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SUMMARY 

The Joule heating temperature jump relaxation method utilizing scattered 
white light intensity, detection has been found suitable for measuring kinetic properties 
of whole cells suspended in aqueous saline solutions. Human erythrocytes suspended in 
aqueous o. 9 % NaC1 and subjected to a rapid 8 ° temperature jmnp to 25 ° vield two 
relaxations: r~ of approx, o. 9 msec and r 2 of approx. 12o msec. The latter appears to be 
characteristic of intact cells only. On the other hand, T~ is obtained with ghosts as well 
as with whole erythrocytes. Similar experiments were carried out at several cell dilu- 
tions, at different scattering angles, at several NaC1 concentrations, with other salts, 
in 2H20, and with added sodium lauryl sulfate or 1,5-difluoro-2,4-dinitrobenzene. The 
o.9-msec relaxation appears to be the time constant for passage of water through the 
erythrocyte membrane. The principal obstacle to a firmer attribution of T~ is the un- 
known time constant for temperature equilibration of the erythrocyte interior with 
the heated saline solution. 

INTRODUCTION 

In 1935, PARPART 1 devised an opacimetric method for comparing the rate of he- 
molysis of mammalian erythrocytes in hypotonic aqueous and in hypotonic 99.5 °o 
2H20 suspensions. He used rapid pneumatic mixing and detected changes in transmit- 
ted light intensity with a photocell torsion string galvanometer combination. He 
estimated the minimum response time of his apparatus to be o.o5 sec and reported that 
9~.5 % 2H20 penetrates erythrocytes 44 °o more slowly than does water. 

More recently SHA'ArI el al. 2 have used a stopped flow apparatus with a dead 
time of 11. 3 msec to measure rates of human erythrocyte shrinkage in hyperosmolar 
solution. One syringe is filled with a stock erythrocyte suspension in an isosmolar 
buffer, and the other syringe contains the same buffer to which NaC1 has been added to 
make it hyperosmolar. The volume of erythrocyte is measured as a function of time by 
the intensity of white light scattered at 9 °° to the incident beam. One of their conclu- 

*Two w h o m  reques t s  for repr in t s  should  be addressed.  
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sions is that  water difluses through tilt' erythrocyte  cell meml)rane with an approx. 7- 

msec half time a. 
The Joule heating tempera ture  junlp  relaxation method of EI(;Ex .\xl) I):.: 

l~IAl.:Yl.n~ ~ is rout ineh '  used to stud\: reactions in liquids having half reaction times 
shorter than the usual shortest time of about  i msec accessible to stopped flow instru- 
ments. ()rdinarih" light absorption detection is utilized in these temperature  jump 
cxperinmnts,  and the shortest measurable chemical relaxation times are ~f the order 
~f 5.o ,usec. We discuss below Joule heating temperature  jump rate studies ~f isos 
molar ervthrocvte  sust)el/sions in which relaxations of approx, o. 9 nlsec and approx. 
1 2 0  illsec have been detected in the i n t ens i t \  of white light scattered at (}o to tilt' 

incident  beam. 

M F_TH(/DS 

All the experiments  were perfornmd within 4 h of obta ining blood I)y venipunc 
ture from three different hea l th \  human  male donors. The ervthrocvtes were separated 
from the heparinized blood I/y centrifuging the solution for 15 rain at 5ooo re\ . /mil l  in a 
refrigerated Sorvall t?,C2-B centrifuge. These erythrocytes  were then washed, centri 
fuged, and unless otherwise specified were suspended ill o. 0 °o Na('l solution (tilt' 
mammal ian  isotonic saline solution concentrat ion).  Most sample solutions were a 
dilution of I;5Oo from tile! original concentrat ion ~f ervthrocxtes in the body. Thus 
our tempera ture  jump samples contained approx. I - Io; ervthrocvtes per ml. 

Our Joule heating temperature  jump appara tus  cl~selv resembles that  of 
H,. \MMFS AN l) I ;ASELI .A a modified for single-I)ealn opel-ation ~ except fl~r the following 
features: tile light source is an I l lmninat ion  Industr ies Inc. Tyl/e I Io  mercury arc 
lamp rather  than a tungsten  lamp. No m(mochromat(Jr is used because it would severe- 
lv limit the scattered light intensi ty.  The lucite sample cell has o.5-cm diameter  cylin- 
drical light paths of lucite enter ing and exit ing at q o  to tree a n o t h e r . . \ n  addit ional 
2-C111 lucite rod carries tile scattered light to the glass envelope of the shielded IP2S 
photomult ipl ier  tube. This modified tempera ture  jump apparatus  has been used pre 
v ious l \  to measure the rates ~1 surfaetant  micelle dissociations r. 

l) ischarging a o. I-,ul: y)-kV capacitor through the sample cell raises the tempe- 
rature of approx. I ml of our sample liquid by approx. 8 in approx. 5/,see as verified 11\' 
light absorl)ance measurements  with nlethvl orange s. The initial sample solution ten> 
perature was 17 ~ and the reported relaxation times are for 25 " I Precipitation of 
ervthrocvtes on a msec time scale charactaristic of these experiments is negligible. 
Blank solutions of aqueous o.0 % Na(71 were run previous to each experiment  to verify 
tile absence of detectable  relaxations in the scattered light in tens i t \ .  "fhe sample re 
laxat ion times were determined from the exponential  oscilloscope traces using semi 
logarithmic plots of the relative amount  of light scattered vcrsecs the time. The precisit m 
,~f  tile experimental  relaxation times is approx. ~ I -  " 

I ( E S U I . T S  

Our measured relaxation times are shown in Table I. Those ~1 tile order of o.q 
msec in tile co lumn marked r~ are part icularly interestin V because t i l e \  are too short 
to be measured bv a stot)t)ed flow appara tus  like tha t  ~)f ,~HA'AFI t'[ ¢l[.°. hl those experi- 
\wri ts  in which relaxations were def in i teh  not observed we have t/laced a dash in 
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T a b l e  I. I n  all  c a se s  a m p l i t u d e s  of t h e  T~ c u r v e s  were  l a rge  c o m p a r e d  to  t h o s e  of t h e  

l o n g e r  z2 r e l a x a t i o n .  T h u s  t h e  b l a n k s  in t h e  z2 c o l u m n  ref lec t  i r r e p r o d u c i b i l i t y  of t h e s e  

l o n g e r  cu rves .  E a c h  ~ g i v e n  is a n  a v e r a g e  of a t  l e a s t  t h r e e  i n d e p e n d e n t  m e a s u r e m e n t s .  

T h e  f i rs t  3 l ines  of d a t a  in  T a b l e  I i n d i c a t e  t h a t  n e i t h e r  "~1 n o r  ze d e p e n d s  on  t h e  

n u m b e r  of e r y t h r o c y t e s  p e r  u n i t  v o l u m e .  Clear ly ,  a t  so h i g h  a d i l u t i o n  c l u m p i n g  of 

f resh  e r y t h r o c y t e s  is i m p r o b a b l e .  

TABLI:  I 

LIGHT SCATTERING JOULE HEATING TEMPERATURE JUMP RELAXATIONS IN SUSPENSIONS OF HUMAN 
ERYTHROCYTES 

All data  obtained in water at  25 °, pH 7.3, 0.9% NaC1 and 9 o~ scattering angle except as noted. 

l£xperimentaI conditions r 1 (mscc) r.a(msec ) 

Erythrocyte  dilution : I/5oo o.83 117 
I/IOOO 0.83 i23 
I / I 5 0 0  0.85 122 
I/2OOO 0.80 

Scattering angle 4 5 ;  1/5°° 1"°3 137 
Scattering angle 1 3 5 ;  1/5oo 1.o6 125 
Hemoglobin only 

(cells lysed and ghosts removed by centrifugation) 
(;hosts only o.S,~ - 

(cells lysed in distilled water and hemoglobin removeit by 
washing in isotonic saline) 

H aO solvent ; erythrocyte dilution i/5oo i. 2 i 
' saline 99.7 /o  2 H 2 0 )  (cells equilibrated 5 h in 0.9 ° o " o/ 

NaCI: o.45 ° o (hypotonic), erythrocyte dilution 1/5oo o.5o 
0.90 % (isotonic), erythrocyte dilution 1/5oo o.97 ~ I5 
L8o % (hypertonic), erythrocvte dilution 1/5oo 1.35 

Sodium lauryl sulfate nlolarity (/,M); erythrocyte dilution 1/5oo 
o (biconcave disc) o.91 
4 0"85 

2o (crenated disci 0.70 
4 ° 0.58 
{}o 0.47 
8o 0.43 

12o (crenated sphere) 0.35 
i6o (smooth sphere) o.25 
2oo (ghost) 0. r~} 
240 o. 1 I 
[6o IIM t,5-difluoro--,4-IlinitrolIenzene; erythrocyte dilution I/5OO ().{} 

C o m p a r i s o n  of L ines  I ,  5 a n d  6 i n d i c a t e s  t h a t  t h e r e  is no  s ign i f i can t  a n g u l a r  de-  

p e n d e n c e  of e i t h e r  r e l a x a t i o n .  W e  c a n n o t  c o n c l u d e  f r o m  t h i s  t h a t  t h e r e  a re  n o  m a j o r  

c h a n g e s  in e r y t h r o c y t e  s h a p e  s ince  t h e  t i m e  d e p e n d e n c e  (i.e. r e l a x a t i o n s )  w o u l d  h a v e  

to  be  t h e  s a m e  a t  al l  angles .  
Ti le  f ac t  t h a t  we do  n o t  o b s e r v e  r e l a x a t i o n s  in  lysed  s u s p e n s i o n s  f r o m  w h i c h  

g h o s t s  h a v e  b e e n  c e n t r i f u g e d  (Line  7 of T a b l e  I) b u t  wtf ich s t i l l  c o n t a i n  h e m o g l o b i n  in-  

d i c a t e s  t h a t  h e m o g l o b i n  a l o n e  is n o t  r e s p o n s i b l e  for  o u r  o b s e r v e d  r e l a x a t i o n s .  

S ince  g h o s t s  a l o n e  h a v e  t h e  s a m e  Tt as who le  cells  (see L i n e  8) b u t  h a v e  n o  ~.,, 

t h e  s e c o n d  r e l a x a t i o n  is a p p a r e n t l y  a p r o p e r t y  o n l y  of who le  cells  a n d  n o t  j u s t  t h e  

m e m b r a n e .  
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When whole cells were rapidly immersed in o. 9 ?0 NaC1 in '~H 20 we obtained a 1-1 {lf 
approx, o. 9 msec. It was (rely when the cells had equil ibrated long enough in 2H 20 t(~ 
have 2H,_,O inside as well as outside the membrane  that  we observed a lengthened T~ ~f 
approx. 1.2z msec. This may indicate tha t  we are observing a time constant  for water 
t ransport  through the membrane  from the inside to the outside of the ('ell. A longer 
time constant  for ell,,() t ransport  through the cell membrane  would be consistent with 
a higher coefficient of viscosity for eH.,O than for water (I . IOI CP llS opt/(~sod t~, 
o.8937 cP at 25~) :'. 

Aqueous isotonic Na('I, KC1, lJ( ' l ,  and Na2S() 4 suspensions of huinan ervthro- 
cvtes at a dilution of I/5Oo all gave tho same relaxations as the first line of Table 1 to 
within experimental  error. The same was true when we used the isosmolar buffer de+ 
cribed by SHA'AFI c[ a[. 2. Thus neither 1-~ nor 1-~ can bo a t t r ibuted  to selective transport  
(~f a par t icular  ion through the membrane.  

The data on several Na('l and sodium dodecvl sulfate concontrations can bo c{m- 
sidered togethor. Sodium dodecvl sulfate is well known to alter the shape of orvthr~- 
cvtes and in high enough concentrat ion t~) Is'so them. Our microscoi)ic observations ~,f 
cell shape noted in parentheses are consistent with th{~se reported 1)v I)EUTI('KIr. l° an(l 

earlier by P(~N>H0 ~. A decrease in Na('l or an increaso in sodium dodecvl sulfate con- 
centrat ion can lie crudely imagined to open up water t ransport  passagoways in the cell 
meml)rane as the cell distends prel iminary to lysing. The smooth decrease in 1-~ with 
increasing coil size observed in both cases is thus again consistent with the assumption 
that  we arc observingwater  passage through membrane  poroswith a consequent change 
in refractive index or cell shape that  gives rise to a change in scattered light intensity.  

Cross-linking ~>f tho crvthrocvte membrane  l )v  1,5-difluoro-2,4-dinitrubenzene 
reportedly 1'-' rigidified the membrane  so that  the ('ell will not  lyse in distilled water 
even after m a n y  days. The fact tha t  in o. 0 % NaC1 and I() ]zM difluoro compound 1-~ 
remains the same suggests tha t  a cell shat)e change is not rosponsible for the observed 
time dependenco of scattered light intensi ty.  \Vhen tho medium is made ILvt)~> or 
hypertonic the relaxation t ime shortens or lengthens, rost)ectively , just as in tho oxpe- 
ri lnents (Lines io IZ of Tablo I) wherein no difluoro compound was present. Kvi- 
dently,  then the difluoro compound is not effectivo in main ta in ing  a part icular  t/~re 
size as saline concentrat ion changes. 

DISCUSSION 

The cellular membrane  of a human  erythroc.vte is composed largely of proteins 
and lipids and is pierced by small aqueous channels through which neutral  or nega- 
t ively charged particles pass fairly readily la. In our experiments  as temperature  jumps 
in the surrounding saline solution because of Joule heat ing ,  an approx.  8 ° difference 
in t e m p e r a t u r e  b e t w e e n  the  e r y t h r o c y t e  interior and the  surrounding  m e d i u m  m o m e n -  
tar i ly  exists. The consequent  difference in osmotic pressure inside the erythrocyte and 
out is given by I n  Rc. IT ,  where ~ -- osmotic pressure; R -- the gas ( '(instant: 
c =- the electrolyte concentra t ion;  and 7 " =  temperature.  Since n is monlentar i lv  
greater outside the cell, we expect a tendency for water molecules inside the cell to 
pass through the membrane  to the exterior. Tim consequent  changes in refractive 
indices of the saline solutions inside and outside the erythrocyte  would cause a con- 
current  change  in scattered light intensit ies regardless of whether the ervthrocvte 
v()luiue c]langes or not. 
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Tiffs p ic ture  raises a key ques t ion:  Does AT persis t  longer than  the half-life for 
water  passage through the biological membrane .  If so, the  o.9-msec re laxa t ion  t ime  
character izes  wate r  passage th rough  the membrane .  If  not, we have s imply  observed a 
re laxa t ion  character is t ic  of t e m p e r a t u r e  reequi l ibra t ion  between the in ter ior  and 
exter ior  of tim cell and  wate r  passage is charac ter ized  by  a still  shor ter  re laxa t ion  t ime. 

Crude calculat ions based on a cell d iamete r  of approx.  7 12 and a membrane  
thickness of approx.  IOO .~ suggest t ha t  conduct ive  heat  t r anspor t  to tim e rv th rocv te  
in ter ior  m a y  have a t ime cons tan t  as short  as I reset.  We have found no exper imenta l  
evidence on the ra te  of such a thermal  equi l ibrat ion process. If the  hemoglobin inside 
the e ry th rocy te  undergoes a slight color change with t empera tu re ,  it  mav  be possible 
to de te rmine  the t ime cons tant  for in ter ior  hea t ing  spec t rophotomet r ica l ly .  For  such a 
t empera tu re  jmnp  de te rmina t ion  of the  t ime cons tan t  for t empera tu re  reequi l ibra t ion  
it would be essential  tha t  the e rv throcv tes  not  burst .  Unfor tuna te ly ,  high electric 
fields like those used here (approx.  3okV cm) lvse e rv throcvtes .  Thus we present ly  do 
not know how to obta in  this one vi ta l  piece of informat ion.  

On the subject  of e ry th rocy t e  lvsis in intense electric fields, it has been noted 
tha t  ten 4-kV/ein pulses 2o #sec in dura t ion  and I sec apa r t  achieve IOO % lvsis of bo- 
vine e rv th rocv tes  14. We found tha t  human  and frog e ry th rocy tes  are much more sus- 
cept ible  to electric field lvsis than  are ra t  e rv throevtes .  In the case of human  ervthTo- 
cytes,  our T., of approx.  I2O msec re laxat ion  d isappears  af ter  six 3o kV/cm pulses of 
approx.  IO/~see dura t ion  but  the o.9-msec re laxat ion  does not. This result  suppor ts  
our earl ier  conclusion tha t  the hmger re laxa t ion  z e is a p rope r ty  of un rup tu red  erv thro-  
cvtes  only.  

The pr inc ipa l  conclusion of this work is, tha t  the Joule  heat ing t empera tu re  
j ump  re laxa t ion  me thod  of EI6EN AND DE MAEYER 4 with spec t rophotonle t r ic  de- 
tect ion of changing sca t te red  l ight intensi t ies  has in teres t ing possibil i t ies for invest i -  
ga t ing  the kinetic  proper t ies  of cell membranes .  We have inc identa l ly  measured  
similar  re laxa t ion  with bac te r ia  and algae. \Ve also t en t a t i ve ly  conclude tha t  the t ime 
cons tan t  for t ransmission of wate r  through the human e rv th rocv te  membrane  is 
o. 9 msec at  25 ° in isotonic saline solution. However ,  this  m a y  only be a lower l imit  
if thermal  reequi l ibra t ion  of the e rv th rocv te  in ter ior  with the  sur rounding saline 
solut ion has a t ime cons tan t  as shor t  as this. 
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