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Peter Ferguson Curran was born on November 5, 1931 in Waukesha, 
Wisconsin. He died at the age of forty-two. His professional life, al- 
beit brief, was rich with achievements and distinctions. During his 
scientific career, the field of epithelial physiology grew from infancy 
to adulthood. His milestone contributions are inextricably woven into 
that epoch of growth; his mark is indelible. 

* * * 

Peter Curran joined Arthur K. Solomon’s Biophysical Laboratories 
at the Harvard Medical School as a graduate student after receiving his 
A.B. from Harvard College. The year was 1954. The previous five 
years had witnessed the birth of modern epithelial physiology under the 
brilliant and inspirational leadership of the Danish physiologist, Hans 
Ussing. A theoretical framework, firmly rooted in both classical 
thermodynamics and Nernst-Planck kinetics, was established for the 
analysis of transport across all membranes, which was particularly 
well suited for the study of ion transport across epithelial tissues. The 
work of the Copenhagen school (12) together with the considerations of 
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Rosenberg (9) appeared to have provided relatively unambiguous 
teria for the distinction between active and passive transport. 

cri- 

By 1955 it was well established that water absorption by small in- 
testine could take place in the absence of external differences of water 
activity as well as against adverse hydrostatic or osmotic pressure 
differences and that these movements were dependent upon metabolic 
energy. Thus, water absorption satisfied all existing criteria for an 
active transport process! But, to many, including Pete Curran, this 
was a distasteful conclusion. In 1957 Curran (with Solomon) published 
the research leading to his Ph.D. (granted by Harvard University in 
1958) and threw new light on the mechanisms of water absorption (4). 
He demonstrated unequivocally that water absorption was not an inde- 
pendent process but that it was somehow linked isotonically to the 
simultaneous absorption of solute (Figure 1). He and Solomon concluded 
that ” . . . the transport of water is a passive process depending entirely 
on the absorption of dissolved substances and on the gradient of water 
activity. 7’ Within a very few years this conclusion became a truism, 
generally applicable to all animal epithelia. 

Fig.1. Relation between net 
water flux and net solute 
flux across in vivo rat 
ileum. Positive values in- 
dicate absor ption a nd nega- 
tive values indicat e secre- 
tion. (Reproduced by per- 
mission of the Rockefeller 
University press from (4)) ., 

But, in 1957, Curran was far from satisfied; several perplexing 
problems remained to be answered. What was the nature of the coupling 
between water flow and solute flow? How could this interaction bring 
about water flow against large differences in hydrostatic or osmotic 
pressure? In 1958, he journeyed to Copenhagen for a two-year stay in 
the laboratories of Hans Ussing. There, drawing upon the work of 
Staverman (11), he laid the groundwork for the “double (series)-membrane” 
model for biological water transport (Figure 2) which was introduced in 
1960 (1). 
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Fig.2. The original series-membrane model. Active transport of solute 
is assumed to take place from compartment A to compartment B across a 
thin membrane having thickness &xl and an equivalent pore radius 2-l. 
Egress of transported solute and water from compartment B to compart- 
ment C is via a long channel having a large equivalent pore radius, rz. 
The similarity between compartment B and the lateral intercellular space 
is evident. (Reproduced by permission of the Rockefeller University 
Press from (1) .) 

1958 was a milestone year in the history of membrane physiology 
and in Pete Curran’s life. That year, Cra Kedem and Aharon Katchalsky 
brilliantly thrust the formalisms of linear nonequilibrium thermodynam- 
ics onto the biological stage (6). This was what Curran needed. He now 
had a new language ideally suited for a formal expression of the con- 
cepts embodied in the double-membrane model. He returned to the Bio- 
physical Laboratories in 1960 and, with McIntosh and Cgilvie, set about 
testing and formalizing the model (3, 7). The test system was simple. 
It consisted of three compartments separated by two barriers arranged 
in series (Figure 3), one a cellophane membrane ( Q) and the other a 
sintered glass disc (p). The central compartment B was filled with 
0.5 M sucrose and was then closed to the atmosphere. The concentra- 
tions of sucrose in the two open compartments (A and C) were varied. 
Volume flow from compartment A to compartment C was observed when 
the concentrations of sucrose in the two outer compartments were equal 
and even when the osmolarity of compartment A was fifteen times that 
of compartment C. This artificial system was capable of “passively” 
transferring volume against an osmotic pressure difference of roughly 
0.5 Osm or a hydrostatic pressure difference of roughly 10 Atm; it 
mimicked the “active” characteristics of biological water absorption. 

The system illustrated in Figure 3 was described with the following 
equations (7) : 

and 
Jva= JPa ((Q-P& -+ua R’I’ (Q-Q)) (1) 

Jvb= Lp#pB-pC) +u== RT (cc-c&) (2) 
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Jvtx and Jvp are the rates of volume flow across the 
membrane a and P respectively (flow from A to C 
is defined as positive) 

Lp is the hydraulic conductivity 

c is the Staverman reflection coefficient 

P is the hydrostatic pressure 

C is the osmolar concentration 

subscripts A, B and C designate the compartments shown 
in Figure 3; and subscriptsa and /3 designate the two 
membranes 

R and T are the gas constant and absolute temperature 
respectively. 

WIRE Fig.3. Test system 
for the series-mem- 
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When a steady-state volume flow (Jv) is achieved, Jv=Jva =JVB 
and when PA = PC 

Jv=Jp[QT (Cg-Q) +c pRT (CC-C&] (3) 

where L is the overall hydraulic conductivity of the two series mem- 
branes a%d is given by LpaLpp/(Lpa + L Pp’* 

Clearly, when CA = CC equation (3) reduces to 

JV = Lp (O;SI-\r ) RT (CB-CA) 
P 

Thus, there will be volume flow from A to C providing CB > CA and 
Q= >r7~even though the hydrostatic pressures and solute concentrations 
in compartments A and C are identical. Also, it is clear from equation 
(3) that volume flow from A to C can take place even when CA > C,(i. e. 
when A is hypertonic with respect to C) providing CB > CA andu, is 
sufficiently greater than c 

P 
. 
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Thus, the active transport of solute into a constrained intraepithe- 
lial compartment that is bounded by two barriers having different re- 
flection coefficients can bring about solute coupled water absorption 
against adverse osmotic or hydrostatic pressure differences. A direct 
link between water flow and metabolic energy need not be postulated 
to account for this uphill movement; the necessary energy can be de- 
rived indirectly via osmotic coupling to the flow of solute. Further, 
as later shown by Patlak et al. (8,10) such a double-membrane system 
is capable of elaborating an isotonic “absorbate. ” A question of para- 
mount importance was resolved and the conceptual foundation for the 
ultrastructural analysis of biological water transport was laid. Peter 
Curran had made his first mark. 

* * * 

The double-membrane model combined simplicity with elegance. 
It rapidly received wide recognition and acclamation. Within two years 
of the “biological debut” of nonequilibrium thermodynamics, the power 
and utility of this conceptual framework was established. It was clear 
that definitions of active transport based on classical thermodynamics 
could not adequately distinguish between processes that are directly 
coupled to metabolic energy and those that may be directed against 
electrochemical potential differences by virtue of interactions with the 
flows of solvent or solute. Curran’s work had assisted in the baptism 
of a new paradigm and terms such as “reflection coefficient”, “coupling 
coefficient”, etc. , were rapidly incorporated into the “language of bio- 
logical transport. ” 

Pete Curran was captivated by the elegance and potential of this 
new discipline and by the charismatic genius, sparkle and wit of its 
chief proponent, Aharon Katchalsky. Together they wrote Nonequili- 
brium Thermodynamics in Biophysics (5) - a treatise that glows with 
logic and lucidity and which is destined to become a classic. 

In particular, Curran was intrigued by the possible central roles of 
coupled interactions in biological transport. In a general sense, coupling 
is an expression of energy conversion; it is a means by which energy 
that is directly invested into the flow of one substance can become the 
motive force for other flows. The advantages to be gained in terms of 
the conservation of cellular energy supplies are obvious. 

During the final ten years of his life, Curran’s research efforts 
focused largely on the coupling between sodium transport and the trans- 
port of sugars and amino acids by mammalian small intestine. He was 
a firm believer in the notion that active sodium transport (or the conse- 
quences of the sodium transport mechanism) provides the energy for 
the uphill movements of sugars and amino acids via carrier-mediated 
co-transport. This belief is expressed explicitly in his paper entitled 
“Coupling between transport processes in intestine” (2) which was de- 
livered in 1967 when he was honored for his accomplishments by being 
chosen the Twelfth Bowditch Lecturer of the American Physiological 
Society. Although this notion was (and is) challenged, the underlying 
theory was too attractive to be abandoned in the face of still questionable 






