
















necessary to assign value to v/(h0
2), and to the 

number densities of chains and fibrils. Only the 
number density of fibrils is accurately known. From 
various experiments , the number density of the 
chains (which follows from the mass fraction of 
mucopolysaccharide in the stroma, the fraction of it 
that is used up in the form of chains and the molec­
ular weight of the chains) is estimated as ......., 10-7 / 

(A)3. Figure 9 illustrates the comparison between 
theory ar;d experiment for Model 2(a) , with V(h

0
2 ) 

= 370 A, and shows modest general agreement. 
As the nature of several of our approximations have 
led us to expect, the peaks of the theoretically 
derived radial distribution function of the model 
decrease less rapidly with distance than do those 
of the experimentally derived radial · distribution 
function . Of course, some disordering is no doubt 
introduced by the electron micrograph fixation 
technique, so that it is conceivable that the theoret­
ical model is less at fault than the experiment. 

The theoretical results depend especially on the 
value assigned to v<h;!), as will be discussed 
shortly. We note in passing, however, that curves 
very similar to tha! of Fig. 9 are if we 
use V<h;!) = 710 A, 430 A, and 360 A in Models 
1, 2(b), and 2(c), respectively. Thus the models 
appear to be in rough accord with currently avail­
able data, considering the uncertainty in the values 
of the quantities that determine the parameters of 
the model , and the likelihood that the stromal 
structure is somewhat disordered during the fixation 
process. 

QUALITATIVE NATURE OF THE RADIAL DISTRI­
BUTION OF THE MODEL-The essential nature of the 
theoretical result is that , with respect to the 
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Fig. 9-Comparison of the theoretically calculated 
radial distribution function with that obtained by 
analysis of the electron micrograph of Fig. 2. 
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reference center as origin, other fibril centers tend 
to be Gaussianly dispersed about certain most 
probable positions that define a lattice. The lattice 
of most probable relative positions depends on the 
number of chains connecting each fibril segment with 
nearby segments. For example, for three, four, and 
six chains connecting each fibril segment with near­
by segments , the lattices are simple hexagonal , sim­
ple cubic and centered-hexagonal , respectively. Since 
the axes of the fibrils are most likely to be found 
rather near the lattice sites , the type of lattice 
determines to a large extent where the peaks and 
valleys of g(r) occur. Comparison of the theoretically 
calculated g(r) with the experimentally derived g(r) 
has shown that the centered-hexagonal structure 
leads to rather good accord, whereas the simple 
hexagonal and the simple cubic do not. Accordingly, 
we were led to model the stroma by assigning six 
chain terminations at each end of a fibril segment. 

As Eq. (2) shows, the dispersion of the most 
probable relative positions and the height of the first 
maximum of g(r) depend primarily on the looseness 
of the network (through the parameter For 
the present semiquantitative _ <!iscussion, is 
approximated (to......., 10% for I, m not much greater 
than unity)by 

= = vfh:}){ 1 (3) 
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'Y 0 + 0.22 (7 Y 11) 

The parameters 'Y and 11 depend only on the 
assumed topology; l, the most probable axial 
distance between chains, depends on both the topol­
ogy and on the assumed number densities of 
chains ['"'-' 10-7 / (A)3] and collagen fibrils ['"'-' 3.51 X 

10-6 / (A)2]. Estimates for these three quantities, 
and for as approximated by Eq. (3), are given 
in the table. 

Model 2(a) 2(b) 2(e) 

'Y 1 YJ 

11 1 1 1 X 
T 105 A 210 A 210 A 315 A 

65 A 119 A 103 A 102 A 

where V(hJ) = 245 A, be = 574 A 

Equation (3) shows that the extent of the dispersion 
of the fibrils about their most probable relative 
positions , as measured by I' is directly propor­
tional to the root-mean-square length that the 
chains would have if they were unattached, and thus 
is inversely proportional to the square root of the 
spring constant of the individual chains . The table 
shows that it also depends on the scheme of chain-
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fibril connections. Model 1 is the stiffest model 
essentially because its chains must reach all the way 
between fibrils , (see Fig. 7) . 

The first maximum of g(r) is of rather special 
interest because it can be very easily approximated 
using Eqs. (2), (3) , * and because disorder ensuing 
from the fixation process is expected to be least 
noticeable for small r. Equation (2) yields 

g(r) I first maximum ~ 6 
27r3/ 2uC be .1 0 ,1 

(4 ) 

and substituting the values listed in the table yields 

{ 

4.1 Model 1 
2.2 Model 2(a ) 

g(r) I first maximum ~ 2.6 Model 2(b ) 
2.6 Model 2(c) 

Thus, the last three models continue to agree with 
our estimate of VTh;!> rather better than does 
Model 1, again because its chains, being required 
to reach all the way from one fibril to another, are 
stretched relatively tightly so that there is relatively 
little dispersion from the minimum energy con­
figuration. Model 1 could, of course, be in good 
accord if its chains were composed of mucopoly­
saccharide and mucoprotein chains hooked in series. 
We are, therefore, unable with confidence to 
discriminate between the various models on the 
basis of presently available information. 

Structure and Swelling Pressure 
Since the previously described study led to a 

way of connecting the mucopolysaccharides and the 
collagen fibrils in such a way as to yield a reason­
ably satisfactory microstructure, we were led to 
consider the swelling properties of such a network. 

If a piece of cornea is removed from the eye, 
denuded of its limiting layers , and placed in saline, 
it will swell in thickness by taking in saline. The 
extent of the swelling may be controlled by an 
externally applied force , and the pressure that is 
just sufficient to maintain the stroma at some fixed 
thickness is known as the swelling pressure associ­
ated with that thickness. The experimentally deter­
mined relationship between swelling pressure and 
stromal thickness for rabbit cornea in physiological 
saline is shown by the data points of Fig. 10. The 
molecular and structural basis for this behavior has 
remained obscure, however, in the absence of a 
detailed model of the stroma. 

It turns out that an approximate theoretical 
relationship between swelling pressure and the 
thickness of stroma in a salt solution can be derived 
quite readily for our models of chain fibril topology. 
The basis of the swelling theory derives from the fact 
that swelling pressure is related thermodynamically 

·Only the six nearest neighbor sites contribute appreciably to the sum of 
Eg. (2), and the value of Tat which the peak occurs is T ::: 1'0,1 = be· 
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Fig. lO-Comparison of theoretically calculated 
dependence of swelling pressure on thickness vs. 
experimental data, for rabbit stroma. (Data points 
from Ref. 7.) 

to the free energy. The free energy, in turn, can be 
approximated in terms of the properties of the 
molecular chains and the topology of their connec­
tions to the collagen fibrils , by using well-known 
techniques of polymer theory. The result of the 
calculation for Model 2(a) is shown by the smooth 
curve of Fig. 10, where one parameter, whose value 
is as yet unknown , has been arbitrarily assigned a 
plausible value that yields good agreement at one 
point, namely at normal hydration . It seems note­
worthy that the agreement is satisfactory over about 
one and one-half decades of swelling pressure 
variation, so that the theory may indeed be near the 
truth in its essentials. 

Concluding Remarks 
In summary, therefore, the theoretical calculations 

relating to the transparency, fibril distribution, and 
swelling pressure support the basic validity of a 
model of the stroma in which the collagen fibrils 
are held together by polymeric chains. The detailed 
topology of the connections remains open, and 
probably will be settled ultimately only by new and 
improved electron microscope techniques. Neverthe­
less , we believe that the basic model is sufficiently 
representative of the stroma that it will be valuable 
for the illumination of the molecular and structural 
basis of many other physiological properties of 
stroma. 
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