
['23~]~nsulin Metabolism in Normal Rats and Humans: of interest in Fig. 2A). However, kidney 
activity was always lower than in rats 

External Detection by a Scintillation Camera injected with an excess of unlabeled in- 
sulin. In the latter, plasma-labeled insu- 

Abstract. ['23~]~nsulin was injected intravenously into rats and the distribution and lin was essentially cleared by the kidneys 
kinetics of radioactivity were analyzed by external detection with a scintillation by a nonsaturable mechanism known to 
camera connected to a computer. When injected alone, ['23~linsulin was rapidly proceed mainly by glomerular filtration 
taken up by the liver and to a smaller extent by the kidneys. After reaching a followed by reabsorption and degrada- 
maximum at 3 to 5 minutes after injection, liver radioactivity rapidly declined and tion by proximal tubular cells (11). In the 
free iodide appeared in the plasma. After previous saturation of the insulin receptor absence of significant radioactivity up- 
compartment, ['23~]insulin was concentrated by the kidneys only and the rate of ap- take by the liver and stomach, "kidney" 
pearance offree iodide was markedly decreased. The results demonstrate the potential regions of interest were exclusively con- 
usefulness of this noninvasive technique to visualize insulin interaction with the liver cerned with kidney radioactivity and 
and kidneys and to study the rate of insulin degradation by each organ in vivo. both kidneys' time-activity profiles be- 
Preliminary experiments in man demonstrate its feasibility and low radiotoxicity. came superimposable. 

As shown previously with ['25~]insu- 
The need for a better understanding of kidneys (Fig. 1A). Liver radioactivity lin, in rats injected with radiaiodinated 

insulin biokinetics prompted us to inves- reached a maximum between 3 and 5 insulin alone, the rapid decrease of liver 
tigate the feasibility of developing a non- minutes after injection, then rapidly de- radioactivity was associated with a con- 
invasive technique to follow the fate of creased (Fig. 2A). By contrast, in rats comitant increase of plasma-free radioio- 
insulin in vivo. For this purpose we la- injected with an excess of unlabeled in- dide concentration (9). It was also shown 
beled the hormone with lZ31, an isotope sulin, liver radioactivity remained low that the rate-limiting step for free iodide 
that emits a y photon of adequate energy and paralleled heart (that is, blood) ra- production was hydrolytic degradation 
(159 KeV) for easy detection with an dioactivity (Fig. 2B). Liver extraction of of radioiodinated insulin itself. Indeed, 
Anger scintillation camera. We here pre- ['23~linsulin was thus a saturable process free iodide appearance in the plasma was 
sent an evaluation of the technique and that was probably mediated by the insu- inhibited by saturation of the idsulin re- 
describe the results obtained in experi- lin receptors (8-10). ceptor compartment with an excess of 
mental animals as well as in humans. After injection of ['231]insulin alone, unlabeled insulin. Moreover, when rats 

The ' 2 3 ~  was prepared by the '271 precise quantitative analysis of time-ac- were injected with an excess of ['271]io- 
(p,5n) '23~e+'231 reaction (IRE, tivity curves for the kidneys was ham- dotyrosine in order to saturate endoge- 
Fleurus, Belgium) and was therefore free pered by superimposition of liver and nous dehalogenase activity, ['25~]iodo- 
of '271 and '"I and contained less than right kidney activity on the one hand and tyrosine produced by degradation of the 
0.2 percent IZ5I at the time of calibration of stomach and left kidney activity on labeled insulin appeared in the plasma at 
and use. Monocomponent bovine insulin the other hand (see broadening of "left the same rate as did free '25~-iodide in 
(0.1 mg) was labeled with N ~ ' ~ ~ I  (about kidney" image on Fig. 1B and increasing control animals (9). 
10 mCi in experiments with rats and 60 radioactivity of the "left kidney" region In the present experiments, rapid pro- 
mCi in experiments with humans) by 
means of lactoperoxidase and H202 (1). 
Insulin labeled on the A14 tyrosyl resi- Fig. 1. Images taken 
due (2),  the only isomer known to have (*) minutes and (*) 

30 minutes after intra- the same biological properties as unla- venous i~ection of 
beled insulin (3, 4), was then rapidly (rats on the left) 
purified by high-pressure liquid-reverse- ['231]insulin alone or 
phase chromatography (5, 6). (rats on the right) L~ 

Carrier-free ['231]insulin (about 80 $ ~ ~ ~ ~ e s s  put .wLK RK , & 
pCi) (7) alone or mixed with a large labeled insulin; L, liv- RK/ 

excess (6 U) of unlabeled insulin (Act- er; RK, right kidney; 
rapid) was injected in the jugular vein of LK, left kidney; B, 
anesthetized, fed young male albino rats ~ ~ ~ = & H b ~ & ~ ;  B 
weighing 225 to 275 g. The rats were laid ,,,; T, thyroid. 
prone on the high-resolution parallel col- 
limator of a General Electric 400T Maxi- 
camera on-line with a Simis 3 Informatek 5000 - 
computer system. Immediately after the 
rats were injected, the data were record- 4000 

A ed in a 64 by 64 matrix at a rate of two 
Fig. 2. The kinetics of f frames per minute for 30 minutes. Im- dioactivity in the =- 5 ages were taken at selected times (Fig. gions of interest de- s 

1). Regions of interest were defined over fined in Fig. 1 .  (a) $ ,,,, - 
selected organs and time-activity curves ['23111nsulin alone and 

B 
were obtained and averaged for statisti- ? pus B 
cal variation (Fig. 2). c. 1000 

a 

Within the first minutes after injection a b 
of ['23~]insu~in alone, radioactivity was O 715 i b  2215 lo, I I I I 

7.5 15 22.5 30 

already concentrated in the liver and Time (minutes) 
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Fig. 3. Time course of estimat- 
ed (see text) total radioactivity 
in liver and kidneys of four 
normal human male volun- 
teers. These volunteers lay su- 
pine under the camera. The 
field of view included the 
heart, liver, and kidneys. All 
other recording parameters 
were similar to those in the rat 
studies. 

Time (minutes)  

duction of free 123~-iodide also occurred 
in rats injected with [123~]insulin alone, 
as shown indirectly by the increasing 
activity in selected organs such as  (i) 
thyroid (Fig. 2A), (ii) bladder, in which 
accumulation of free iodide was second- 
ary to renal excretion of iodide (Fig. 2A), 
and (iii) stomach. Free iodide also ap- 
peared in the proximal duodenal lumen 
(Fig. 1B) after iodide was taken up and 
secreted by the gastric mucosa (12). 

Intravenous injection of [125~]insulin 
followed by quantitative autoradiograph- 
ic analysis demonstrated that saturable 
['25~]insulin binding sites were most 
abundant in the liver, but could also be 
found in the epithelium of the digestive 
tract, adrenals, and exocrine pancreas of 
both fetal and adult rats. The method 
was not sensitive enough to detect insu- 
lin receptors in adipose and muscle tis- 
sues (13). Likewise, the present tech- 
nique did not reveal significant [123~]in-  
sulin-concentrating activity in muscle- 
containing parts of the body such as hip 
and thigh. Other receptor-rich organs 
probably escaped detection because of 
their small size or of technical limitations 
such as  single-plane detection. 

In rats injected with N ~ ' * ~ I ,  radioac- 
tivity was first visible in organs contain- 
ing a large blood pool, and later in the 
gastroduodenal portion of the digestive 
tract, the thyroid, and the bladder. As 
expected, this pattern was not modified 
by the concomitant injection of an ex- 
cess of unlabeled insulin (data not 
shown). 

In view of the short half-life (13.3 
hours) and low toxicity of the radioiso- 

tope, [1231]insulin was also injected in 
four normal human volunteers. They 
were first treated with Lug01 solution (30 
drops per day) and, in order to minimize 
bladder irradiation, were requested to 
drink two to three liters of water the day 
before and the day of the experiment. 
["3~-TyrA"l]1nsulin (10 mCi in 2.5 ml) 
that had been purified by high-pressure 
liquid chromatography was diluted with 
an equal volume of sterile saline solution 
containing 4 percent human serum albu- 
min, and the mixture was sterilized by 
ultrafiltration through a 0.22-ym Milli- 
pore filter. A total dose of 1 to 2.8 mCi 
was injected in an antecubital vein at  
time zero. N o  adverse reaction was felt. 
Time-activity curves were obtained for 
regions of interest over the heart, liver, 
and kidneys. In all four volunteers, heart 
radioactivity reached a minimum be- 
tween 5 to 7 minutes, corresponding to a 
maximum of activity in the liver and 
kidneys. After that maximum, the radio- 
activity in both liver and kidneys rapidly 
decreased, emphasizing that, in humans 
as well as rats, insulin degradation pro- 
ceeds at a high rate. Phantoms of human 
liver and kidneys containing a known 
amount of ' 2 3 ~  were used to determine 
conversion factors between radioactivity 
recorded as  counts per minute over a 
region of interest and actual radioactivity 
measured in microcuries in the corre- 
sponding organs. Using these factors, we 
calculated that maximum liver radioac- 
tivity was 24 * 2.8 percent (mean + 
standard deviation) and maximum kid- 
ney activity was 11.6 ' 1.8 percent of 
the total injected (Fig. 3). Corresponding 

figures in rats were 30 +. 4 and 15 2 3 
percent, respectively. 

With regard to  dosimetry, the [123~lin-  
sulin is rapidly transformed into 1231- 
(14). However, transient accumulation 
of ['231]insulin in the liver and kidneys 
increased the dose absorbed in these 
organs. From the liver and kidneys act- 
ing as sources, the radioactivity ab- 
sorbed by the liver was estimated at 13.5 
and that by the kidneys at  40 mrad per 
millicurie of injected [123~]insulin. 

In neither rat nor man did we observe 
a significant accumulation of radioac- 
tivity in the gallbladder. Furthermore, 
radioactivity appeared earlier, and was 
more intense, in the stomach than in the 
duodenum, indicating that hepatocytes 
released free iodide in the blood rather 
than in the bile ducts. 

This simple, noninvasive method thus 
allows study of the metabolic fate of 
insulin in vivo. Its potential usefulness 
was assessed in rats by comparing the 
present results with previous ones ob- 
tained with [125~]insulin, killing the ani- 
mals at  selected times, and analyzing 
autoradiographs of tissues and the radio- 
chemical composition of plasma and or- 
gan homogenates. This new technique 
emphasizes the prominent role of the 
liver and kidney in insulin disposal and 
the short half-life of the hormone in these 
organs. In view of its low radiotoxicity, 
this investigation procedure might be 
used in human diseases in order to obtain 
heretofore unavailable information on 
the uptake of insulin and its metabolic 
fate in liver, kidneys, and possibly other 
insulin target organs. 
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Actin Filament Stress Fibers in Vascular 
Endothelial Cells in vivo 

Abstract. Fluorescence microscopy with 7-nitrobenz-2-oxa-3-diazole phallacidin 
was used to survey vertebrate tissues for actin filament bundles comparclble to the 
stress fibers of cultured cells. Such bundles were found only in vascular endothelial 
cells. Like the stress Jbers of cultured cells, these actin filament bundles were 
stained in a punctute pattern by f luore~cent  untibodies to both alpha-actinin and 
myosin. The stress fibers were oriented parallel to the direction of blood flow and 
were prominent in endothelial cells from regions exposed to high-velocity flow, such 
as the left ventricle, aortic valve, and aorta. Actin bundles may help the endothelial 
cell to withstand hemodynamic stress. 

Stress fibers ( I ) ,  bundles of actin fila- 
ments containing myosin and a-actinin 
(2), are found in many cultured cells, but 
little is known about the existence of 
comparable actin filament bundles in liv- 
ing organisms. Actin bundles were re- 
cently detected in fish scales (3) and 
conifer roots (4) by fluorescence meth- 
ods. Similar bundles have not been de- 
tected in higher vertebrates by immuno- 
fluorescence, but have been observed in 
the vascular endothelium by electron mi- 
croscopy (5). The filaments in these bun- 
dles are the right size (6 to 7 nm) to be 
actin, and some bundles even have elec- 
tron-dense bodies like stress fibers. On 
the other hand, the failure to detect these 
bundles with fluorescent antibodies to 
actin (6) casts doubt on their similarity to 
stress fibers. Furthermore, it has not 
been established whether the endothelial 
cell filament bundles are similar to stress 
fibers with respect to their distribution of 
myosin or a-actinin. 

In this study we searched numerous 
vertebrate tissues for cells with actin 
filament bundles comparable to the 
stress fibers of cultured cells. We em- 
ployed the fluorescence microscope with 
the reagent 7-nitrobenz-2-oxa-3-diazole 
(NBD) phallacidin as  a probe (7). Phalla- 
cidin is an acidic derivative of phalloidine, 
one of the phallotoxins isolated from the 
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mushroom Amanitu phalloides. This tox- 
in binds to actin filaments with high affini- 
ty (8). We also used fluorescent antibod- 
ies to myosin (9) and a-actinin (10) to 
identify the contractile proteins. 

In our search we examined cryostat 
sections of rat cortex, cerebellum, spinal 
cord, sciatic nerve, epidermis, liver, 
bone marrow, and bovine aortic valve; 
smears of human per~pheral blood and 
rat bone marrow; whole mounts of rat 
mesentery and brain leptomeninges; and 
monolayers of rat lung pleura, liver me- 
sothelium, arachnoid mater, and bovine 
and chicken endothelial cells. NBD phal- 
lacidin either stained the ectoplasm of 
these cells more densely than the inner 
portion or  stained the cytoplasm uni- 
formly. Cells with the former staining 
pattern included motor neurons, hepato- 
cytes, and squamous cells of the epider- 
mis, mesothelium, pleura, and arachnoid 
mater. Diffuse fluorescence was found in 
the cell bodies of cortical and cerebellar 
neurons and in lymphocytes. Megakar- 
yocytes in both smears and sections con- 
tained a lacy network not reminiscent of 
stress fibers. 

The only actin filament bundles similar 
to stress fibers were found in a subset of 
the vascular endothelial cells of cows, 
chickens, dogs, rats, and a cat (Fig. I). 
Although these cells vary in their mor- 

phology throughout the vasculature, 
each showed intense NBD phallacidin 
staining around its periphery (Fig. 1). In 
parts of the vasculature subjected to 
blood flow of high velocity and turbu- 
lence, the endothelial cells also con- 
tained fibers that were stained by NBD 
phallacidin and antibodies to actin, myo- 
sin, and a-actinin. In the cows these 
actin filament bundles were about 0.2 
y m  wide and up  to 10 y m  long and were 
always oriented parallel to the direction 
of blood flow. Endothelial cells with 
actin bundles were found in the cham- 
bers of the heart, aortic valve, and aorta 
(Fig. I), but the number and size of the 
bundles varied, as did the shape of the 
cells. Actin bundles were particularly 
prominent in the ventricles, left atrium, 
and aorta. In the aorta the cells and 
fibers were oriented in the direction of 
blood flow. Endothelial cells from the 
vena cava were polygonal and had very 
few or no actin bundles (Fig. 1G). 

Endothelial cell morphology varied in 
the different regions of the aortic valve. 
At the base (on either side) the cells were 
spindle-shaped and had very prominent 
actin bundles oriented parallel to the 
blood flow (Fig. 1 ,  H to J). In the middle 
of the valve the endothelial cells were 
larger and oval, but the stress fibers were 
still oriented in the direction of flow. The 
cells at the valve tip were rounded and 
had a large nucleus and no actin fibers. 

The chicken endothelial cells were 
similar to those of the cows in overall 
morphology and staining with NBD phal- 
lacidin. We stained endothelial cells of 
chicken aorta simultaneously with NBD 
phallacidin and rhodamine-labeled anti- 
bodies to chicken gizzard a-actinin (Fig. 
1L) o r  platelet myosin (Fig. IN). The 
NBD phallacidin staining of stress fibers 
was continuous whereas the staining 
with the antibodies was punctate. 

The specificity of the fluorescent re- 
agents for endothelial cells was estab- 
lished by showing that a 50-fold molar 
excess of unlabeled phalloidine competi- 
tively inhibited NBD phallacidin staining 
(Fig. 10). Controls for the antibodies 
have been described by Herman et al. 
(9). 

The inferior vena cava of dogs, rab- 
bits, rats, and a cat contained almost no 
stress fibers. In all these species the 
aortic endothelial cells had actin filament 
bundles similar to those in the cow aorta, 
but the bundles were less prominent in 
the chambers of the heart than in cows. 
In most cases there were more actin 
filament bundles in the proximal than 
distal portions of the aorta, but this situa- 
tion was reversed in the rat. It  remains to 




