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	 Abstract
	 Developments in the understanding 
of the molecular basis of water permeability 
of the red blood cell (RBC) have taken place 
rapidly since the discovery in 1985 in Cluj-
Napoca, Romania, by the group of Benga of 
a water channel protein (WCP), later called 
aquaporin 1 (AQP1), in the RBC membrane. 
However, the physiological role of AQP1 is 
not yet fully understood. Investigations of 
RBCs from human subjects of various ages 
could help shed light on this important issue. 
We present a short review of our studies on 
this topic that were published in less “visible” 
journals and books. 
	 The diffusional water permeability 
(P

d
) of the RBC membrane has the lowest 

values in the newborns. Then P
d
 values are 

increasing in children, reaching at about 7 
years a value that remains rather constant 
in young and mature subjects. The high 
permeability to water of the RBC membrane 
can be correlated at these ages with the ability 
to undertake a high level of physical activity. 

In elderly individuals (over 65 years) a further 
small, but statistically significant, increase in 
the diffusional water permeability of RBC 
was observed. In this case the higher RBC 
water permeability can be correlated with a 
requirement of the RBC membrane to favour 
the membrane undulations and the rapid 
entry or exit of solutes of molecular size 
greater than water, in conditions when the 
organism is less physically active, probably 
has lower metabolic rates and lower mean 
rates of blood circulation.

	 Key words: water channel proteins, 
aquaporins, red blood cell membrane, 
nuclear magnetic resonance, newborn, 
children, elderly people.

Introduction

	 In the last decades rapid 
advances in the understanding of the 
mechanisms of water permeability 
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of biological membranes have taken 
place, since the discovery of water 
channel proteins (WCPs) (reviewed in 
refs. 1, 2). These are transmembrane 
proteins that have a specific three-
dimensional structure with a pore that 
can be permeated by water molecules 
(2). The first WCP was discovered in 
the red blood cell (RBC) membrane 
by Benga and coworkers in 1985 in 
Cluj-Napoca, Romania, reported in 
publications in 1986 (3, 4) and reviewed 
in subsequent years (5-13). This protein 
was later called aquaporin 1 (AQP1).  
This discovery was the starting 
point of a new field of biomedical 
and natural sciences dedicated to 
the integrated approach of WCPs; 
the field, which is also a chapter of 
Cellular and Molecular Biology has 
been called aquaporinology (14).
	 Despite the important advances 
in understanding the structural 
determinants of water permeation 
through WCPs, particularly through 
AQP1, (reviewed in refs. 2, 13) their 
physiological role in the RBC membrane 
is not fully understood (discussed in 
refs. 15-17). Investigations of the water 
permeability of RBCs from organisms of 
various species or of RBCs from human 
subjects of different ages could help shed 
light on the physiological significance of 
this transport process. It was concluded 
that RBC water permeability is a species 
characteristic (reviewed in refs. 18-20). 
On the other hand it was found that RBC 
water permeability is also age-dependent 
(21-26); the aim of this article is to present 
here a short review of our studies on this 
latter topic, studies that were published 
in less “visible” journals and books.

SUBJECTS AND METHODS

	 In our studies (21-26) the 
characteristics of the RBC water 
permeability were determined in human 
subjects of all ages, from newborns 
to children, young, adult subjects and 
elderly people. 
	 The RBC membrane 
permeability for water diffusion (P

d
) was 

measured by a methodology involving 
morphological measurements of the 
cell volume and cell surface area, and 
of the water diffusion exchange time 
by the Mn2+-doping lH NMR method 
(27), as previously evaluated (28). The 
calculation of the activation energy (E

a,d
) 

of water diffusion and other details of 
measurements of water permeability 
were previously described (29-35).
	 Data were expressed as mean 
± standard deviation (SD). Differences 
between groups were analysed by 
Student’s t test, using the Microsoft 
Office Excel software (Microsoft 
Corporation, Redmond, USA); p values 
≤ 0.05 were considered statistically 
significant.

RESULTS

	 Figure 1 presents the variation 
of P

d
 values for the RBCs from subjects 

of various ages. It is obvious that in the 
newborns the RBC water permeability 
has the lowest values. Then P

d
 values 

are increasing in children, reaching 
at about 7 years a value that remains 
rather constant in young and mature 
subjects. In elderly individuals (over 65 
years) a further small, but statistically 
significant, increase in the diffusional 
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water permeability of RBC was 
observed. Although the differences in P

d
 

values between the two groups are rather 
small, these differences are statistically 
significant: p<0.01 at 15 °C; p<0.04 
at 20 °C and 25 °C; p<0.004 at 37 °C 
and p<0.02 at 42 °C, by the Student’s t 
test. This means that RBCs from elderly 
people have a higher water diffusional 
permeability.
	 The E

a,d
 values of water diffusion 

in the RBCs from individuals of various 
ages are presented in Fig. 2. It appears 
that E

a,d
 values are decreasing from the 

newborns to children, young and mature 
subjects. A further decrease occurs in 
elderly people, however, this is not 
statistically significant (p>0.05). 

DISCUSSION

	 This is the first analysis of 
all our comparative studies of water 

permeability of RBCs from human 
subjects of various ages, from the 
newborns to elderly people. It is obvious 
that RBCs have the lowest water 
permeability in the newborns, then it is 
increasing in children, reaching at about 7 
years a value that remains rather constant 
in young and mature subjects. RBCs 
from elderly people have then a slightly 
higher water diffusional permeability, 
as documented by the statistically 
significant higher values of P

d
.

	 Other parameter of interest is 
the value of E

a,d
. Schafer and Andreoli 

(36) described two components of the 
activation energy for water diffusion 
across a membrane: one is the energy 
required for a water molecule to break 
the hydrogen bonds formed with 
neighboring molecules, while the other is 
the activation energy for water diffusion 
across the membrane. A low value of 
E

a,d
 for a molecule suggests that the 

Figure 1. The variation of Pd values for the 
RBCs from human subjects of various ages. The 
methodology for measuring the Pd is presented in 
refs. 28-35. The values (at 37 degrees C) are taken 
or calculated from our previous publications 
(refs. 21-26).

Figure 2. The variation of Ea,d  values for the 
RBCs from human subjects of various ages. The 
methodology for measuring the Ea,d is presented 
in refs. 28-35. The values are calculated from our 
previous publications (refs. 21-26).
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diffusion of the molecule is specialized 
with respect to the hydrophobic lipid 
bilayer, i.e. water channel proteins are 
involved. A higher water permeability 
of the RBC membrane could be due to 
a greater number of channels; hence 
in parallel with a higher P

d
 value one 

would expect a lower value of E
a,d

. This 
means that in the RBC membrane of the 
newborns are a low number of WCPs; 
their number increases with age, first 
rapidly in childhood, reaching at about 7 
years a value that remains rather constant 
in young and mature subjects. A further 
small increase is probably occurring 
in elderly people, or, alternatively, the 
water passage through the channel of 
WCPs might be regulated differently in 
the RBC membrane of elderly people. 
	 Benga and Kuchel have 
previously (15-17) provided possible 
explanations for the fast exchange 
of water across the RBC membrane 
(compared to other cellular membranes), 
and, consequently, for the physiological 
role of WCPs in the RBC. The first 
explanation applies to the whole-body 
system: the organisms that are more 
physically active have higher metabolic 
rates or higher mean rates of circulation 
of their blood and also have higher RBC 
water permeability (18-20). It is known 
that physical activity is related to the 
development of the whole human body 
and particularly the muscle system. 
This is achieved when a human subject 
is developing from a small child to an 
adult. This might explain the increase of 
the RBC water permeability during these 
age periods of human life. 
	 Other two explanations for the 
high water permeability of the RBCs 

are related to molecular- and cellular- 
scale events. One of this, denoted as the 
“oscillating sieve” hypothesis states that 
known membrane undulations of the 
RBC membrane (37) are energetically 
favoured by the high water permeability 
of the membrane. The other explanation, 
denoted as the “displacement” hypo-
thesis, is based on the known rapid 
exchange across the RBC membrane of 
ions (such as Cl- and HCO3-) and solutes 
(such as glucose), all of whose molecular 
volumes are significantly greater than 
that of water. The RBC membrane has 
been “naturally selected” to be very 
permeable to water so that the rapid entry 
and exit of solutes of molecular size 
greater than water allows concomitant 
displacement of water thus obviating 
a change in cell volume which would 
affect the concentration of reactants and 
hence the rates of enzymic and binding 
reactions, and cell flexibility (18-20).
	 In conclusion, the diffusional 
water permeability (P

d
) of the RBC 

membrane has the lowest values in the 
newborns. Then P

d
 values are increasing 

in children, reaching at about 7 years 
a value that remains rather constant 
in young and mature subjects. The 
high permeability to water of the RBC 
membrane can be correlated at these ages 
with the ability to undertake a high level 
of physical activity. In elderly individuals 
(over 65 years) a further small, but 
statistically significant, increase in 
the diffusional water permeability of 
RBC was observed. In this case the 
higher RBC water permeability can be 
correlated with a requirement of the 
RBC membrane to favour the membrane 
undulations and the rapid entry or exit 
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of solutes of molecular size greater than 
water, in conditions when the organism 
is less physically active, probably has 
lower metabolic rates and lower mean 
rates of blood circulation. Further 
detailed studies could be very useful to 
elucidate these aspects.
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