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Microspectrophotometric studies dem- 
onstrated the existence of three visual 
pigments, isolated in separate cones, in 
both fish (1-3) and primates (4-6). 
These experiments elucidated the physi- 
ological basis for the trichromacy of 
vision and provided direct experimental 
confirmation of the Young-Helmholtz 
theory. 

In the teleost experiments, teased 
preparations of receptors lying on their 
sides were employed, while the small 
size of primate cones dictated axial 
illumination to maximize the ratio of 
signal to noise. In addition to being the 
physiological orientation, the mosaic 
arrangement of receptors on end also 
simplifies differentiation of rods and 
cones and offers the possibility of study- 
ing the topographical relations among 
receptor types. 

However, optical quality of the micro- 
scope objectives must be sacrificed to 
obtain the necessary long working dis- 
tances. The preparation is also incon- 
venient both because suitable patches 
of retina are rarely located near an open 
area through which the reference beam 
of our microspectrophotometer can pass 
and because otherwise suitable receptors 
are usually observed leaning at an angle 
to the optical axis of the instrument. 

Most serious of all, the intervening 
neural layers complicate the optical 
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path, and scatter increases with cloud- 
ing after death. This scatter causes the 
spectrum to be contaminated by the 
absorbtion of surrounding rods and is 
partially offset by the focusing effect 
of the inner segments of the cone. Esti- 
mates of pigment concentration in pri- 
mate cones were thus complicated by 
the fact that the intensity of illumina- 
tion of all points along the receptor 
outer segment was unknown. 

On the other hand, the clearly de- 
fined optical geometry of the side-illum- 
inated configuration permitted estima- 
tion of the absorption to be about 1.8 
percent/p. of thickness (1, 3) in both 
frog rods and fish cones. Liebman's (2) 
absorptions are higher, probably be- 
cause of less scatter. Calculations in- 
dicated that, under optimal conditions, 
it should also be possible to study pri- 
mate receptors oriented at right angles 
to the optical axis. This method appears 
to be the only one applicable to the 
study of primate foveal cones since 
they are about 0.8 p. in diameter and 
densely packed. It does not appear feasi- 
ble at this time to confine an axial beam 
of illumination to a single receptor of 
this type. However, the extinction of a 
cone lying on its side is far less than 
that of the same receptor on end, and 
the signal is further diluted by any 
light scattered around the outer seg- 
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ment. Consequently, ratios of signal to 
noise are critical (7), and further re- 
finements were therefore made in the 
previously reported (3) instrument and 
technique. 

Suitable field diaphragms were fabri- 
cated by milling slits in soft brass with 
a "flycutter." These slits were approxi- 
mately 60 it wide, and their length 
was adjusted by masking the ends with 
black tape. At the specimen plane they 
are projected at a width of about 2/3 pt 
(Fig. 1). 

The geometric problems of superim- 
posing the image of a slit (rather than 
a pinhole) on a cylindrical receptor 
necessitated installation of a "sliding- 
gliding" stage (Zeiss). This stage per- 
mits extremely fine adjustments as well 
as rotation to examine any receptor, 
regardless of its original orientation in 
the field of view. 

Because of the orientation of the 
visual pigment molecules in the lamellae 
of photoreceptors, polarized light was 
used on primate cones, as described 
earlier for goldfish receptors (1, 3). The 
increase in the ratio of signal to noise 
was substantial and approximated the 
factor of 2- predicted on theoretical 
grounds. 

Alignment of the machine is critical. 
Virtually imperceptible adjustments in 
the focus of the monochromator fila- 
ment on the back focal plane of the 
condenser can change the slope of the 
base line by a factor of 10. 

Other efforts to refine the optical sys- 
tem concentrated on reducing longi- 
tudinal and lateral chromatic aberra- 
tion to a minimum, and tests were run 
on more than 100 selected objectives 
(8). 

Longitudinal chromatic aberration, 
the change in focal length with wave- 
length, can be easily observed in the 
spectrophotometer by scanning through 
the spectrum and watching the focus 
of the test and reference beams change. 
With paired optics for condenser and 
objective, measurements were made by 
refocusing at 25-nm intervals and re- 
cording adjustments from the fine-focus 
micrometer. 

Lateral chromatic aberration, the 
change in magnification with wave- 
length, is manifested by lateral move- 
ments of the test beam so that the beam 
no longer passes through the receptor. 
This effect was evaluated by measure- 
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3 /. 
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Visual Pigment Density in Single Primate Foveal Cones 

Abstract. The feasibility is demonstrated of microspectrophotometric studies 
on primate photoreceptors aligned at right angles to the test beam, rather than 
axially illuminated. Pigment densities, and hence absorption per unit thickness, 
are approximately equal in primate rods and foveal cones. These pigment den- 
sities are similar to those reported for frog rods and fish cones. 
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aberration can be further minimized 
by decreasing numerical aperture. This 
is accomplished most effectively at the 
back focal plane of the condenser. Un- 
fortunately, in most modern optics this 
focal plane is located at a cemented sur- 
face and hence is not accessible; how- 
ever, appropriate iris diaphragms are 
found in a number of oil immersion 
objectives designed for dark-field work. 
Simultaneously, the effects of lateral 
chromatic aberration can be minimized 
by placing the test beam on the optical 
axis of the instrument, in which case 
its dimensions may change slightly but 
gross movements away from the recep- 
tor are eliminated. 

A Zeiss 40X immersion apochromat 
with built-in iris diaphragm (stopped 
down to 0.6) was chosen for the con- 
denser. Many differing lenses were used 
as objectives. The prime function of this 
second lens is simply to collect the 
light passing through the receptor; its 
image-forming qualities are less critical. 

Many problems with the preparation 
are eliminated by the change in con- 
figuration. In addition to obviating 
optical complications due to the inter- 
vening neural tissue and inner segments, 
mounting intricacies of teased prepara- 
tions are negligible, and damage to the 
outer segments can be easily observed. 
Difficulties in finding clear areas for the 
reference beam are eliminated and, be- 
cause the preparations are thin, they 
are less subject to mechanical and 
thermal changes. Consequently, they 
last much longer, and a number of re- 
ceptors can be examined from any 
given retina. 

Certain orientation problems are, 
however, introduced. Receptors tend 
to curve slightly, and, despite efforts 
to orient them by "streaking" tech- 
niques, only segments less than 10 ti in 
length could be reliably superimposed 
on the image of a straight slit. In addi- 
tion, it is difficult to differentiate rod 
and cone outer segments, particularly 
when the inner segments are broken 
off. Consequently, experiments were re- 
stricted to those receptors in which the 
inner segments were clearly visible or 
to preparations confined to the center 
of the fovea. This was facilitated by 
experience in dissection and prepara- 
tion of over 500 human and monkey 
retinas. 

Gelatin had been employed in the 
original experiments to stabilize the 
position of the receptors in the optical 
system; however, different lots of gelatin 
vary tremendously in optical and me- 
chanical properties. Numerous natural 
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Fig. 1. Human foveal cone oriented at right angles to the optical axis of the micro- 
spectrophotometer. The receptor is trans-illuminated by the test beam while the 
reference channel passes through a tissue-free area. The proximity of adjacent re- 
ceptors illustrates the necessity of orienting foveal cones at right angles to the optical 
axis. Scale, 10 A. 

and synthetic gels and viscous liquids, 
including methylcellulose and low- 
methyl pectins were therefore investi- 
gated as a replacement. The problems 
of clarity and mechanical stability were 

finally overcome by obtaining a supply 
of high purity 285 Bloom gelatin (9). 
This was prepared as an 8 percent solu- 
tion with buffered mammalian Ringer 
solution. Special cover slips for use with 

Fig. 2. Records obtained from a parafoveal rod and foveal cone oriented at right angles to the optical axis of the microspectrophotometer. Both spectra were recorded 
from the same Macaca nenmestrina retina. Pigment densities from all receptors seemed 
similar, if they had not been inadvertently bleached in handling. 
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precision optics were employed (Corn- 
ing, No. 1?1/). 

Much of the tendency of slides to 
deteriorate over a period of a few 
hours was traced to evaporation through 
pinhole imperfections in the wax used 
to seal the preparation. This was elimi- 
nated by using two cover slips of un- 
equal size creating a shoulder on which 
the wax could bind, and by using a 
mixture of one part Vaseline to three 
parts paraffin instead of pure paraffin. 

Although the effect of each of the 
above refinements is small, they com- 
bine to permit recording from primate 
cones lying on their sides. No changes 
were necessary in the electronics. 

Several hundred foveal and para- 
foveal primate cones (mostly human) 
have been examined oriented at right 
angles to the measuring beam in the 
course of developing these refined tech- 
niques. Ratios of signal to noise have 
been very poor until the series shown 
in Fig. 2; these are the best records 
which have been obtained so far and 
demonstrate the feasibility of the tech- 
nique. 

Each receptor is about 0.8 /t in 
diameter and absorbs about 1.3 percent 
at maximum. The pigment density in 
primate rods and cones is similar and 
is in turn comparable to the densities 
(1, 3) for frog rods and fish cones. 
With a specific absorption of 1.8 per- 
cent/ju, the total absorption of a foveal 
cone 45 /I in length would be about 50 
percent. This probably represents a 
lower limit due to light scattered around 
the receptor. Psychophysical experi- 
ments (10, 11) have indicated that the 
maximum absorption may be in excess 
of 80 or 90 percent. However, too few 
successful preparations were obtained 
to determine the relative numbers of 
cones of each spectral class, or to con- 
firm earlier measurements (4, 5) of 
the maximum absorption of each class. 
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Thomas C. Jenkins Department of 
Biophysics, Johns Hopkins University, 
Baltimore, Maryland 
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Correll (1) has found imidodiphos- 
phate (P-N-P) linkages in algal "poly- 
phosphate." This is the first instance 
of P-N-P linkages being observed in a 
natural product. Almost nothing is 
known of the metabolism of P-N-P 
compounds, but knowledge of the 
molecular dimensions of the P-N-P 
linkage should aid in these studies. In 
addition, an adenosine triphosphate 
(ATP) analog in which an imidodi- 
phosphate grouping replaces the termi- 
nal pyrophosphate has been synthesized 
(2). Correll's finding and the striking 
similarity of this analog to ATP in 
binding to contractile proteins (2) led 
us to investigate the crystal and molec- 
ular structure of sodium imidodiphos- 
phate in relation to that of sodium 
pyrophosphate. 

Crystals of tetrasodium imidodiphos- 
phate-decahydrate were prepared ac- 
cording to Nielsen et al. (3). The crys- 
tals were monoclinic, with space group 
C2/c and cell dimensions a = 17.069, 
b = 6.905, and c =- 14.752 A, and P = 
110.33 ?, and were isomorphous with tet- 
rasodium pyrophosphate.decahydrate. 
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linkage should aid in these studies. In 
addition, an adenosine triphosphate 
(ATP) analog in which an imidodi- 
phosphate grouping replaces the termi- 
nal pyrophosphate has been synthesized 
(2). Correll's finding and the striking 
similarity of this analog to ATP in 
binding to contractile proteins (2) led 
us to investigate the crystal and molec- 
ular structure of sodium imidodiphos- 
phate in relation to that of sodium 
pyrophosphate. 

Crystals of tetrasodium imidodiphos- 
phate-decahydrate were prepared ac- 
cording to Nielsen et al. (3). The crys- 
tals were monoclinic, with space group 
C2/c and cell dimensions a = 17.069, 
b = 6.905, and c =- 14.752 A, and P = 
110.33 ?, and were isomorphous with tet- 
rasodium pyrophosphate.decahydrate. 
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The measured density of 1.80 g/cm3 
and the calculated density of 1.812 
g/cm3 indicated that there were four 
molecules per unit cell. Of the 1065 
intensities measured with a Picker dif- 
fractometer, 985 were observed above 
background. The positional parameters 
and anisotropic thermal parameters 
were refined by least squares methods 
(4) to an R-index 

A_ I Fol-IF.,1I 
2 IFo 

of 0.054. All hydrogen atoms were 
located on the final electron density 
map but were not included in the re- 
finement (Table 1; Fig. la). There was 
no evidence for the tautomeric form 

OH 

-P N- 

as suggested by Nielsen (5). However, 
the shortened P-N bond distances, 
1.68 A versus 1.77 A for the single 
P-N bond distance in NaPO3NH3 (6), 
indicates at least partial double bond 
character of the P-N-P linkages. 
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and the calculated density of 1.812 
g/cm3 indicated that there were four 
molecules per unit cell. Of the 1065 
intensities measured with a Picker dif- 
fractometer, 985 were observed above 
background. The positional parameters 
and anisotropic thermal parameters 
were refined by least squares methods 
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of 0.054. All hydrogen atoms were 
located on the final electron density 
map but were not included in the re- 
finement (Table 1; Fig. la). There was 
no evidence for the tautomeric form 
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as suggested by Nielsen (5). However, 
the shortened P-N bond distances, 
1.68 A versus 1.77 A for the single 
P-N bond distance in NaPO3NH3 (6), 
indicates at least partial double bond 
character of the P-N-P linkages. 

Table 1. Comparison of the geometries of sodium pyrophosphate, sodium imidodiphosphate, 
and methylene diphosphonic acid. The standard deviation on 'the least significant digit is given 
in parentheses. 

Bond O(PO3)2NA 
O (P,0),Na4 HN(P0),2Na4 CH2(PO3)2Ht 

(H110) lo* (H,O),* (H20),0 

P-X 1.63A 1.631(7)A 1.678(5)A 1.79A 
P-O (ave) 1.48A 1.512(20)A 1.521'(7)A 1.54A 

P-P 2.942(16) A 3.006(3)A 3.05A 
P-X-P 133.80? 128.7(3) 127.2(5) ? 117? 

* Calculated from 246 observed structure factors using zonal data refinement (R = 0.22) (7). 
t See (15). 
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Imidodiphosphate and Pyrophosphate: Possible 

Biological Significance of Similar Structures 

Abstract. The structure of sodium imidodiphosphate has been determined by 
single crystal x-ray diffraction. The P-N-P bond angle (127.2?) and P-N bond 
distance (1.68 angstroms) are remarkably similar to newly refined values for the 
P-O-P bond angle (128.6?) and the bridging P-O bond distance (1.63 angstroms) 
of sodium pyrophosphate. This close similarity may explain why P-N-P linkages 
in algal "polyphosphates" escaped detection until recently and why adenosine tri- 
phosphate analogs with this linkage mimic adenosine triphosphate so closely. 
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