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by many mammalian tissues. 

Translocation of fatty acids from 
cell surface to endoplasmic reticulum 
and mitochondria is fundamental to the 
intestinal absorption of lipids and to 
the utilization of free fatty acids in 
plasma by liver, muscle, and other tis- 
sues. However, although long-chain 
fatty acids are at best poorly soluble in 
aqueous media, a mechanism to ac- 
count for the apparent facility with 
which they traverse the cytosol (aque- 
ous cytoplasm) has not been identified. 

In studies of the intestinal absorption 
of long-chain fatty acids (1, 2), we ob- 
served that although saturated and un- 
saturated fatty acids were taken up by 
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everted jejunal sacs at equal rates, un- 
saturated fatty acids were esterified 
more rapidly. However, our studies and 
those of others (3) indicated that these 
results could not be explained by cor- 
responding differences in the activation 
of fatty acids by microsomal fatty acid- 
coenzyme A (CoA) ligase (4). Ac- 
cordingly, we postulated (2) that ap- 
parent differences in rates of esterifica- 
tion might be due to different rates of 
translocation of fatty acids from the 
microvillus membrane to the site of 
their activation in the endoplasmic retic- 
ulum. As a result, we discovered a 
binding protein for long-chain fatty 
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acids in the cytosol of jejunal mucosa 
and of other mammalian tissues (5). 

Male Sprague-Dawley rats-fasting if 
intestine was to be studied, otherwise 
nonfasting-were killed by decapitation. 
The proximal half of the small intestine, 
distal to the ligament of Treitz, was re- 
moved and flushed with 40 ml of 0.01M 
phosphate buffer in 0.154M KC1 (pH 
7.4, 4?C). Mucosa was extruded, 
weighed, homogenized in three volumes 
of buffer, and centrifuged at 105,000g 
for 2 hours. The supernatant, exclusive 
of floating fat, was used for gel filtra- 
tion. The liver was perfused in situ 
through the portal vein with cold buffer 
before homogenization and ultracentrif- 
ugation as just described. Appropriate 
ligands (Figs. 1 and 2) were added in 
vitro to 105,000g supernatants, and the 
mixture was subjected immediately to 
gel filtration on Sephadex G-75. Protein 
concentration in the column effluent 
was measured as absorbance at 280 
nm; radioactivity was determined by 
liquid scintillation spectrometry; sulfo- 
bromophthalein (BSP) was measured 
as absorbance at 580 nm after alkalini- 
zation. 

Sephadex G-75 chromatography of 
rat jejunal supernatant with [14C]oleate 
showed association of radioactivity with 
a protein of low molecular weight, 
which we have designated "fatty acid 
binding protein" (FABP) (Fig. 1). 
Variable radioactivity was also associ- 
ated with macromolecules (including 
lipoproteins) in the excluded (void) 
volume, and with residual albumin in 
the tissue homogenate. By lipid extrac- 
tion (6) and thin-layer chromatography 
of the FABP peak, more than 95 per- 
cent of 14C was recovered as free fatty 
acid, a result indicating that binding 
was noncovalent and not the result of 
prior conversion to fatty acyl-CoA or 
other derivatives. A FABP with virtu- 
ally identical elution characteristics was 
demonstrated in liver supernatant. 

An estimation of the molecular 
weight of FABP was obtained by com- 
paring its relative elution volume 
(Ve/Vo) with that of proteins of known 
molecular weight on Sephadex G-75. 
Both jejunal and hepatic FABP were 
consistently eluted in a volume (Ve/JV 
= 2.10 ? .02) slightly greater than that 
of cytochrome c (horse heart, Sigma, 
molecular weight 12,400, Ve/ V = 2.08 
? .02); this indicates a molecular 
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slightly better correlation with Stokes' 
radius than with molecular weight (7). 

The behavior of jejunal and hepatic 
FABP on gel filtration was similar to 
that reported for the smaller of two 
cytoplasmic anion-binding proteins, de- 
signated "Z" by Levi et al. (8), and 
also described by Grodsky et al. (9), 
who estimated its molecular weight to 
be about 12,000. Because fatty acids 
are, at physiological pH, organic anions 
of major qualitative and quantitative 
biological significance, we explored the 
possibility that FABP might be related 
to this previously described anion-bind- 
ing protein. 

Liver supernatant was subjected to gel 
filtration on Sephadex G-75 with both 
[14C]oleate and BSP (Fig. 2). Elution 
characteristics of FABP and Z were 
identical. Moreover, binding of [14C- 
oleate to this fraction was about three- 
fold greater than that of BSP, even 
though approximately equimolar quanti- 
ties of the two were applied. [14C]Oleate 
showed insignificant binding to "Y" 
protein (8), more recently designated 
"ligandin" (10), although a small 
amount was bound to residual albumin 
in the liver supernatant. 

For more direct comparison of bind- 
ing affinities, FABP was partially puri- 
fied from jejunal supernatant by two 
consecutive passages through Sephadex 
G-50. After polyacrylamide gel electro- 
phoresis of this material, radioactive 
fatty acid was associated with a single 
protein band. Partially purified FABP 
was added to each of various radio- 
active ligands, and percentage of bind- 
ing was determined by gel filtration 
(Table 1). Binding of unsaturated long- 
chain fatty acids exceeded that of 
saturated and medium-chain fatty acids 
and of BSP. In other experiments, 
binding of fatty acid and BSP was 
competitive, a result that further sup- 
ports the concept that FABP and Z 
are the same protein. Moreover, 
methyl palmitate and hexadecanol (un- 
charged, long-chain lipids) were bound 
to a greater extent than were medium- 
chain fatty acids; this indicates that 
negative charge was neither necessary 
nor sufficient for binding. Rather, bind- 
ing appeared to be related to length 
and saturation of fatty acid chains; 
this suggests that the interaction may 
be steric (11) or hydrophobic, or both. 
In addition, of the three neutral lipids 
tested, methyl palmitate was bound to 
a greater extent than hexadecanol and 
cholesterol, consistent with the possi- 
bility that hydrogen bonding (at the 

7 JULY 1972 

Table 1. Binding of ligands to FABP. Par- 
tially purified FABP (1.0 ml, 0.5 mg of 
protein) was added to l4C-labeled ligand (25 
nmole, except that 10.9 and 14.7 nmole were 
used for oleate) and applied to Sephadex 
G-25 (0.9 by 21 cm, 4?C, 12 ml/hour). Lip- 
ids were at least 95 percent radiochemically 
pure as judged by thin-layer chromatography. 
Radioactivity eluted with protein in the void 
volume was used to calculate nanomoles 
bound. Values shown are results of individ- 
ual experiments. 

Ligand Bound 
(%) 

Fatty acids (anions) 
Linoleate (18:2) 46.7, 40.7 
Oleate (18:1) 60.8, 59.9 
Stearate (18:0) 4.4 
Palmitate (16:0) 12.3, 16.5 
Laurate (12:0) 0.7 
Octanoate (8:0) 0.01, 0.04 

Neutral lipids 
Methyl palmitate 3.1, 2.4 
Hexadecanol 0.9 
Cholesterol 0.07 

BSP 7.0, 6.8 

oxygen function) may also be involved. 
Although quantitative interpretations 

of binding in this system must be 
limited, differences in binding of ligands 
to the Sephadex itself cannot explain 
our results. Thus, laurate and octanoate 
applied to G-25 columns in the absence 
of FABP showed no binding to the 
column. In contrast, both oleate and 
BSP were completely bound, and could 
not be eluted even in five bed volumes; 
palmitate was only partially bound. 
Therefore, binding to FABP was not 
simply due to lack of binding to Sepha- 
dex, but rather reflected intrinsic bind- 
ing affinity between ligand and FABP. 
Experiments to determine binding af- 
finity and stoichiometry more precisely 
are needed. 
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A FABP with chromatographic and 
electrophoretic properties similar to 
those of the protein in rat jejunum and 
liver was isolated from human jejunal 
mucosa by gel filtration and ion ex- 
change chromatography. FABP was 
also identified in human liver and myo- 
cardium, and in rat myocardium, adi- 
pose tissue, and kidney. It was not 
detected in rat or human plasma, nor 
in human erythrocytes. 

A role for this protein in cytoplasmic 
fatty acid transport is consistent with 
certain hitherto unexplained findings 
concerning the Z protein. Whereas Y 
protein was present only in low amounts 
in fetal liver but increased substantially 
after birth, Z protein was present in 
fetus and adult in similar concentra- 
tions (12). Moreover, unlike Y protein, 
Z did not respond to the inductive ef- 
fects of phenobarbital (13), a result 
further suggesting that its physiological 
role differed from that of Y. Our re- 
sults, as well as other evidence indicat- 
ing that the fetus utilizes free fatty acids 
in plasma (14), suggest that at all 
stages of life the primary function of 
this peptide (FABP or Z) is related to 
the cytoplasmic transport of long-chain 
fatty acids. Accordingly, if tissue FABP 
concentrations vary in response to 
physiological or pathological phenom- 
ena, changes either in the availability 
of fatty acids (within the intestinal 
lumen or in plasma) or in the fatty acid 
requirements of specific tissues might be 
among the determining factors. 

Although our studies deal with the 
presence of FABP in cytosol, the pos- 
sibility that it may also be associated 
with the plasma membrane, thereby af- 
fecting fatty acid uptake, is not ex- 
cluded. This seems unlikely, however, 
because we found similar rates of jeju- 
nal uptake of fatty acids with differ- 
ing affinities for FABP (1, 2). It is not 
clear whether FABP fulfills only a 
transport function, or whether it also 

Fig. I. Sephadex G-75 chromatography 
of [4C]oleate with rat jejunal 105,000g 
supernatant (Alb, albumin). Jejunal super- 
natant (2 ml, 31.1 mg of protein), added 
to 226 nmole of ["4C]oleate in 10 Al of 
methyl ethyl ketone, was applied to 
Sephadex G-75 (2.6 by 32 cm, 4?C, 25 
ml/hour, 3.6-ml fractions). Fig. 2. 
Sephadex G-75 chromatography of [1C]- 
oleate and BSP with rat liver 105,000g 
supernatant. Liver supernatant (2 ml, 44.4 
mg of protein) was added to 145 nmole 
of ["4Cjoleate in 10 Il of methyl ethyl ke- 
tone and 125 nmole of BSP and applied 
to Sephadex G-75 (2.6 by 32 cm, 4?C, 
25 ml/hour, 3.6-ml fractions). 
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regulates or modifies the intracellular 
metabolism of fatty acids. In jejunal 
mucosa, relative binding of long-chain 
and medium-chain fatty acids to FABP 
correlates well with their propensity for 
esterification. This aspect of the physio- 
logical role of FABP warrants further 
investigation. 

We conclude that in the intestine, 
FABP may account for differences in 
the absorption of fatty acids. It may 
also participate in the cellular utiliza- 
tion of fatty acids, and possibly certain 
lipid-soluble drugs and toxins, by other 
epithelial and nonepithelial mammalian 
tissues. 
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The potential biologic hazards of 
lasers have long been recognized, and 
the ocular hazards of these devices 
emitting visible radiation have been of 

particular concern. This is so because 
the inherent focusing and high trans- 
mittance of the eye concentrate energy 
density striking the retina at least 100,- 
000 times as compared to that striking 
the cornea. To minimize this hazard, 
intensive efforts have been made to de- 
fine damage thresholds by the construc- 
tion of dose-response curves. Such 
curves have been statistically derived by 
plotting the energy incident on the 
cornea against the presence or absence 
of retinal lesions visible with the oph- 
thalmoscope (1). Damage thresholds 
have then been derived from these 
curves (1); the lowest point on 
the curve at which damage was ever 
observed in our laboratory approximates 
the 15 percent probability of damage 
level (2). This derivation has been 
based on the tacit assumption that areas 
of the retina subjected to small doses 
of irradiation and not bearing visible 
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lesions are free of damage (1). Two 
observations support this assumption: 
the study of serial histologic sections 
through such irradiated areas discloses 
only a few more lesions than are seen 
with the ophthalmoscope (3), and dam- 
age thresholds vary widely not only be- 
tween eyes but between different areas 
of the same eye as well (2). However, 
the assumption remains unverified, since 
it has not been subjected to the critical 
test of ultrastructural analysis. We now 
have evidence, as a result of such a 

study, that extremely low levels of co- 
herent radiation can produce ultra- 
structural alterations in the exposed 
retinas. 

To explore this question, we irradi- 
ated, with a Q-switched ruby laser, both 
retinas from two rhesus monkeys and 
studied the ultrastructure of the irradi- 
ated areas. The laser, whose wavelength 
was 6943 A, produced a retinal irradi- 
ance diameter of 1000 stm. The total 
energy incident on the cornea (70 ptjoule) 
had been demonstrated statistically to 
have a probability of creating ophthal- 
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moscopically visible damage once in a 
thousand times (0.1 percent probabil- 
ity). None of the irradiated areas ever 
displayed ophthalmoscopically visible 
alterations. Twenty-four hours later, we 
took samples both of the irradiated 
areas from all four eyes and of directly 
adjacent areas. We used an artifactual 
optical marker that denoted the exact 
lased area on fundus photographs (4). 
By noting the location of the marker 
in relation to retinal vessels, we were 
easily able to sample the otherwise un- 
detectable irradiated areas. Samples 
were then prepared for electron micros- 
copy (4). On each experimental sam- 
ple, we made both thick and thin sec- 
tions at at least two levels. 

In general, histologic observation of 
the samples was unrewarding. With one 
exception, all samples-control and ex- 
perimental-showed no alterations and 
maintained the usual retinal histologic 
pattern. The exception, an experimental 
sample, had very subtle changes in pig- 
ment epithelium, including swelling and 
decrease of pigment granules and dis- 
charge of granules into the subretinal 
space; barely perceptible swelling and 
disarray of outer segments of both rods 
and cones were also noted. 

By contrast, ultrastructural examina- 
tion of experimental samples disclosed 
marked pathologic changes in the retina. 
Outer segments of both rods and cones 
were disorganized, shrunken, separated 
from one another, retracted from pig- 
ment epithelium, broken into ball-like 
segments, and often in complete dis- 
array (Fig. la). The usually orderly 
lamellae were disorganized, separated, 
retracted from the edge of the cells, and 
often segmentally absent (Fig. lb). Dis- 
organized lamellae formed bizarre 
fingerprint-like whorls (Fig. lb) and 
on occasion ran parallel to the cell 
axis rather than at the usual right angle 
(Fig. 1, c and d). In extreme cases, 
limiting membranes appeared to be dis- 
solved (Fig. le). All of the lamellar 
changes were much more prominent 
proximally-near the junction with in- 
ner segments. Inner segments had mito- 
chondrial swelling and vesicle forma- 
tion. The changes occurred in rods and 
cones with equal frequency. Pigment 
epithelium had reactive changes of con- 
densation and thickening of microvilli, 
loss of pigment granules, condensation 
of smooth endoplasmic reticulum, and 
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had the above-mentioned changes plus 
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Retina: Ultrastructural Alterations Produced by 

Extremely Low Levels of Coherent Radiation 

Abstract. The efject of low levels of coherent radiation on the eye is not fully 
established, but is generally presumed to be noninjurious. Irradiation of the retina 

with a Q-switched ruby laser emitting low amounts of energy (0.1 percent proba- 
bility of creating damage) consistently produces ultrastructural alterations in rods 

and cones. Outer segments of these cells are broken and disorganized and their 

lamellae are in disarray 1 day after such irradiation. 
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