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Abstract 

The heat production of human granulocytes activated with ph0rbol-12-myristate-13' 
acetate was determined in the absence and presence of erythrocytes. The heat produced by 
the erythrocytes agreed with the enthalpy change calculated, :ssuming that glucose 
oxidation had occurred. Reaction of the heine with CO almost cot ~pletely prevented the 
metabolic response of the erythrocytes. The primary site of the meta:.~olic activation for the 
erythrocytes in response to oxidant stress, exerted by the toxic granulocyte metabolites, is 
presumed to be the heme group. The data obtained demonstrate that significant metabolic 
interactions occur between activated granulocytes and erythrocytes. The power evolution 
observed is explained in terms of glucose combustion. 

INTRODUCTION 

Th~, appl ica t ion  of  b iophysical  m e t h o d s  to the analysis  o f  cel lular  
processes  has b rough t  abou t  s ign i f ican t  advances  in recen t  years .  Mic- 
roca lo r ime t ry  allows direct  and cont inuous  m e a s u r e m e n t  of  c e l l u l a r  
metabol ic  act ivi ty and  gives the phys icochemicai  value  of  the e n t h a l p y  
change  associa ted  with the processes  s tudied  [1]. Ca lo r imet r i c  s tudies  of  
b lood  cells have  been  conduc ted  in several  l abora to r ies  [2,3]• and this 
t echn ique  has b e e n  found  to be useful  in the m e a s u r e m e n t  o f  hea t  
p roduc t ion  by ac t iva ted  g ranu locy tes  [4-6] .  A s  d e m o n s t r a t e d  ear l ie r  wi th  
bo th  flow and ba tch  ca lo r imet ry ,  the ac t iva ted  g ranu locy tes  r e p r e s e n t  a 
un ique  mode l  sys tem,  because  the the rmal  ene rgy  p r o d u c e d  is p ropor t iona l  • 
to the oxygen  c o n s u m e d  and the en tha lpy  change ,  r e s u l t i n g  f rom aerobic  
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glucose ••catabolism, and is no t  coupled to anabolic pathways [4,7]. 
Following specific membrane perturbation, the granulocytes exhibit a 
respiratory burst associated with the generation of O~, H2Oz, "OH, ~O2, 
HOCi ,  chloramines and possibly other oxidizing agents [8-12]. These O~- 
metabolites are bactericidal, mutagenic, cytotoxic and cytolytic to normal 
and tumour cells and may also inhibit granulocyte metabolism [8]. 

Heat  measurements can be performed directly on samples of granul- 
ocytes maintained in chosen environmental conditions. It is therefore much 
easier to simulate in vivo situations during a calorimetric study than by 
using other techniques. This consideration incited us to study calorimetri- 
tally the physiology of granuloeyte activation in their natural environment,  
the blood. Thus this paper deals with the study of the metabolic interactions 
occurring between phorbol-12-myristate-13-acetate (PMA) activated hu- 
man granulocytes and surrounding erythroeytes. 

M A T E R I A L S  A N D  METHODS 

Venous blood was drawn from healthy donors. Experiments on whole 
blood were carried out following dilution of the blood (1:1) with Gey's 
buffer solution, pH 7.4, depleted of Ca and Mg salts. Granuloeytes were 
obtained by dextran sedimentation fo.',.Iowed by Isopaque-Ficoll  separation 
describe d by B/Syum [13]. They were then incubated at the concentration of 
2.5 × 10 ~ cells ml -I in Gey's  buffer in the presence or absence of 5 × 109 
erythroeytes m l " .  The autologous erythroeytes were washed and the buffy 
coat removed; thereafter they were suspended in Gey's buffer. 

Platelets and mononuclear cells were separated from the blood on 
density gradients and were tested to determine if they could be directly 
activated by PMA 100 ng ml -~ (Sigma, USA).  

A f t e r  incubation Periods o f  varying duration, lysis of the erythrocytes 
was accomplished with 0.01% digitoxin; thereafter the mixture was 
centrifuged at 500g to remove cell debris and the supernatant was used for 
speetrophotometrie determination of hemoglobin.  All measurements were 
• carried out using a Cary 219 (Varian, CA, USA)  spectrophotometer  at 
room temperature.  Oxyhemoglobin and  methemoglobin were determined 
by the sequential addition of NaCN, CO, and dithionite [14]. Membrane 
lipid peroxidation was e~caluated with the thiobarbituric acid assay [15]. 
..... Lactic acid, pyruvie acid and 2,3-diphosphoglyceric acid levels were 
determined enzymatically with commercially available kits from Boehrin- 

g e r  Mannheim, Mannheim, Germany.  
Blocking of t h e  erythrocyte anion channels was performed by  4,4'- 

diisothioeyano-2,2'-disulfonic acid stilbene (DIDS)  and 4-acetamido-4'- 
is0thioeyano-2,2'<lisulfonie acid stilbene (SITS),  obtained from Sigma 
USA,  Erythrocy~,e suspensions were incubated with • 100 ~ M  of DIDS and 
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SITS respectively for 10min at room temperature  prior to addition of 
granulocytes [16]. 

Inhibition of methemoglobin formation was achieved by incubation and 
by running the cell suspensions in 10% CO atmosphere.  

The kinetics of oxygen consumption were measured using a Clark 
electrode in a Yellow Spring system (Yellow Spring Ins t rument  Co, USA).  
The cellular samples were saturated with 100% Oz before measurement .  In 
this way complete saturat ion of hemoglobin was maintained during t h e  
experiments,  otherwise the heat  of 02 release from hemoglobin has to be 
considered. For calculation purposes  it was assumed that the O2 concet.,tra- 

t i o n  in the air-saturated saline solution was 0 . 4 ~ g  of atomic O per ml at 
37°C [17]. Glucose catabolism through the hexose monophosphate  shun t  
(HMPS) was determined by measuring the 14CO2 produced during 
oxidation of (1-14C)-glucose and (U-t4C)-glucose. The 14CO2 evolved was 
collected in an ionization chamber  and measured using a vibrating-reed 
electrometer  (Batec, Johnston Laboratories,  USA).  

A 2277 T A M  calorimeter  from Thermometr ics  AB, Sweden was used 
[18], with glass ampoules  containing 2 ml of cell suspension. A cannula, 
which was sealed at the end with silicone grease, was inserted through the 
rubber  septum and connected to a plastic syringe containing 0.2 ml of PMA 
solution. At  thermal equilibrium, compression of the syringe forced out the 
silicon plug from the end of the cannula and thereby allowed the P M A  
solution to mix with the cell suspension. Complete homogenei ty was 
achieved through a double movement  of the syringe piston. The heat  
evolved was calculated by integration of the areas of the power - t ime  curves 
obtained, The heat  of dilution of both solutions was measured in parallel 
and  subtracted from the measured energy. Calibration of the instrument  
was performed electrically. 

RESULTS 

Addition of PMA to the whole blood sample and the erythrocyte/  
granuloeyte mixtures generated the same type of power - t ime  curve, as 
shown in Fig. l (b)  and l(c) .  Slow activation was observed in the first minutes 
and heat  p roduc t ion  gradually increased for about  40 -60min  before 
r each ing the  maximum. The decline in power production was very slow: the 
base liiae value Was not reached Until about 3 h Iater. The power recorded 
was about  twice as high as that obtained when P M A  stimulation was 
accomplished on a pure granulocyte suspension (Table 1). N o  significant 
increase in hea t  production was observed upon addition of PMA to purified 
erythrocytes, lymphoeytes ,  platelets or monocytes at  the cellular con- 
centrations present in the blood. 

Fur thermore ,  addition of platelets and lymphocytes t o  granuloeyte sus- 

• . . : . .  - 
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Fig. 1. P o w e r - t i m e  cu rves  o f  (a)  h u m a n  g r a n u l o e y t e s  (2.5 × 10 ~' cells ml  -~) ( . . . . . .  ) 
(b)  w h o l e  b l o o d  ( . . . .  ) a n d  c) a cell  s u s p e n s i o n  o f  g r a n u l o c y t e s  (2.5 × 10 ~ ceils ml  - t )  a n d  
e r y t h r o e y t e s  ( 2 . 5 × 1 0  ~ cel ls  m l - ' )  ( ), a c t i v a t e d  wi th  1 0 0 n g  P M A  ml -~ in 100% 02  
a t m o s p h e r e .  T h e  cu rves  f r o m  single e x p e r i m e n t s  a re  r e p r e s e n t a t i v e  o f  the  e igh t  d i f f e r e n t  
b l o o d  d o n o r s  inves t iga ted .  

T A B L E  1 

Thermochemical and biochemical results obtained from 2 ml cell suspensions of granulo- 
cytes (2.5 x 10 ~ cells ml - I ) ,  erythrocyte (2.5 x I0 ~ ceils ml - ' ) /g ranu locyte  (2.5 × 10 r' cells 
m l - ' )  mixtures, with and without treatment with CO, and whole blood after addit ion of  
P M A  

Granulocytes Granulocytes+ 
erythrocytes 

Granulocytes+ Whole blood 
crythrocytes + 10% CO 

Q expec. (J) 0.23±0,05 0.564-0.10 0.27±0.05 
CO2 produc. (/~mol) 0.45 ± 0,06 0.82 ,+- 0.04 0.54 ± 0.06 
O~ consump. (/~mol) 0.46 4- 0.06 0.84 ± 0.06 - 

Q I calc. (J) : 0.23 4- 0,03 0.41 ± 0.03 0.26 ± 0.03 

Pyruvic acid (/~mol) - 0.06 ± 0.02 - 
Lactic acid (p.m01) -0.03 4- 0.01 2.18 ± 0.70 0.32 ± 0.i0 
Q2 calc. (rrd) -0.002 0.13 ± 0.04 0.20 ± 0.05 

0.53 ± 0.07 

Mean values (±SD) were calculated from eight different duplicate measurements referring to the 
period of activation: for granulocytes, 120 rain; and for cell mixtures, •i80 rain. The AH values used in 
t h e  calculations of the  aerobic Q~ and anaerobic Q2 metabolism were -488  and - 5 8 . S k J m o l  -I 

| 

respectively [19, 20]. 

: . . . . . . . . . . . .  , . . . . .  . 
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Fig. 2. P o w e r - t i m e  curves of  cell suspensions  
ml -1) /e ry th rocy tes  ( 2 . 5 x  I0 ~ cells ml -t)  mixtures  act ivated with 100ng P M A  ml -t 
(a) ( ) 100% CO2 a tmosphere ,  and  (b) ( . . . . . .  ) 10% CO a tmosphere .  

of granuloeytes  (2.5 x 10 ~ cells 
in 

pensions did not  al ter  the total  hea t  evolved or  the kinetics of the hea t  pro- 
duct ion by act ivated granuloeytes  a lone (see Fig. l (a ) ) .  The  role of oxida- 
tion of the heme  group during activation of the red cell metabol i sm was 
invest igated by using e ry throey te /g ranu locy te  suspens ions  previously equi-  
l ibrated with, and main ta ined  in, a 10% CO a tmosphere .  The  p o w e r -  
t ime curves ob ta ined  (Fig. 2) resembled•  those of the p u r e  granulo-  
cyte suspens ions .  T h e  C O  t rea tmen t  did not  reveal  any inhibitory effect 
on the metabol ic  burs t  of granulocytes  a lone [21] a l though most  of the 
erythrocyt ic  metabol ic  act ivation was p reven ted  (Table  1). 

The  calor imetr ic  signal for the e ry th rocy te /g ranu loey te  mixture  was 
unaffected upon  pre- incubat ion  of the erythroeytes  with e i ther  S I T S  or 
DIDS.  Thus  the free radicals do not  seem to have any influence on the 
power  observed.  In parallel  exper iments ,  oxygen consumptions CO2 
product ion  dur ing  oxidat ion of '4C-labeled glucose, and the  product ion  o f  
pyruvic acid, 2,3-diphosphoglycerie  acid and lact ic  acid were  measured .  

T h e  results  from the above• de te rmina t ions  are presented  i n  Table  1 
except  for the 2,3-diphosphoglycerie  acid levels which did not  show any 
significant • difference be tween  basa l  a n d  P M A - a c t i v a t e d  •samples o f  
e ry th roey te /g ranu locy te  mix tu res .  The  power  I Q - 1 3 0 m J  (Table  1) of 
anaerobic  glycolysis was calculated from the lactic acid p roduced  from 2 ml 
of cellular suspension,  assuming no accumulat ion  of in te rmedia te  metabol ic  
products  in act ivated cells. Possible sources of e r ror  in  the thermochemica l  
m e a s u r e m e n t s  were  excluded.  The  a b s e n c e  o f  hemoglobin  in the super-  
na tan t  indicated no lysis of ery throcytes  and no format ion of methemoglobin .  

, . ~ • . .  , . . .  :. . 
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No other hemoglobin degradative products were observed and no evidence 
of membrane lipid oxidation during the experiments was noted. 

DISCUSSION 

The results of the present s tudy strongly indicate that the erythrocytes 
respond to the oxidant  attack of the PMA-triggered granuloeytes with a 
powerful metabol ic  activation [16,21]. Previous studies have shown that 
lysis of erythroeytes caused by peroxides can be prevented when the 
hemoglobin is treated with CO [22]. In the present study, it was shown that 
after the saturation of erythrocyte hemoglobin with CO, formation of 
methemoglobin could be completely prevented. Other  authors [23] haw~ 
indicated the stroma as the principal target of the peroxide attack. 

Blocking of the erythrocyte anion channels with the sulfonated stilbenes 
SITS and DIDS did not alter the calorimetric profile. This may indicate that 
the reactive oxygen metabolites p roduced  by activated granulocytes 
interact with intraceilular mechanisms in erythrocytes independent of 
membrane properties. The major production of thermal power observed in 
whole blood was correlated experimentally to the overall metabolic activity 
of the two cell populations, granulocytes and erythrocytes. As with 
granulocytes, the power produced by erythroeytes is related to glucose 
catabol ism.  In contrast to the behavior exhibited by granulocytes, a 
consistent fraction o f  the total power evolution (about 20-30%),  can be 
attributed to anaerobic glycolysis. 

In the cooperative erythrocyte-granulocyte system, power production 
can be explained in terms of glucose catabolism only as demonstrated by 
the stoichiometrie correlation found between moles of 02 consumed and 
CO2 produced, and  the relativley low production of pyruvie acid (Table 1). 
The predicted enthalpy change for glucose oxidation in aqueous solutions 
to CO2 a n d  O2 ( - 4 8 8 k J  per mol 02) gives a theoretical power effect of 
410 mJ for 2 ml of cellular suspension. Adding to this the value calculated 
for anaerobic glycolysis (Table 1), a total power effect of 540 mJ is obtained. 
This value is 96% of the observed value of 560 mJ. In fact the Q per mole 02 
derived from the experiments, after subtracting the estimated contribution of 
anaerobic glycolysis, corresponds to -521  kJ per mol 02, a value which is in 
agreement with that of glucose combustion ( -488  kJ per m01 O2) reported by 
Mont i  and Wadsti [19]. This supports the hypothesis that all the oxygen  
consumed by both granulocytes and erythrocytes is finally reduced to water 
and the necessary reducing equivalent derives from the N A D ( P ) H  produced 
byglucose  catabolism. 

From these experiments one can conclude that calorimetry is a suitable and 
s imple  technique for investigating the effects of cellular interactions on 
metabolic pathways . . . . .  

. . . , . 
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