN 70 

o DEXTRAN 80 

• DEXTRAN 180 

The ratio of the.. r-enal vascular resistance 
(RVR') at dif:Eerent t:imes of perfusion to the 
initial renàl vascular resistance at time O~ 
Bach point represents the mean ± SEM of between 
3 and 7 observations. 
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/ 

Table 6: Urine,f1CM rates of kidneys perfusai at 37°C with'and 
without dextran. (ml rnin-lg-l) * 

Perfusion T:ime (min) 

Trea. im::mt 30 60 . 90 

No colloid 0.113 ± .020** 0.l32 ± .014 .l45 ± .015 .144 
~ - , 

Dextran 180 0.040 ± .014 0.025 ± .008 .026 ± .004 .022 
~. 

(Dextran 80 0.020 ± .~09 0.026 ± .011 ~020 ± .008 .022 
,';;' 

Dextran 70 0.005 ± .004 0.017 ± .016 026 ± ~022 - .025 

*Averaged over 15 min collection period 
** Mean ± SEM (between 4 to 6 observations 

\ 

per Igroup) 
1 

. / 

/ 

/ 

\ 
-_/\ 

_/ 

120 

± .016 

± .004 l----

± .008 

± .006 
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".-
flows were stable. The presence of dextran depressed the ÇiFR 

(Figure 7) '. After 15 minutes of perfusion, the GFR in the de.xtran

free group ~s significantly greater than Dextran 80 or De!ktran 70 

groups ( P < .005 ). The dextran 180 group GFR at 15 minutes was 

significantly greater than the other dextran-containing grol,lPs . 
(p < .025); during the fo11owing -45 minutes, the GFR in the dextran 

group declined rapidly and for the remaining collection periods aU 
1 . 

dextran-perfused groups were equa11y depressed in cat'lparison te 

the dextran-free group ( p < .005), whieh maintained a stable ." 

~''-_ GFR throughout the perfûsion peri~. 

2). TUbular Function 

TUbul~ -;:absorption of sodium and glucose J a [)ereentage of 

the filtered 10ad 1.s presented in Figures 8~. Witho~t dextran, 

sgdium reapsorp~ion was stable over ~ute yerfusi~n period • 
....-

In both the dextran 80 and dextran 180 groups, the sodJ.urTl re-

absorption deelin~th tirœ <and exhibited larger variation. 

Glucose reabsarption was essentially the s~ in all three groups. 

The actual sOOium load tran<sported (Figure 10) was stable in the 
/' 

group perfused without dextran, and greater than the dextran perfused 

groups. 

~ 

3). His-tolggy 

Histologie Ttion of kidneys perfused with' dextrans revealed 
r ~l 

/ 
~ . 
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0.4 
Gl0"4ERUlAR FilTRAll0N RATE 

l ~", 
, 
0.3 -

.... , 
.0) 

';"c '0.2- • () DEXTRAN 70 

~ 0 DEXTRAN 80 

~ .f;. • DEXTRAN 180 ---

l "'L~· NO COLLOIO l~-

,'ë- ' -.:; _/ 

E 

0,1 1-

. "-1-1_ Ix: ;Ll=-l=J~! ' 
~l~f- --( ~-.-, ~--! 

O~ __ ~ __ ~T __ ~ï __ ~~ __ ~ __ L-I __ ~' __ ~' __ ~ 

30 45 60 75" 90 105 120 135 15 

TIME (minutes) 
\ -",' 

Figure 7. The glaneru1ar filtration rate of kidneys 
perfused with and wi thout dextran as a function' 
of perfusion time. Each point represents the 
mean ± SEM of between 3 and 7 observations. . .. 
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Na REABSORPTION 
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Figure 8. The percentage of filtered scxliUIll reabsorl:Je9. 
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by kidneys perfused with and \vithout dex:tran 
,as a function of pe:!rfusion time. Bach point 
represents the mean ± SEN of 6 or 7 obse.:ç:vations. 
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GLUCOSE REABSORPTION 

.. 

o DEXTRAN 80 

• DEXTRAN 180 

Â NO COLlOID 

15 30 45 60 75 

, liME (minutes) 

90 105 

'l'he bercentage of filtered glucose r~absorbErl by 
kidneys perfused wi th and wi thout d~tran as 
a function of perfusion tirre. Each '\'Point 
represen ts the mean ± SEl1 of 6 or 7 observations. 
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Na TRANSPORT 

B NO COLLOID 

~ DEXTRAN 180 .0'1 

D DEXTRAN 80 

75 90 105 120 / 135 

. TIME (minutes) . 

FiCJUI"e 10. Sodium transp::>rt by kidneys perfused wi th and 

• 
~ y' 

C> 
J 

.-.---- , -- ............. __ ._-_.-
, ' , 

wi thout dextran as a function of perfusion tbne. 
Each point represent the mean ± SEM of 6 or 7 
observations. 
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glaœrular and tubular al te~tions. In certain regions of dextran-

perfused kidneys, glaneruli appeared shrunken, with marked distension 

of Bowman' s. space (Figure llA). The tubular 1t.nUel1 contained debris. 

In kidneys perfused withQut dextran, glaneruli rernained intact with 

minimal distension of Bowman' s space and relatively clear tubular 

lllJIeIl (Figure llB). Electron microscopie examination of dextran

perfused kidneys indicated that glorneruléll' structure was maifltained 

(Figure 12B); capillary lurœn size was reduced in canparison to 

contraIs (Figure 12A) . 

(Figures l2C and l2D). 

Proximal tubules ~d undergone ~ked changes 

J 
The brush border lining the lumen appeared 

disrupted. Mitochondria were swollen and dense. The cytoplasm 

and l~ contained large numbers of vacuoles, with evidence of 

loss of cytoplasm. While portions of peritubular capillaries appeared" 

intact (Figure l3A), portions contained. debris and the basetrent 

membrane lining tubular cells was devoid of endotheliurn (Fi~~13B). 

Mi tochondria were enIarged wi th disorganized cristae. 

/ 

.-

/ 

/ / 

/ 
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Figure Il 

A. Photanicrograph of a section' of kidney perfused with d~~ 
(MW 80,000). Distension of Bowman's space and tubtile debris 
are evident (608 X) • 

B. 1<idney perfused without co11oid at reduced pressure (H & E, 698 X) • 
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\ '-Figure 12 

,A. Electron micrograph sh<:::Mirfg glanerular ultrastructure of a kidney 
sectioned inmediately foll~ing rffiOval. (400 X). ( 

B. Electron micrograph of a kidney section follCMing perfusion 
with dextran (MW 180,000). :J3aNan's space is ~tended vlith 
partial occlusion of glanerular capillaries (8000 X) • 

C. Electron micrograph of a kidney section follCMing perfusion with 
dextran (MW 80,000), exhibiting disruption of brush border and 
swollen mi tochondria (4100 X) • 

D. Electron micrograph of a section of kidney proximal tubule 
following perfusion with dextran (MW 180,000). Tubule cells 
exhibited 10ss of cell cytoplasm, disruption of the brush border, 
cytoplasmic vacuolization and dense mi tochondria (5500 X). 
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Figure 13 

facing page III 

/ 
./ 

A, B. Electron micrograph seJ;"ies of a kidney section fol1CMing 
perfusion \vith dextran (Mw 180 , aOO) shcMing (A)- intact 
peritubular endothelimn and (B) 10ss of endothelia1 integrity 
along the same length of capil1ary (9720 X). 
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Discussion 
o 

'l'he perfusion of réÎbbit kidneys in vitro at 37 C with dextran . -.---

included as colloid resulteq in markedly depressed rates of 
~ . 

glomerular filtration and increasing renal vascular resistance 
~ 

throughout the perfusiqncperiOd. In contra st , kidneys perfused 

.without colloid at reduced pressure._exhi.bited a higher GFR and à: 

stable resistance •• If'the intraglamerular pressure was approxllnately 

ThU thfrds of the arterial pressure (Renkin and Gilrrore, 1973 

-
and 1:Jhe colloid osrrotic pressure exerted by the dextrans was estirnat€d 

at 25 nmHg (Fuller et. al. , 1977 ), the resulting net filtration 

pressure at 110 rrrnHg was 45-50 rnmHg. In the colloid-free perfusion, 

the net perfusion pressure was approximately 33 nmHg. It appears 
1 

that the lOIN values for GFR in dextran-perfused kidneys were not 

the result of lower pressure at the glomerulus, but an effect due 

to the presence of dextran in the perfusate. The "effect was ebserved 

in roth high and low IIDlecular weight dextrans, as well as. in dextrans 

obtained frou different sources. Histological exarnination of dextran-

perfused kidneys showed areas of glanerular structural alteration. 

Electron microscopie studies revea~ed extensive damage to proximal 

tubules-disruption of the brush l::order, intracellular and intra-

Iuminai vacuole fonnati91l and mitochondriai swellin~. 
, 

J The possible effect of dextran on the vascular endrbthelimn was 

noted by pegg and Farrant (1969) and by pegg (1970). They found 

an increased renal vascular resistance and suggested that dextran 

ma.y precipitate vascular endothelial degeneration. supportive 

evidence was provided by Fuller et. al. (1977) who noted extensive 
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• 

lesions in the glaœrular endothelium, 'not only with dextran but with 

other col laids tested. In the present study, the effect of dextran 

was apparent in glareruli and in the tubule as weIl. It is possible 

that the tubu1ar damage may have been a secondary effect of uneven 

perfusion of areas where the vascular system was affected by deJctran; 

~ver dextran has beau reFOrted ta haVe a direct damaging effect 

on proxirna.1 tubule cells (Irnai and Kokko , 1974 ) . 

The function of tubules as measured by sodium uptake indicated 

a progressive decline in function as compared to the colloid-free -

perfused kidneys. The edema whiéh was observed suggested that the 
.1" 

dextran was not canp1ete1y retained wi thin the vascular bed. These 

observations indicated that during the course of perfusion with dextran, 
~/ 

kiùney function progressively dec1ined as a result of a damaging 

effect of dextran on the vascular system and a toxic effect of dextran, 
~ 

filtered at the glaneru1us, on tubule epithelial cells. Other reports 

have noted that the severity of damage varied with difftent d~an 
preparations, bt;tt the occurrence is frequent (pegg et. aL 1977 - ; 

../Pegg and Wusternan ,1977 ). 

Al though3l- perfusion system including a source of COP represents 

a nore physiological approach the colloid-f5ee reduced pre:;;sure system 

described otfers an attractive alternative to the problems of 

variation of Synthetic colloids, and the prohibitive cost of suitable 

The kidney perfused under these conditions albumin preparj1tions. 
f ' 

achieved an a7Ceptab1e level of function during the initial 15 

minutes of ~fus.t.on which was maintained for the entire perfusion 
J ./ 

period. The values for GFR were simi1ar 'ta those re:r;orted, for kidneys 

li 
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perfused with Pluronic F-I08 (Fuller et. aL., 1977 ), but lower 

than dextran 150 (Wusteman 1977 i 1978 ). '!he fractional 

_/ reabsorption of sodium an:::l glucose were also canparable. 

In our study, in the absence of co1làid, scrlium reabsorption 

occurred without the facilitating effect of COP in the peritubular 

capillaries. / For the perfusion of rat kidneys, the fractional re-

absorption of sodium at 0-2% BSA concentration was 55%, and increased 

to 95% with increasing BSA concentration ta 8% (Little and Cohen , 

1974 ). In isolated rabbit proximal tubules, water reabsorption was 

increased if 3.5% PVP was added te the bathing me:lium in the presence 

of ouabain (Imai and Kokko ,1974 ). Sodiüm uptake in o~ syste:n was 

still canparable ta rabbi t kidneys perfused wi th colloid (Fuller and 
, 0 

Pegg , 1976 i Fuller et. al. ,1977) • 'Ihe results reported here 

indicate that the colloid-free, reduced ~ressure system of. rabbit 

kidney perfusion sho~ld prove usefuL as an in vitro Irodel for the 

evâluation of kidney function. 
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1 

\ 

Experilrent 2: The Effects of Energy Substrate on In Vitro Rabbit 
Kidnéy Function During Nonrothenuic Perfusion. 

IntrOduction 

The principal fuels of renal rnetabolism include glucose 

fatty acids, and lactate (Yoshida, 1976 ). Experiments wit~L the 

rat kidney in vitro perfusion rrodel have shawn that tUbular 

reabsorption requires the exogenous supply of glucose (Gregg 

et. al. , 1978 and supplernentation with lactate enhances 

function (Cohen ahd Little , 1976 i Merkins ~. al. , 1978 

Cohen et. al. , 1980 ). The contribution of sh0r:tchain fatty 

acids during in vitro nit J«.i&eY perfusion is rrore speculative 
~ 

(Trimble and l3c:Mnan , 1973 i Ross et. al. , 1973 ). In th~ perfused 

rabbit kidney, supplementation of glucose-containing perfusatEf did 
/ 'r, l -

not enhance Na reabsorption, but [Claintained stability of. the 

preparation (Fuller et. al. ,1977 ). The previous exper;iment 

indicated that the isolated rabbit kidney was able ta, reabsorb 
" 

significant anounts of sodium and glucose during in vitro 

perfusion with a simple salt solution. The ofollowing experiments 

were conducted ta detennine if the raPbit kidney perfused in our 

system was capable of responoing ta exogeno~s substrate; and te 

ascertain if supplerœntation of the perfusate with lactate or 

fatty acid could increase kidney functidn. 

/ 
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~thods 

\, 

1). Perfusate 

'IW:> solutions were prepared for this study (Table 1). One 

included glucose, 5.56 rrM as sole energy substrate. The other 

contained no energy substrate; rnÊmnitol, 5.56 nM was substituted 

for"glucose. The added substrates, lactate, or butyrate were 

prepared as the Na salt in 2.5 mM quantities. The 2.5 mM 

quantities were adjusted ta pH7.4 with 5N NaOH, diluted ta 5 ml 

with distilled- water, and added to the perfusate which oontained 1 __ _ 

,.., 0 

glucose. Similarly, 2.5 rrt-1 quantities of NaCI were prepared 

and added ta the perfusion €ircuit when glucose-free rœdium was used. 

2). Perfusion 
o 

The 37 perfusion circuit was assernbled as described in the 

Methods section. The circuit was prirœd with exactly 500 ml of the 
1 

media containing either glucose or marmitoI. Insulin (50Iu) was 

added ta the reservoir. If the Na-lactate or Na-butyrate was ... 
included, the 5 ml aliquot was added to the glucose containing 

perfusate in the reservoir. For perfusions with glucose or with 

substrate-free perfusate, a 5 ml aliquot of NaCI was added. 

The perfusate was recirculated with constant stirring of the reservoir 

for 15 minutes prior ta kidney attachrœnt ta allow mixing and 
o 

equi1ibration at 37 C. The kidneys were rerroved frou the rabbit 

as previously described. The 12re-perfusion- flush by gravit y 

,..., 
, '1, 

1 l,.l J .• t ~"'I, .... ~-
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,) 

was initiated as soon as the cannula was introduced into the renal 

artery. If the kidney was destined ta perfusion wi th medium containing 
/ J 

substrate, the flushing solution consisted of 150 ml of oxygenated, 

glucose-containing perfusion medium. Kidneys to be perfused 

with substrate-free rrEdium were flushed with 150 ml of oxygenated 
(,> 

medium containing mannitol. The kidheys were attached to the 

perfusion circuit and the perfusion pressure was adjusted ta 

50 rnnHg. 
1 

The perfusate was recirculated through the kidney for 

la ~utes to allow ~tabilization prior to commencement of the 
j 

first 15 rrUnute collection periode 

3) • Treabœnt. Groups 
" o 

Seven kidneys in each treabnent were perfused at 37 C and 

" 

50 rnnHg pressure for 6 cons~tive 15 minute clearance periods with 

ths! following perfusates: 

A. Substrate-free ~fusate (5.56 mM mannitol); 

B. Perfusate con"tftining 5.56 mM glucose; 

C. Perfusate containing 5.56 mM glucose and 5 rrM Na-butyrate: 

D. Perfusate containing 5.56 rrM glucose and 5 !TM Na-lactate. 

The perfusate flow rate was recorded at the l:e<.i'inning of each 

collection period and after the final period. Perfusate 

samples (5 ml) \<Vere dÏ:"awn frem the sampl'ing port at 7.5 minute 

intervals beginning at the start of the first collection periqd. 

/ Urine produ6ed was collected over each 15 minute period. 

The glucose concentration of all sarnples was detennined. The 

/ -
t 

/ 

/ 
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inulin and sodilID\ determinations were done on the samples collected 

at the midpoint of each collection pericxl for calculation of GFR, 
. 

sodium and glucose reabsorption. The glucose utilization for 

each kidney was calcul~ted according te the Iœthod of Greg<;f et. al. 

(l978 ). 
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/ Results 
? 

1). Perfusion Characteristics 

The perfusate flow rates are shown in Table 7. Similar flow 

__ ratés were observed in groups perfused with either lactate, 

butyrate or/ no substrate. The group perfused with glucose alone 

exhibi ted higher initial vascular resistance. problems ~ which 

occurred during the rerroval and carmulation of tM:> kidneys in this 

group resulted in a prolonged ischernic period prior te initial 

flu~hing by gravi ty . This may have contributed te the higher 

vascular resistance observed. The flow rates in this group were 

'lower than the other three grç)Ups (p < .005), and although the 

resistance decreased during the perfusion, the flow rates after 
, . 

60 minutes of përfusion were still significantly depressed. The 

pattern of resistance in all four groups was similar; a slight iri-

crea se during the first collection period followed by a decrease 

- for the remaining perfusion time (Figure 14). The perfusate flow 

rates after 90 minutes were similar to the initial flows. 

The glaœrular filtration rate was simi:J,.ar in all four groups

(Figure 15). The pattern was st.alSle between 0.2 an9 0.3 ml rnin-lg -1. 

The GFR' did not increase as did the flow rates during the final 

45 minutes; but tended to rise during the second 30 minute' int~a1, 

falling slightly during the final 30 minute$. /<'\ 
" ' 

Urine flaw rates .(Table 8) exhibited a pattern similar to that 

for GFR with the exception of the substrate-free perfused kidneys. 

Whereas urine production decreased slightly during the final 30 

/ 
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Table 7: Perfusate f1CM rates of kiànei's ~rfused at 37°C with different sources 
of. energy substrate (ru min - 9- ) _ _ 

Perfusion. Tirne (min) 

TreatIœnt 0 15 30 .\ 45 60 75 90 
"-

Glucose & 2.31* 2.10 2.10 2.11 2.17 2.30 2.50 
Lactate ± 0.~3 ± 0.25 ± 0.10 ± 0.33 ± 0.39 ± 0.37 ± 0.46 

\ 
Glucose & 2.35 1.80 2.14 2.44 ~. 76 2.79 2.70 
Butyrate ± 0.47 ± 0.34 ± ~.41 ± 0.50 ± 0.49 ± 0.50 ± 0.51 

Glucose 1.20 1.12 1.14 1.30 
\ ± 0.21 ± 0.19 ± 0.19 ± 0.22 \ 

1.51 1. 73 1.87 
± 0.32 ± 0.33 ± 0.33 

\ 
\ 

No substrate 2.21 2.10 2.16 2.26 2.31 2.43 2.49 
± 0.36 ± 0.33 ± 0.34 ± 0.30 ± 0.29 ± 0.32 ± 0.42 

\.. 

* Mean ± SEM ( 7 obsexvations at each time interval) 
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Il NO SUBSTRATE 
• GLUCOSE 

o GLUCOSE + LACTATE 

() GLUCOSE + BUTYRATE 

/ 

1 

\ 

\ 

O----~~--~~--·-~j ~~--L-____ L-__ ~ 
15 30 45 60 

TIME (minutes) 

Figure 11. The ratio of renal vascular resistance (RVR) 
at different tirnes of perfusion to the 
initial RVR at tline o. Each ,point represents 
the mean ± SEl-l of 7 observations. 
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GLOMERULAR FILTRATION RATE 
~ GLUCOSE + lACTATE 

n GLUCOSE + BUTYRATE 

o GLUCOSE 

o NO SÛSSTRATE 

30 45 60 

... / 
TIME (minutes) 

The glcrrerular filtration rate of kidney{ 
perfused with different energy substrate as 
a function of perfusion time. (Mean ± SEM, 
7 observations at each point). 
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TabJ-e 8: Urine flow rates of kidneys petfused at 37°C with different sources 
of energy substrate (ml In:Ïf- -lg -1) * 

\ 

Perfusion Time (min) 
\, 

TreatIœnt 15 \ 30 45 60 75 \ 90 \ 
(, \ 

Glucose & 0.071** 0.083 0.106 0.103 0.105 0.097 
Lactate ± 0.013 ~.016 ± 0.011 ± 0.017 ± 0·010 ± 0.015 

1 ~ \ 

Glucose & 0.078 0.094 0.117" 0.131 0.128 0.119 
Butyrate ± 0.020 ± 0.016 ± 0.013 ± 0.013 ± 0.012 ± 0.015 

0.151 \ Glucose 0.101 0.132 0.149 0.140 0.129 
± 0.029 ± 0.034 ± 0.038 ± 0.034 ± 0.031 ± 0.027 

, 

No substrate 0.146 0.168 0.193 0.222 0.237 0.232 
± 0.030 ± 0.034 ± 0.031 ± 0.030 ± 0.026 ± 0.024 

*Averaged over each 15 min collection period 
\: 

*~ ± SEM (7 observations at each tirre interva1) 
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. 
minutes in kidneys perfused with a source of energy, it remained 

high in the substrate-free pérfused kidneys. Urine production, , 
1 
1 

in groups containing -an energy source, was lower than in the grouJ.=5 
. 

without substrate ( p < .005). / Kidneys perfused with glucose 

alone had higher urine f10w rates than kidneys where lactate 
1 1 

was added (00132 ± 0.032 vs 0.085- ± 0.014 ml min - 9 - , p < .01). 

2). Tubular Function 

The percent -of filtered sodium reabsorbed in aU groups 
~ 

perfused with an energy source was greater than in kidneys perfused 
• > 

without substrate, (Figure 16). Kidneys per~llsed with 5 rrM lactate 

(54.37 ± 4.63%) exhibited higher rates of reabsorption than 

butyrate (46.59 ±3.61%, P < .25), glucose alone (37.62 ± 3.66~, 

p <.005) or substrate-free (30.65 ±5.76%, P <-.005) perfused 

kidneys. For kidneys perfused with butyrat~, the added substrate 

was less effective in enhancement of sodium reabsorption over glucose 

alone (p < .01) i the differences were no\ apparent during ~ initial 

clearance periods. Siroilarly, perfusion with glucose as sole energy 

source was slightly better than without (p <.05), and only becarre 

evident in the last 30 minutes of perfusion. Overall, all groups 

exhibited a decrease in sodium reabsorption during the first 45 

minutes, followed by a stable period and a rapid fall off in the 

group perfused without substrate, which decreased 50% by the end of , 

the perfusion, (41.94 ±5.56% during the first clearance period ta 

21.14 ± 5.06% during the final clearance period, p <.05) • 

l ' 
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Na REABSORPTION 

A NO SUBSTRATE 
• GLUCOSE 

o GLUCOSE + LACTATE 

() GLUCOSE + BUTYRATE 

---,----_ ... ~--~ 

O~-----L----~------~ ____ -J ______ ~ ____ -J 

15 30 45 60 75 

TIME (minutes) 

Figure 16. '!he percentage of filtered sodium reabsorbed 
by kidneys perfused with different substrate 
(Hean ± SEM, 7 observations at each r;oint). 
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The effects of ~tàPstrate on glucose reabsorption M:!re not a~ 

apparent (Figure 17). In the lactate-perfused kidneys, glucose 
1 

reabsorption (85.13 ±3.33%) was slightly increased over the butyrate 

(79.07 ± 4.91%) and glucose (78.98 ± 3.95%), P < 0.1. Generally, 

the glusgse reabsorption declined with time (p <..05) in aIl three 

groups which contained glucose: however, the decline was greatest 
o 

in groups perfused with butyrate and glucose and gluoose alone 

(p <,-- .025 bebNeen the first and final clearance perioos) • 

Total glucose utilization during the 90 minutes of pertusion 
/ 

is expressed as the mean of the glucôse utilization per llEi1 of sodium 

transported during the six clearance periods of perfusion when 

glucose was present in the--perfusate (Table 9). Kidneys perfused 
./ 

with gluoose as the sole energy ~urce utilized the oost glucose: 
/ 

r+hereas addition of lactate or butyrate significantly reduced net 

glucose utilization ( p <. Dl and P <.05 respectively). During the 

perfusion, the phenol red content of the perfusate dirninished; by 

the end of the experirœnts, the recirculating F€rfusate was ~1!!Pst 

colourless. . The phenol red was concentrated in the urine prcduced 
/ 

by the kidney. Although the extent of the concentration of phenol 

red in the urine was ROt quantitated in this experiment, it 

provided an indication of active sec~etion by the kidney. 

( 
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GLUCOSE REABSORPTION 
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The percentage of filtere::1 glucose reabsorbed 
by kidneys perfused with different energy 
substrate as a function of perfusion time. 
(Mean ± SEM, 7 observations at each point) . 
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c , 

Table 9: Glucose utilizatiop of kiàneys perfuse::l at 37°C 
with different soUrces of energy subscra:œ'-----"'" 

1 

Treatrœnt 

Glucose & lactate 

Glucose & Bu~ate 

G1uoose 

Glucose Utilization 
mro1 llEq-l Na g-l min-1 

0.0652 ± 0.042* 

'0.0933 ± 0.0321 

0.1355 ± 0.0318 

*~ ± SIJ.i (42 observations in eaeh group) 

... 
/ \ 
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Discussion 
C-
c 

Rabbit kidneys perfused with a colloid' free solution ?t-

reduced pressure are capable of sustaining a significant arrount of 

active Soditnn reabsorption and glucose transport. The ~ower 
-~ 

perfusate flow rates observed in the glucose-perfused kidneys in 

this series was a result of extended ischemia during cannulation' 0 

r 
which may have precipitated an initial vasospasn preventing carplete 

renoval of blcxXl. fran the vascular system during the initial flush-

out. AlI four groups of kidneys did in fact exhibit a slight increase 

in RVR during the early stages of perfusion. This phenaœnon has 

lJeen observed in beth rat (Shurek et. al. , 1975 ) and rabbit 

(Fonteles et. al. ,19'13 ) kidney perfusions. The rrost probable 

cause is an increased, syrnpathetic tone during surgical isolation' . 
since a-receptor blocking agents can prevent Ws (Shurek et.~. 

1975; Bullivant ,1978 a ). It could he advantageous te include a 

vasodilafur in the ~lushout medium to prevent Ws and prarote a 
o 

rrore rapid and total clearing of btood frou the vascill.ar system prior 

to attac~t ta the perfusion circuit. The decrease in RVR during 

the latter periods of perfusion indicates a stable preparatIon; 

in hypot.hel:mic perfusion, a stable or decrèasing RVR is considered to 

. be an important criteJ;"ion when deciding the fate of a transplantable 

human kidney (Belzer et. al. , 1968 ). 
_1_ 

In contrast te the performance of rat or rabbit kidneys during 
J 

perfusion with colloid, the kidneys perfused in i:lLi-s study establish '--- ~ 

,1 
1 
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a stable GFR and perfusate flow rate at the onset of perfusion. 

The difference may be due ta the initial effects of a foreign 

colloid substance on the kidney, -perhaps by changes in glcmerular 
~/ ... r.,. 

penœability (Wust~ ,1978 or to a transient swelling of 
./ 

outer rœdullary cells (Bullivant ,1971b). An iIrp:)rtant distinction 

to be considered when attempting a comparison is the net pressure 

favoring filtration across the ~~apillary membrane which is lower in 

our system than in rrost colloid-containing systems. Inclusion 

of colloids resuH:s in supra-physiological flow rates at physiological 

pressure , due in part to the physical characteristics of thè °perfusate 

(Maack , "1980 ). The net result could be the progressive opening 

of 'vascular channels-either previously closed., or by distension of 

open vascular pathways. This could ultimately lead ta more efficient 

regional perfusion of, and oxygen deli very to, ):.he tissues. 

The results obtained indicate that the kidney perfused under 

the conditions of our syst€ffi is sensitive ta the availability of 

substrate and utilizes substrate obtained frem the perfusion rœditml 

for sodium reabsorption. Bath lactate and bui:!yrate increased sodium 

reabsorption with a decreased glucose utilization, lactate being 

the oost beneficial. Results published for the rat kidney are in 

agreerrent with these findings. Glucose as the sole source of fuel 

did not pro vide adequate energy for a sufficient, steady state, 

sodium reabsorption in rat perfusion studies, while suppletlEIltation 
, 

of lactate increased sodium reabsorption and oxygen uptake ." 

(Shurek et. al. , 1975 _ ; Cohen and Little ,1976 ~ Merkins et. al., 

1978 Cohen et. al. , 1980 ). The effect of butyrate was not 

1 
1 

/ 
/ 

,/ 
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as apparent over glucose (Ross et. al. ,1973 ). The beneficiar 

effects of lactate have been attributed to-inéreased hydrogen delivery 

to the electron chain (Shurek et. al. ,1975 --), te increased qlucose 

conservation and/or production; (Cohen and Little, 1976), and to stimulation 

of synthesis of necessary structural canponents of the cell 

(Merkins et. al. ,1978 ). The lactate effect was intrediate~y 

recognized during the first clearance period, whereas the effects 

of glucose and butyrate, or glucose alone becarre evident after 45 
~ . 

minutes of perfusion. Endogenous substrate was steadily depleted ) 

in kidneys perfused with glucose alone or without substrate at a -

rrore rapid rate than observe? with glucose and lactate or butyrate 1 

-
together. During the final minutes of perfusion all three substrate-

containing groups had plateaued, while the substrate free group 

continued to d.ecline. ,!,his pattern was similar ta that déscribed 

in the ~ kidney (Trirnble and BoMnan ,1973 ; Ross et. al. 

1973 ). This V.Duld indicate that the kidney relies on enqogenous 

substrate at the onset of perfusion with glucose as the only energy 

source and is capable of switching ta a possible anaerobic rnetabolism 

after depletion, whereas lactate and butyrate may prevent this switch-

over. 

These results indicate the potential usefulness of Ws system 

for evaluating the effects of preservation treatments on the structural 
• 

and. functional integrity of the kidney.<' The preparation is 

sensitive ta changes which are rrodest in cO'l19ëlTlson ta ~ anticipated 

effects of long term storage procedures. 

• 
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Experliœnt 3: 
/ 

The Effects of a Vasodilator, Perfusion 'Pressure 
and Bovine Serum Albumin (BSA) on In Vitro Rabbit 
Kidney Function During Nonrothennic Perfus!on. 

Introduction 

Severa1 questions have been introduced based on the resul ts 

of the previous experilœnts. The first is the need for addition 

of a vasoÇli1atory élgent to th~ f1ushing medium ta reverse vaso

spasm precipitated by surgical manipulation of the kidney, and 

facilitate removal of blood and blood camponents during the initial 

washout prior to perfusion. The second is the choic~ of t:erfusion, 
\ 

pressure. In the previous tw::> experiments, kidneys ~e t:erfused 
/ 

without colloid at pressures whicll.-achieved a lower net filtration, 
J 

pressure than kidneys perfused wi th a colloid source. An increase 

in the t:erfusion pr~ssure would increase perfusate flow rate and 
/ 

oxygen delivery to the kidney, and increase tpe filtered load. 

The response of the kidney \'vUuld iruiicate whether 9r not it was 

capable of increased function under these perfusion conditions. 

The third question is the effect of addition of small 

anotmts of bovine serum alburnin (BSA) ; not in cqncentrations ta 

mimic t!:.e $..'1.cotic pressure of bloo::1, but ta provide protein 

necessary for stab~lization of nomal permeability characteristics 

of blcx:x1 vessels (Landis and pappenhej..m=r ,1963 ), as a source 

of amino acids (Galaske et. al. ,1975 ), arrl to permit the 

rreasurement of a1btmin leakage at the glanerulus (WUSternan , 1977 ). 

, 
1 
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j , -
Y 

Methcx1s 

1). Perfusate 
<,1 

The perfusate was made up as previously descri.bed. AlI 

perfusion rredi'a contained 5 rrM lactate added as the Na salt. 'The 

arrount of bovine serum albumin included in 'the rœdium varied 

according to -the treatment groups (Table l). 

2) . Perfusion 

Twenty-four kidneys were obtained in the manner previously 
• 

; 

described. The kidneys were flushed by gravit y With 150 ru of 

solution usÊrl for the perfusion, with' isoxsuprine-HCl (0.05 ng)ml), 

an Ct -adrenergic blocking agent added after the solution had been 

oxygenated. Following the flush , the kidneys were attached 
o 

ta the 37 C perfusion circuit. The perfusion pressure was 

adjusted ta 50 mnHg. A 10 minute stabilization period preceded 

the beginning of the first collection pe.ricx1. Fo11owing this, 

the kidneys were perfused at 50 rrmHg for 3 consecutive 15 

minute collection periods. After 45 minutes of perfusion, the 
, 1 

perfusion pressure was increased ta 75 rrmHg by increasing the pump 

speed. The kidneys were perfused for 3 consecutive 15 minute 

collection pericx1s at 75 rrrnHg pressure. 

/ 

'1 
! 
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/ 

3). TreatIrent Groups 

A. No BSA: Eight kidneys were perfused for 90 IlÙnutes as 

described' above at 50 and 75 rnnHg perfusion pressure.!.. 1 

B. 0.5% BSA: Eight ki?neys were pérfused for 90 minutes at 
a 

?Il C according to the protocol described. above of al tering 

the perfusion pressure after 45 minutes. In this group, 

the perfusate included BSA (Sigma CherrÎicals, st. toms, 
j 

Missouri) 0.5% (WjV). 

C. 1.0% BSA: Eight kidneys were perfused as for groups l 

and II. The perfusate included BSA, 1. 0% (W/V). 

Urine and perfusate samples were collected, counted for inulin, 

and,assayed for sodium, glucose, protein and phenol red as 
j 0 

previously described. Perfusate flow rates were determined at the 
~ 

begirming of each clearance period and following the last period. 

\ 
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Re'sults 

1). Perfusion Characteristics 

Increasing the perfusion pressure fran 50 to 75 rrmHg resulted in 

a corresponding increase in flow rate fran 3.79 ± 0.28 at 

-1 -1 
, 50 mnHg to a rnean of 6.49 ± 0.27 ml min 9 at 75 IT1l1Hg pressure 

~ 

(Table 10). This increasi was independent of the
l 

effects of including 

BSA in the rœdium, and. was significant ( p <' .005). The rnean 

perfusate flow rates for the 0.5% BSA (5.73 ± 0.37) and the 1.0% 

BSA groups (5.65 ± 0.42 ru ~-lg -1) did not mffer fran each 

other; however, ooth were gre?-ter than ~group perfused withOut 

-1 -1 
BSA (4.36 ± 0.26 ml min 9 p,< .01). With the increased perfusion 

pressure, the GÈ'R increased in aIl three treabrent' groups perfused 

at 75 ITITŒfg as canpared to 50 mnHg ( P < .005), as seen in Figure' 18. 

The group without BSA incre,ased 77.9% with mcreased pressure tran a 

- -1 -1 ." rnean of 0.282 ± 0.018 to 0.502 ± 0.027 nù min 'g The group with 

0.5% BSA increased 124% frcm 0.218 ± 0.019 to 0.487 ± 0.036, and the· 

1.0% group increased 64.3% fram 0.161 ± 0.025 to 0.368 ± 0.038 

ml min -lg -1. The rnean GFR for the group without BSA (0.392 ± 

0.022) was similar ta the 0.5% group (0.352 ± 0.028) but significantly 

greater than the 1.0% group (0.264 ± 0 . .020 ml min ~lg -l, p < .005). 
, , 

The 0.5% group was a1so greater than the 1. 0% group ( p < .025) 1 

the difference beccrning rrore apparent during perfusion at 75 mnHg 

pressure .. 

The ratio of the clearance of albumin to the clearance of inulin 
/ 

/ 

.. 

. ( 
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. Table 10: Perfusa te flow rates of kiàneys F-fused at 37°C with different concentrations 
of BSA and pressure (ml min -1 g- ) 

f 

Perfusion Time (min.) 

Treatment 0 15 30 45 60 75 
, 

No BSA 2~23~ 2.41 2.94 4.56 5.50 6.18 
± 0.35 ± 0.35 ± 0.38 ± 0.36 ± 0.39 ± 0.28 

0.5% BSA 4.60 3.79 3.66 5.29 6.39 7.71 
± 0.93 ± 0.71 ± 0.57 ± 0.60 ± 0.61 ± 0.83 

1.0% BSA 4.80 4.13 3.68 5.40 6.24 7.37 
± 0.67 ± 0.74 ± 0.66 ± l.00 ± 1.12 ± 1.41 

* Mean ± SEM, (8 observations at each time interva1 ) 
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Figure 18. The glaneru1ar filtration rate of 
kidneys perfused with 0, 0.5% or 1.0% 
BSA. at 50 or 75 rrmHg pressure. (Mean 
± SEM, 8 observations per point) . 
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(C
alb 

lein ) is an indication of the arrount of protein lost at the 

glcm:mllus. The higher the ratio, the greater the arrount of protéin 
\ 

leakage at the glaœrulus. ln both groups perfused with albumin- the 

an'Oilllt of 1eakage was very 100 (FiguÎ'e 19). 

2) • Tubular Function 

The percentage of fi1tered sodium reabsorbed (Figure,20) was 
/ 

higher in the 1.0% (62.34 ± 2.3%)~ and 0.5% (62.40 ± 2.13%t BSA 

perfused kidneys than kidneys perfused without BSA (38.65, ± 1.19%) 

( p < .005). In ap three groups the proportion of the filtered load 
, , 

reabsorbed with increased perfusion pressure decreased fran 44.68 ± 

1.09% te 32.63 ± 1.72% in kidneys perfused without BSA ( p < .05); 

fran 68.17 ± 2.71% to 56.63 ± 2.89% in kidneys perfused with 0.5% 
, , 

BSA (p< 0.1), and fran 68.62 ± 2.7% ta 56.05 ± 3.3% in the 1.0% 

BSA group (p < .05). The sodium load transported by the tubules 

(Figure 21) was similar in all three groups during the perioà. of 

perfusion at- 50 rrmHg pressure; however, with an increased pressure 

of 75 rnnHg, the addition of 0.5% BSA (41.26 ± 2.8 ].IEq min-lg-l) 

) 

/ 
/ 

resul ted in higher rates of Na transport canpared to the group / 

-1 -1 
perfused ,without BSA (24.30 ± 1.39 ]JEq min 9 1 P < .005). A sllni1ar, 

but not as drarnatic, effect was 0bserved with::addition of 1. 0% BSA 

(34.25 ± 3.55 jlEq min-lg-1, P < '.025 ). -Sodi~ transport in the group 

perfused without BSA was on1y slightly increased 'with increased pressure. 

With BSA, at either concentration, the arcount of Na+handled by the 

tubules was signifi~antiy incre~sed' ( p < .005) at 75 mnHg over 50 mnHg 
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P=50 mmHg 

() 0.5% BSA 
Â 1.0% BSA 

i"" .. 
P.=75 mmHg ... 

oL-----~----~------~----~------L-----~ 
/ 15 30 45. 60 75 90 

TlME (minutes) 

Figw:-e 19. The ratio of the albunin clearance (C lb) , 
te inulin clearance (C. ) :in ki&1eys a 
perfused with 0.5% or it;O% BSA as a function 
of perfusion time. (Meanl ± SEN, 8 
observations per :pJint). 
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Na REABSORPTION 

.. P=50 mmHg . .. P=7S mmHg .. 
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60 ' "<::::I~! ! 
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10 A 1.0% BSA 

0 
45 60 75 

TIME (minutes\ 

Thé percentage of fi1tered sodium 
reabsorbed by 'kidneys perfused- wi th 0, 
0.5 or 1. 0% BSA, at 50 ·or 75 muHg 
pressure as_ a function of perfusion tllœ. 
(Mean' ± SEM, 8 obserJations per point) . 
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Na ,TRANSPORT 
P=50 mmHg 

~ NO BSA 

[] 0.5% BSA 

11.0% BSA 

P=75 mmHg 

9j' 30 
c 
'E 

20 

10 

15 30 60 75 

TIME (minutes) 

Figure 21. sodium transport by kidneys perfused with 
perfusate containing 0,0.5 or 1.0% BSA, 
at 50 or 75 mnHg pressure- as a function of 
perfusion time. (Mean ± SEM, 8 observations 
per point). 
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pressure. 

The percentage" of filtered glucose reabsorbed by the tubules 

(Figure 22) exhibited a similar pattern as SOdium reabso:rption-the 

0.5% BSA group (91.11 ± 0.85%). and 1.0% (89.80 ± 1.03%) exhibited 
../ . 

higher rates of reabsorption than the gro\,1p witrout BSA (84.83 ± 
r 

1.21%, P < .005). These differences were not apparènt during 

perfusion at '50 mnHg pressure; the reduction in glucose reabsorption 
1 / 

in the BSA free group was greatest (p < .005), frau S9.:S1 ± 1. O!t% 
~ 

at 50 mnHg ta 80.36 ± 1. 79% at 75 nmHg. 

The ratio of the clearance of phenol red to the inulin . 

• 
clearance is shown in Figure 23. A, 'ratio greater than 1. 0 indicate~ 

active secretion of phenol red by the tubules. AlI three groups 

were ca~le of secretion; the 0.5% BSA group s~ the highest 
'. ' 

variability, but was significantly better than bath BSA free and 

1.0% BSA groups ( p < .005). The decline of the ratio during the final 

30 minutes of perfusion in this group may net indicate a 10ss of 

secretory activity, since the high rates of secretion at the beginning 
c 

exhausted the perfusate phenol x.:ed, reducing the annUnt of substrate 

available for transport. The disappearance of the phenol red frou 

the recirculating perfusate was readily detectable and served as a 

visible indication of secretory function dur'in~ ~~~~Sion pericxl. .. " 

.'l 
3). HistolOW 0 l, . ') 

Light microscopie evâluatiop of 'ki?ney tissue f~IOWing ±USion 
l e 

showed that <;J'lanerular and tubular ultrastructui:'e remained inta in 
. \. 
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GLUCOSE REABSORPTION 
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100 

~7>- <::~ 90 2 c « 
0 80 -' 

\ C 
W 
0:: 7.f) w .... -' 

/ 

-' 
L&. 

LI. 60 o NO BSA 0 
~. 

() 0.5% BSA 

50 • 1.0% BSA 

01 / 
1 1 ;;po 

15 30 45 75 60 

TIME (minutes) 

Figure 22. '!he percentage of filtered glucose reabsorberl 
by kidneys perfused wi th 0, 0.5 or 1.0% 

- BSA at 50 or 75 ntnHg pressure (Mean ± SEM, 
8 observations per point) A 
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.. P=50 mmHg P=7S mm Hg 
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Figure 23. The ratio of the clearance of phenol red 
(C pheno~/red) to mutin clearance (C. ) 
in kidneys perfused with 0, 0.5 or 1.olJ 
BSA. (Mean ± SEl'1, 8 observations ~ point). 
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all treabœnt groups (Figure 24). Only slight differences ~e 

discerned between groups. Proximal tubules of kidneys perfused wi thout 
1 

BSA (Figure 24 A and B) appeared IT'Ore dilated than kidneys perfused 

'with BSA • 'Kidneys perfused with 0.5% BSA showed less dilation 
" 

(Figure 24 C and D) • Perfusion with 1.0% BSA (Figure 24 E and F) 

were sirnilar in ul trastructure to the other groups; hC1.lTever 

!3aE'lélIl' s space appeared slightly rrore distended. 
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Figure 24 

Photanicrographs of kidney sections follCMing no:t:rrOthermic perfusion with 
0, 0.5 or 1.0% BSA. Perfusion pressure was naihtained at 50' n'mHg during the 
first thi"ee clearance pericds, an:l increased to 75 Illlll-.g for the fOl,lowing 
three clearance pe:dods (H & E). . 

A. Kidney perfused without BSA (64X) 

B. Kidney perfused witliout BSA (256X) 

c.' Kidney perfused with 0.5% BSA (160X) 

D. Kidney perfused with 0.5% BSA (256X) 

E. Kidney perfused with 1. 0% BSA (160X) 

F. Kidney perfused with 1.0% BSA (256X) / , 
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Discussion 

The addition of isoxsuprine to the initial flushing solutiop did 

not increase the perfusate flow rate during perfusion at 50 mnHg 

pressure with BSA-freé medium when .canpared ta the previous v;ork. 

It did prevent the slight transient increase in renal vascular resistance 

in carparison-tô the previous experiment. This effect has been reported 

in rabbit (Ponteles et. al.. ' 1973 and rat (Shurek. et. -al. , 1975 

Bullivant ,1978a) kidney- perfusion. The onset of vasoconstriction is 

thought to occur via an adrenergic rnechanisrn, which is prevented by a 

be:t:.a-adrenergic agonist. The vasoconstriction may have been 

initiated during' surgical manipulation prior to exci,.sion of the kidney, 

or during blcx:x1 washout by a release of vasoacti ve substances fran 

blood cells ( Kane and. Ewards ,1966 ). In our experiments, the 

infiltration of the perihilar .:tissue with paPaverine prior to 
J 

manipulation should have prevented vasoconstriction during kidney rerroval. 

Including isoxsuprine in the flush solution roay have facilitated 

blood washout, allowing a rrore cQTIPlete rerroval of blood prior ta 

atta~hment to the perfusion circuit. 
- . 

/ 
In this way, a n'Ore uniform 

washout was obtained, minimizing areas of vascular occlusion and 
~ 

subsequent ischemia which only became apparent after perfusion progressed 

when the vasodilator was not included. During perfusion at' 75 mnHg 1 

the flow rate progressively increased and this is probably the result 

of a progressive qpening of closed blood vessels, and dilatation of 

already opened vessels, resul t,~ in a decreased reslstance ta flaw 

.. -.',-
, -- - -
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(Pegg and Farrant , 1969 1 i pegg 1 1971 ). Al though, not directly 

related to the vasodi1ator, it may have been facilitated by it. 

A ITDre complete initial blood washout v;ouJ;d prevent clotting 

and permanent obstruction of capillaries. 

When BSA was included in the medium, renal vascular resistance 

increased during perfusion at 50 rrmHg, but decreased during 

perfusion at 75 rnmHg. The effect was simi1ar in both the 0.5% 

and 1. 0% BSA groups. It is possible that the BSA contained a 

substance which caused an increased renal vasoconstriction, or 
~ 

that the low concentrations of BSA had a facilatatory effect on 
~ 

the reacti vi ~y of the vascular srrooth muscle to vasoconstrictors 

released by the kidney (Wurzel et. al. ,1964 ). 

Despite this increase, kidneys perfused with perfusate supple-

rœnted with BSA exh.ibited substan:tially increased perfusate' flOW' 

rates over kidneys perfused wi"thout BSA, at bath 50 and 75 rrrnHg ./ 

perfusion pressure. This increase may have been due to the 

increased viscosity of the perfusate (pegg and Farrant 1 1969 ). 

This would then have manifested as an increased flow rate in the 

1. 0% BSA group over the 0.5% BSA group, which was not obse:rved in 

this study. Little and Cohen (1974 ) reported an increase in 

perfusate flow rate when rat kidneys were perfused with ~creasing 

BSA concentrati~ns. They proposed that at low 'albumin concentrations, 

due ta aosence of colloid osrnotic pressure, leakage of watar and 

solute from the vascular bed resui ted in increased iritersti tiai arid 

intratubular hydrostatic pressures which occluded b100d vesseis • 

• The perfusion pressure was noe requced at law BSA~concentrations, 

... ----.. ~_.-- ._-----_. 
• , 

'1 

1 
• .j 
1 
j 
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wluch voDuld promote ~cessive ederna. The contribution of BSA 

to COP in our study was small: 1.44 IlmHg at I 0.5% and 2.99 rrmHg at 

t 1\0.0% BSA concentrations (c.:Ücu1ated according to Brenner et. al. , 

(1972 ) for BSA saline solutions). Furthenrore, if the ef~ect of 

BSA was oncotic 1 the increased extravascu1ar: pressure shou1d have 

decreased the GFR in BSA free perfusions due to increased intra-

, tubular hydrostatic pressure (C6hen and Little ,1974 ). In 'this 

study, GFR in kidneys perfused without BSA increased steadily and 
/ 

was increased over the 1.0% BSA group. 

The effectiveness of BSA on perfusate flow rate cannot be 
1 ---- J 

attributed solely to an increase in colloidosmotic pressure or 

viscosity. BeneficiaI effects of small amounts of BSA have been 

reported in rabbit kidney perfusion (pegg ,1970 i Fonteles et. al. 

1973 i Fuller and pegg ,1976 ). In these stud~~s, dextran was 

included. pegg (1970 hypothesized that the BSA exerted its effects 
/ 

by complexing wi th the dextran and preventing leakage into the 

interstitium. In the present study, dextran was not included, 

yet the effect was still apparent, Another s~ggestion is that 

BSA exerts i ts action on the capillary membrane: Landis and 

Pappenheimer (1963 ) suggested that prote in ads8rption to capillary 

membranes could regulate pore diaffieter. During perfusion without 

protein, progressive removal of adsorbed protein could- resu1t in a 

sevenfold increase· in p:>re -diarneter . Including small amounts of 

protein would therefore reduce pore size, retain a much greater 

intravascular volume/and perhaps increase vascular elasticity. The 

observed increase in flow rates with BSA are consistent with these 

------~ .. (-,_. _._- ",,",-, ___ ,,~f;l<fI#I._' -.,. .... - ...... ,----r--
• • 
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am{umptions. 'lhe penneability of the glanerulus te perfusate 

a1bunùn was law, with no dHference between the BSA containing 

groups. The extent of leakage was considerably less than reported' J 

for rabbit kidneys perfused with synthetic colloid or BSA (5%) 

(Fuller et. al. 1 1977 1) and similar to values found by Wusteman 

(1977 ) who_reported that the ratio, C lb le. , was a sensitive 
a ID 

indicator of ischemic damage. 

The increase in perfusion pressure increased the GFR in aIl 

three groups. Slight differences in the groups at each pressure 
" 

are consistent with the calculated' BSA cbntribution to colloid osrrotic 

pr~ssure and rœmbrane permeabili ty • GFR was higher in the BSA free 

group due to a lack of colloid osrrotic pressure and an increased 

glcroerular rœmbrane penneability. The GFR in the 0.5% BSA perfused 

kidneys was higœr than the 1. 0% BSA group, a manifestation of a 

lower oncotic effect. In addition, the albumin .l'eakage in kidneys 

perfused wi th 1. 0% BSA remained stable 1 in contrast to the general 

decrease,observed in the 0.5% group. This may indicate that as the 

BSA concentration is increased, additional problems, as seen by Fuller 

et. al. (1977 ) begin to roanifest, peculiar to rabbit kidneys. 

By increasing the~perfusion pressure, the resul ts of kidney 

perfusion in our system approach the net filtration pressure achieved 
j , 

/ 
in experiments utili zing - a colloid source. 'lhe corresponding rise 

in f1o.v rate increases oxygen delivery to th: kidney.' If the 

, oxygen supp1y at 1C1Ner perfusate flCM rates was limiting, the increased 

./ 
flor.v should have a11CMed the kidney to handle the increase in filtered 

load. Kidneys perfused without BSA did not maintain the fractional re-

j 
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absorption of sodium or glucose, but maintained the sarre le1el of 

so::lium uptake In this group, tœ oxygen supply at 50 nrnHg and 

reduced flow rate was not limij:ing function. Pegg and Green 

(1973 -1 -1 ) estimated that a f10w rate of 4 ,ml min g would provide 

sufficient dissol ved O2 ta supply the requiranents of a kidney 

under in vivo conditions. Kidneys operating in vitro do not perform. 

aH the functions demmded in vivo and consequently require less oxygene 

When BSA was inc1uded, the kidney was capable of responding ta 

the increase in filtered 1oad. sôdium uptake increased and the 

kidney was able to màintain the proportion of fil tered sodiun and 

glucose. 

'!.he enhancerrent of tubu1ar reabsorption by including albunin 

for peritubular colloid osmotic pressure has been shawn for rat 
~ 

kidney (Little and. Cohen , 1974 ;.Bownan and Maack , 1974 ), 

isolated rat tubules (Brenner et. al. , 1969 i Spitzer and Win?Jlager 

1970 i Green et. al. , 1974 ) and rabbit proximal tubules 

(Grantharn et. al. , 1972 ; Imai and Kokko , 1974 ). Although 

the mechanisrn of action of albunin is not canpletely understood, it is 

generally accepted that its raIe in Na+ reabsyrption is oncotic in 

nature. The process of sodium reabsorption appears ta):le a two-step 
~ 

process: solute enters tubular ceUs fran the 11.lll'el1 and is actively 

trc3!l$ported into the lateraI ehannels, foUowed passively by water. 

Prote in in peri tubular eapillaries exerts an ancotie effect which 

contributes ta the rnovement of intereellular space fluid aeross tEe 
/ )i 

tubular basement manbrane. If litt1e pratein is pres~t, a '\ 
'-'>'-

. buildup of solute and water occurs at the lateral ceU surface ,> 
, '~ 

d 

• 
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causing e>.pansion, and lumenal baèkflux increases through the 

tight junctions ( rmai and Kokko ,197~ ). Evidence in support 
-----

of this hypothesis has been reported by Quinn and Marsh (1979 

who showed that intcrstitial pressure is influenced by changes in 

hydrostatic and oncotic forces within the peritubular capillaries. -
" 

It seems that the effects of albumin in our case was due ta 

1(1) a slight oncotic effect which was sufficient to prevent the 
... 

backflux observed in BSA free groups; (2) a possible effect on the 
. 

capillary permeability and (3) provision of sorne alternate 

energy source (Galaske et. al. ", 1979 ). 

D3termination of the :ratio of clearance of phenol red ta 

c. indicated that these kidneys retain the abili ty ta secrete organic 
ln 

anions. Secretion with 0.5% BSA was greater than with 1.0% lilSA. 

This may œ due to increased binding to protein at the higher' 
,., 

concel).tration (Weiner , 1973 ) . 

In conclusion, the protocol was designed ta look at the 

need for a vasodiIator, the effect of increased pressure and of 

BSA. Under the conditions of our experirnent, initial flushing with 

the adrenergic blockirig agent, isoxsuprine'~ did provide sOne 

benefits to subsequent functian. In ·all pararreters measured, 

the addition of small arrounts of BSA to the perfusate resulted 

in better kidney function, enabling the kidney ta hanclle an increased 

,~rk load when press~e was increased. 
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Experiment 4: The Sensitivity of the In vitro Perfused Rabbit Kidney 
"Preparation to One Hour Ischernia and Treab'œnt with 
an Antidiuretic Preparation. 

Introduction 

Tb study the effects of cryobiological ~pulation of isolated 

rabbi t kiàneys, yve have developed an in vitro nourothermic perfusion 

system. The previous experiments delineated several requirements for 

maintenance of an adequate levei of in vitro function during colloid-

free reduced pressure perfusion. 

~ ~ollawing experiment was perfonned to study the sensitivity 

of Ws system, by canparing function of kidneys perfused with minima.l 

ischemi.c t.i.ne prior to perfusion ta kidneys subjectec1 ta one hour of 

~ ischemia by in situ clarrping of tœ renal.. artery. The_ çapacity 

of control kiàneys ta respond ta an antidiuretic preparation was 

also exarnined. 

J' 
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The perfusate was prepared as described in section IV (A) of . , 
1 

materials arrl rrethods and: consisted of the basic ,salt solution 

supplanented with glucose, 5.56 ITM, lactate, 5.0 mM and BSA (0.5% 

w/v, Table 1). One litre of perfusate was added ta the perfusion 

circuit. 

2). PerfUsion 

The kidneys were harvested as described. in section l of materials 

and rœthods. The kidneys ~e flushed by gravit y with 150 ml of 

perfusate supplerœnted with insulin (0.1 U/rnl), heparin (10 IU!rnl) 

and isoxsuprine-HCL (0.05 rrq/ml), after the solution had been gassed 
o ., 

, with 95% O2 : 5% C02 at 25 c. The kidneys were attached' to the perfusion 

circuit and the-1>ressure adjusted to 75 mnHg. Perfusate was recirculated 

through the kidney for a 10 minute stabilization period. FollCMing 

-this, the kidneys were perfUsed for four consecutive 15 minute 

collection pericxls. 

3) • Treatrœnt Groups 

A. Minimal Ischemia: , Four kidneys were cannulated, flushed am . - ---

" 

~ttached. te the perfusion circuit :imtellately after 

interruption '1:lf bl00d -flCM. '!he ischanic time was less 
./ 

j 

-r- ,~,--------~-----------------
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than 2. minutes. ~ consecutive cl~ance periods were 

performed. At the canpletion of the second clearanee 

pericxl, vasop:l;"essin (ADH, 50 mU/l Pitressin, Parke Davis) 

was added ta the reservoir arrl urine was oollected for -00 

further clearance periods. 

B. One Hour Ischemia: Four kidneys were rendered isclanic for---

/ 

one hour following dissection of the kidney prior ta renoval. ---- . 

'!he renal artery was clamped in si tu, and the aJ:xlanen was 
~ 

closed wi th towel clips for 60 minutes. '!he kidne.ys ~I'é 
o 

rerroved, flushed and then perfused for 6'0 minutes at 37 c. 

Arterial and urine samp1es were collected and kidney 

function assessed. Arterial and urine osoolality was detennined. 

The free water clearance in group l kidœys was ca1culated 

according to the fonnula below: 
1 

c. 0 = V-C (pitts, 1971) .... ~ 
rIt . osm .' 
whére V = uriœ volurœ (ml min -l) 

C
osm 

al U X VIp ~-' 
osm 1. osm 

\ 

where: is the free water clearance 

osnotic cléarance 

1/' 

, 
'- --- ------:!":----:'"------- , 
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\ 

Results 

1). Perfusion Characteristics 

The initial flush period prior te attachnent ta tœ perfusion 
~! 

circuit was pro1onged ifl the group of kidneys su&jected to sixty 
, 

minutes of warm ischemia recause b1ocd. washout. was not -canp1ete 
. 

after 150 ml of washout IT'ediâ had f10wed through the kidney • .. 
Il 

Bloç;xi continued ta he wasŒ!d frou the kidney after attaclJnent to 
. \ 

~ circuit. 'Ihe perfusate was not recirculated until it appeared 
• oÉt 

---- cle~ of blcxxl. One heur of ischemia depressed the perfusate flOW' 
. -

rates in cœparison ~ the controls (Figure 25). F1CM rates OlIer 

60 minutes averaged 3.17 ± 0.5~ ml mio-lg-1 for ischemic kidneys, 

, -1 -1 
s'\'gnificantly, 10\a.e!' than the control average of 5. 70 ± 0.34 ml min g, 

" . 
(p < .005). When ADH was added ta non-ischemic kidneys, renal vascular ... -
resistance was increasro m::xœntarily. '!he pressure increased by 

5 mnHg. This effect was transient and for the ranaini.n;r 30 minutes 

of perfusion the resistance decreased. 
/ ( 

The effect of ischernia on GFR is seën in Figure 26. 'GFR was 
. \ ~ <.. 

variable in the isç:::lanj..p group; but was considerably Iower than 11-
\ 

contraIs at aH tiIœs. T~ ~ over~.60 minutes was 0.10~._± 0.0.2.9 
'1 1 ' ~I' -1 -1 

ml min - g-:- ; the control grou~ GFR averaged 0.467 ± 0.031 rnl min g-
.' 1 

(p, < .001). Glanerular retÊmtion of' albumin was impaired in ischernic 
~4 \ ' 

k;idneys '(Figui:-e 27). Leakagè of aU,umin decreased with time; ~ver . 
\ -;'fi. .. 

. . 

\' ,,' -- ~ 

tœ ratio after 60 minutes of perfusion remained high in canparison \ lI-~ ">. _ 

ta very 10w leve1s of 1eakagé ;;;een iIl contraIs. 

, 

( 

f 

, 

" 4 ~ .. , ' ;.--.-- --'---~-c-------", 



) 

~~itlli!qJ-oy' lb ,g;/4(J"I~i"II!&1'_.14t4IJt;= j$ ..... WI~ .. 1AAJii$4Qt&$'&QJa ",.sada '1 _ '4 S"U " a. 

r ------~ , C 
r. . 
î . , 

~ !. 
~ 

~ 

~ 
1 
~ 
} , 
t 
l 

• 

" 
f 

'i m 
'i 
c 
E 
-Ci E 

Figure 25. 

1 

'" . 

() .. 

• . _ .. _._.~ .. _ ...•...... _ ......•... _-_._-_ ... 

12 

8 

-157-

PERFUSATE FLOW RATE 

o CONTROL 

x ISCHEM1A 

\ 

4 ~_--~~!----~I---i 
o----~~------~----~------~----~ o 15 

liME (minutes) 

Perfusate flow rates of control and one
hour ischemic kidneys SiS a ftIDction of 
perfusion time (r.1ean ± SD1, 4 observations 
at e.il.ch p:>int) • 
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é\ 

GLOMERULAR FILTRATION RATE 

I~î 
~î~I~ :CONrROl 

)( ISCHEMIA 

I-I-I-I" 
o~----~------~----~------~ 

15 30 45 60 

TIME (minutes) 

J 

Figure 26. The Glanerular filtration rates of control 
élJld one-hour isch~c kidneys as a function 
of perfusion time. (Mean ± SEM, 4 observations 
at each J?:)int) • 
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Pigure 27. The ratio of the albumin ta inulin 
clearance in control and one-hour 
ischemic kiùneys as a function of 
perfusion tirre. (Mean ± SEM, 4 
observations at each p::lint) • 
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2). 'Tubular Functipn 
-

Figures 28 and 29 indicate the capacity of the kidneys to reabsorb 

sodium. One hour of ischemia severely impairOO sodium reabsorptlon. 

Control kidneys averaged 61. 22 ± 1. 85% reabsorption of fil tered 
J 

~um, significantly higher than the ischemia kidneys which averaged 

16.8 ± 2.48%c (p < .005). 

was only one tenth (3.8 

2. 68 ~Eq min -lg -1) • ~_ 

Sodium uptake by tubules of ischemic kidneys 

-1 -1 
± 1.25 ~Bg min 'g ) of controls (43,.02 ± 

1 / 

The proportion of filtered glucose reabsorbed in bath groups 

is shawn in Figure 30. Controls maintained an average reabsorption 

of 95.09 ± 0.23% during the 60 minutes. In ischemic kidneys, it was 

depressed and averaged 51.14 ± 6.82% (p < .005). Impainnent of 

secreto:r:y activity with ischemia was also significant (Figure 31). 

COntrol C he l 00/ C. ratios were much higher (7.27 ± 0.30 ) pnor li1 

than ischernic kidneys (3.47 ± 0.28 , P < .005). 

Table li shows the effect of addition of ADH ta the perfusate 

after the second clearance period. The values 'for free water 

clearance (SH2C ) are expressOO as a ratio of the first clearance 

period.. The SI
2
0 increased in all1daneys in the second clearance 

periods; addition of ADH reversed this pattern during the third and 

fourth clearance periodS, alb.'xltBh a negative value "vas never ,obtained. 
-- , 

j 

,.---

l, 
1 

l 

1 
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Na REABSORPTION 
80 
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Figure 28," The percentage of :Éiltered sodiun 
reabsorbed by control and one-hour 
ischemic kidneys as a function of perfusion 
time. (Mean ± 'SEN, 4 observations at each 
po:int) • 
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J 

Na TRANSPORT 

." 1--+---1 

!~ 

/ 

o CONTROL 
x ISCHEMIA 

o~----~~----~------~----~ 
15 30 45 60 

,TlME (minutes) 

Figure 29. Scrlium transport by control and 
one-hour ischenic kidneys as a 

/ 

functlon of perfusion time (Mt:leac1JD.J.--------

± Sni, 4 observations at each p:>int) • 
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Figure 30. The pércentage of filterec1 glucose 
reabsorbed by control and one hour 
ischanic kidneys as a function of 
perfusion t.:ime. (Mean ± SEM, 4 
observations at each point) . 
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Pigure 31. The ratio of phenol red ta inulih clearance 
in control and one-hour isch:::mic kidneys 
as a function of perfusion tline (Mean ± 
SEM, 4 observa'4ions at each point) . 
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Table 11: Free water clearance in kidneys perfuse:11::efore and 
after addition of ADH 50 mU/l. Expressed as the 
ratio te initial free water clearance. 

~----

./ 
·Perfusion Tirne (min) 

I!.... ~ ... 
,,;"~. 

15 30 45 ./ 
60 't 

1 '1. 773* 0.981 0.612 
± 0.233 ± 0.206 ± 0.224 

i, 
*Mean ± SEM, (Four observa'tions at each point) 
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Discussion 

The freshly isolated contraIs_in this study exhibited a significant 

o ------. aIOClunt of function .. Table 12 was fonnulated to enable a canpan.son 

of this function to other studies which used the in,~ kidney 

m:x1el. In aIl cases, the apparatus, perfusate, colloid andl tirne 

interval were variable, but the values were estimated frem the treat-
1 

ment which exhibited the greatest de<Jr'ee of functi6n. 
~ 

Several 

interesting points are"ilIustratéd. In the groups using the rabbit 

kidney, ~ studies are presented in which the rabbi t kidney 

was perfused without colloid (Fonte les et. al. , 1973 ; Karow and Jeske, 

1976 } • The first report used Tyrode sol'7tion, the second an intra

cellular ionic cômr:xJsition. Bath studies reported 100 levels of flow 
o 

rate, GFR and scx:lium transport in canparison ta o~ system at 37 C. 

The remaining studies using the rabbi t kidney contained a source of 

colloid osrrotic pressure. In these studies the flow' rate was higher 

than in our study;~ however the Gm, scx:lium -xeabsorptJ..on and albumin 

retention was slightly better in our system despite the lack of 

coHoïd osrrotic pressure. . GlucoSe reabsorption was increased over 
" 

tl:at reported at 60 minutes for these studies. In our system the 

resumption of function after raooval was rapidi equilibrium was 

established very quickly. In the 'studies using colloid, initial 
o 

function was depressed, reaching optima after one hour of perfusion, 

followed by stabilization and/or reduction of function. In rat ./ 

perfusion studies, the source of oolloid osmotic pressure was BSA. 

--------_ .. - ----~ - .- .,' 

j 
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Table 12: 

Species 

Rabbit 
'-' 

Fat 

" , " . , 
~ 
j 

f 
~ 
~ 

SurnnaJ:y of perfusion results of rat::.m raJ:IDit kidneys with ~ without colloid. { 

'" 1 
~ 
~ 

Co11oid F1cw GFR. 

.; 

.; 

.; 

.; 

x 

x 

1 

.; 

.; 

.; 
x 

x 

x 

(ml miil-1g- 1) (ml min-1g-1) 

16.0 

14.0 

9.9 

0.7 

0.7 

12.0 

33.0 

27.0 

5.0 \ 

5.7 

\... 

0.30 

0.3J 

0.-50, 

0.41 

0.09 

0.10 

0.50 

0.54 

0.58 

0.66 

0.25 

0.49 

0.47 

') 

l.\Ja l\;!a. '_ l _ l 
% ]..lEq nun g 

32.0 

60.0 33.0 

50.0 

53.1 36.1 

50.0 7.0 

70.0 2.14 

82.0 55.7 

97.0 

86.0 

87.8 84.1 

55.0 18.1 

59.2 49.96 
" 

61.2 43.02 

\ 

" 

%lucose Calb ICin 
% 

80.0 

80.0 

81. 7 

98.0 

\. 95.1 

0.2 

0.06 

0.05 

\,0.05 

0.02 

Reference 
tif 

Fuller and Pegg, 1976 

FUller et. al. , 1977 

Wustanan" 197f7 
-~_.P 

/ 

Pegg and Wusteroan, 1977 

Fo:hte1es et. al. ,1973 , 

and Jeske, 1976 

1978 

"Merkens et. al. 1 1978 

Cohen et. al., 1980 -

Little and Cohen, 1974 

~ and Maack, 1974 

Present study 
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-! 
(6.0-7.7%). It is obvious that the' rat kidney rrodel ex:hibits superior 

Na + reabs0r'l?tion ard. higher GFR than in rabbit kidneys perfused with or 

without coll\id; perfusion of rùbbit kidneys with 5% 'BSl\ did 001: 

ffi:3.intain gcxxll' function (Fuller et. al. " 1977 ) . The table also 

pres~ts values obtained in rat kidneys perfus~withoût colloid 

(Little and Cohen , 1974 : I3c:J.>..ITan and Maack , 1974 ). In these 

studies, the perfusion pressure was not reduced to cCITq:JenBate for a 

lack of colloid. Function. in these kidneys was very similar ta our 

O\.offi studies with rabbit kidneys perfuse:i without colloid at reduced 

pressure. In one study (.Bcwnan and Maack, ,1974 ), a graduaI increase 

in the BSl\ concentration returned Na reabsorption to values obtained 

wi th kidneys perfused wi th 7. 5% BSA.. 
~ 

The perfusion system which is presented in this study is not 

capable of mimickinj È1 vivo function; however, it is not subject 

... ta the sama envir6Dnent, and seans to function optiroally un::1er the 

given conditions. The sensitivity of the kidney urrler these conditions 

is sufficient to determi.ne deleterious effects •. Renal isch~ has _---- '" c: 

been usecil. ta study events of hemx1ynamically-mediated acute renal failure, 

and elicits changes whicfl manifest in vivo :"an increase1 ~ascular 

resistance, low GFR, and increased sodium excretion (stern et. al. , 

1978 ). In this study the effect of 'ischemic insult wa.s clearly 

derronstrated in kiclneys perfused after one hour ische:nia. 

The differences between control kidneys and ischanic kidneys we:re 
j 

significant in all aspects of function co~sider~. Ischanic kidneys 

daronstrated depressed function very similar te rabbit kidneys - . . 
perfused with colloid after the same ischemic insult (Wustanan 1977 ). 

The inability of the perfused kid.ney ta concentraœ urine has been 
J 

J 
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/ 
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r;ecognized in rabbit (Fuller~. al. , 1977 ) an1 rat {Maack ,1980 

experi.Irents. It is considered te be a consequence of high perfusate 

flow rate in the vasa ~ta, €liminating tle concentration "gradient 

in the iru1er rnedulla, and due to abnonnal transport functions of the' 

distal nephron (De ~110 arrl Maack ,1976 ). In this study, 

addition of ADH ta the perrusate depressed free water- clearance. 

This indicates that the action of AnH, ~ch involves 'mIJ:OOne

receptor ~lexing, activation ,of adenyl .cyclase and e-AMP rœdiated 
c 

changes in manbrane pe~ility (Handler arrl O!loff 

still demonstrable under \:hese pei-fusion corrlitions. 

J 

o , 

• 

/ 
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f, 
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Experiment 5: F'ur1ction of Rabbi t Iddneys Follawing Perfusion at 
10°, C with an Intracellular Electrqlyte Solution., 

---., 

F 

Introduction 

M?st conmonly, extracellular type- 'solutions with synthetic, ol; 
, 

plà~-deri veel col1oid are used for kidney preservation by hYPothermic 

perfusion. For hypothermic storage, f1ushirl:g with.out perfusion, 
./ 

fonnul~tions~ with high potassium and reducro sodium concentrations 

are used to rnaintain intracellular potassit:nn am retard sodium influx 
c 

at tempe:rat~s where the ion pump ls inhibited. 

When a cryoprotectant is ine1uded in the perf~sat~ it is essentia1 

t;hât the vehicle for eryoproteetant administration is ,canpatible_ 
,. 

wi th tœ eryoprotectant, and/t:hat the eanbination 0t the two are 
~/ 

not deleterious ta the kidney. When M32S0 is ehosen as cryoprotectant, 

the croiee of perfusate .is èspeeially critical because the ef~ects 

of Me2S0 on ce1ls- may be rendered less hannful if the proper per:f!usate 
, D 

is used (Keeler et. al. ,J.966 ; Karow et. al. ,1979 ) . The-
....,/é 

literature suggests that the perfusate for addition of M:!2S0 sJ:iould >, 

contain high arnounts of potassium, and decreased arrounts of soditnn. 

The inclusion of a non-penneating solute to control cell 'SWàling .. , - , 

is-. also an important substituent in hypo~nnic treatment of 

,kidneys (pegg and Wusté:nan " 1977' ). Faty et. al. (1979 

reported an improved perfusate for hypothermie renal preservation./ , ' -' 

Wmeh Jllaintaned tissue slice viability for 4 days at ~therrnia. 

This mErlium included high potassium, low sOclium, glucose as the major 
/ ' , 

/' 

j 
1 
1 
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irrpermeant anion, and containe:l glutallti.ne and adenine which 'were 

irnpor:tant in extension of the storage time of the slices. It has 

~t as Y'"J been tested for whole organ p==tfon, bu~ cffers ~se 
especialfy with the inclusion of Me2S0~ The following experiment 

V§lS perfenred te test a m::xlified version of this --perfusate as a 

potential vehicle for 1-E2 SO administration. 
1 / 

, 
l , 



------------~~--~~ 

... (~ ... .4" 

t-
:;;' 
:11· 
~tr 

~' '. r 

~~ 

C 

c 
; --' 

/ ~ 
/' 

/' 

-172-

/ , 

Metrros l 

..-/ 
"' 

1). Perfusate 
o 

;-- (i) HYlPthenrùc perfusate: The perfusa:t;e for 10 C kidney 

perfusion was described in sectiollf TV (B) of the materials 

and methods. For these experlirlents, 400 ru of perfusate 

(lX., 400 rrosjkg, Ta:6ie 3 ) was used te prime, the cold ~fusion 
.-------

circ.uit . 

../ ./ 

(Ü.) NOnnothermic perfusate; The canpositi-on of the perfusate 
o . 

for 37 C perfus~on was identical to tha.t described in 

~iroentA. 

2). Perfusion 

1 
The kidneys -were rerroved and flushed in the manner previously 

described. Kidneys wirich served as -freshl y isolated contraIs were 

treated in the same ma.nner as in the prehous 'experinl§nt. Kidneys 
o 0 

which were perfused at 10 C were transfered ta the ,10 C circuit .... 
after the initial flush. The kidney was attached and the screw 

clamp--iÜ::x:>ve the artery ~s opened fully ta allow maximum flow. 

The organ chamber cover was lowered and the ki<:Ù1ey was perfused 
~ 

for 75 minutes. The kidneys M:Xe then raroved and iriinediately 
o 

transferred te the 37 C circuit .. The tenperature of ~sate was 
o 

27-30 C at the time of qttachnent. By .increasing· tl:e rate of water 

./ / , 
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" /) \ 

circulatiC!>n thraugh the œat exehanger 1 the t~atll7e Wj3.S 

inereased to 37 0 C during the f,irst 5 minut~s. Therea/ter, the 

<, kidnefys )Vere perfused ~in an~ lidentical tnanner 1:0/ the ifeShlY isolated 

contraIs . 

- /, 

~ç 
.-"J') \, 

3). Trea;trœnt Groups 
./ 

A. Freshly isolated contro1s: Five kidneys'were transferrecl' 
o 

ta the 37 C and 75 rrmHg pressure for four consecutive .. 

clearance wriods of 15 minu~s eaeh. 

o 
B. Hypothermie perfusion: Five kidneys ~e perfused, at 10 C, 

60 mnHg pressure for 75 minutes fo1lowed by assessrnent of 
o 

funetion ât 37 C. Samp1es and calculations were sill1i{ar 

ta .those deser~ in previous experirnents • 

./ 
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Results 

1). Perfusion Characteristica 

The perfusate flow rates ~ shown in Figure 32. Although 
~ / 

-in b6th groups the initial qow rates were similar, the 

hyPüthennic-perfused kidneys showed significantly increasing flow 

rates with perfusion time (p < .05), whereas t.he control group ... 

/ 
( 

1 
f 

flow rates did not increase tb the same extent. The average perfusate 

flow rates in control kidneys over the 60 minute ·perfusion period 

was 5.71 ± ~. 28 'ml nùn -lg -l, lo~ than the hypothennic-perfused 

-1 -1 0 
kidneys average of 9.07 ± 0.56 ml min g at 37 C (p < .001). 

• ~ d ~ 

The glanerular :hltration rates were sirnilar in both groups, 

arrl exhibited a significant increase over initial values (p < .01, 

Figure ;33). The albumin leakage a~ the glomerulus was low for 
, o. 

1x>th groups (Figure 34). In k~dneys perfused at 10 Cf the arnount 
- 0 

of leakàge was higher than controls at the beginning of the 37 C 

perfusion; however protein retention irrq;>roved in this group wi th timê 

(p < .05) and approached control values by 60 minutes of perfu.sioR 
o 

at 37 c. 

• 
./ 

/ 
~ 

f // 



) 

" f' 

/ ' 

(: 

\ 

Figure 32. 

o 

-. 

-175-
/ 

PERFUSATE FLOW RATE 

15 30 45 

• 
TIME (m inutes) 

'J li 
" I~ 1,1.' 

Perfusate fION rates dun.ng nonnotherrru.c 
perfusion c;f control and hYfOth~~ ; 
perfused kidneys. Dq)ressed as ail 

function of perfusion t:ime (Mean ± ;,,1 
SEM, 5 observations at each point) .: 
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GLOMERULAR FILTRATION RATE 
~ -

0.6 ( r o CONTROL 

I~i • 10°C 

0.5 
" 

0.4-
#î~ I7'+~;;;;~/ 

! / _~---;c. 

0.3 

01 1 1 1 
15 30 45 

TIME (minutes) 

G],aneru1ar filtration rates duririg nonrotheonic 
perfus-l.on of control and hypothermic-perfused 
kidneys. Expressec1 as a function of perfusion 
time (Meàn ± SEM, 5 observations at each, 
p:;:>int) • 
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The ratio of albunin\ to inulin clearance 
- during normothennic perfusion of control 
and hYPJthermic perfused kidneys as a 
function of perfusion time (Mean ± 
SEM, 5 observations at each point) . 
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2) - Tubular Function 
/ 

The pei'~tage otjil tered sodium reabsorbed averaged 63.~57 ,'1 
.--' 

± 1.95% and 56.88 ± 0.96% in control and 10°C kidneys respectively 

over the 4 clearance periods(' This differènce was si~ficatit 
, .. 

(p /< • ql) ~ The difference between ;the two groups was greatest 

-at the onset of perfusion (Figure 35) but d:iminished gradual~y; 

at 60 minutes, they were quite similar. 
• J 

SOdium transport l:!t 
/ 

tubules êxhibiteÇl a sirrù.1ar pattern (Figure 36r. Initial " 

-rates were 101"er in the e.xperirrental group, obut increaséd rapidly 
\ 

Il _---/ 

with time (p < • Dl) and aetually exMeded 'the contrQl· values by . / 

60 minutes of perfusion .at 37oé .. 

G~ucose reabsorption was depressed in hypothennic-perfused. 
., 

kidneys (Figure 37). Average values for the four clearance 

periods (88.23 ± 1. 31%) were significantly looer/ than controls 

(94.95 ± 0.20% P < .-001). 'Ihe difference rnay have been due ta a 
/ 

lag in wasoout of the hITOt'herrnic ~fusate whieh contained hÎgh' 

glucose concentration (180 rrM). 

Secretory activity of the kidney was well preserve?- and ~ 

actually enhanced by the period of perfusion at 10°C (Figure 

38)it The ratio of phenol red ta inulin clearance averaged 7.60 . " 
, , 

± O. 30 in controls, and 12. 65 ± O. 80 ih hypothermical1y perfused 
/ 0 "\ 

kidneys (p < • ObI) • 
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/Na REABSORPTION / 

/ 

() CONTROL 

~J 
~1 ___ • __ l_0_o~CI~ ____ ~I ______ ~I\ ______ ~1 

15 30 45\ 60 
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Figure 35. The percentage of filtered sodium reabsorbed during 
norrrotherm.ic perfusion of control and hypothern\ic
perfused kidr:leys as a function "Of perfusion ~. 
(Mean ± SEN, 5 observations at each point) . " 
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Figure 36. sodium transport during .n6~thermic perfusion 
of control and hypothennic-perfused kidpeys ifs 
function of perfusion time (Mean ± SEM, 5 J 
observations at each point) . 
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GLUCOSE REABSORPTION 
10~;"'" / 
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Figure 37. The percentage of tiltered glucose reabsorbed 
during nonnotherm1c perfusion of control and 
·hypothennic-perfu~éd kidneys as a function of 
perfusion time (Nean ± SEM, 5 observations at 
each point). 
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Figure '38';-"''' The ratio of phenol xci to intD.in clearance .Ji"> ~\ during norrriothermic perfusion of control and 
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Discussion 

Tœ purpose of the hypothermic perfusion 5'paratus described . ---
} -

is ta add and remove the cryoprotectant neeessary in freeze-

preservation of the kidney. This contrasts with studies a:imed at 

prolonging the il'lterval between kidney retrieval and subsequent 
J 

'reimplantation using methods of hypothermie preservation al:Dve freezing 
C"--_ 

temperatures. In this case s.inJple flushing of kidneys will rnaintain 
. 

functional viabilHy for up to. 72 hours i and other reports of longer 

periods have been descriœd, (Pegg, 1978). 

HYPJthermic perfusion is aiso frequently used for this purpose. 

Tœ inf~mnation available fran these studies delineates certain 

parameters which r8:JUire-éonsideration during short tenu perfusion 
( \-

Îor cryoprote-ftant addition and removal. The circuit described 
- \~ ~ 

/ 0 
aOOve allo'v\ed recircùlation of perfusate at 10 C. Karow et. al. 

(1979) found that kidney vascular resistance following Me2~O 
o 

treatrœ.nt at 25 C ~s lower in kidneys wh~perfusate was re-

circulated and suggested that the kidney "conditions" the perfusate 
o 

sllnilar to cells in tissue culture. It is equally possible that the 

perfusates used ta date lad: impor~t unidentified earg:;x:ments which . 

are rapidly depleted by open eircui t systems, but maintained in 

sufficient amounts by recireulation. Aeet.m1.ulation of taxic rnetal:x:üites 
- 0 

during hypothermie perfusion does not bee~~ a significant factor 

unless perfusion periods are prolonged (Abouna et. al. , 1972 

Grundmann et..!. al. ,1974 ). 

1 • 
There has not -been mueh \\Ork done ta establish an optimum 

.( 

o 
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tanperature for hyp:)thermic perfusion. Certain studies indicate that:' 
o 

10 C is better tha.n 1awer ternperatures (Grundman et. aL , 1972 

pegg et. al. , 1977 ). 'Belzer and Southard (1980 ) suggested that 

higher temperatures should be exilIDined. 

" The pressure in our system was maintained by .establishrœnt of 

a constant pressure head arove thé kiàney, resulting in a constant 
~ ~ 

f1ow. Pu1sati1e flow did not offer any advantages during hypothennic 

perfusion ('1b1edo pereyra et. al. ,1973 Pegg and Green ,1976 ) ~ ~ 

The perfusion pressure chosen was wi thin the range fOlll1d satisfacto:ry 
~ 

for hypothermic perfusion by other researcœrs (Be1zer and Soûthard 

1980 : Toledo Pereyra , 1980 ). 

An oxygenator was not included in the circuit. OXygenation 
o 

during perfusion at 10 C bas been previous1y studied and found to be 

_of little value (Pegg et. al. , 1974 ; Claes et. al. ,1974 ). 

Johnson et. 'al. (1979 ) obtainerl 100% survival of dog kidneys after 
.~ 

72 hours of hypothennic perfusion without an oxygenator. Belzer and 
'" 

Southard (1980 ), indicated that high oxygen tensions rnay be 

deleterious to membrane-linked functions. 

The choice of perfusate for hypothermie intrgduction of cryo-

protectant is difficu1t. 'ilie preservation process i5 actually a 

canbination of storage and perfusion techniques; the perfusate 

chosen for non-freezing preservation diff~s depending on which 

technique is ~ing used~Another consideration is the choice of 

the cryoprotectanti its effects on cells dictate the c::Ql'1I?Osition 
/' 

of the perfusÉrte. Pegg (1978 ) presented an excellent review 

of different preservation techniques and the controversies assœiated 
J' 
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with them. ' The rrost irrportant pararneters to be considered in defining 

a suitable perfusate for hypothermic storage were calcium levels, 

which should œ reduced, magnesium levels, which smuld be increased, ai1d 
.. 

the inclusion of glucose,. marmitol, a steroid, and adenosine. The 

resul tant effects oI tœse consti tuents are decreased cell swelling, 

decreased .A'IP~epletion, and prevention of calcium binding to 

rrembranes. 

The scx:lium and potassium levels which are rrost beneficial are 

equally confusing. l/::JW temperature inhibits the ionic transport 

system. As a resul t cellular potassium exi ts the cell by diffl1sion, 

down the concentration gradient, and the membrane pa>tential decreases. 

Sodium and chloride ions enter the ceU, and influx exceeds potassium 

efflux, resulting in water influx and cell swelling (Flores et. al. , 

1972 ). Keeler et. al. (1966 ) derronstrated that rat kidneys perfusea 
o 

with 0.9% sodium chloride at 0 C lost 50% of total potassium in 30 

minutes. D:Jg kidneys similarly perfused with Tyrode solution 
./ 

could not support life, whereas perfusion with high potassium, low 

sodium solutions preserved function. Collins et. al. (1969 
o 

reported .thq,tt storage of kidneys at 4.C after flushing with a potassium 

rich , sodium poor solution containing elevated glucose levels 

preserved viability. Aquatella et. al. (1972 ) observed that these 

solutions maintained tissue potassium levels, and if an imperrneant 

substa,nce was included~rèduced cell swelling The need for high 

potassium has been challenged by other workers (Downes et. al. , 

1973 i Green and pegg ,1979 ). 

Although the benefits of high potassium solutions are debatable 

1 • 

. .. 
, .,. 
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-( 
for simple stoxqge, if the cryoprotectant used is M22SO evidence 

1{ 

( 

) 

c 

supports the use of solutions of high potassium and low sodium 
o 

content. Keel~ et. al. (1966 ) observed that Me2S0 perfusion 

prom:Jtes excessive 10ss of potassium fram cells of 'rat kidneys. 

Karow et. al. (1979 ) support this view and have used high potassium ~ 

solutions in conjunction with Me;SO. 

" Fahy et. al. (1979 and Collins~t. al. (1980 ) reported 

a new fonnulation developed as a hypothennic perfusate for storage 

of rabbit renal cortex slices and whole kidneys. This perfusate was 

developed using a rabbit cortical slice assay system, and was 
\: 

suggested as a possible vehicle for Me2 SO a~stration (Faly, 

personal cœmunication). The rredium was particularly attractive since 

i t contained increased potassium and low sodium, but the potassium 

was decreased in camparison to other intracellular type solutions. 

It also included adenine, Jlntathione as a reducing agent (Codd et. al. , 

1977 ), and elevated glucose levels. 

We adopted a variation of this carrposition for study. Chlor-

prorrazine was added l::ecause of i ts beneficial effects on vascular 
"\ 

resistance (Iokkegaarcl et.-al. , 1979 ) and membrane fluidity\,. 

(Kwant and Seeman , 1969 ; SeeII\élIl ,+'972 ). The solution was 

buffered with HEPES and the oS!IDlality increased by addition of 

mannitol. 

The results of our experirnents confinned the usefulness of the 

solution for short te.mt hypothennic perfusion. When assayed for 
o 

function at 37 C, the period of hypothennic perfusio~ was beneficial 

to. the kidney. Perfusate flow rates and tubular secretion was 

" 
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enhanced over freshly isolated contraIs. The increasÉrl flows may be 

attriliuted to a nore ccmplete renoval of blocx1 fran the kidney. 

Wesson et. al. , (1979 ) refûrted inccmplete removal of red cells 

fram kidneys after fltiShing with 100 ml of co1d Collins solution. 

'!he kidneys ~ecapable of a rapid return to control levels of sodium 

reabsorption. Although glucose reabsorption appeared"depressed, this 
-~ ~-

may have been -artifactual, due to incanplete rerroval of thehyPotbemu.c 
o 

perfusate prior to attachnent to the 37 C circuit. A period of perfusion 
o , -.: 

without recirculatüm of the 37 C perfusate should identify if the 
.' 

depressed glucose reabsorptiDn is indeed due to functional ~irment. 

The hypothennic perfusion period did not exhibit any deleterious 

effects on the kidney. In â sirnilar study using an extracellular ~, 

based perfusate, hJpüthennically perfused rabbit kidneys did not 
o 

function as weIl as freshly isolated controls at 37 C and the perfusion 

itself was thought ta be d~ing (Pegg and Wusteman ,1977 ). 

In conclusion, the system for l':M?othérmic perfusion which we 
J 

have described can be used in3urther studies of kidney preservation. 

'Ihe absence of impaired renal function should allow separation of the 

effects of Me 2 SO on ,:th= kidney fran effects of hypothermic perfusion 

alone . 

'J, 
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Experim:mt 6: Kin~tics of penneation ·and Intracellular Events 
./ AssC'ciatcd with Me 2 SO penneation of Rabbit 

Kidneys during Perfusion at lOuC. 

./ 

Introduction 

whole or~n preservation at sub~ero temperatures is 
, 

confined to slow rates of cooling >due to the large mass and &Clall 

surface to volume ratio Wilo et. .:.~ , 1976 i Jacobsen / , 1979 

The most recent approach bas been t'o,'!perfuse"kidneys w1th high 

conèentra~ons of cryoprotective agent to delay concentration of 

solutes ta ,1ower temperatures, pennitting slower rates of cooling, 

and rninimizing the main factors cantributing to freezing damage . 

Rabbit kidneys have been successfully penneated wi0 high 

concentrations of glycerol (Jacobseil , 1978 i 1979 ; Jacobsen 

et. al. , 1978 ), but do not yield viable kianéys after fréezing. 

Dimethylsulfaxide (Me2S0) at lower concentrations~ bas been 

reported to successfu1J.Y:r?rotect kidneys frou freezing damage ta a 

l:imited ex~nt (Dietzman et. al. ,1973 ; Guttrnan et. al. , 1977; -.-
Toleydo-Pere-YTa ,1980 1. A few atte:npts to treat kidneys with 

higher concentrations have been reported (pegg ,1972 ; Jeske 

et. al. , 1974 ; Karow and Jeske 1 1976 ). Infonmtioh on the 

kinetics of penneation and related cellular events arove 1.4 M 

has not been reported ': The purpose of the fo11owing exper:irnent 
,/ , / 

was to investigate the alterations which occur in the extracellular 
\ 

and intracellular f1uid duriryg perfusion with 3 M Me2SQ after slow 

introduction of the cryoprotectant by examination of total water, 

inu1in and Me2SO spaces. 

) . 

, / 
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Methods 

1) • Perfusate 
o 

(i) . Hypothel:rnic perfusate: Tm 10 C perfusion circuit 

2). Perfusion 

was primed with 200 ml of lX, 400'rrüsjkg medium' 

(Table 3, section IV B, materials and methodsl to 

which C 14-Inulin ~5 llCi,carl:oxy1-14c inulin r . New' 

England Nuclear, . Lachine, Quebec) had been added • 

perfusion medium containing 25 llCi-H3 -Me2 SO 

(New Eng1and Nuc1ear, Iachine , Quebecl was at~ched 
( , 1 

as descril:ed in section III Be of the roate+ia1s aD.d 

methods section. 

The kidneys -we.r~ rerroved fram the rabbits and flushed in the 

rnanner previous1y described. '.!he renal arterial cannula was attached 
o 

, to the circuit and the 10 C cold perfusate was recirculated through 

t:.hE: kidney for 15 minutes prior to the addition of Me2S0. '!he 

Me2S0 solution was pumped into the main circuit at the rate of 

5 ml min -1. Perfusate sarÙp1es ~re taken every 15 :minutes, up to 

the .,point-/when the kidney was rEIlOved,_ for measuranent of perfusate 

concentration of C1lt
_ inulin and/or H3-Me2.S0 by"llquid scintillation 

/. 
counting in triton toluene-bëu:jed cocktail on an Interteclmique 

~ '1 

J 
1 
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SL-30 I.S spectraneter. _ Thus, by 40 minutes the final total 

circulating volume, neglecting sampling was 400 ru, with a Me2SO 

concentration of 3 M. Due to sampling, tœ final Me2S0 concentration 

was 3. 06 M. The venousjureter effluent was recorded at 15 minute 

intervals by timed. collections in the return colurnn. 

3). Treatment Groups 
/ 

A total of 18 kidneys were pe,rfused in this study. 

A. Controls: Nine kidneys were perfused with medium' 

containing Cl If_ Inulin . M=2So-free perfusate was 

pumped into the circuit at the ra te of, 5 hl min -1. 

Kidneys were perfused for 60, 75 or 90 minutes 

(3 kidneys in each group) frou the time of 

activation of the accessOl:y reservoir pump. ~ kidneys 

""-Bre rernoved frou the circuit and the total water and 

inulin space deterrni~. 
, 

" 
ri. " 

" 

B. Me2S0 perfused kidneys: Nine kidneys were perfusé:i 

as were the controls; but wii:p Me2So-contain0g 

perfusate pumped into the circuit. Kidneys ~e 

perfused for 60, 75 or 90 minutes frorn the time of 

introduction of Me2S0 into the circuit (3 kidneys for 

each time ~~od). 'The kidneys were rerroved a.n:1 the 

total H20,lM;:!2S0, Me2S0 and inulin spaqes detenuined • 
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4) . Detenninadon oi 'lbtal H2 0 (and M=lSO) , MelSO, and Inu1in Space 

Kidneys were r~ed, fran tœ ciretp.t after 60, 75 qr 90 

'. , minutes of perfusipn with or without MelSO (3 kidneys per group). 

\'Vhen Me 2 SO was àdded, the tirœ of expos~e to the maximum 

concentration was 2Q, 35 or 50 minutes respectively. The kidneys 

w=re placed in a petri dish, blotted and. the capsule slit dorsally 

and pulled back to the pelvis. The capsule 1 ureter an:i blood vessels 

were rerroved by cutting a "V" with a #23 scalpel b1ade into the 

pelvis. Thè kidney, was transferr&1 to a new dish. Thin slices 

of cortex were cut from the upper and ,1ower poll=s and two sections 
, 

of approxirnately 100 mg each ~re placed into pre-~ighed liquid 

." scintillation count7ing vÙ.ls and tightly capped. 'IWo transverse 

slices approximately 2-4 mu thick w&e taken at the rnidpoints be~en 

the rniddle and upper and lrnœr "pales. The cortex was trimned off 

and placed in vials as before. tœdullary sections of 100 mg 
',/ 

approximate weight were treé3:ted sirnilarly. ~ rernaining segments 

ware, divided into cortex and rœdullary portlcihs of approrirnately 

300 to 800 I1'B each and placed in vials for dry weight detenninations. 

The vials containing ·larger sections were:)weighed, uncapped, 
o 

and placed in a drying oven at 90 C for 120 murs. After raroval, 

they were capped and reweigheQ.. 

The: 'tissue in the remaining vials was rninced finely with 
,/ 

scissors. The vials ~e weighed-to determine the exact weight of 
\ 

wet tissue" Ohe ml of Proto sol (New England Nuclear , Lachine, 

Quebec) was f.added to each vial. The vial was capped and placed 
~ 0 / 

in a shaking water bath at 37 C for 24 heurs until all the tissue 
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was solubilize:1. Liquid scintillation cocktail and 1 drop of 

glacial acetic acid was dispensed into each vial. The vials wer~ 

stare:1 în the dark for 24 hours prior ta counting te re:1uce 

chemilUITÙnescence. The vials were counted in an Intertec7 

rroël~, SL -3~ Liquid Scintillation Spectraneter. 

,~'~ estirnate the e~or associated with incanplete dryipg of 
1'\. 

samp1es containing MezSO, tissue sections were placed in pre-

weighed vials. Sufficient ~zSO was adde:1 te half of the vials ta 

approxima te the concentration in the perfusate. The vials were 

capped and left at rocm temperature for 60 minutes. They were 

then dried as described. arove. The total fluid space was ca1culated; 

the difference due te the presence of Me2sq was ascertained. 
/ 

The fol1owing formu~ illustrate the method for computing 
\ 

1"'" 
the res~tive s~ces occupied by vÎater (Me2SO), 11= l 80 and inulin. 

The concentration of C14-inulin ançl H3-Me280 in the perfusate at the 

time of rerroval was used ta calculate the dpn/11l. Co1.U1ts frc:m digested 

~ " 
tissue were correct:ed to 100 InJ wet weight. 

_/ 
Total H20 (MelSQ) space: Wet weight-Dl:y weight 

Inulin 8pace = dpn C14-Inulin/lOO mg wet tis'ue 

dpn C11J 
- Inulin/111 perfusat~/ 

,/ 
1 

III MelSO Space = dpn H3-Me280/100 !1'9 wet tissue _ 

dpn ~H3_MezSO / ~l perfusate 

,/ 

The spaces were' expressed as 111/100 mg wet tissue. 
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ReSultsj 

The concentration of MelSO and the Ffusate flow rates in the 

kidneys perfused with and without M=l 50 addition are shawn in 

Figure 39. ~ nost rapid addition of ~l50 occurred duiing the 
f 

first '5 minutes of addition, at a rate of 136.24 mM min-le The 

rate of increase of MezSO concentration in the yecirculating 

perfüsate decreased with ,time such that by 20 minutes the total 

concetl't:rati,pn of Me2S0 was 2.04 Mi the rate of addition tetween 
J 

20 and 25 minutes was 62.85 ffil'.1 min -1. Behlam 35 and 40 minutes 

-1 
of addition, the rate decreased to 40.82 ffil'.1 min to a final 

conct;mtration of 3.061 M MezSO. 

Control kidneys, perfused with Me25O-free perfusate exhibited 

stable perfusate flCM rates for the entire perfusion periode After 

30 minutes of perfusion, with Me250 being added at 5 rnl'inin-1 , 

-ilie perfusate flow rates decreased but stabilized -{fter 45 ~~. 
The total water (for control kidneys), water and MezSO 

(for 1-1e2So-perfused kidneys), 11e2 50 and inulin spaces after perfusion 
o 

at 10 C for 60, 75, and 90 minutes are shown in Figure 40 for sections 

of cortex, and in Fi.gure 41 for sections of medulla .. > The 'total 
. ( 

fluid space (water and Mez5Q) was slight1y higher in Me~So-free 
-1 ,-

perfused controls (82.0 ± 2.4 l.!l 100 mg- ) than Me2SO-perfused 

kidneys (79.15 ± 0.87 III 100 rrg -1). However, the values obtained 

by chying sections of kidney containing Me250 indicate that these 

values were low. This differen~e or error ;f 2.35 ± 0.82 ].Il 100 ng -l, 

explains the' discrepancy be~ 'groUps. In both control and Me2SO 
..... ' 



, , 
.. lf 
~; 

~, 

t 
~ 

~ 
it , 
• ~ 
t 
1 

r 
l, 
~ 

"t 

l 
f---
1 
t 
! 
i 
! , 
! . 
f 

i 
f 

1 
~ 
! , 

- 1 

---,- - --~.~ - ........... --~-------

/ 

#'.,!;."",~ ~;~'~~~~~.Iti~,# ;,tç,JbJtJI_~lt",'P~,.~1'Dftt WI$fQI!I\liflmNM • .,.,dSlHifhKdtt •• nlt&CiIJJ ........ mzJ'MS"JPJJ d Jb!'Me 1 atM ou hl 

--.--/ 

C~ 

./ 

( 

-'" 

~I'''s,. , ..r 

~94-

o Me2S0 CONCENTRATION 
A CONTROL PERFUSED FLOW 

)( Me2S0 PERFUSED flOW 

........ 
::E 3000 

• 0-0----0 ----0----1 
./ 

/0 
6.0 

E -o 
V) 

N 
QJ 

::E 2000 
u-o 
z o -1-

~ 1000 
1-
Z 
I.LI 
U 
Z o 

0/
0 

0
1 

~/ 
=,Ji=====ï } ~-~-,i-
;. ~!---I--I--"""'1 

5.0 

-' 

4.0 

3.0 

2.0 

1.0-

U OL-~--~----~"--~--~~~~----~~----~. 
15 30 45 90 

/ 

TIME IN MINUTES 

Figure 39. 'fue perfusate flON- rates as a function 
of perf\1Sion ~e in kidneys perfused 
at IODe with and without Ivle2SO in the 
perfusate is also shawn as function of 
time (0). 
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/ 

Figure 40. Top: Total H20 and inulin spaces in 
cortical sections of kidneys perfused 
at 10°C at 60,75 and 90 minutes of 
perfusion. ~ \( 

J;3Ottan: Total fluid (H20 and Me2SO) , 
mulin and Me2 SO spaces in cortical 
sections of kid.néys r;erfused with 
3.06 M Me,SO at 60,75 and 90 minutes 
of perfusion. The shaded bar indicates 
the interval in which perfusate Me2 SO 
concentration was 3.06 M. 

JI 
1 

Î 
" 

---------------_.< : 



1 
( 

f 
l 

1 
f ( 

/ 

.... 
w 
~ 

l 

FiCJ\lL"e 41. 

1 , 

1 

~ 

am J.: lb 

/ -196-
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Top: Total H2 0 and inulin spaces in 
medullary sections of kidneys perfused 
nt lOue at 60, 75 and 90 minutes of 
perfusion. 

Bottan: 'l'o:till fluid (H2 0 and Me2SO) f inulin 
and Mez sa spàces in medullary sections-
of kidneys perfused wi th 3.06 M !vlez SO 
at 60, 75 and 90 minutes of P!3rfusion. 
The shaded bar indicates the interval 
in which perfusate Me2 SO concentration 
was 3.06 M. 
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J . ______ - . 
perfused kidneys, the total flUld space in medullary tissue segrrents 

(81.25 ± 0.46) was greater than cortical segments (79.90 ± 0.44, 

p < .01). 

The inulin space in cortical. segInents (53.72 ± 2.20 ).11 100 rrg-l) 
, 
of both Me2S0 and Ivle2Scrfree k\'dneys was larger than medullary tissue 

inulin space (<17. 8 9 ± 6.11, P < • 01). Kidneys perfused wi thout 

~2S0 exh.i.bited a, decrease in inulin ~ace in bath cortex and 

rnedulla (p < • 05) as perfusion time increased.' This decrease was 

predominant l::etween 60 and 75 minutes of perfusion. When Me2S0 

was included in the perfusate, the inulin ~ce did not change with 
/ 

perfusion time as in contraIs. The ITOst striking oOservation was 

the increase in inulin spacÎ in Mez SO-perfused kidneys in canparison 
'1 

ta contraIs. Inu1in space in cortical tissue was oore than 50% 

larg~ than éontrols, 64.76 ± 2.46 and 42.70 ± 1. 77 ).11 100 mg-l 
1 

respective1y , p < .001. In medul1ary tissue, the presence of Me2SO 

increased inulin space by 74% over côntro1 values (60.81 ± 2.36 
. -1 ;-' 

and 34.98 ± 1.40).11 100 mg respective1y, p < .001). 

Th: extent of penneation of cryoprotectant is often described 

as a ratio of tissue ta rœdium (rl~;t4)Me2S0 concentration, corrected 

for the arrount of total kidney water. In this study, the :ratio of 
" 

~2S0 space to' total kidney fluid is a similar calculation. Di the 

medullary tissue, by 60 minutes of perfusion, which translates ta 

20 minutes of exposure to 3 M M32SOJ equilibration was essentially 

c:arplete, a TM ratio of 95%, which increased to ~OO% by 75 minutes, 

1\ 1\ l CfJr 35 minutes of exposure ta 3 M .lltE2S0. . In sections of cortical 

tissue; this ratio was 80% at 60 minutes, anp increased ta 100% 



c-

( 

,'or. ) \ . 

-198-

by 75 minutes. 

In cortex and rredulla, extracellular EqUilibration of ~2S0 

---------had beén achieved by 60 minutes of perfusion. In the medulla, the 

tœ2S0 had penetrated the cell by 60 minutes, the tœ2S0 space was 
......-.' ( 

increÇls~.êignificantly over tte inulin space at 60 minutes 
-~---

(p < .05), 75 minutes (p < .01) and 90 minutes (p < .02~). In the 

cortex the Me2S0 space did not differ significantly fron the inulin 

space at 60 minutes. By 75 minutes an exp::>sure tline ta 3 M ~2S0 

of 35 minutes, the Me2S0 space had increasErl significantly over the 

.- corresp:mding inulin space (p < .005). Histological examination 

of the cortex and medulla shov.ed evidence of a reduced celi volume 

in both sections of cortex and medulla (Figure 42). In 'these sections, 

the tubular epithelial cells ~re contracted, the brush border was 

flatten~. The glaneruli appeared densely packed. TlE tubular 

lurren were dilated. 

/ 

./ 

/ 

/ 
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Figure 42 

~ 

facing page 199 

iIJ •• 

A.' Photanicrograph of a section of kiclney fo11awing perfusion with 3.06 M 
Me2SO for 35 ITÙnutes at 10°C (II & E, 380X) 

/ r 

B. Kidney section follOllYing perfusion wi th 3.06 .H Me2 sa for 50-
minutes at 10 ~ (H & E, 608X) " 

c. Kidn~ section following perfusion with 3.06 M Me2S0 for 50 minutes 
at 10 C (H & 7 608X) 
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Discussion 

;' , , 

Canplete penneation of :r;-abbit kidneys was obtained with 3 1-1 Me2SO 
o , 

at 10 Cafter perfusion with the final concentration for 35 minutes. 

This time agrees with other reports of dOC] (SrBll et. al. ,1977) and 

rabbit kidneys (KarOW et. al., 1979) perfused with 1.4 M Me2SO at 
o 0 

10 C, and with reports of 3 M glycerol perrneation at 10 C (pegg and 

Bobinson, 1978). The equilibration in Ws study was canplete in the 

medulla before the cortex, and before tissue sampling. It is there- . 

fore not ]:XJssible to estima te , the time require::1 for medullary ~li -

bration frou the results. This contrasts with the data reported for 

1. 4 1-1 Me2SO where, in the dog ex:periment, maximum equilibratiôn in the 

medulla was only 60%. This discrepancy rray be explained by the 

difference in flcw rates of our kidneys, which were quite high in 

canparison to Srnall et. al. (1977) ,KarCM'~. al. (1979) and KarCM and 

" Jeske (1976). Pegg and Robinson (1978) inâIcated that in rabbit kidneys 
o 

equilibration with glycero1 at 10 C was !TOre canplete in the medulla 

and corticaœdulla regions of the kidney tban in the cortex. The 

reason for this is net c1ear. 

The estimation of inulin space and total (water and_MezSO) 

space has not been studied previously in, kidneys perfused with cryo

protec"bant. In this study sane;. evidence of cellular penneatian of 

Me2SO was obtained. An interesting point is the kinetics of 

~tion at 60 minutes (20 minutes of exposure to ~M Me2SO) • 

Although at this point the percent equilibration of cortical tissue 

5 

/ 
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with perfusatè ~2S0 was 80%, very little had penetrated the cell. 

By 75 minutes (35 minute exposure te 3 M Me 2SO), the ~2S0 had 

equilibrated intracellularly to a much greater extent. Farrant 

(1972 and Elford (1970 ) have suggested that not aIl intracellular 

water is availabie as a solvent for ~2S0. In this study, the total 

\.Jater ,space was slightly underestimated by drying tissue with fu 2 SO. 

After 90 minutes of perfusion (50 minute e>q:xJsure to 3 M ~2S0) , 

the total" water space was still larger than thaf~ccupied by the 

fu2S0. This suggests that the pœnanenon is also apparent in kidney 

tissue, and should be brought into consideration when atterrpting 

to correlate cryoprotectant concentration and the point at which 

intracellular freezing is likely te occur. 

Th~' results clearly derronstrated an osmotic effect of fu2S0 

o 
on kidney celis at ,10 C, despite the slow addition of ~2S0. By 

60 minutes of perfusion, the Me2 SO had equilibrated extracelluiarly 

in bath cortex and medulla; but as shawn in the cortex, the Me2S0 

had hardly penetrated the cell after 20 minutes or exposure to the 

3 M ooncentration. 
, 

A striking difference in the inulin space occurred upon 

addition of MezSO ta the perfusate. In control kidney;s, the 

inulin space decreased durin:J perfusion, an indication of cell ) 

sv.Blling. Kidneys pérfused with Me2S0 exhibited a large increase 

in inulin space Which did not decrease wœn Me2S0 had enterro the 

celle rrhere are several likely explanations. Celis treated with 
a 

.r-E2SO have daronstrated an incr69:se in penneability of various biolo:;ricai 

'1 
\ 
1 

.1 

! 

,. , 
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ITlf2JTlbranes (Pegg, 1972L' Alternately, Farrant (1972) deronstrated 

that leakage of cations fram red cells did not occur in presence 
.. / 

of Me2 SO up to 5 M. In our study, the Me2SO equJ.ibrated rrnre rapidly 

in the medulla than in the cortex, yet the inulin space of the 

medulla was les:; than the cortex. ~if lnulin leakage inte cells was ' 

the predaninan~ factor( it is likely that the inulin space should 

have incr'eased steadily in prop::>rÎ:ion to increased intracellular 
/ 

~2 SO in the cortéX: which was not 50. 

A second alternative is the increased j,nulin space is a 

reflection of increased inulin concentration in the tubules, creating 
/ ' 

a @lse, high value for the extracellular space. This would have 

manifestèd te the same extent in Me 2S0-free perfused kidneys. Although 

inulin space in these kidneys was increased d.Ter nonnal values, 

i t was significantly less than Me 2Sü-perfused kidneys. 

Another explanation could be the expansion of tubular lurœn 

volune. Me2SO has been shawn to increase glanerular filtration 
...... 

(pegg and Farranti 1968; Kara'! and Jeske, 1976). This phen~n 

would increase ~fusate delivery to tubules and increase intra-

tubular vol1..lID2 which W'Ould subsequently rranifest as an increase in the 

inulin space. This would sean :rrore feasible, and the histological 
( 

evidence supports this hypothesis. 

The resul ts reported here define i.ropJrtant factors in the 

treatment of organs with cryoprotectants which are not applicable 

to cell suspensions or tissue slices. 'Ihey help to elucidate the 

reason for unsuccessful extrapolation of freezing protocols fram the! 

single cell te the organ. The accumulation of ],arge am:5unts of 
, 

extracellular fluid would contribute significantly to freezing 

darrage by extracellular ice for:mation. Attaupts te decrease the Me2SO 

/' .. -

/ 
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concentration in the perfusate would need te be accauplishErl 

extranely gradually te prevet;J.t a lag in the ccncentration of Me2SO 

intracellularly, or by control of osrotic flux by other means while 
-----

,. 
; 
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Experiment 7: Function of Rabbit Kidneys In Vitro at Nornnthennia 
follQWing Equilibration with 3 M Me2S0 and Removal 
Hypertonie Washout at lOue. 

Intrcxluction 

It was 
; 

iJ:1 experiment 6 that pe.fueation of rabbit 
o 

perfusion at 10 C was ccmplete after 35 minutes 

2SO. previous attempts te perfuse rabbit 

concentrations above 1. 4 M produced marked structural 

alterations (Pegg ,1972 i Jeske et. al. ,1974 i Karow and Jeske 

1976 ). No attempts have been made to rerrove high concentrations 

of Me 2SO or j:o examine k:Laney function following its rerrnval. 

The following study exarnined the ability of rabbit kidneys 
o 

te function in vitro at 37 C following treatrnent with Me2SO. This 

study differed frc:rn previous reports in several ~spects: l)The 

final concentration of Me2S0 was 3 Mi 2) The Me2 SO was introduced 

by slow addition to the perfusate; and 3) The raroval of Me2S0 

/ 
frcrn thé perfusion circuit was accanplished quickly while counteracting 

~ . 
the osnotic stress of the rapid dilution by the inclusion of an 

'-
.impermeant solute, mannitol, in the washout lutio~. / 

• 
/ 

\ 

- --___ ' __ ~ __ '_ . ...,f~ ... __ .',,",' ______ ~.~ ..... ....,.....u;_.~".<_~.~ .. ~~_<..-&>/I&., ... ,'-.,-.- ____ ._. __ ~ ____ • ~,." 
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Meth::x:ls 

Perfusate 

(i(Hypothennic perfusate: The 10°C perfusion circuit was primErl 

with 200 ml of lX " 400 nûs/kg medium (Table 3, materials 

and methods, section l VB. ) . 

(ii) Me2Sa perfusate: 200 ml of the 6 M Me2SO in IR.. perfusion 

rredium was attache:l ta the accessory reservoiJ:' of the 

lOGe perfusion circuit. 

(iii) Washout Solutions: The 2X hypothe.rnd:C ]?erfusion medium 

was diluted te single stren9i::9 with a mannitol solution 

and/or ddH20 ta yield solutions of 500,600,700 or 800 mOs/ 

kg (Table 4, rnate+ials and methods; section IVB) • 

(iv) Normothermic perfusate: The canposition of the perfusate 
o 

for 37 C perfusion ~s identical to that described.for 

experiments 4 and 5 (Table l, materials aIrl methods, 

_~ection 1VA) . 

2). Introduction of Me2 SO' 

o 
The 10 e ~fusion circuit was primed with 200 ml of lX hypo-

themnic perfusion n1ediun. The perfusate was recirculated te fill 
o 

the condense:r;-"anèJ. bubble trap and e::ruilibrate at 10 C. Following the . -

, ' 

/ 

( 

lU. l( nnq 'O. ...... J 1 r F.. , l!'r'lIiI flllIlIIiliI-.:'; 
, , ' 
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o 
initial flush at 25 C, the kidney was attacrm to the circuit via 

( 
/ 

the arterial cannula ana perfused for a 15 minute equilibration 
, 

periode After 15 nùnutes, the pump attached w the Me2So-containing 

reservoir was activated and the rœdia at 6 M Me2S0 was pumped 

into the circuit at the desired rate. After the 11e2 SO reservoir 

had ernptied, the kidhey was pertused with the resultant 3 M 

tœzSO perfusion medium for an additional 35 minutes_ prior' 1:;0 t.l1e start 

of the washout procedures. During perfusion the ven6us and ureter 

effluent was recorded at 15 minute intervals., 

3)" Wasmut of MezSO 
( 

~ollowing thè equilibration with 3 M Me2S0, the washout phase 

was started. ~ different washout pr,?Cedures ~e perfonued. 

The first cbnsisted of Perfusion with media adjusted to 600 rrosjkg, 

folldwed by 500 mOsjkg and 400 rrosjkg. At each step the kidney 

was perfused for 20 minutes. The second procedure consisted of 

5 solutions adjusted to 800) 700, 600, 500 and 400 rnOsjkg, 15 minutes 

at each step. Four hundred ml of perfusate used for the first step 

(800 or 600 rrOs!kg) was attached ta the circuit. The ouUet to 

- ( 

- the pump was opened, but th: retum system rema.ine:1 connected ta. 

the reservoir containing the first perfusate. The speed of the 

pump was adjusted te rnaintain the normal pressure head without 10ss 

of fluid throu9,h the overflow. The volume of the circuit 1 not 

including the reservoirs-, W9,S 80 ml: The first 206 ml of"perfusate 

./ 

J , 

/ 

l~;f 
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/ 

was not recirculated, but flowed through the kidney and collected 

~to the fy-st ~eservoir. After the 200 IÎIl flush, the r~turn ~tan 

was changed to allow recirculation of the fuzSo-free ~fusate. ~ 

me procedure was followed for each successive washout step with 

the exception that the perfusate volume Was 200 ml, 100 ml of which 

was not _ recirculated. The venous and ureter effluent was 

measured at 5 minute intervals. 

4). Treatment Groups 

A. Freshly isolated controls: Five kidneys were irrfilediately 
o 

placed on the 37 C circuit following the initial flush, 

perfused, and function assem;ed. 

o 
B. Hypothermic controls: Three kidneys were placed on the 10 C 

circuit following the initial flush. They were pe:t:"~used. 
/ 0 0 

for 3 heurs at 10 C, then connected to the 37 C circuit 

and perfused. 

o 
C. Five kidneys were placed Dl). the 10 C circuit followingthe 

o 
initial flush. The kidneys were perfused at 10 C with 

Me2So-free perfusate (400 rrOsjkg) for 15 minutes. The 
J 

MezSO concentration was increased by <\iditiOJ;l of 6 M MezSO .. 
in perfusate at the rate of 5 ml min-.~ ta the main circuit. 

When the concentration of Me2SO in the main circuit was 
~ 

3 M, the kidneys were perfused for an additional 35 minutes" 
~ 

... 
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.. 

/ 

raroved a6'cording to the first washout protoco1 which 

consisted of perfusion wi th 600, 500 and 400 rrûs!kg perfusate 

in successive 20 minute steps. The kidneys were assayed 
1 

o 
at 37 C as described. 

,-

D. Five kidrÎeys were perfused with Me2SO as in group C. 

J )l'he Me2S0 was ranoved according to the Sécond washout 
. ./ 

(3 

E. 

protocol consisting of perfusion with 800, 700, 600, 

500 and 400 mOs/kg perfusate in successive 15 minute steps 
o 

follo\\eCl by/assay at 37 C. 

/ 

Five kidneys ~re perfused with.M:!2S0 in a sirnilar rnanner 
j 

to groups C and D; however, t.h= rate of addition of the 

''''-1 
M=2.S0 perfusate was 3 ml \!!lin • Renoval of the Me2S0 

was accanp1ished in the same manner as Sf.!'oup C. Î<iàney 
/ 18,; , 0 

function was assessed DY perfusion at 37 C. 

. / 

/ 

'j 

) 

, 
( 
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Results 

l , 0 
1) • Perfusion Characteristic~ aD 10 C 

The calculated increase in ~2S0 c:x:mcentration in groups 
_./ 

/ 

where tl1e additiofi-of Me2S0 perfusate was,5 ml min -1 (Groups C 
~ 

ël!1èl. D) and 3 ml min-l(Group E) is shawn in Figure 43. The rate of 

increase of. ~2S0 concentration was nost rapid during the first 

5 minutes, 133.53 mM rrdn':"l at 5 ml rnin-linfUSion, and 83.72 mM 

nùn-l at 3 ml min-1 infusion. Aiter 20 minutes of infusion at 

5 ml min-l, the copcentration of Me2S0 was 2.0 M, the rate of 

ad<:lition during the next 5 minutes was 61.54 mM min-1; while at 

3 ml min-l infusion, the ~tal circulating concentration of 
d 

Me2S0 reached 2.06 M after 35 minutes with a rate of increase of 

36. 9 mM min -1 during the· next S. minutes. 
-1 ... 

Infusion at 5 nù min 

was cœplete after 40 nùnutes with a final concentratic:>n of 3.0 M 

Me2SO and a rate of increase of 40 reM min-l during the last 5 minutes. 

After 67 minutes, the 3 ml ~-!-'~usion was ccmpletei a ~a~ of 

increase dUring the last 5 minutes oCl9---ntt min -1. 
L 0 

Flow rates of kidneyS' perfused at 10 C witrout Me2S0 

(Group B) increased gradually throughout the perfusion period. 
-

• (Figure 43). Perfusate fJpw rates in Jddneys perfused. with Me2SO 
<\ •• 

" added at 3 ml rnin-l (Group E) and a 5'ml ~-1 (GrG>UP C and D) 

exhibited similar patterns of increasing resistancecafter 45 
~ --

minutes of perfusion, but renained stable for the remainder of 
,.., î ~ 1, 0 J 

the M=2S0 perfusion, am lower than contraIs. 

Perfusate flow rates during the stepwise washout of the 'kidneys 

l 

.. 
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----- Me2SO 

3000 ---Flow 
o,e3ml/min 

o 

LI, .... 5 " 
OControl 

Perfusate flOlv rates (--) and corresponding 

" 
90 

perfusate MezSO concentration (---) of kidneys l 
perfused at lODC with BezSO intrcduced ajt 3 nù min
(Gr.oup E),' and 5 ml rnin- l (Groups C and D). Control 
kidileys were perfused at 10 0e' without MezSO. EXPressed ~ 
as a function of, perfusion time. 1 
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with hyperosrrolar solutions are shcMn in Figure 44. Kldneys perfused 

..../ 
with tœ 600-500-400 rrOs;kg solutions exhibited very little change 

in renal vascular resistance during the initial step of perfusion 

with 600 rrOs!kg rnedi:urn. The resistance decreased (with corresponding 

increase in flow rate) during the 500 rrOsjkg stage and rernained stable 

during the final stage of perfusion with the 400 rrOs;kg medium at 

a flow rate sirnilar te tflat prior te the introduction of ~2®'. 

Kidneys perfused with the 800-700-600-500-400 rrOs!kg solutions exhibited 

a steadily decreasing re~stance during perfusion with 800 and 700 
j 

ITils/kg solutions, and rffilëlined stable over the rernainder of the 

washout steps / 

2). 

J 
o 

Perfusion Characteristics at 37 C 

The perfusate flow rates are shawn in Figure 45. lnitially, 

groups which were subject ta Me2Sa addition and rerroval exhibited 

depressed flow rates a:xnpared to freshly iso1ated control kidneys, 

-1 -1 
Group A , which averaged 5.93 ± 0.58 ml min 9 1 or cœpared ta 

a 
kidneys perfused at 10 C without Me2S0 addition an::i rerroval (Group B) , 

which averaged 6.58 ± 0.54 rrù min -lg -1 at the begiruung of the 

-1 -1 collectï01! periods. Bath Group C, (4.15 ± 0.45 ml min g ), 

and Group E, (3 .. 9~ ± 0.58 ml min-lg-l) were significanUy depressed 

(p < .01)'; and kidneys exposed to tœ Me2Sa wasoout beginning with 

BOO ITils/kg (Group D) exhibited very low flews (2.67 ± ,0.36 ml min-lg-1) 

at the beginning in canparison to controls ( P < .001). After 60 
-0 

minutes of perfusion at 37 C, flow rates in Groups CandE had 
'(§ 

o 
" 

-'. 
-----------~. ------- - -------- - -- -
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-- osmolality 
flow 

-1.0 ~ 

Or---------------------------------~ 

- 3.0 

- 2.0 

-. ~ - 1.0 

1 1 III 
O~----~1~5----~3~O~--~4~5~--~6~O----~7~5~ 

TIME (min) 

( 

Figure 44. Perfusate fION rates and corresponding 
perfusate osmolality as a function of 
perfusion time during Me2S0~ washout. 
TOp: Kidneys perfusod with 800/700/600/ 
500/400 rrüs/kg media (Group D). Mean 
± SEM, 5 observations at each point. 
Bottom: Kidneys perfuse::l with 600/500 
400 rrOs!kg media (Groups C and E). Mean 
± SfI\1, 10 obserVations ~t eaCli~int. _ 
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PERFUSATE FLOW RATE 
A B 
~ ., c 

~ 
o 
r.::J 
t:..;!J 

E 

o 

TIME (m inutes) 

45 

Figure 45. Perfu,sate flaw rates of control and Me2So-perfusro 
kidneys during norrrothenni-d perfusion. Expressed 
as a function of perfusion time. (Mean ± SEM. 
Groups A,e, D and E: 5 observations at each point. 

~ , ' 
Group Ij, 3 opserva tions a t eacR' fOll1t) . 
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increased significantly (p < .·OS) over initial rates te values 

similar te control groups. GroutyD flow rates alse increase:j, 

but remained low=r than the oth;r four groups (p < O.l). 

The glanerular filtration rates (GFR) showErl a sirnilar pattern 

in aU groups (Figure 46). lnitially GFR in all groups perfused 
o 

---at 10 C were l~r t:l1arl controls; hO\<.ever, as the perfusion pefiod 

progressErl, it increased significantly in aU 4 groups (p < .05) 

over the values obtained in the first collection periode The ratio 

of the clearance of albumin to the clearance of inulin, is shawn 

in Figure 47. 

Protein Ieakage was slight in aU groups and retention 
o 

increased as perfusion progressed. Perfusion at 10 C without, Me2S0 

(Group B) did net affect albùmin retention: ,the average over t,he( 

four clearance periods, 0.015 ± 0.004 was Jpwer than freshly 

isolated controls (Group A)--~hiçh averaged -if. 028 ± 0.093. Leakage( 

was significantly higher in Group D, (0.046 ± 0.004) than in controls, 

or in Group C (0.029 ± 0.004, P < .05). 

3) • Tubular Function 

The ability of the kidneys te handle sodium is illustrated 

ip Figures 48 and 49. Hypothennic perfusion without ~2S0 did • -
_ _ . t", 

not impair, sodium reabsorption; Group A kidneys re$orbed an average 

of 56.08 ± 2.83% 9f filterErl sodium, Group B averaged 54.06 ± 

1.47%. Beth groups w=re very stable, capable of handling the 

inéreased load delivered by the dncrease:j filtered. load at the 

J --:--,,' -'-:--"7"""'---~ ___ ~ ___ "'---___ '_". __ '~ ___ . _______ ","IjIoOl .... _Q~ -" 
.. ' ,"", . 

.' ____ J.. _ ~~ _______ _ 



( 

" 

r; 

; 

~ , 
;t 

c, 

( 

/ 

, 
! 
,~ 
! 

./ 

( ) 

~ 

. ( 
~~ 

-215-
-;;;-------, 

J 

GLOMERULAR FIL TliATION RATE 
Q:7 

A B / C D E 

~ lm ~ II] ",' 0 
0.6 

..... 
1 
0) 

0.5 ..... 
1 

c: 

E 
0.4 

E 

0 
15 30 45 60 

liME (minutes) 

Figure 46. Glaneru1ar filtration rates of control and 
Me2 So-perfused kidneys during nonrother:TIÙc 
perfusion. Expressed as a function of perfusion 
time. (Mean ± SEM. Groups A,e, D and E: 5 
observations at each point. Group B: 3 observations 
at each point) . 
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Figure .::17. The ratio of albumin to inulin clearance 
of control and Me2SQ-perfused kidneys 
during norrrothennic per~sion. Expressed as 
a function of perfusion ime. (Mean ± 
SEM. Groups A',C, D and E 5 observations 
at each point. Group B: 3, observations at , 
each FOint. 1 
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Na REABSORPTION 

)( A 
• B 
., C 

ai 
A.D 
o E 

15 30 45 60 

Figut'C 48. 

TIME (minutes) 

The percentage of filtered scdium 
reabsorbed by control and r1e2SO::::...- ' 
perfused kidneys during nonrotherIIÙc 
perfusion. Expressed as a function of 
perfusion tirre (Mean ± SEM. Groups A, 
C,D and E: 5 observations at each point. 
Group 13, 3 observations at each point). 
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Na TRANSPORT 
A B C 0 E 

~ lB ~ EIJ '.' 0 
( 

15 30 45 
-_/. 

( 
TIME (minutes) 

, 
Scrlium transP=tt by control and Me2 so-perfused 
kidneys durin<f nonrothennic perfusion. Expressed 
as a :runction of perfusion time. (Mean ± SEM: 
Groups A,e, D and E: 5 observations at each poiht. 
Group- B, 3 observations at each point) . 
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glarerulus. AlI three groups treated with '3 M Me2SO exhl.biterl 

depressed proportional reabsorption of ~ium. Both Group C 

(43.35 ± 1.27%) and Group,E (44.79 ± 1.56%) were similarly 
1 

depressed over control kidneys (p < .01). The decrea.sed scxliLml 

reabsorption in Group D, -?Jl.47 ± 2.75% was rrore pr9nounced (p 

< .005). While Groups C and E alsO-ffiaintained stable rates of 
-/ 

reabsorption, Group D progressively decreased wfth t~. The 

sodium transFOrt (Figure 49) increased in all groups as perfusion 
/ 

progressed (p < .01); only sodium transport in group D was 

significantly less than freshly isolated controls (p < .005). 

Glucose reabsorpi;ion (Figure 50) did not ~vàry with perfusion 

time. The percent reabsorption, averaged over '-the fo~ clearance 
• "4.' 

periods, was grea.ter than 90% in aIl groups except Group D. 

In this group, glucose reabsorption (86.30 ± 1.51%) was significantly 

reduced corrpared to Groups A (94.12 ± 0;37%) and B (94.83 ± 0.53% ) - . 

P < .005. Group C (91.85 ± 0.69%) and E(91.38 ± 0.93%) were similar 

to controls and superior to Group D (p < .01). The ratio of the clearance 

of phenol rai to the clearance of inulin indicates the secretory 
\ 

activity of the tubules (Figure 51). The higher the ratio, the 

greater the roncentrating abill ty( 0t the kiàney tubules. In kidneys 

trea.ted with Me2SO with the 600-500-400 washout treabnent (Groups 

C and E), initial values were lc:1#er than cantrols , (p < 0.1 and 

P < 0.25 respectively), but increased during perfusion:. Group 

D kidneys, in which washout was initiated at higher osrrolality, 

were depressed in corrparison to the control average Cp < .005) 

and continuai to decrease. 
( 
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GLUCOSE REABSORPTION 
100 ./ 

0 90 <tJ 

~- =t= ,---- - 1 =- --=::::::: ~ 
-~I î----------0 .... 

0 80 
w 
~ 
w 
t- x A .... 

::} 
J/ 

/ -u.. • B 
u.. 'f C 
0 ~D 

~ o E 

01 1 1 1 
1,5 30 45 

TIME (minutes) 

Figure 50. The r:ercentage of filtered glucose .. 
reabsorbed by control and Me2So
perfused kidn~ys during nonrothermic 
perfusion. Expressed as Cl. function of 
perfusion time (Mean ± SEM. Groups 

l' 
60 

A,C,D and E:/5 observations at each point, tP 

Group B, 3 observations at each point). _ 
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The ratio of phenol red ta inutin 
clearance in kidneys perfused during 

~ normothennic perfusion. Expressed as 
a function 0t perfusion time (Mean ±. 
SEM. Groups A,C, D and E: 5 observations 
at each point. Group B, 3 observations 
at eqch point) . 
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/ 

4). Histology 

HistolO1ical exark.nation of kidney sections did not reveal severe 

ultrastructural changes in any ot: the five groups of kidneys studied 

(Figure 52). Both Groups CandE exhibited well-preserved ultra

structure sirnilar to control groups A and B. KiQ,neYs in Group 

D exhibited glanerular alt:erations (Figure 52, G aîld H), net observed' 
~ 

in the other groups. 
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Figtge 52, 

A.' Freshly Isolated ControL (Group A) Section follCMing perfusion 
at 37GC for 60 minutes (H & Ei 64X). 

B. As aIDve (H & E, 256X) 

C. Hypot:henni.c-P,eI'fused Control. (Group B) Section fol1C1Wing perfusion 
at lOGe for 3 hours and assessnent at 37°C for 60 minutes. (H & 
E, 64X) 

D. As above (H & E, 256X) ./ 

"'-' 

E. Me2Sû- ~fUSErl kidney (Group C). MezSO added. at 5 ml min-l, to 3 M 
washout with 600/500/400 rrOslJeg rredia at loGe am assessed at 
37°C for 60 minutes (H & E, 160X) 

- F. As atove (H & E, 256X) 
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Figure 52 - Continued 

G. Me280-perfuserl kidney (Group D) • Me2 SO adCiErl at 5 nù rnin-l ta 3 M, 
'washout with 800/700/600/500/400 rrOs!kg rre::lia at, IODe, and assesseél 
at 37°C for 60 minutes. (H & E, lOOX). 

H. 

1. 

J. 

As above (H & E, 400X) 

. -1 
Me2SO perfuserl kidney (Group E). Me2SO added at 3 ru min to 3 M, 
waShout with 600/500/400 rrûs/kg zœdia at l{)J and assesserl at 37DC 
for 60 minutes ( H & E, IOOX). 

As above (H & E, 400X) 
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Discussion 

The results obtùined in this study provide evidence that ~ 

kidneys treated with 3 M Me2S0 can f~ction imnediately following 

the removal of the cryoprotectant. The protocol designed for the 

introduction and rerroval of the M22 SO r:epresents what is believed 
/' 

to œ~p~ure which not only is less hannful to ~ kidney, 

but may also be less predisposing ta further damage during sloo 

cooling to low temperatures and subsequent thawing. 

The solution which served as ~ veJUcle for !~2S0 introduction 

was a rrodified Collin 1 s solution, renal preservation solution-2. 

This solution was reported to maintain a K+ /Na+ ratio in tissue 

sliœs after four days cold storage equivalent to that of fresh 

tissue (Fahy et. aI. , 1979 ). The solution was supplanented 

with ,marmitol and HEPES buffer _to render it useful for perfusion. 
1 

) 

The use of a solution containing high levels_of potassium anÇI. low 

levels of sodium have l::een applied primarily for organ storage 

procedures (COllins et. al. ,1969 ; Sacks et. aL 1973 

Ross et. al. , 1979 ) ; 1 however the œnefits of this type of soiution 

have not been -universally acceptecl for storage and perfusion ab::>ve 
• > 

freezi?g . (Fuller and pegg ,1976 ; Green and Pegg ,1979 ) . 

Keeler et. al. (1966 ) clearly derronstrated that in dog and rat 

kidneys, perfusion with Me 2SO in a balanced salt 901ution resulted 

in a 50% 1055 of cellular potassium, which was incœq;>atible with 

kidney survival. This 1055 of potassium and subsequent loss of 

viability was prevented by perfusion with Me2S0 in a P9tassium rich 

, . 
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solution. Experiments with the isolated ral:tlit kidney which used 
-

potassium rich solutions as carrier of M:!2S0 have confinned. ié? use-

fuln€ss (Fonte1es et. al. , 1973 ,Jeske et. ~. ,1974 , J 
Karow and Jeske , 1976 Karow et. al. , 1979 ). 

In a previous,experiment (5) the solution employed in this study 

did not have damaging effects on kidney function when perfused at , 
o 

10 C for a length of time needed ta add the t-1e2S0 and allow . 

EqUilibration. In this study, perfusion of kidneys with ~2So
o 

free perfusate for 3 hours at 10 C confinned that this potassium 

rich, sodium poor medium had no deleteriouS effects on subsequent 
o 

kidney function at 37 C. In certain pararneters measured, specifically 

perfusate flow rate and phenol red concéntrating ability, the cold -
j 

perfused controls proved to be superior to freshly isolated kidneys. 

The se differences may be attributed ta a progressive dilation of the 

renal vasculature during hypothermie perfusion which helped in clearing 

trapped red cells or other canponents of blood frou capillar?-es, 
o 

resulting in a rrore complete perfusion at 37 C. Increased tubule 

perfusion of peri tubular capillaries would then deli ver increased 

arrounts of phenol red for transport inta the tubular lumen. The 

low levels of protein leakage into the urine ·indicated that the 

albumin x:etention capability of tœ glcrnerul~ remained intact, and 

there was minimal sloughing of damaged tubules. The capaci ty of the 

tubules ta reabsorb sodium ang;- potassium was very similar ta controls. 

These results are canparable ta those reported by Pegg ,and Wusteman 

(1977) . Freshly isqlated controls functioned 'quite similarly in - / 

bath studies; ~ver, the detr'imental affect of hypothennic perfusion 
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without cxyoprotectant observed in that study was not apparent in 

the present v.ork. 

Theintro:1uction_ of Me2S0 was accanplished at two rates of 

addition. In both, the rate of addition was decreased as the 

perfusate concentration of ~2S0 irlcreas~. After the perfusate 

concentration reached 2 H MezSO, the rate of addition wa.s less tban 

100 mM rnin-1 in the nore rapid addition. previous, reports by 
~~ 

others studying ~2S0 in concentrations al:xJve 1. 5 }1 did. not increase 

the concentration slavvly (pegg ,1972 ; Karow and, Jeske ,1976 ) / 

In the first report, the perfusate flow rate increased briefly 

1 followed by a drarnatic increase in rena1 vascular resistance at roth 
o 0 

37 C and 5 C. The vascular endothelium was severely damaged with 
. 0 

2 M Me2S0. Perfusion with 2.8 M Me2S0 at 37 C (Karow and Jeske 

1976 ) did not result in the same phenanenon, however flow rates 

~ during perfusion were very low. 

s~equent studies have confinne1 that rapid addition o~ 

Me2 SO bas deleterious, osmotic effects which ;cause damage and which 

can be predisposing to/damage fran subsequent treatIœnt. Guttrnan et. al. 

(1979 ) reported that rapid addition of 1. 5 M Me 2 SO to dog kidneys 
o 

perfused at 10 C resulte:3. in increased release of LDH. This was 
1 

~eduq:rl if addition was accanplished in -graduated steps. Karow et. al. 
o 

(1979 ) found that at 25 C, if the rate of addition and rem:>val of 

1. 4 M Me2SO was decreased, an increased number of do:; kidneys Survived 

after reimplantation. 

'!he importahce of osm:>tic effects have been confirmed for rabbit 

kidneys p:!rfused with glycerol, which require very slow glycerolization 

1 
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procedures (pegg ùncl WustEm3J1, 1977; Jacobsen et. al. 1 1978; 1979). 
1 

In this respect glycerol is probùbly rrore ],ikely ta exert osrrotic 

stress at leM' temperatures due to a relatively law penneability in 
1 o 

canparison to Me2SO (McGann, 1978). The data obtùined during 10 C and 

37 C perfusions indicate that the rate of addition of Me2SO is not --, 

a critical fùctor, provided that the rate is sufficiently, reduced 

to prevent osmotic-induced fluctuations in cell volume. Perfusa te 

fleM' rates ùt constant press~e were very similar at rates of addition 
• 0 

which differed by at least· 40%. In vitro function at 37 C did-not 

inçlicate large differences between the two groups in which the Me250 
,/ 

-
had been removed in the sarne manner (Groups C and Ë) • 

Despite the ~~ence of osmotic effects, the Jr..:i.dneyS\rfUSed with 

Me2SO did' not exhibit the pattern of d€:!creasing renal vâscular 
.. 

resist.ance observed in hytX)thermic perfused kidneys with MezSD-fr;ee 

perfusate. Me2SO ffi3.y have affected'the vascular SlIDOth muscle cells 
l' 
1 

and produced vasoconstriction. The nature of this action is not weIl 

documented, but is evident in different ceU and tisspe slice' systems. 

Leibo et. al. (1974) found that after 8XfOsure of eight-celled mouse 
- - l , 

arbryos to Me2SO for 90 minutes, the embryos did not attain original 

volume unless diluted back to their original osmola1i~. Fahy (1980) 
, 0 

observed that tissue slices placed in 1.. 92 M Me2SO at 0 C prcduced a 

rapid drop in \'.'eight followed by a steady increase over 30 minutes, but 

, never' regained initial weight. Effects of 'Me2 sq have been documented 
1 f /, 

(David, 1972; pribor, 1975; Williams and Harris, 1977) and in rnany 
, . ./ 

cases the saIne effects are attributable ta glycero1. 
~ 

Ranoval, of Me2SO was accanplished in a marmer which l'las not been 

previously described for the kidney. This" teclmique ofters two 
, \ 

advantages over slawly decreasing the Me2SO concentration. It 

r • 

} 

" 
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Wnediately introduces a Me,SO -free perfusate and prevents '~lc;mgal 
exposure to the cryoprotectant.As saon as the perfusate is switched 

to one without cryoprotectant, the Me2 SO exits the cell dc:Mn the 

concentrat:J:ah gradient. Hooever, the Me2 SO trapped in the ce11 pulls -
/ 

water into the cell presumably at a faster rate than the Me2 SO can 

1eave, which causes ce11 swelling. If this water influx is too great, 

the cell will exceed its volurœ liroits and burst. By intrcducing 

an .irnpern'é'ant solute, mannitol, the total water flux is reduced since 

a countering force favouring cell dehydration is applied. As the 
\ 

Me2 SO leaves the cell, the effective osrootic force favouriTIg water 

entry is reduced. If the concentration of ~tol_5ernained high, 

'. the cell woul~ lose water. 'fuip dehy<i;lration is prevented by reducing 

the rrannito1 content of the perfusate in severa1 steps. 

The oost striking manifestation of the effect of this washout 

technique was the absence of an increase in the rena1 v~ç:ular 

resistance which would in our constant pressure sys~ have manifes'ted 

as a decrease in flCM rate. Although attanpts to reoc>ve Me2 SO in 
~ ~ J • 

concentrations greater than 1. 4 t1 have not been reported, kidneys 

which have been deglycerolized at slav rates after e:;ruillbration wi th 
_/ 

2 M or higher concentrations of g1ycero1 invariably exhibited a 

significant increase in resistance (pegg and Wusternan, 1977; pegg and 

Robinson, 1978; Jacobsen, 1979). 

The in vitro assay of kidney function by nonuothemù.c perfusion 

with.a cell-free, extracellular based perfusate bas been shCMl ta be 

sensitiVe to various manipulations by our lab and by others. The freshly 
o 

isolated contr9ls exhibited a level aI function at 37 C which carparoo 

v~ close1y te controls reported by Pegg and Wusteman (1977) and 

• 1 

/ 

,\', 
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\\hlch have subsequently been shavn to supfOrt lite follONing 

transplantation (Jacobsen et. al., 1978). The kiùneys treated with 

3 M Me2 50 in this study were capable of maintaining a level of 

function c01!p<lrùble to ,kic1ney function after treat:mcnt wi th 2 M 

glycerol ~ (Pegg and Wustanan, '1977)~. Function of kidneys perfused 

\Vith the Me2 Sü-free medium indicated that the high FQtassium, lOtI 
1 

sodium perfuSùte did not in itself incur damage. 
j 

The results indic~ted ~t kic1neys in which the Me2 SO was 

r€ffiOved by high osmolality wash)>ut (800 mOsjkg initial step) did 

not function as well as those initially subjected to 600 rtûs/kg 
/ 

perfusate. In the first case, kidneys exhibited a rrore rapid increase 

in flCM rate following Me2S0 renoval, which was delaYe? 'if washout 

cannenced with 600 rrOsjkg perfusate. In group D perfusate flCM rates 
----- o 

and tubule function at 37 C was impaired; histolcgical examination 
j , 

-, 1 
l ' .. 

revealed alterations of glanerular structure when cornpared to contraIs. 

The reason for this difference in recover:y is not readily apparent. 

One' explanation rni9ht be that after prolonged exposure to the 800 rrOsfkg: 
• 

soiution,. the Me2S0 had diffused dc:wn its concentration gradient and 

been diluted by the perfusate. 'I11e cell is confrontéd by an unopposeéi 

force favouring dehydra tion, which might cause cell damage. By 

initiating washout at a lCMer osmolality, the dehydrating force which 

is exerted on the cell is less hannful. 

The results may provide sane degree of optimisrn for future atternpts 
• 

of renal preservation~ Recent reports of the c,ontrib~tion of high 

concentrations of cryoprotecti ve agents to freezing damage were carried 

Ç)ut without the afuve precautions of addition ru)d removal. (Armi.tage 

and Pegg, 1979; Fahy, 1980). The results of exposure of organized 
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tissues or organs to to cryoprotective ag~ts is actua~ly the result 

of 1 three or rrore treabnents: the addition of the agent, exposure ta the 

agent, and its reroval. Bach of these m:mipulations is çlifficult to 

separate. Suboptimal procedures for introduction c:md renoval maS' not 

",., ..... ' have severe delctcrious effects, but they can predispose to freezing 

t 

,/ 

) 

.-J' 
damage fram manipulations such as concentration of solutes or ~gh 

, 1 

cryoprotectant concentrations. We have denonstraterl that kidneys are 

able ta function after addition, equilibration and raroval of 3 M 
o 

Me2SO at 10 C. The ranoval of MezSO can 1::e accarplished wÜhout 
~,' b 

deleterious effects if the osmotic stresses' of the cryoprotectant 

are ccilllteracted with increased amounts of impermeant solute in the 

perfusate. Excessive arnounts of .i.mpenneant solute may be deleterious 

to the kidney. ; 
.1 
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Surrrnary and Conclusions 

. , 

This study was designed with ~ main objectives. The first 

dealt with the hyp:>thesis that a sinple rœthod of in ~ nonro

thermie rabbi t kidney perfusion could be developed to serve as 
, 

a suitable test of the functional integrity of the kidney prior 
( 

to reimplantation. The second objective was to errploy the systan 

to invesggate the IX>ssibility of treating rabbit kidneys with 

nrult:i1rDlar concentrations of MezSO if addition, perrœa.tion and 

rerroval of the cryoprotectant were perfoIJ11ed in a non-deleterious 

manner. 

The initial subject of investigation, following the design 

and construction of the perfusion circuit, was the use of 

an oncotic agent. The effects of dextrans of nolecular weight 
- ' 

. 70,000, 80, OOQ oi 180,000 were carpa.red to a colloid-free perfusate 

at reduced perfusion pressure. J;nclusion of dextrans of cllfferent 

nolecular :weights, and frcm two different suppliers, did not 

. result in satisfactory perfusion characteristics. Kidney perfomance' 

in vitro, was quite variable. Kiàneys exhibited steadily increasing 

renal vascular resistance, law rates of glarerular filtration, 

and depres,sed tubular reabsorption. 

Microscopie evaluation i.nJ:licated ultrastructural changes. 

Glœerulae of d~an-perfused kidneys rema.ined intact, but 
.--~ / 

expansion bf 13c:lvm3n' s space was evident, with cœpression of the 

glanerular capillary lumen. In certain areas, the endothelial 

lining of the peritubular capillaries \VaS stripped frou the basanent 
/ 

" 

/ 
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rnanbrane. Proximal tubules exhibited rnitochondrial ~lling, 

cytoplasnic vacuolization with disruption of the brush lx>rder and 

loss of cell cytoplasm. 

Rabbit kidney perfusion without dextran, at a reduced perfusion 

pressure of 50 rrmHg resulted in a rrore suitable preparation 

wi th rgpid onset of function and maintenance for two hours. Renal 
"---..., -

vascular resistance decreased (and perfusate flow rate increased 

at cxmstant pressure)as perfusion progressed. The glarerular 

filtration rates in this group were significantly increased over 

dextran:""perfused kidneys. Renal tubules exhibited stable sodium and 

glucose reabsorption. 

The dextrans used in this study proved te be unsui table as 

a source of colloid osrrotic pressure. They did not control 

edana, and it was concluded that the dextrans were not CXlTQ?letely 

retained within the vascular systEm. It was IlOt fOssible te as-

certain whether 'the deleterious action of the dextran waS due to 

a direct toxic effect op proximal tubules or te a secondarJ 

effect of ischemia. The changes in the vascular systan and the 

obvious eda:na caused significant reduction of perfusate flow 

- -
rate. This may ha.ve resulted in decr:eased.oxygen delive:r:y to 

certain areas of the kidney. ïn studies of rat kidney ultra

structure following ischernic periods (Latta et. al. , 1965 
\ -'-

Rellrer et. al. , 1972 ), similar ultrastructural changes w:ere 

described. Other reports haVe :i.nl:>licated dextran as being 

direcUy toxic te proximal tubules (Imai, and KOkko ,1974 ), 

precipitating, epithelial disintegration, which is consistent with 
.-1 

( 
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the findings of this experirœn.t. 

On the basis of rrorphological appearance and texture of the 

kidney during perfusion, and ,on histelCX;ical evidence, edema 

was rrore effectively controUe:1 b.Y perfusion at reduced pressure 

without dextran. Other advantages of the colloid-free system 
j 

were appg,rent. The rapid onset of function, and the stability 

of the preparation were two features important for an in vitro 

assayof integrated function. Reabsorption of sodium arrl glucose, 

despi te the absence of an oncotic agent, provided evidence that 

the reabsorption rates J:ll?asure:1 active transport by the kièlney. 
> 

The high cast of suitable albumin preparations, the apparent 

similarity in function to rabbit kidneys perfused in vitro with 

sane colloid source (Fuller et. al. , 1977 ; Wustanan ,1978 ), 

and the superior f4t1ction carpared te reports of rabbi t kidney 

perfusion in vitro with Tyrode solution at low flaw rates 

(Fonteles et. al. 1 1973 ) support the claim that the colloi9-

free reduced pressure systen' of rabbit kidney perfusion c0utLd 

prove te be of great potential value. 

'Ihis systan was chosen. for further investigation ~ d.evelop-
~ 

ment. Limited info~tion is available concerning the utilization 

of eJ<DgenQus energy substrate by the rabbit kidney;in vitro 

(Fuller et. al. , 1977 ). Lactate, butyrate and glucose 

utilization have been studied in the isolated perfused rat kidney j 

( 

(Ross et. al. ,1973 ; Gregg et. al. 1 1978 ; Cohen et. al. ,1980 ) " 

In ,the second exper:i.Jœnt of, tlris study, the sensiqvity of the --- ) 

kidney te available exogenous energy substrate was determi.ned by 

r ",. 

\ 
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rronitering its ability to reabsorb scdium during in vitro ,perfusion. 

With substrate-f;-ee ~usate, scxlium reabsprption decreased 

steadily wi:th perfusion tirœ. Supplementation with glucose 

,resulted in slightly increased elevels of sodium reab50rption and 

prevented the rapid decline. observed during the final thirty 

minutes/of perfusion with substrate-free perfusate. When the 

glUCOSe-corl~ perfusate was supplernented with lactate or' 

butyrate, sodium reabsorption, increased. Lactate supplanentation 
-~-

was the nost beneficial, resulting in significantly higher rates 
o , 

o:G sodium and glucose reabsotption. The net gluêose utilization 
- 1 \ 

for sodium transport was reduced wheil lactate or butyrate was 

ad.ded to the glucose-containing perfusate. 

The rabbit kidney exhibited dependence on exogenous energy 

sources for reabsorption. Endogenous energy sources were steadily 

depleted during perfusion and unless exogenous substrate was 

available, capacity te handle filtered Sodium or glucose decrease:i. 

Under the perfusion condi tidns descriŒrl, the ccrnbination of 

lactate with glucose best supported reabsorption • 

Not only did this exper:ilœnt identify the appropriate enez:gy 

sources;, of equal significance was the daronstration that t:his 

system was. sensitive -enough to detect this phange. 'lhls supports 

the' potential of the system far assessmertt. of the effects of 
~-

preservation treabœnts. 'Ihe system is sensitive te cl:la.l1gès 
.. - (j '; ....... 

which are rrodest in canparison to those anticipated -follCMing-
\. / l.. 

10l'lEJ ;tenn storage p~. 

Kidœys· perfused .in the first eJq?eriment were attached to the 
1 

.. 
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s:ircuit :imnediately follCMing reroval. In the serond experiment, 

the kidney was ~lushed with perfusate prior te attfFchnent to the 

• « 
circuit. Perfusate flow rates during the first mur of perfusion • 
'were slightly increased in the second experbnent. By 90 minutes 

of perfusion:, the flow rates were sllnilar. A vasodilator, " 

lsoxsuprine Hel, was include::1 in the flushing of kidneys used in 

experiIœnt 3. 'Îhe kidneys were perfused. in a s:i.milar manner te 

those in experiment 2 for the first 3 clearance periods. Flow 

rates were similar at the onset of perfusion, but by 30 minutes 

had increased in the third experiment, in contrast te the transient 

decrease abserved in the second experirnent. The addition of tœ 

vasodilator wasbeneficial, although not striking at the onset of 

perfusion. Including isoxsuprine rray have aided in clearing the 

kidney of blood arrl blocx:l ccmp:ments, prcrlucing a rrore unifonn . 

.'Wî'shout, and preventin::J the delayerl release 'of vasoactive blcx::x:1 

canponents trapped in the kidney micro-circu1ation and only . 

freed after perfusion ha.d pr03I'esserl. '!he increase in flcM--
{i 

rate and higher glanerular filtration rates in experiment 3 

support this conclusion. 

Increasing the perfusion pressure fran 50 rrmHg te 75 nnîHg 

increased -the perfusate flow ra~ and the arrount fil teroo at the 

gl~us. '!he kidneys did not respond to the increased 

filtererl load.· Al thOUJh the anount of sodium reabsorba:1 by the 

tubules remained constant, 'the proportion of filWed sodi~and 
91urose reabsor~ decreased. Underl:hese oonditions, t the 

'- , 
kidney was operating at capacity, and increased oxygen delivery 

n 

'. 

/ 

/ 

1 
0\ 

r 

1 

, 
'l' 



~.( 
.. 

1 

-237-

/ 
\l 

did not enhance function. It 'is coneluded' that oxy~ availability 

~n this system ,is no.t;; limiting function. 

Including srrol1 ùlTlOuntS of rovine serum albunin (BSl\) 

in the perfusate signitieantly increased perfusate flow rates 

at l:xJth 50 and 75 nmHg perfusion pressure. Measuranent of the 

albumin leakage a't the glanerulus indicated that the ki<;1neys 

retained albunin at the glanerulus. Kidneys perfused with 0.5% 

or 1.0% BSA exhibited increased reabsorption of filtered glucose 

and sodium. When the r::erfusion pressure was increased, the 

tubular sodj.un transport increased signifiCéll)j:.ly and the kidneys 

• r::erfused wi th 0.5% BSA maintained a higher pror::ortion of scx:lium and 

glucose reabsorption. Perfusion with 1.0% BSA, although exhibiting 

increased function over BSA-free rneclium, resulted in function 

l:elow that obtained--with 0.5% BSA. 

'Ihe beneficial effects of the BSA eould not be attributed 

solely ta the provision of oncotieyessure. Increasing éoncentration 

fran 0.5 tQ 1.0% decreased sodium transport, ·and did not inerease 

perfusate flow rates ov~ 0.5% BSA. However the GER in the 1.0%, 

BSA group was significantly lCMer than the 0 or 0.5% groups. 

It was coneluded that the effects of BSA were due ta an oncotie 
~ 

effect, to regulation of pore diameter of blood vessels and/or 

the possible supply of an unidentified substance which increased 

function. A slight pncotic effect would aid in tubular reabs6rP

tion by the prevention of tubular backflux of reabsorbat:e through 

ti'j'1t junctions between proximal tubule eells. BSA adherence to 

vGSsel \Wills Would regulate pore diarneter, and pre vent excessive' 
/ , . 

.. 
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filtration into the inœrstitium. These effects would be manifest 

at both concentrations of BSA, but in this systan 0.5% BSA was 

o}?tirnal. It is suggested ~t these beneficial effects are 
J' 

. overshadaved by deleterious effects whlch manifest as the 

concentration is increased, as reported by Fuller et. pl. (1977 ). 

It is also possible that the BSA exerts effects which are peculiar 

to rabbit kidneys and not ta rat kidneys perfused in vitro. In 

kidneys perfused with 1.0% BSA, prote in leakage at the glaneru1us 

raminErl constant and Bcwman' s space was distended. Kidneys 

perfusErl ~th 0.5% exhibited a decreasing ratio of aJbumin to --
inulin clearance, with no 'evidetice of distension of 13oMuan's 

space. 

In the final step concerned wi th developnent of the norno-

thennic perfusion system,kidn8'js were perfused for one hour 
o • 

at 37 C with perfusate containing 0.5% BSA and 5 rrM lactate. 

The GFR was initially high an::l reroa.ined 50 for the four clearance 

periods, exhibiting a slight increase with tlnVa. The am::::mnt 

of sodium transported frou lumen to peri tubular capillaries 

exhibited a similar pattern. The proportion of filtered 

sodiun 'and glucose was stable; glucose reabsorption ranained 

higher than 90%. Albumin 1eakage was minimal and kidneys were 

capable of secretion of phenol red. 

In vitro' function WclS canparable te rabbit kidneys perfused -- . 
o 

at-37 C with oolloid (Fuller and Pegg ,1976 Fuller et. al. 

1977 ; pegg and Wusternan , 1977 ; Wllfteman , 1~77 ), and 

superior to ki.àney function reported without eol1oid (Fanteles et. 
/ -

j 

, 
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al. ,1973 ). Perhaps rrost .i.nteresting is tœ canparison with 
1 

rat kidney function without ,BSA (BcM:nan and MaaSk , 1974 

Little and Cohen _, 1974 ). Function was very similar for 
\ 

- bath species and were ShCMn for the rat ta return to control 

1evels if the BSA (7.5%) was added to the perfusate (Bcwnan 

and Maack , 1974 ). It d..s conceivable that should a suitable 

colloid source be identified, functio~ of tl'e rabbi t kidney 
, , 

us.i.ng thé present syste.'11 cou1d e:JUa1 that obtained wi th optimal 

proçedures described for tbe rat. /1 

'l'his perfusion mode1 was able to delineate tbe effects of 

hem:x1ynamica11y-rreàiated acute rena1 fai1ure. Function obtained 

with freshly isolated ~ontro1s was significantly better than 

kidneys exposed to one hour of wann ischernia prior to perfusion. 

Although the kidrey perfused under these conditi~ is liable ta the 

• • ~(Maa sarre concentratJ.on defect as other syste:ns usmg the rat ck 

1980 ) or rabbit (FÙ11er et. al. , d.977 ) kidney, addition of 

ADB indicated that the capabi1ity of hormqna1 interaction and 

associated cellular events a1&i~g tubular pe.rmeabi1ity reœ.ined 

intact. 

'nle iso1ated rabbit kidney perfused in vitro with a colléid

free reduced pressure system is not capable of mirnicking in 

vivo functioni. l1.avever it is not subjected to the same milieu, and 

seerns to function optirnally under the given conditions. The 

sensitivity is sufficient to recognize de1eterious effects. 

Éar1y onset and stabilizagon of function pennits rapid evaluation 

of the ability to perform integratOO functions which are necessary 

------._- - ---_.:---------------~ ----_ .. _--
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ta support lif~ in vivo. It is coneluded that th'is system is 

q valuable :in vitro method of assessrrent of kidney function 

which can be used ,as an alternative ta reimplantation. The 

system is econanical, capable of produc:ing :i.m:pediate results 

and applicable for studies of renal preservation. 

Although--the-m:;xiel is a funetional assay 1 the full potential 
, 

is no~ realized. Several aspects rœrit future :investigation. 

The search for a sui table oncotie agent should contmue. 

Purification of econanically feasible albumin preparat;Lons, 

ccmbinations of other synthetic colloids wi ~.Jl1bumin or small 

arrounts of rabbi t serum rnight prove benefieial. Consideration 

rnight be gi ven to the -canposi tion of the perfusion medium.. 

Supple:œntation with amino acids, or substitution with a IIDre 
! 

~lete medium fonnulation could provide camponents to further 

enhance kidney function. 

The spectrum of renal function dur:ing in vitro perfusiox: 

could be :investigated further. Evaluation bf the ,abilitY ta 

hanclle other filtered solutes phospha~ potassium, amine ac:!dS, 

bi~bonate would identify areas of efficient and deficient 

function. The response ta honronal or phannacological stimuli 

. should be :investigated ta detennine if the kidney will respond 

as :in vivo • --,- ./ 

Reimplantation of -the kidney follawing perfusion would 

provide bnportant infOD'I'ation. Correlation between :in vitro 

function and abi:lity ta support life would emable the system ta 

-., $ 

/ 

~~' .. , 



\ 
A 

_// 

, '·'."A!·""·'l""'''''''!~~F''''J~~Itl~'!t'jl'iIit'$'''.~'I'(.''iII''~'~~~'I*~_~~~_;!iI:!'III~ __ ., 

{ 

(, 

,. 
-241-

predict viability as well as functiona1 integrity. 

The nonrothennic perf~ion system 'was enploye:ito assess the 

functional"integrity of the rabbit kidney fOll~ perfûsion at 
o , 

10 C with the cryoprotectant Me2SO. A s.imp1e perfusion circuit for 

hypothennic perfusion at constant pressure was constructed. 

The perfusate was a high p:>t.assium, 19W sodium fo:r:mulation. The 

perfusate was chosen based on reports of Me2 SO-perfused dog, rat and 

rabbi t kidneys whkh suggested that an intrace1lular fonnulation 

was superior to an extracellular fonnulation when Me2 SO was incll!Cled. 

The perfusate }3tployed in this study was not identical ta these 

reports, but had proven effective for storage of rena1 cortical 
/ o 

slices at 4 c. It was m:xlified for this study to rerrler it 

suitable for hypothermie perfusion. 
o 

'lb eva1uate the effects of perfusion at 10 C with the 

potassiun-rich, sodium poor rredium, kidneys were perfused for' 

75 minutes with 1-1e2Sü-free hypothe:r:mie perfusate. The kidneys 
o 

were transferred ta the 37 C circuit and function was assessed 
, 

for a one-hour period. The hypothermie perfusate, an:i the 
1 

perfusion circuit proved to be acceptable for the period of perfusion 
o 

neœssary for introdllctiOn...n.f cryoprotectant. The 10 C perfusion 

resulted.in increased perftisate flCM~ rates and. increased phenol 

red secretory ability in eanparison to freshly isolated oontrols. 

Rapid reoovery ta control levels of sodium reabJ;orption was 

observed. 'rhe innocuous effects of thi~ perfusion were in 

sharp contrast to the deleterious effects of cold-perfusion of 
, 

rabbit kidneys with an-extra.eellular formulation eontaining haenaecel 
.. 
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and similar rurounts of mannitol (Pegg and Wustanan , 1977 ). 

The systan was considered acceptable for introo.uction of Me2SO. 

It was concluded that, provided it did not interact with Me2SO 

to produce delêterious effects, the system would allow assessment 

of treatment of kidneys with Me2SO. 

The penneation' kinetics of the cryoprotectant Me2S0 at 
1 

concentrations al:ove 3 M were investigated by rœasurerœnt of total 
-, 

fluid (water and/or MelSO), ihulin and Me2 SO spaces using radio -

labelled inulin and 1-1e2SO. The concentration of Me2SO in the 

recirculating perfusate was increased gradually ta 3.06 M 

over 40 minutes. Through study of the châ.n:Je in the Me2SO 

space and inulin space, evidence of ce~lular permeation 
t-: 

of Me2SO was obtained. Contrclikidneys exhibited a decreased 

inulin space during perfusion, an indication of cel! swelling. 

Kidneys perfused with l-~2SO c:terronstrated a doubling of the 

inulin space which did not decrease during perfusion. The 

proposed explanation was marked increase in tubular lumen volume whieh 

was evident upon histological examination. 

Although ma.x.imt:un permeation of rœdullary sections was 

achieved prior ta 'tissue sarnpling, the penreation of the kidney 

cortex was maxinal onlyafter exposure to 3.06 M Me2SO for . , 

35 minutes. It was concluded, that a period of exposure of 

35 minutes to 3 M ~1e2SO was necessary for permeation. The· 

intérval JJetween extracellular and intracellular equilibration 

of MezSO provid~ direct evidence of an osrrotic effect of MelSO 

on kidney cells, and suJ:>stantiated the need ta introo.uœ the 

,) 
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cryoprotectant slONly to reduce osrrotic effects. 

Rabbit kidneys VJer'e assayed for function in vitro at 37 0e 

follcwing intrcduction, equilibration and reroval of 3 M Me25O. 

The concen-t:ration of Me 2SO in the recirculating perfusate was 

increased at tw:> different rates; one similar te the previous 

study for per.meation kinetics, and a second rate 40% slower. 

Me 2SO was washed frou the kidney by perfusion with Me 2SO-free 

perfusate which contained different concentrations of nennitol. 
1 

'During perfusion at lQoe, fION tâte-'~Sed graduall~ over 
( : 

t.:llre in conti:ol (Me 250--free) perfusèd~kidneys. After 4S TIÙnutes, 

in groups perfused with Me25O.,. flaw decreased and then stabilized. 
~ l '. 

During the washout stage, kiàneys in which washout carmenced at 

800 rrOsjkg exh.ibit-ed a steadiIy increasing fIcw rate frou onset 

of the washout procedure, thèn stabilized .. Where washout ccmnenced 
, 1 

at 600 IlÛS/kg, flow rate remained constant for 20 minutes followed 

by an increase and stabilizati~n. ( 

At 37°C, in aU groups perfused \.n.th ~1e25O, function was depressed 

at the beginning of perfusion. As perfusion" progressed functian 
, ~ 

in groups in which the washout procedure began at 600 llÛS/kg 

increased te levels sunilar ta contraIs; the proportion of filtered 

scdium reabsorbed was depressed. In kidneys where washout began at 

800 rrosjkg 1 perfusate flow rate, sodium and glucose reabsorption 
1 

and phenol red secretion remaine::1 lœrer tJ:lan controls, and Iœrer 

_thangroups in which washout began at 600 rrdsjkg. 

Regardless of the method of Me2 50 intrcxluction and reroval, 

kidneys could function follœring treatlœnt wi th ·3 M Me2 50. The 
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rate of addition of MezSO was not critical if added slCMly to-

,prevent oSmOtic effects. The meth:Xl of Me2SO raroval has not been 
/ 

2reviously described for the kidney. It dEll'Onstrated that MezSO 
/ 

can be reroved rapidly if the osrrotic flux of wat.er is controlled. 

Furthermore, wilshout with excessively hypertonic IUErliun may be 

deleterious. In this experiment the rapid increase in flON rate 

upon institution of washout with 800 nûs!kg medium can be interpreted 

as the result of overestfuation of the time necessary for MezSO"'" 
, -

to leave the cell. This would subject the éell té a large dehydrating 

force (800 rrOsjkg) when the concentration of intracellular Me2SO 
/ 

had diminished. This dehydration would incr@se the radius of blcx:x1 

vessels and result in increased fION rates under co~tant pressure. 

Initiation of washout with 600 rrOsjkg medium was sufficient te 

prevent excessive cell swelling due to the Mez SO initially trapped 

in the cella The dehydrating force of this solution was reduced, 

and subsequentIy caused less damage. 
. / 

A ckamatic increase ~ resistance during washout of cryoprot-, 
\, 

ectant has been observed when atternpting ta remove glycerol by 

graduaI reduction of perfusate concentration over an extended 

'period of time (pegg and WUsternan, 1977; pegg and Robinson, 1978; 

Jacobs~,. 1979). The washout method descriJ:ed here el~ fuis 

~ - ~ 
problem and prevented prolonged exposure ta the cryoprotectant. 

The evidence presented supports the hypothesis that 

kidneys can tolerÇite high ,concentrations of Mez SO if certain 

~nditions are controlled. It is possible that higher concentrations 

\ 

of Me2 SO could be used. As the concentration increases" the osrrolality 

of j:he washout solutions and the time of exposure.-t:o than could 

be adjusted to prevent excessive deh~dration. 

/ 

/ 
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A specifie toxie effect of Me2 SO has not been substantiated in 

this study. Studies which have :implicated intrinsic Me2 SO toxicity 

(pegg, 1972; Fahy and KarCM', 1977; Fahy, 1980) are inconelusive 
~ 

due to deleterious effects ptecipi tatro by inappropriate procedures 

of addition and rerroval of the cryoprotectant at high concentrations. 

Al though the importance of osmotic damage to kidneys has been 
/ 

recognizro and surrn:Junted when 'using glycerol, Me2 SO bas not, until 
\. 

nCM, receivErl equal attention. This may be due in part to the 

assumption that Me2 SO is a rapid cell penneator (Taylor et. aL, 

1974) exhibiting little osrotic effect. Glycerol, in contrast, has 

been accepted as a p:::or permeator at lcw te:nperatures (Dooley, 1980) • 
.. 

The present stl]dy indicates that :Me2SO exerts a significant osrnotic 

effect which must be considerro ,when interpreting studies which 

utilized a single step addition or: rarovaL 

The methodology developed in this study for cryoprotecti6n 

and' functional assesffilent of rabbi t kidneys penni tted a rrore. 

canplete understanding of the effects of Me2SO on the kidney. 
, 

Further application of these techniques should aid in the eluci-
\ , 

dation of un;t:"esolved problans and controversies associated with 

kidney cryopreservation. Increasing the Me2S0 concentration, and 

'replac~t of the perfusate with solutions which resemble salt 

concentrations developed during cooling, ~ld aid in the 

identification of potentially hantrEul factors. The effects of these 

factors rray be arneliorated by altering the perfusate canposition 

before .or during 1::he early phases of cooling. Couplro with the 

evaluation of different cooling and thawing protocols, a freeze-

thaw process which retains kidney function could ~ developed. 

~/ 
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/ 

Contribution ta KnCMled.ge 

This study was undertaken to develop a simple method of 

in vitro nonrothermie perfusion of rabbit kidneys, to be used as 
e-

an assay of renal functional integrity. 'lhis assay served to 

'elucidate the effects of hypothennie perfusion with 3.0 Me2SO. 

A. Kidney function was assessed by norm::;tlJ.ermie in vitro 

perfusion. The effeèt of inc1uding dextran of M.W. 
... 

~ 

, 180,000, 80,000 or 70, 000 was cœpared to a colloid-

J 

..... 

, 
free reduced pressure system. 

1) . Including dextran as an oncotie agent resulted , 

in deleterious effects on kidneys. Loss of 

kidney f\ID.ction correlated with histol~ical find:ings 

of vascular :impainnent, edema fonnation and 

proxbnal tubule damage. 

2). These effects were present and not specifie to. 

one rrolecular weight range, nor to one source. 

3). Nonrotherroic perfusion without colloid at reduced 

pressure was rrore effective, ki~s exhibited 

stable function with acceptable perfusion charaeteristics. 

4)J. With col1oid-free reduceà. pressure perfusion, on-

set of f\ID.ction was' rapid and remained stable for 

2 hours . 

; fIiIiI ; liII Pl 

/ 
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B. Kidney utilization of exogenous energy subStrate was 

investigated in terms of glucose utilization and sodium 

reabsorption. 

1). Kidneys Perfused in vitro with a colloid-free 

reduced pressure systan were sensitive to exogenous • 

supp1y of energy substrate,. 

2). Perfusion with glucose as sole energy substrate 

maintained stable rates of sodium reabsorption 

in Ccmparison te a faU off dur~ substrate-free 

perfusion. 

-<3). Supp1..aœntation of g1ucose-containing perfusate 

with lactate or butyrate enhanced tubule sèdium anj 

glucose reabsorpti?n. 
/ 

4). Lactate was the preferred energy substrate 

over butyrate, and significantly decreased net 

glucose utilization pero unit of sc:x:1tum reabsorbed. 
/ 

C. Kidneys were perfused at 50 and 75 mnFIg perfusïon pressure. 

The concentration of BSA in the perfusate was 0, 0.5 or 

1.0% BSA. 

1). When pressure was increase9-1 'kidneys petzfused 

without BSA were not capable of responding to 

the inqeased filtered load • 
. "<., 

2). Including 0.5% BSA. in the perfusate enhanced 

• 

perfusion charaoteristics, scxlium reabsorption, 

glucose re:ilisorption and phenol red secretion. 
----;., 

3 , # ... > 

_ ~..L _ :-' _~ _____ ~ _ __.!.. _ ___oô'. _____ _ 



c 

; 
~ 

~ 
.' 
c D. L 
~ 
~, 

l 
~ , 
" 9 
~ 
i 

. (-) 

3) • 

> 

----248-

Kidneys w&e ë$le to ~tè for ,thé increased 
, t 

ffltered load when the pryssure was increased. 
J 

Increasing th= concentration of BSA ta 1.0% did nQt , 
o • 

----irrprove kic1ney function in vitro over 0.5% BSA. 

Deleterious ~f'f'écts were found at the higher BSA 0 

coriCentration. 

The rabbit kidney perfused in vitro at nOIIPDthennia 
~ -

with :t..i1e colloid-free--reduced pr~sure system ~vas sensitive te 

, one-holar ischania and ta an exogenous antid.±uretic prepara1:.ion. 

1). The function of freshly isolated CXJntrols was 

significantly irrprovec1 over kidneys perfusec1 after 

2) • 

one heur wann ische:nia; which indicated that the 

sensi-t:ivity of the prepar?Ltion was adequate for use 

as an assay systen. 
;/ 

Kidneys perfused under these conditions were net able 
1 • 

te concentrate urine te a signifi9illlt degree; :heM-

ever urine hypotonici ty ,is azreliorated wi th antidiuretic 

hornone. The concentration defect is related te 

/ the high perfusate flow rates. Ability to-respond, , / 

ta a honronal st.in,IUlus was preserved. 

3). Rabbit kidney perfusion withoût oollbid at reduced 

pressure resulted in flIDction which wàs equai te or 

better than reports of rabbit kidney function in vitro j 

utilizing a synthetic colloid, or BSA • 

, 
',' 

. ; 



' . 1 
t' 
.i 
~., 
," 
"" 1::., 
'ï 
" '> 

t}; 

f 
t 
?fi 

./ 

~ 
l • 
~ 
~ 

~ 

l 
J./ 
t 
1 
/ 

t 

; 

Î. 

n"l;!I~"Il!\fI!1'r_,~ .. ~um! •• IM;_ \!1bJ1JibJlilll'l;vJolI~ __ tM la ." [!li t l UMUIIl .... lllllb lU' J &1111 rug 111_ 

C 

E. 

,--

( 
'1. 

F. 

-249-

4) • ~ function in this systan was equal to ra_t 

kidney function during perfusion under s:i.milar 

corrli ticins. 
" -

_ 0 

The f~tion of rabbit kidneys was assayed at 37 C 
o .. 

fOllCMing hYIX>~c "(10 C) perfusion with a leM ~un, 

high };X)tassiun solution made hypertonie with glucose am 

nannitol. 
_ 0 

1). Perfusion for 75 minutes at 10 C had 00 de1eterious 

effects on rabbit kidneys. , 
2). The hypothennic perfusion period resulted in' 

highar perfusate flCM rates am increased secretory 

ability in a::mparison to freshly isolated controls. 

The kinetics of permeation of 3.0 M MezSO was studied in 
o --

rabbit kidneys perfused at 10 C with a leM sodiun, high. 

J;XJtassium perfusa:te. The Me~SO was gradually introduced~

into the recirculating perfusate • 
.. 

Il). Maximal equilibration of Me2SO and renal tissue 

was achieved after 35 IJlinutes -of perfusion with 

3,,0 M Me2SO. 

\ 

}). Equi~~~on of the Jœdu1l.a' was c:;;att5lete prior to 

the cortex. 

3). Direct eviderx::e of intrace1lular Me2SO peoneation' --
was obtàined;- -

4). Me2SO ,exhibited drarratic effects on the inutin 

f , 1 

i 
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space, préducing a doubling of the irmfin space 

in Ccmparison p:> controls perfused withou\ MefSO. 

5). Following EqUilibration with 3.0 M Me2 SO, the tub.JJ..ar 
..., , 

luren volure is in~M,due te iœreaserl filtration. 

0 1 ./ 

G. Rabbit Jddney function was assessed at 37 C after intrcxluction, 
,; 0 

equi~ation anCi ]::eroval of 3.0 M Me2SO at 10 C. 
\ 

1). Functional integrity of kidneys perfusoo with 

3.0 M Me2SO was well-preserved. 
1 

2). Rate. of addition of Me2SO w.! not critical provided 

, 3). 

it was a&3OO slowly te prevent OSIOtie shock. 

MezSO, 'at 3:0 M concentration did IlOt d.eronstrate 

'! , 

"toxieity if added slCMly and raroved with h:ypertonic 

washout solutions. 

4)., Me2SO raoova). by hypertonie washout with solutions 

of decreasing hypertonieity effectively rE!TDVed 

~ Me1SO\quickly withol,1t initilting higp renal 

cular ~ . ~ 
vas res1Stance. 

" ..,. 
5). The' effedtive osrootic forCe ECXerted by the MezSO" 

• '\': ' -, 
iS less than the rrolar ooncentratioo • Washout wi th 

solutionS 'of very high concentra~ons of ~~ 

. solute ~ ~~e furtbor dehydration and kidney 

• 1 .-

,. 
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.,= APPENDIX 

Ccrrputer pr$X'arrme using :P..AsIC language-- for calculation of indices of 
j \ • -

kidney function. 

19 9J1050 
20 r=LEH(STR$1 Ir.T(~») 
21 FO~~:eTûÏ:PPINT·=·;:p,rI.T 

22 fi=fl+UB95:PRIHTIHWl);'. • ;P-IGHï$(5TRt(INH1006*(fltl ))),3) 1 

23 RETURH 

Y PRIHT'~ ;lEH:~ ~IDIl[Y~ l!":PRIHT:PRItrr 
55 I~'PUï'IS DRTA OH FIlE (Yt!ü' ;H$ 
60 IFfU='Y'TH0l55=1:GOTü20ail~ 
100 PRIHT'~'SPC( 10 )"KIDNEY PERFUSION" 
115 PRIHT:PRIPJ:PRIIlT 
116 HlPlJT'RHBEW;I\1lf 
117 P~IIlT:PRmT 

/ 

f C' 
t 

m ItlPUT'KIDHEY OC5IGHRTIOH" iHAf 
125 PRIHT:P~IHT 
1~ INPUT'lEFT OR RIGHI KIDIlEY' i~I$ 

! 

1 

) 

135 PRIAT:PRHlr-

Ise If.lPUT'DRY ~EIGijP iOR 
2a~ PRlHT'~':DI1lEX$tm,TRKi'S) 

fat, IFSS=1THEHFETURri 
210 PRJNT'~ESŒlBE EiFERlntHT (2 LlHES)':PRIIlT 
220 HlFUTEX$:Pp.IHT:ppmT 
238 PRIHT'OESCRIBE TRERTMEHT (2 lIHES)":PRIHT 
Na INPUTTRf 
303 PFINT'~' 

319 IHPUT'Il!I~ro OF SRKPlES";OO 
315 PRIHT:PRINT 
328 fNPUr'ClŒREltICE PERlOO' ;KI 
499 PRINT'Œ10W' :fORJ=ITOHlI+l: PRINl :PRlNT Ji: IIiPUTFl< J): HEXT 
428 fRINPI1RESSUKE':FORJ=t TOIIIJt1:PRftrr; PRIHTJ;: Ih'PUTPRUhHEXT 
453 P$='PERFUSRTE": Ot='URUIE" 

/' 

, 451 p$m=·IHiJLIH":p$<2l=~5al)W"·:Pf(3 )::·POtAS5IUff·:P$(4)=·GlUC05E':Sf:1I' • 
452 P$(Sj:'ALBUtlIH' :PJ(6)::'PHft«Jl RED' :p$m:'V~M' 
se8 Ht=6:zt=P$: H2=IlIÎ:Z=1 / 
513 FORK:1TOHl:PRINT"~'Z$;S$;Pfm 
533 fORJ=tTOHl:PRIHTJ;· ' 
5~ OHZG~stJ 601,632,6Il3,694,6i5,636,~7 ,6~'~1618,611,612,613' ., 
558 TJ ~-.-. -:_ /-t/ 
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5~>5 2=2+1 / 
556 GOSUB3530a 
559 HEXTK 
569 IFNl=7THEN799 
5~5 ~1=7:K=1:Zt=O$ 
570 GOT051e 
hel IP-PUTPl,F2:PI(J)=( H+Pt)/i: PLTIJ~H 
692 mpUTPHd i: P.fTURH . 
6e3 IMPUTP!;( J ):~ETURH 

684 INPUTPG( Ji:mURfl 
685 I~PUiPH\j):R[TURij 

666 IHPUTf'P\ J }: RETuPN, 
6e7 IHPum #: UI (J )~( P 1 tPi )/2: RETURrl 
6es IHPùTtItl{n:mURH 
tiJ9 t~PUTUKt 1): PETURH 
610 I,i!PVTIlGU): PETuFN 
611 IMPUTUP.C J h P.fJ~P~ij 

A12 llifUTUP(J1:RUURIf 

613 IHPUïUV(J):~ETURH 
769 REM U:P IUUlIN RRïIO 

J' -
> l 

718 FORJ=1TùHU:R( J}:UI(J)/PI(J):!lOO 
na FORJ=mjijU:GFR(J)=R(J}~JV(J)!tlI;![XT 
74a PEH % SiJ~IU~_ PŒBSOR?TjON 
759 FORJ=ITOMU 
755 RH( J )=( H ( Ul{<Jl*WV(J )/Kl) )/( Gft!( J l*PHO ) ) j )* 109: HEXT 

77a REM MICROEQUIV OF SOi)1U~ PER KIM 
775 FO~Jz:ITOt1lj 

7S9 MHW:{ tGFR( J»PHU) )-«uVU )IIH );UN(J))!: KEXT 

Sge tEK % GLUCOSE RERB50RPTIOH 
81B FORJ=HOIlU 
82& GLU(J)=( H dGO )i(UV(J )/Kl ) )/uFRi J)*PG(J) )* l00:H(XT 
848 FE~ Ù:? P~ENOl RED RilllO ...-/ 
858 FORJ=lTO~U~PH(J)=UP(J)/PPW:I[XT 
860 REl! ClEHRflNCE OF PHENOl RED 
878 FORJ=HOHU:CPR{J)=PH(J>*UV(J)/I'II:NEXT 
B99 H1RJ=lTOHU: RG(J}=CPR( J)/GFR( J): NEXT 
9~ FORJ=1TOIllJ: AH(J)=Ufl(Jj/PR(J)~HExr 
930 ID CLEIiRW,cE OF ALBUM IN 
940 FORJ: HOIIU: CA(J)=RR(J )*UY(J)/HI: hEXT -
960 FORJ=1Tü!iU: C6(J):(R( J)/GFR(J): HE~'T 

1~e3 REK RESJ5TfU{CE ~ 

1918 FORJ=1TOIIIJ+ 1: RrS<J>=PRWI(Fl( J )/UJ)! NEXT 
11l'i8 REl! DRY YI JO ~T UT RaTIO /' 

1851 VR::DR/VT ~ 

1483 PRIHT:IHPUTa IS DaTA Ta BE FIlEO (Y/N)'jR$ 
1418 IFRi='V'THfH25eBR 
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15se PRIHT'~ C"li005E 1 TO REi:iill CRLCUUlïI@S· 
15'le PRIHT:PWIT 
1515 PRiN!" 1. U:P INlJlW FiiTIO· , • 
1516 PRIHT' '2. GFR" 
15i7 PRIHTi J, '{ RŒBS: ~O~IiJ!i" 
1518 PRIHT a 4. REfiSS. 50vle~ ~I(POEQ/~IH· 
1519 PRIHT; 5. }. RDiB5. GUJCüSP 
i~0 PP.IlW 6. CLERQAhŒ rU!l[KüL PEve 

1 

1521 'PRIHf' -7. U: P PHENOL. RED" 
j 11522 PRIHT' 8.~Cl[fjR PHE FED.t1iFR' 

1523 PRUlT' 9. U:,P, iil.ÇU~IW 
1524 PRIHr'19. ~r fiLBlGFR' 
1525 PRH!T'l1. U.~IHE VOLUi'lE' 

,/ 1526 PRINT'12, DRY ~T./WmT. i 
, 1527 PRIHT' 13. aOW' 

1528 PRIHT'I4. RE5I~iH!lœ 
1530 PRIIIT:PRI,HT: HiP!~'NÜMBEP.·;l 
1553 rRIHr'l:iTI~p n'DPY', ~wH· 
15-51 PRIIIT 
1570 Z=9-

/ ... 
.-/ 

1571 IfL =12T![P.GüSUB201':~(j5t,iB10il0M:GOïI]1590, 

1575 IFl=13Tp.IfU653 
1576 IFL=ljJHŒ165B . . 

• l630 'FÜ~~ltTûHU 

, 
/ 

• 

! 
" 

, . 

16H! Ü~LGÜSÜB2B~I.2B8Zf2e93 ,2034 ,2805,~e6 ,20~7 ,zees ,2e39,2~lB ,,@ll .. 
1615 Z=ZtMI: PRIUi 
1616 Hm 
1617 PRHH:rPHn:GOSUBlij3B0!Güïi)1~.e~ 
1659 FQRJ=! TONU+ 1 
1655 IR =13THENGOSUB29!J 

' 1669 IFl=14THENGOSUB2àI4 
1661 Z=ZtMI:PRI~ . 
1665 REXT 
1679 PRI'UT:PRIHT :GOSUBI8039: GOfOlS09 
2891 PRINTZ,: A=R( J): GOSlJB29: RETtJRH 

, 

~eBi! PPINTl, :R=GFR( J ):Gù5UB2~: Il=GFFO )tDR: G05UB20:fi=GFR(J )tVI: GO~UB20:REfURH 
2e33 PRIIITZ/:fi=RIKJ):GOSUB29:RHURH - • 
2eB4 PRIHTZ,: fi=MH( J ): G05uB2~: H~U( J )!bR: G0511B~: fl=MUf )/wr; G05UBt0: Rm~N 
2905 PRIUT2,: A=GlUW: fi05UB21}: RETURH 
2006 PRIHTZ / :R=CPR( J): G05Ue.29: Il=CPR( J )tllR: GOSUB28: R=CPR(J)1\IT: ~OSUB28: RfTURK 
Z!lB? PRIHTZ/:A=PH(J):G05UB28:RffilRH ~ ,. 
2903 PRIIITZ,:fi=RG(J):GOSUB2tt:RETURH 

.2089 PRIHTZ,:A=Afl\]hGOSUB20:RETUFH ,J 

2016 PRIHTZ,:R=CG<J ):GOSUB20:RHlJRlj., 
2911 PRIHTZ,:II=UV{J )/"! : GO?tJB29:PRItlT ,:A:IN( J)/"I/WT : GOSUB28:RHURH 
(812 FPIHTWR:RETURH .-

,1 • 
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2013 PRIHTZ,: R=Fl (J): G05U820: fi=Fl ( J )fuR: GOSUS20: R=FL \ J )/WT: Gü5UB29: mUR" 
2914 P~INTZ,: A=RESO l: GOSIJB20: RETU~H 
le3@ PP'IH~ PRIHi'TO COHTlfiOE m:ss flNY LITm" 
le91B GElA$: IFP.$=BITHENW010 
16920 PHUFH 
;:@30 PRI!W~I5 Ui55ETTE RŒ[ly H.i? RErin~G)' 

ZB&lB PPIHT:PRlHPEHTER FIlE ~ ; iliint"j 
2eii29 IHPUTZ,Z$ 
2~330 G05UB2aïÏ 
t6B35 OPEHZ,.I,!Y,Z$ J 

2eMe INPUTtZ,P,fii ,ilfif.E~$, TRM I$,~L{1P;HU,"I,~R 
~le0@ FORJ=lTClHu 

'm1e BiPUT#Z,PiW: iHPUm,PH( D: INPUTIZ,PK\J):INPIJm,PG(J):IHPunz,PP(J) 
uazw IHPLIT~Z,Pil(J): IHPUHZ,UI(J): IHPum,UH< J):IHPlfiIZ,UK\1): IIlPIJTIZ,lIGtJ) 
U1B I~pum;tW( D: ŒPUTi2,UV{ J i: ÙiPUTtZ,Uii( j), "-.. 

2134~ Ispum,~(J): IHP1Jm,tiF~( J l:iNPUnl,RH(J): IHPUm,~H\J): IIlfunz,GLUO} 
II )59 IHPum.p~( J >: IHPum,cPR{ J): lHPUTiZ,R{i(J): IHPUm,RH(J il lNPUTIZ.CIK J) 
21(69 INPum,CG<.J) 
2WB NEill' J 
ml B FORJ=1TOlill+ 1 
22eJ1 IHPUTIZ,KES(i): IHPUm,FUJh IHPUHz.pR( lJ 

2282, HExn 
ètl33! CLOSEZ 

-Jn@~ GOSlIB3am:GOTOI5aa 
é:5~~0 PRIHT'~ ~15 tfl5~Em mur fOR FILINIJ~!' 
2SS1B 7,RIllT :PRIHT'EHTE~ FILE i ~ iifiliE' i 
~5B3B "IlPUTZ,Z$ • 
25H31 F'JH243,122:POKE244,2 
25a35 O"'EtlZ,l,l,Z$ 

, ~ 

25B40 Fr INTiZ,RR$:PRINHZ,IIB$:PRli1UZ,EX$: F-RINUZ, TU: PRIHTE,KU: PR1HTiZ,~ l 
m45 p~ INm,[lR:PPIHnZ,HU:PRI~nZ,MI:PRINnz,UR -'. 

26899 FlF'J=!!ONU • / 
26010 ppmtZ,PI (J):PFmnz,PH( J): PFlh1iZ,PK( J):PRINTIZ,PG( J):PRlil1tZ.PPW 
2602a PRI ITIMR(J):PRHlnZ,UI( J): PRIHTIZ,UNW ):PRfint2,Um J:PRliniZ.ü{j(J) 
26038 PRn TtZ,UPO):PRHHtZ.UV(J): PRINTIZ,U8( J) 
2t94B PRIHiIZ,R(J):PRIlUlZ,GFR(J):?RIHltZ,RH(J):?RIHTtZ,MH(J J:PRlHTtZ.GLU\J) ./ , 
2605iLPRIlflZ,PH( J): PPlilH2,CPR( J): PRIIlTtZ,Rii( J): PRIHTiZ,Rfll J ):FRmm.CA( J) 

26969 pmm,CG(J) 

2b97& MEXTJ 
27000 FO~J=ITOtlU+l, 
miS PRIHm,RES(J):PRIHTIZ,FL<J):PRIHUZ,PRÔ) 
27920 lIEï.TJ "-.. 
2703il ClOill 
n031 G!)$UB30 ~8:liOT01S38 

39&~0 ~E"· ... *AlIlR"**· 
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33835 P0KE59A~7,PIEK(59467)RND2270R16 
38118 P0KE5946J;,15 
38149 FüRI=lTOf 
38159 REiIDcn) 

30169 DflTfl235.2i3,I87,176,156/143,124,116 
39178 FORJ=1T05 
39139 P~KE59464,t(I) 
3319~ NEXIJ.I 
39288 RESTü~E 

33218 PÜKE59467,3:POKE59464.255:POKf~9466/8 
39228 FORJ=lTOl~:iEXT 
38248 RETURH ' 

35338PRIHT:PRINT i IS DRTfLCORRECT (YIN) 1"; 
35818 GETA!:IFR$=··THEN35810 
35812 IFA!="Y"THEHITIIIRH 
35915 IFfl$<}·H·THEN~5818 
35929 K=K-l:J=J-l:Z=Z-l 
35825 RETURN 
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