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The nude~ magnetic ~ n a n ~  man~ne~  doping technique ~ currently ~ e d  for the ~ r m ~ a t i o n  ~ the 
w ~  ~ffu~on~ e x ~ a n ~  time t~ough human e f f t ~ y ~  mem~an~.  An app~e~  ~erm~ ~an~fion ~ 
26 °C was noticed at 18-30 mM manganese doing ~ ~ e  s ~ n ~ n g  s~utio~ An an~y~s ~ ~rms ~ a 
two-ph~e nude~  s~n exchan~ng sys~m ~ ~at  app~e~  therm~ ~an~tions are expected to occur 
~ ~ e  upper and ~wer ~mpe~ture ~ o ~ .  They ~ p ~  a s ~ h  from ~ r m e ~ a ~  exchan~ r ~  whe~ 
w ~  ~ffu~on t~ough ~ e  memb~ne ~ domin~t ~ ~ther f ~ t  or ~ow exchan~ rates whe~ w o r n  
rdaxation ~ the con~olling pr~es~ The ~wer ~ m p e r a ~  apparent ~an~fion m ~  be ~ r e d  by the 
~ a c e l l ~  m a n ~  ~ n ~ n ~ a t i o ~  the ~wer the M ~  + c o n c e n ~ n  ~ e  lower ~ e  ~an~tio~ Mso 
~ c o ~ g  ~ ~ inte~re~tion o~y a ~ o n  ~ ~ e  e f f t ~ y t e s  are ~gnificant~ p e r m ~ d  ~ M ~  ÷. The 
upper ~an~fion ~ p e n ~  on the M ~  + ~ n ~ n ~ n  ~ ~ e  e x ~ a c e l l ~  v~um~ ~ ~ c ~ a ~ s  ~ dec~a~ng 
M ~  + ~ e n ~ a t i o n .  

Nuclear magnetic resonance investigations of 
the water diffusionM exchange through human 
erythrocyte membrane in the presence of Mn 2÷ 
suggest a therm~ ~an~tion at abeut 26°C [1,2]. 
The presence of Mn 2÷ in the suspending solution 
or plasma is imposed by the NMR m~hod ofi~- 
nally proposed by Conlon and Outhred [3]. The 
paramagnefic Mn 2÷ ~ added in order to labd 
magnetically the extraceHular en~ronment. It is 
fu~her assumed that the manganese ions do not 
pen~ra~ lhe cells ~o that the two compa~ments 
(the ex~a- and the in~acellular volum~ can be 
distinguished in the NMR rdaxation experiment. 

However, non-NMR investigations and other 
authors applying the NMR-Mn 2÷ doping method 
reve~ed no thermM ~an~tion [4]. A subsequent 
more sys~matic investigation has shown that the 
therm~ ~an~fion was apparent only in samples 

of washed b~od doped with a rdativdy high 
amount ef Mn 2+ [5]. It has fu~her been s u g g ~ d  
that the th~mM ~ansit~n as ~ve~ed by the 
NMR-dop~g m~hod is due to ~fferent processes 
which are o p ~ N e  within ~fferent ~mp~ature 
ranges: the wa~r &ffu~on in the upper range and 
in the ~wer range the wa~r proton rdaxation by 
an de~ron-nudear spin coupling proces~ This 
~ t ~ r  mechanism of the wa~r proton rdaxation ~ 
due to the presence of a ~gnificant amount of the 
divMent p a r a m a g n ~  manganese ~ns within lhe 
cells which is obfious~ contrary to the ideal re- 
q~remen~ of the m~hod. 

Our prefious work dces not expl~n how the 
thermM van~tion a~ually occurs and does not 
reve~ its meaning Two hypothesis may be con- 
~dered: (~ the ions p e n e ~ e  faster into the cell 
bdow ~an~fion o~ (b) the presence of Mn 2÷ is 
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detected by the water proton relaxation times in 
only the lower range of temperature and not above 
~an~fion. The first hypothesis may be excluded 
on the ground that no hy~ere~s was detected 
when cycling the temperature at ~ast within about 
10-20 min. Therefore hypothesis b should further 
be con~dered. It is the purpose of this report to 
show that breaks in the A~henius plot of the 
apparent water diffu~on~ exchange are due to a 
shift from intermediate exchange rates where water 
diffu~on~ exchange is dominant, to fast or slow 
nuclear spin exchange conditions where nuclear 
rdaxation is dominant. 

The experimental details have been described 
pre¼ou~y [5]. 

The apparent therm~ ~an~fion can be ex- 
p laned  in terms of the nuclear spin exchange 
theory [6]. The m~n  features of this theory will be 
recalled briefly and fl lu~ra~d s c h e m a t ~ l y  in 
Fig. 1. Con~der a two-phase sy~em of nuclear 
spins character~ed each by the spin-spin rdaxa- 
tion time Tza and Tzb, respectivdy. The apparent 
Tf wiU in fact depend on the rate of exchange 
between phases. If very fast exchange conditions 
prev~ls, than: 

1/Tz' = ( ~ / ~ a )  + ( P b / ~ b )  

where Pa and Pb are the fraction of phases a and 
b, respectivd~ When T2a >> T2b, 1/T:'  = Pb/T2b. 
This fast exchange condition is fulfiUed at higher 
temperatures (Fig. 1). At low temperatures where 
the fifetime in each phase is greater than its own 
r~axation fim~ in other words ~ow rate of ex- 
change prevails, both T2a and T~b are detected 
(Fig. 1). 

At inmrmediate exchange rates, 

1 / T f a  = 1 / ~  a + 1/%, if ~ b / %  << 1 

This intermediate region is of intere~ for mea- 
suring the water proton fife time in phase m % (or 
the diffu~on~ exchange time as ~equently called). 
It should be noted that a temperature t a exists 
where an apparent break in the Arrhenius plot is 
expected to occur due to a shift of the system to 
slow exchange conditions where a nuclear rdaxa- 
tion process (T2a) is dominant. Also a break oc- 
curs at t b in the upper range of temperatures 
where the T:b rdaxation process becomes domi- 
nant. 

~/l 

N~ 1. The ~mperamre dependence of the longer apparent 
nudear sNn-sNn r~axation time ~ in a two-~ase ~ax~on 
sys~m characterized by ~ and ~b, respectively. Apparem 
• ermN tran~tions are e ~ n t  ~tween Mow-ex~an~ to inter- 
medi~exchange rate at l~ and ~om ~rme~Ne to lastex- 
change rates at t b. Decrease of ~ to ~ is associated ~ an 
~crease of t~ to ~. Increase of ~b to ~ ~ decrease ~b to 
t~. 

A fignificant shift of t a to higher temperatures 
can be achieved if Tza becomes shorte~ If we 
assume for fimphcity that the activation energy of 
the nuclear relaxation remains essentially the same 
than a t~ will be expected for the shorter T2] (Fig. 
1). Such a case can be operative for erythrocytes 
where shortening of Tza is due to the uptake of 
Mn 2 +, a well known rdaxafion enhancement agent 
[7]. This effect is concentration dependent (Fig. 2). 
Therefore we may expect that t a will in fact 
depend on the value of T2a which in turn is 
controlled by the Mn 2+ concen~ation within the 
cells. The higher the Mn 2+ contenL the lower the 
T2a value and therefore the higher the value of t~. 
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~ g  2. The water proton ~ n - ~ n  rdaxafion time vs. Mn 2+ 
concentration ~ a buffered solution pH 7A ~bum~ 0.1%. 
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~ 3. The ~mpera~re dependen~ of: ~ .  W~er pro~n 
sp~-s~n r d ~ n  of packed e~ocy t e s  ~a" ~"  ~bu~n  
0.1%, ~ r ~  sdufion pH 7.~ 5 mM Mn~ 2, 1~ mNa~ 
~b. ~ The water ~ffusion~ ex~an~ time ~rou~ e ~ o -  
cyte membranes. ~1 v~ues Mve been ex~apo~d ~ order to 
reve~ ~e exp~t~ v~ues of t~ and tb. The s ~ t  fine ~ 
corresponds to a pr~on s~ufion ~th 1.10 -4 M M n ~ ,  
~m~afing e~t~ocytes ~ ~ M~ +. 

The value of t b may be changed by altering 
either T2b or Pb or both. This can be achieved for 
example by decreasing the amount of Mn 2 + in the 
suspending solution. As a result an increase of T2b 
will occur and a shi~ of t b to lower temperatures 
will be noticed. 

Therefore we may expect that loading of the 
cells with Mn 2+ will reveal breaks in the Arrhenius 
plot in the lower range of temperatures while 
doping of plasma of the suspending solution with 
a relatively low amount of Mn 2 + might show up as 
a break in the higher range of temperatures. Both 
these qualitative predictions are born out by ex- 
periment~ 

The results obtained for a moderately doped 
washed blood sample is ~lustrated in Fig. 3 (5 
mM Mn :+, P~ = 0.8) for 0-40°C.  Only the inter- 
mediate exchange rate is evident within this range 
(T~ = %). Also included is the temperature depen- 
dence of T2~/Pb which is normally observable 
within the same temperature rang~ The value of 
T2a and T2b, respectively, were measured for the 
~olated phases (packed erythrocytes and plasm~ 
respectivdy). The values of T2a and T~b/P b are 
extrapolated to lower or higher temperatures. The 
extrapolation ~ fully justified from a theoretical 
point of view [8] although R is virtual by its 

157 

natur~ However, ~ serves to show that t a and t b 
are located far away from the range of tempera- 
tures which do not damage the cells. No breaks 
have been noticed in whole blood samples up to 
30 mM of Mn 2 ÷ in plasma while breaks have been 
noticed in washed samples doped with 18-30 mM 
Mn 2÷ [5]. We have therefore suggested that only 
plasma prevents the uptake of Mn 2÷ while sus- 
pending solutions prepared with albumin do not 
[5]. A clue to this pecufiar effect of plasma has 
been recently offered by a systematic investigation 
of manganese binding by plasma components [9]. 
It has been reported that other plasma proteins 
than albumin represent the m ~o r  binding figand 
in plasm~ We suggest that Mn 2÷ ~gand complex 
does not penetrate the cell and therefore shorten- 
ing of T2a ~ avoided. Consequently the value of i a 

will remain low and no apparent thermal Uan~- 
tion is ~kely to occur within the range of tempera- 
tures normally explored for cells. 

HoweveL in the absence of these binding pro- 
teins the uptake of Mn :+ will proceed normally by 
its slow pas~ve diffusion [10]. Obviou~y a higher 
amount of Mn 2+ in the suspending solution will 
bring a higher uptake of ions. This may explain 
qualitatively while breaks occur at only higher 
Mn 2÷ content in the suspending solution. It is 
pos~ble to predict the value of t~ by evaluating 
the Mn 2÷ content of the cells. We have estimated 
an intracellular Mn 2÷ concentration of about 1. 
1 0  - 4  M after 3 h of incubation in our experimen- 
tal condition by u~ng the radiotracer data [10]. 
Con~defing the data in Fig. 2 and the fact that 
the apparent activation energies of proton relaxa- 
tion in manganese doped plasma and erythrocytes, 
respectively, is much the same [5], it is pos~ble to 
draw the Hne T2~ in Fig. 3. A break will therefore 
be apparent at about 14°C, and the apparent 
water exchange time wi~ show a maximum. Such 
a case has been reported for fetal erythrocytes [5]. 
Obviou~y this ~ not a real thermally induced 
structural tran~tion of the membrane. It i~ in- 
stead and artifact caused by the particular values 
of the N MR parameters. 

On the other hand the human erythrocytes 
from adult donors showed resuks resemb~ng to 
curves a and b in Fig  4. The curve T~-T:~ repre- 
sents the ~mifing case when all cells have a ~milar 
Mn :÷ contenL Intermediate ~tuafions (a, b, c) can 
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~ ~ The ~nger apparent wat~ proton relaxation ~. temper- 
~u~ ~ a whale ~ood sam~e doped with 30 mM MnC12. Its 
v~ue is congoHed by the ~ffu~on~ exchange tb_rough ~e 
ery~rocy~ membrane. The broken ~ne T~ corresponds m the 
water pr~on relaxation ~a n ~bumin 0.1%, buffered pH 7.4, 
~oton s~ufion con t~ng  1.25 mM MnC12. Lines ~ b and c 
correspond to wdgh~d av~ag~ of T~ and T:~ (P[ = 0.2, 0.5 
and 0.8, ~spectively). 

be generated if we ~ s u m e  that a o ~ y  a fraction of 
the e r y ~ r o c ~  have been p e n ~ r a ~ d  by a s ~ f i -  
cant  amount  of Mn  2 +. T h ~ e ~  we d e ~  with two 
sy~ems characterized by different sets of r ~ a x ~  
fion f im~:  ( ~  Tza, ~b ,  and (b) T:], ~b.  In t ~ s  
case the o b ~ r v e d  ~ n g  relaxation rate 1/T~ will 
represent the w~gh ted  average of  the two sysmms. 
In  the t e m p ~ u ~  range b ~ o w  tb, the fraction P~ 
will be charac~f ized  by Tf = ~ ,  w ~  the fraction 
P~' by  T~=T2~, where P~+P~'=P~. The ob- 
~ r v e d  1/T~ will be 

1 ~ ~ '  + 
~ n ~ 

The value of  T~ was calculated for different frac- 
tions of Pf  and P~' (Fig. 4). It can be seen that 
E = 0 (below ta) when P~/P~'= 1. Such a case 
was noticed in our  earlier report  [1]. Therefore the 
N M R  relaxation experiment reveals that not  all 
erythrocytes are loaded by M n  2+ to a ~milar  

extent and this is an information which cannot  be 
ob tNned  by other direct spe~roscopic  anNyfis. It 
should be fu~her  stressed that the present N M R  
estimation of  the Mn 2+ loading of erythrocytes by 
ufing lhe vNue of t a is o n ~  semiquantitative. 

On the other hand a low doping manganese 
experiment (3.5 mM) reveNed a minimum at about  
4 0 ° C  (not shown). Therefore at ~mpera tures  
above 4 0 ° C  the sys~m is Nready in the fast 
exchange range of  ~mperatures .  A semiquant i t~  
five evNuation based on data in Fig. 2 (and P b  = 

0.7) predicts a t b ~ 4 5 ° C  which is in sat isfa~ory 
agreement with experiment. 

In  condu f ion  apparent  thermM uanfif ions  are 
expected to occur when the water diffufionN ex- 
change is measured by the N M R  doping ~ch-  
nique. These are due to a shi~ Nther ~ o m  an 
in~rmedia te  rate of  water proton spin exchange to 
a slow or fast rate of exchang~ r e s p e c t i v ~  The 
~an~ t ion  to Now exchange conditions could be of 
some use for evNuating the manganese loading of 
erythrocytes and various chemicN or pa tho loNcN 
effects on it. 
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