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The combination of @e weWcno& pe&i&n tech&& with a avet &cro- _- 
$alo@nekr by: me+s 6f ;i speci+l_Iy d~~$pizd~ &Io~e&C $+i-g d-&&ii++_ The 
inherent medi&_&y&o$mamic and @erm.&*c p~o6Ie& together with wag of 
so!virg them ‘PIE dixussed, The instrutixental set-tip aIIow~ one to -inv&gate the 

itiuence of metabolites and drags on the metaboIism of a c6mpIeteIy isolated rat 
liver by measuring the alternation of the heat product&n_ 

~: __ ---~_. 

lNIROD&lON . _‘. ._ _ I : 

_- _ . . 

Until recently; 0nIy a few microcaI~xi.met& cxperi~en~ were performed on 
compkte &dated organs like hearts of fiw~and snails’._: ?_ They w&5 pIaced in buffet 
soluti&s and could be kept alive for time hdurs_ Thetifore, it seemed interesting to 
look for +e-niet&oIism under normal or stress conditions in an. &an 0f.a higher 
animal- Since the livers of guinea pigs and w @ve of&n been studicdwith perfusion 
technique4, these. organs offered great advantages for--microcalorimetric I research. 

Whole organs in contrast to mechanicaIiy destroyed or trypsin-treated tissue, or 
to tissue cultures, possess the normal~regulation facilities of an intact r+sue. -Therefore, 
only under these experimental &mditions can the normal in*srplay between different 
cells as in the Liver or in the kidney parenchyma be observed. Moreover, it is known 
that indhe.sam& tissue not aLl cells are equally s&d for .diff&Gt a&v&s. For 
instance, there ti a division of labonr in the smaU Liver lobes aIong the blood cap.iIIarics 
or &&,o&_ . . -._,I_ . ‘;_ . b. -;/“-’ - . :- -_- 

: A partial list oKthe known feons of the liver is as follows: deconta&atio~ 
<&njugation);~ excretion (bile); synthesis (hormon& and clotting facto&);- stqrag+e 

--:,_:_,:-.. __ . __.. :~ -:; : 
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Fig. 1. P e f f m i o n tIow ~ m . T h e l i ~ x is c o n n e c t e d as f o l l o v ~ : I n f l o w : 1 = A r t e r i a l s u p p l y (it
is l i g a t u r e d for the i s o l a t e d l iver . ) ; 2 = p o t z a l v e i n . O u t f l o w : 3 = Vena c a r v a infer ior ;+4 = vessel
outf low:. 5 = bi le ~ _ In the in lk~-- l in , - t I ~ r e may be an ,.~t4,~n~: o f o . J ~ metaboli tes and
w'a~e , ~ , t e r via a~,Lv '~ m~-_tn-anes. D r a g s are a_~__ to this line by meam of ~ r i n s ~

The a d v a n t a g e of c a l o r i m e t r y is that+ it does not in ter fere with the s y s t e m u n d e r
r e s e a r c h - - i x ~ p s e x c e p t for the artificial i s o t h e r m y in the case of the a c t i v e liver.
But it has the same unspecificity as the p e f f u s i o n t e c h n i q u e w h i c h does not a l l o w any
conclus ions c o n c e r n i n g the e x a c t p l a c e of f o r m a t i o n or e l i m i n a t i o n of subs tances in the
tissue+ Therefore , it is necessary to have a b a s i c k n o w l e d g e of the sys t em, q u a E t a t i v e
i n f o r m a t i o n a b o u t special effects, o r a m o d e l of the events . U n d e r t h e s e c i rcumstances ,
it may be poss ib le to ~ i n s i g h t into the d y n a m i c s of a r e a c t i o n by m e a n s of a s i m p l e
e x p e ~ m e n t a l p a r a m e t e r , the heat of the process_

F o r both m e t h o d s , c a l o r i m e t r y and pcrfus ion , one may b-rate that they a l l o w
verification o f k n o w n or a s s u m e d r e a c t i o n p a t h w a y s .

+ _

G i ~ E R A L CI3N..'SIDERAT[0I~ FOR THE EXPERIMEN~I~

F o r the s i m u l t a n e o u s p e r f o r m a n c e of c a l o r i m e t r y and perfus ion , dif ferent a n d
s o m e t i m e s cont rovers ia l p o i n t s of view have to be f i t t e d t o g e t h e r4- 5:

(!) T o p e r f u s e a ra t l iver w i t h o u t the ar te r ia l b l o o d s u p p l y , one n e e d s a p p r . I to
2 ml perfus ing s o l u t i o n pe r g l iver and per m i n u t e . F o r a s t a n d a r d l iver o f 1 0 - 1 4 g=
O . ~ = 2 0 m l m i n - ' . • . -~:-

(2) As the m e t a b o l i c heat of eq~Jarocytes and leucocytes in the b l o o d s u p e r p o s e
the l i s ~ r s i g n a l - - b l o o d is t a k e n as a spec ia l o r g a n -~n the b o d y - - 4 h c b l o o d par t ic les

. +

m u s t be s t r o n g l y r e d u c e d or e l ; m i n m t ~ f r o m . th~ p e r f u s i 0 n l i q u i d . Therefore4+t l~
a p p r c p r / a t e s u p p l y with o x y g e n must be secured by o t h e r tcchniqucs~ .++ +:~" . . . . "

(a) the r e a c t i o n t e m p e r a t u r e is decreased in such a way, tha t the ~rates o f o x y g e n
c o n s ,m p t i o n c o r r e s ~ n d to the o x y g e n c0ucentratiott+ ~n the perfusin++g:fiquid (Van
"t Hoff /n-bcrnat ion) , +- -- -+
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Fig 2 c23iMrol loop for pressure and tanperaturc in the puftion fiow systun. -ilIe prmttrc 
transduo~ PC monitors the difkmce ktween inlknv and orrtffow; PT betwan ontfimv and reaction 
VcssCL An ckctronic ckr supptesscs unwanted osciuation of the pump control. l-he tanperalurr of 
the itlfiowing mcdiutn is mcasurrdafewccn~tmabove~cptrawxtothercaaion~~and 
comparrdwirh~tofthtbcatsinkofthc~~~miaocalorimttr_ThcprobeTisplaadinabufgr 
of the glass tube leading to the liver_ ‘Ihw it is sit*& in the fiow without disturbing it. The heater 
ka@assbdixwrappedwithare&axuxwire. 

-_ ,. 

(b) an oxygen carrier replaces the storage capacities of the erythrocytes, but is 
thermally inert in the system (iluorocarbones), . -. _ 

(c) the partiai pressure of the oxygen‘ is increased so that the etythrocj&s do 
not take part in the gas transport under physiological conditions; This holds true for 
pressures hi* than 3-bar (35 psii_ 

(3) To obtain a uniform perfusion of the tiSsue, the &via&-from the norrual 
inCacorporal conditions must be smalt. The pressure difference between infiow and 
outflowmaynotexceed3Ocmofwatercolumn. ‘- : .-__ ._ 

(4) -To keep-the external concentrations of excreted metilites at B +ite level, 
the perfusion Iiquid has to circnlate iti the system with a volume of liquid s&&r than 

-mml,.- .‘-. : +. . . .- _ ;. _ ‘? -_- ~-. :- :;-_.-,.,_ -_ 

At present no -flow worimetei is commercially available which[znee&- the 
-desired conditions,.For a maximum fiow of 30 mi h-l in: a LKB-flow+!alorimeter the 
volumt for the-pas&e heat exchanger amounts to 1 mI in a spi&tith 12O_cmtoti 

-length- -In thei pe+.ysion expexime&s the.fhi is xxarly. for&fold_ Foi th%reas& z& 
-BdHption of the LK.BflowcaIo@&ter &emed to be u~p~oniijing, e+&+y&nce t&e 
liverca&not~plac&itithecalorime$i~ve+eL I~-:-_ .: t... --_I- f : _ 
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Inthechoseni nstrumental set-up, the complete Iiver is situated in aspecially 

developed 100 ml vessel_of a Calvet microcalorimcter (&tarani/lyiin)6, T%~_b&att is 
pe&sed via @ass MXS from the outside This perfusion system is divided into severaI 

parts: 
-,- 

(a) A waterbath thermostats the per%& exactly to a few hundredtlik IL The 

absolute temperature of the bath is lower than thai of the calorimetric block by a few 

hundredthsK 
(b) The per&ate flows in a kind of return flow heater to the reac&n vessel_ 
(c) It passes an active preheater, a glass spira1 which is wound with a r-&stance 

wire_ Here, the remaining l/1000 K temperature diEerence between pe&rsate and 

caloriitric block is removed- At the beginning of the spiral, a NTC &istoris placed 
in the liquid ff ow and a similar resistor at the- block_ They both form a branch of a 

Wheatstone bridge. The difference in voltage of the bridge controls the heating current 

in the resistance wire_ 
(d) A second &ss spiral, embedded in a co$pe!r cylinder, damps the control 

oscillations like a damping capacitor_ 
(e) After this &ss spiral comes the section in the calorimetric vessf& The liver 

is suppiied with Iiquid by the portal vein. The perfusate flows through the tissue and 

accumu.Iates in the liver veins_ The medium fiowing out of the veins is heated by 
metabohc processes in the Ever_ 

(f) To obtain an optimal exchange of heat between the pcrfusate and the heat 
ffow meter, the liquid flows in spiraIs afong the waU of the vessel_ 

(g) The xnccikn with a temperature appro;iimately equal to that of the block 
ascends back through the return flow <-noler (see b)_ 

(h} After being fi-eed from waste substances and again saturated with oxygen, 
it circuiates back to the liver. ‘ 

This set-up produces a considerabk number of systematic distu&mce variables 
which can falsify the calorimetric signal to a significant extent Even the con&pence 

of the flow of the perfusate in the glass capi%uies, the liver and in the spirals of-the 

calorimetric vessel must bc taken into account (Fii 4) 
(1) In the supply capNary systun, a decrease in pressure occurs becauseOfthe 

diipation 9 aiong the line S. This makes it impossible to-calculate the pressure 
differences in the system-from simple hydrostatic: laws_ For in&axe, if the vertical 

difference between reservoir and liver is 30 cm, then depending on the rate ofthe flow, 

the pressure difference may drop to a few centimeters, as the oufflow line from the 
liver builds up a pressure whichacts against the perfusion pressme_ - 

(2) One part of the outBowing line from the Iiver is-placed in the _caIorimctric 
vesseEtseEAstheIossinperfusionpressure is dne to the intemaLfrictidu-ofthe 
Iiqui& a heat of friction appears- The frictional power Pr is pro&xtionz@td the vol~uxne 
ffowuandthepressure lossPrrrz al&g &e he S,iii-. T _ :-. > -1 .-_ -7 -- -: _--: .:I:. 



307

~ ( 1 )

For the flo w o f a N c w t o n i a n Hquid- in ~ / p i p e o f c o n s t a n t 6 r ~ o n , o n e gets

P ~ 2 -- q " S . , . ~ "Av ~ = , . ~ : . ~ . - - ._ (2)

with v vdocaty of the particles, S~,=2 the ~ n ~ h of the pipe and n the dy-~m~c Visco~ty
o f the liquid. • - : _~

I f thc*f low s t a y s laminar ( R c ~ o l d s n u m b e r s m a l l e r~. t ~ _ ~ 3 0 0 ) , o n v - m a y
calculate the fr i c t i ca p o w e r in the c a l o r / m i ~ i c heat cxchang~/r b y m~c~as=of the
poiseuille a;werent~a! equation (2). The pipe h ~ s a ~tal length sz3 of 130 cm and a
half circle cross-sect/on with a radius o f appr . 0.1 Cm~ The s o l u t i o n o f the differential
e q u a t i o n u n d e r these condit ions ~ e l d s " .

. "" o " " " - ~ ( 3 )P23 -~T/ $ 2 3 z 2 _ _ 8- a4~

For a m a x i m u m flow o f 20 ml rain - t the frictional p o w e r in the pipe Pl' a m o u n t s to

Pgr .~ 2 m W - - _ - _

(3) In the liver Rsclf, heat is p r o d u c e d by friction. With the k n o w n values of

P~2 -- 30 c m water c o l u m n and u -- 20 ml rnin-~, one finds a p o w e r P~ in the liver

p l f = . t m W . = * : - . ~

A t m a x i m u m metabo i i6 rates , the l iver h e a t s up the pass ing b l o o d b y appr. 5°C. This
~luaLs a powe r o f metabo l i sm P _ for u ~-~ 20 ml m i n - 2~ ' ~

P . = 7 w

In p r c l i m i n a ~ experiments at 2 5 ° C (Fig. 3), we obtained values of =

P 2 . . ~ - 0 , 3 W. : . . . . .

For a standard liver of 20 g, this figure corresponds to 13 cal h- ~g- z. Foli0wing the

law Of Van "t H o f f , one may calculate a metabof i c p o w e r " " "

..F_~=3. ~ : . a n d flow Of al:anffused ~ . ']~ac upl :~ CaR'2~ is a tyl:dCa!_ "~t~mogram of a*
- pcrrased_ ~-V~ (at 7,.S O.'r~bmtfl /m,-~COn, esponds~the low~rcar~ W h ~ - d e / c n ' b 6 s ~ f"



FIN_ 4_ H~~thcsized coussc oftkamamationofasyntkikdormetabokzcd~Cand 
QKfcspading heat production Q along the liar length S. I = C oncumation C in the m&ate; 
2=kbxtproductionQoftk IlmaboIisanofsu- I;3 = heat prod&tion due to the ftiion on 
thcfkxaringperfusatc;4=sumof2and3;5= record& sigrui of 4, uansforxned by detection 
efluipment a =Limofrdf-ndficicncy:CLand~i;b=liacotaothcrmicsyathais:C-fand 
Q T; c =lintoftmdot~~~tttais:C?3ndQL;d=tintoTstoragcor CX.CZtiOn:CLand 
Q~f_IhtkngthSiac(u&csthewctionofrheIivaas~dlasthe~~o’thecaIorimttric~~_ 

at 40°C A ratio of 10 between a mere maintenance metabolism and maximum activity 
seems to be pIausibIe_ Particuiarty, as in these preiiminary experiments, an optimal 
oxygen supply of the liver was not guaranteed, and the Van’? Hoff law d-r&es only 
as a first approximation the increase in metabolic heat production in the tissue as a 
function of maintenance temperature. 

For the total heat production of a liver, the terms of frictional heat cau be 
negIected_ However, when one is looking for changes in the heat of reaction due to 
drugs and toxins, the elimination of the systematic error increases the informational 
value of the thermo_grams_ In these experiments, the changes are in the range of a few 
per cent of the total heat output And if the iiver changes its parenchymal structure 
due to a steady abuse of zlcohol, the deviations in the flow conditions and the depend- 
ent perfusion pressure cannot be neglected 

The pressure pick-ups in the calciimetric vessel between infiow and outaow_of 
the liver permit a continuous registration of the circulation value ps r_-A proportional 
action control of the peristaltic p:!;np as a function ofp,, eliminates the probIem of 
the drop in pressure in the supplying line of the perfusion circuit. The dialysis systems 
for gas and waste exchange do not infiuence the perfusion pressure between liver entry 
and errit in the calorimetric vessel (Fig 4) 

COSCLUSIOXS 

If the sample survives in the caforimeter for a long&time under proper condi- 
tions, the influence of drugs and toxins on the liver metaboli&n a be found_“As ye+, 
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Fig. 5. Spec/a l ¢L-veloped m e a . . q n ~ ~ A ~ A c t i v e preheated, B ~--- l T ~ - ; v e ~ g he'~te.rg,
C ---- specia l ~ , ~ ! of the microcalorimete~, D = vessel for the l iver .

Fig. 6. P - ~ ; v e c o m p , . m ~ t ~ , hea te r . I ---- C o p p e r cy l inde r i,~/de~ 2 ~ ~ s p / r a l (the.iolnt~: filled
w/th si l icom'ubber); 3 ----- c o p p e r ~ outside..

Fig. 7. Specia l ¢mpex/menml ~ o f the mka'ca:alof/m-,.ter. 1 ~- Steelpod; 2 ~ in s /de p a r t s oY
with a m i l k d d o u b l e h e l i x and Eta~la:aforman.,~; 3 --" d o u b l e p r e s s u r e ~n . s fonnea ' .
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we have only observed maintmanaz metabolism for a few hoti&@’ _jj_tio_ In- the& 
expeknents, glucose was catabolizd and itj concentration in the p$rf$& $&&xi_ 
In vivo the IivTr may sync this substanct if necessary, an+ .tl$i :coat&i tile 

g?ucae Ied in the blood_ The gluconeogenesis in the liver has ti ek&hei&c effect 
At the same time, endothermic synthesis processes may take place *_oiher s&s of the 
liver_ Moreover, the storage of substances (es_,_&ycugen) proa+z& :& a&i+itativeiy 
de&ctabiemannerwithasmaUxacti~nheaL 

_, - _- ~._. L 

Wfiint’ ~riaiEverdi-, the. change -63 &e eilzyme &ttkG is “kc- 
companied by an zdteratioti of the kactioq heat .Jix + samk ~y,:theappl.icaGoti of 
drugs stimulates special performances Of-the Ii+kd changes the beat outputi 
Moreover, deficiency dkcases and genetic dkekses alter the stnrcnuc _an;i lead to 
changed efkk&es for the samk synthetic process- -_ 

:_: -_ _. 

As the bile is drained of and colkted sep&ateiy, the me$abolism of active 
su-dthenemsary amount of energ can be investigated_ Thus, a 4zgkxl- 
tional microcaIorimeter of the batch type may be adapted to pe&siq~ probkms’, 
It provez to be a suitabIe tool for tpt inveSi@on of compkte or&s.undex vaqing 
conditions and for metabolic tests of drugs and medical thera$~~It would seem 
poss.iitotranzSormtbes ‘nstnuxntal set-up for other puq&s and to combine it 
with di&rcnt perfkable organs (&js_ 5-7) . -.: - 
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