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Summary. Starved and fed mice were injected intra- 
venously with either fluorescent or l~sI-insulin and the 
localization of the hormone was investigated in various 
tissues. The fluorescent hormone was found in the kidney 
of starved animals only, whereas the radioactive hormone 
was found in the proximal convoluted tubule cells of the 
kidney of both fed and fasted animals, although the latter 
group appeared to contain more radioactivity than the first. 
With high resolution techniques the radioactivi W in the 
kidney was found in the brush border, the apical vacuoles, 
the apical mitochondria and the nucleus, and never in 
the Golgi apparatus or the lysosomes. All other tissues 
contained radioactivity due to the hormone, bu t  no dif- 
ference in either the amount  or the localization was found 
between fed an starved animals. I t  is concluded that  the 
process of absorption of insulin by the cells of the prox- 
imal convoluted tubules is specific and that  the hormone 
is not degraded in a way similar to other proteins, but  is 
likely to be stored and to control cellular metabolic proc- 
esses from its sites of localization. 

Localisation de l'insuline dans les tissus de souris en 
utilisant la microscopic 5 fluorescence, le microscope optique 
et l'autohistoradiographie dt haute rdsolution 

Rdsumd. La loealisation d'insuline marqude avee 1125 
ou avee de l ' isothioeyanate de fluorescdine a dt6 dtudide 
au moyen d'autohistoradiographie au microscope opti- 
que, au microscope gleetronique et au moyen de microsco- 
pic ~fluorescence duns les tissus de souris ~jeun et de souris 
alimentdes normalement.  L'hormone fluorescente a dtd 
trouv6e duns les cellules des tubules proximaux du rein 
de souris ~ jeun seulement, tandis que l 'hormone radio- 
active a 6td repdrge aussi dans le rein de souris aliment6es, 
bien qu 'en quantitd infdrieure ~ celle trouvde chez les 
souris ~ jetm. Au microscope dlectronique la radioaetiv- 
itd est prdsente duns le rein duns la bordure en brosse, 
les vacuoles et les mitoehondries apicales et le noyau, 
mais pus duns l 'appareil de Golgi ou duns les lysosomes. -- 

L'hormone radioactive est aussi prdsente duns les autres 
tissus mais saaas diffdrence quanti tat ive entre les souris 

jeun et les souris alimentdes. Les auteurs eoneluent que 
le procddd de rd-absorption de l ' insuline par les cellules 
des tubules proximaux du rein est spdcifique: l 'hormone 
n 'est  pus dggradde de la re@me fagon que les autres pro- 
tdines mais probablement stockde afin de contr61er les 
processus m6taboliques relevant des organelles subcell- 
ulalres duns lesquelles elle se trouve. 

Lokalisierung yon Insul in  in Mg~usegeweben durch 
Fluoreszenzmikroskopie sowie Lieht- und Autoradiographie 
mit hohem Aufl6sungsverm6gen 

Zusammenfassung. Gefiitterte und  fastende M/~use er- 
hielten fliioresziereildes oder mit 1~5j markiertes In- 
sulin i.v. Die Lokalisation des Insulins in den Geweben 
wurde untersucht.  Nur bei Tieren im Hungerzustand fund 
sich des fluoreszierende Hormon in den Nieren,w//hrend sich 
des radioaktive Insul in bei gefiitterten und  fastenden Tie- 
ren in den proximalen Tubulusschlingen der Nieren nach- 
weisen lieg. Die fastenden Tiere sehienen dabei mehr t~adio- 
aktivit/~t aufzuweisen. Warden die Nieren muter Verwen- 
dung yon Techniken mit  hohem AuflSsungsverm6gen 
untersucht, so fund sich die Radioaktivit/it  im Biirsten- 
saum, in den apikalen Vakuolen und Mitochondrien und  
dem Kern, jedoch nicht im Golgi-Apparat oder den Lyso- 
somen. Alle anderen Gewebe enthielten Hormon-t~adio- 
aktivit/~t, uber weder ihre Menge noeh ihre Lokalisation 
unterschieden sich bei geffitterten und fastenden Tieren. 
Es wird gefolgert, dal3 der ProzeI~ der Insulinabsorption 
dutch die Zellen der proximalen Tubulusschlingen spezi- 
fiseh ist und  dal3 des Hormon nieht in ghnlieher Weise 
wie andere Eiweil?k6rper abgebaut wird. Wahrscheinlich 
kommt es fiber eine Speicherung zu einer Steuerung der 
entsprechenden Stoffwechselprozesse in den subzellul/~ren 
Organellen, in denen das Hormon sieh befmdet. 

Key-words : Insulin, mouse tissues, kidney fluorescence 
mierosc0py, microscopy, autoradiography. 

Introdukt ion 

The localization of in jected insul in  in  an imal  tissues 
has been reported by  STEIN and  GRoss (1959) and  by  
WORTH~GTON, JO~ES and  ]~USE (1964) using auto- 
rad iography of 181I and  125I-labelled insul in  a t  l ight 
microscope level, and  by  MAGGI (1966) using fluores- 
cent insulin.  I n  all cases the hormone was found to 
be present  p r edominan t ly  in  the kidney,  the elastic 
tissue and  the s t r ia ted muscles of rats  and  mice; 
moreover, p re l iminary  fast ing was found necessary in  
the case of mice for the k idney  proximal  eonvohi ted 
tubules  of these animals  to absorb the hormone (M_~GGI, 
1966). I n  the course of the experiments  with fluores- 
cent insul in,  the mechanism of absorpt ion  of the hor- 

mone by  the k idney  cells was no t  elucidated. The 
lcoalization of the fluorescent hormone in  areas of the 
cells where prote in  absorpt ion rout ine ly  takes place 
b y  pinocy~osis (brush border) and  where lysosomes 
were present,  suggested t ha t  pinocytosis was the mech- 
anism involved, and  t h a t  this could be followed by  
lysosomal digestion. This mechanism has been demon- 
s t ra ted to operate dur ing  the absorpt ion  of horse- 
radish peroxidase (STRAUS, 1963; G ~ - ~  and  KA~- 
~OVSKu (1966)), of ferr i t in (MAvNS~AC~, 1966b) and  
of 125I-albumin (MAuNSBACIt, 1966a) by  the cells of 
the ra t  k idney  proximal  convoluted tubules.  Since the 
use of 12SI-labelled proteins for the purpose of auto- 
radiography has become well-established (KA~:ES, 
MAVNSBAC~ and  ULL~E~G, 1962; M~U~SBAC~, 1966a), 
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an a t t empt  has been made to gain information on the 
absorption mechanism and on the sub-cellular local- 
ization of the hormone by  means of this technique 
using 12sI-insulin of high specific activity. The fluores- 
cent ]ysosomal marker  Trypan  Blue (Bs~cx, 1965) was 
also used in conjunction with fluorescent insulin to 
further elucidate this point, and a correlation between 
results obtained with autoradiography and with 
fluorescent microscopy has been at tempted.  

Materials and Methods 

Crystalline ox insulins from Wellcome Research 
Laboratories, Beckenham, Kent ;  Novo Research Insti- 
tute, Copenhagen; and Lilly Research Laboratories, 
Indianapolis, Ind., were labelled with fluorescein iso- 
thiocyanate (Nutritional Biochemical Corporation) as 
described by  MAGGI (1966) with the following modi- 
fications: the dialysate was centrifuged and the pre- 
cipitate was re-dissohed~ in 0.1 M bicarbonate buffer 
at  p H  9.1 and eluted through a G25 Sephadex column 
of 2 • 16 cm with a bed volume of 30 ml, using 0.1 M 
bicarbonate buffer as the eluant. Fractions of 3 m] 
were collected and protein content was estimated in 
each fraction by  the method of LowRY, ROSEBROVGH, 
FAl~R and RAC~)ALL (1951). Fluorescence was detected 
visually with a Wood U.V. lamp. Non-fluorescent (na- 
tive) and fluorescent insulins were further tested by  
electrophoresis on cellulose acetate strips in 0.025 M 
barbitone buffer a t  p H  8.6 with 0.3 mA/cm strip width. 
Fluorescence was viewed with a Wood U.V. lamp and 
proteins were stained with 0.002% Nigrosin in 2~o 
acetic acid. All other tests were as described by  MAGGI 
(1966). 

Trypan  blue: this dye was used as a 0.5% solution 
in 0.9% NaC], to assess the possible involvement of 
lysosomes in the uptake of insulin (BECK, 1965). 

~sI-lab~lling: this was performed according to 
GRV, ISC~WOOD, HUNTER and GLovs~R (1963). Specific 
act ivi ty of the protein 'and level of contamination by  
degradation products were assayed according to these 
authors. 

Experimental Procedure 

A total  of 80 male Simpson mice 6- -9  months old 
was used. Half  of these were starved for 18 h before 
receiving the protein to be investigated, and the other 
half were fed. Water  was available ad libitum. The 
animals were killed by  dislocation of the neck and the 
tissues required were excised rapidly and processed as 
described below. 

1. FITC-insulin and Trypan blue: 1 ml Trypan  
blue/30 g body weight was administered subcutane- 
ously and the animals left to recover for two days, 
after which half of them were starved for 18 hours 
and the other half were fed before receiving 0.5 mg 
of fluorescent insulin into the tail veins. Controls were 
animals both fed and starved but  which did not receive 
FITC-insulin. 

Tissues examined: heart, lung, liver, kidney, pan- 

creas, intestine, testis, prostatic complex, seminal 
vesicles, thigh muscle and peri-renal adipose tissue 
were frozen-dried in a Pearse-Edwards freeze:drying 
apparatus, fixed in paraformaldehyde vapour and 
embedded in paraffin; sections were cut at a thickness 
of 4 ~. Alternatively, the tissues were frozen in Arcton 
12 and sectioned in a cryostat at a thickness of 8 ~. 
The sections were mounted directly into buffered 
glycerol at  p H  7.4 and observed with a Zeiss GFL 
fluorescence microscope equipped with an HBO 200 
mercury lamp. Barrier and exciter filters used were 
53/44 and BG 12 and 50/44 and BG 3 respectively. 

2. Radioactive insulin: ~25I-insu]in was dissolved 
in 0.1 ml phosphate buffer containing albumin and 
used immediately. Amounts varying between 0.2 ~C/g 
and 0.6 ~C/g body weight were injected intravenously 
and the animals killed after 5, 10 and 15 minutes. 

Tissues examined : heart, lung, thigh muscle, liver, 
kidney, pancreas, intestine, testis, prostatic complex, 
seminal vesicles and peri-renal adipose tissue were 
taken for examination by  light microscope autoradio- 
graphy. They were fixed in formolcalcium for 24 h, 
dehydrated in alcohol and paraffin-embedded. Sections 
were exposed for 2 days to 2 months with either Kodak  
AR 10 stripping film or L4 Ilford emulsion. Autoradio- 
graphs were processed according to PELC (1947) or to 
MESSIER and LEBLOND (1957), and post-stained with 
haematoxylin and eosin. Background was evaluated in 
areas outside the tissue and found to be negligible. For 
electron microscope autoradiography, liver, kidney 
and voluntary muscle were chopped in small blocks 
and fixed either in cold 2 ~o glutaraldehyde or in cold 
2% OsO 4 buffered with 0.1 M cacodylate at  pI-I 7.4. 
The tissues were dehydrated and embedded routinely 
in Araldite according to GLAVERT (1965) and processed 
for autoradiography according to BUDD and PELC 
(1964). Exposure times varied between 3 and 7 weeks. 

The autoradiographs were developed in Microdol 
for 3 minutes, stained with lead citrate and uranyl 
acetate, and observed with a Philips EM 75 or with 
an AEI  EM6B electron microscope. The evaluation of 
the resolution of the technique, and hence of the sub- 
cellular localization of the radioactive source, obeyed 
the criteria layed down by CARO (1962) and by  MAUNS- 
BACH (1966a). According to these authors, the chances 
tha t  silver grains may  occur outside a labelled structure 
decrease with the increase in distance of the grains 
from the structure. Thus, when the developed silver 
grains were found packed exclusively above a sub- 
cellular structure the latter was assumed to contain 
radioactivity. When single grains could be resolved, 
the source of radioactivity was assumed to be within 
the smallest possible circle enclosing the grain (MAuccs- 
BAC~, 1966a). 

Re~sults 

FITC-insulins: Native crystalline insulins from all 
sources tested were found to separate electrophoreti- 
cally as two bands which were stained by  Nigrosin 
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(Fig. 1). When the various insulins were coupled with 
FITC and eluted on a G25 Scphadex column, they 
separated as one band between tube 30 and 32 which 
contained both protein and fluorescence. The electro- 
phoresis of such material revealed one fluorescent band 
migrating towards the anode (Fig. 2) and which 
stained with Nigrosin (Fig. 3). 

Fig. 1. Crystalline beef insulin (Novo) 10 ~g dissolved in 
0.1 ml 0.1 M bicarbonate buffer, subjected to eleetro- 
phoresis on cellnlose acetate for 60 minutes and stained 
with 0.001~ nigrosin in 2~ acetic acid. A faintly posi- 

tive band was present below the main insulin band 

When FITC insulin was given to animals which 
had been pre-treated with Trypan blue and fully fed 
during the whole course of the experiment only the 
red fluorescence due to Trypan blue was found in the 
kidney proximal convoluted tubules. However, when 
the animals were fasted after the injection of Trypan 
blue, and before the injection of FITC-insulin, green 
fluorescent granules were found in the cells of the 
epithelium of the Bowman's capsule and the proximal 
convoluted tubules. These granules sometimes appear- 
ed to be present at the same sites as the red Trypan 
blue granules, but usually it was possible to distinguish 
them above the Trypan blue granules (Fig. 4), on the 
brush border. 

Fig. 2. Same insulin as above, but after coupling with 
FITC. Photographed in UV light. One band only is evi- 

dent 

Fig. 3. Same as Fig. 2, but strip stained with Nigrosin. 
One band only is present, and corresponds to the fluor- 
escent one. I t  shows a decrease in positive charge with 

respect to that shown in Fig. 1 

The coupling with FITC appeared to have decreased 
the negative charge of the insulin molecule so that, 
under the conditions of separation described in this 
paper, the two bands present in the native preparations 
had fused to form one band only (compare Figs. 1 
and 3). By varying the conditions of electrophoretie 
separation, however, it was possible to separate the 
FITC-insulin in two bands, the less positively charged 
of which was not fluorescent (MAGGI, unpublished). 
A fuller account of the results of the chemical analysis 
of insulins from various sources and of their behaviour 
when coupled with FITC and other fluorescent dyes 
will be published elsewhere (M~GGI, in preparation). 

Radioactive insulins: the specific activity of l~"aI-in- 
sulins ranged between 90 and 179 ~C/~g, and the level 
of contamination by degradation products was never 
higher than 5%. 

The localization of FITC-insutin in the tissues of 
starved mice has been described elsewhere (MAGoI, 
1966) and will not be reported here. 

Fig. 4. Kidney of mouse injected with 1 ml 0.1% Trypan 
blue, starved for 18 h, injected with FITC-insulin and 
killed after 5 rain. Exciter filter was BG ][2 and barrier 
filters 53--44. Under these conditions FITC-insulin ap- 
pears as large yellow granules and Trypan blue-containing 
lysosomes appear red. Arrow points at site where red 
granules are distinctly below yellow granules with respect 
to lumen of the proximal convoluted tubule. In other 
areas, the two types of granules are superimposed, x 200 

Fig. 5. Kidney of fully fed mouse injected 0.6 stC 125I- 
insulin/g body weight. Autoradiograph 5 days exposure. 

• 100 

Light ~'ticroscopc autoradiography: most of the radio- 
active material was found in the kidney and was almost 
exclusively at the brush border in the proximM con- 
voluted tubules and the Bowman's capsule (Figs. 5--7). 
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Fig. 6. Kidney  of mouse s tarved for 18 hours and injected 
0.6 ~C l~I- insul in/g body weight. Autoradiograph 5 days  
exposure. There is more radioac t iv i ty  per tubule, and 
more proximale convoluted tubules are labelled ~han in 

Fig. 5. • 100 

l iver  the  r a d i o a c t i v i t y  was ma in ly  p resen t  in  the  hepa-  
t ocy te s  a r o u n d  the  po r t a l  spaces.  I n  t he  pancreas  i t  
was found  in the  ac inar  t issue and /o r  in the  basemen t  
m e m b r a n e  su r round ing  the  islets  of Langerhans ,  t hough  
no t  in the  is le t  cells. I n  the  spleen i t  was p resen t  on 
the  capsule a n d  the  t rabeculae ,  a n d  no t  in  the  paren-  
chyma.  I n  the  in tes t ine  some a c t i v i t y  was found  in 
the  ep i the l ium of the  villi ,  b u t  mos t  was found  where 
the  submucosa  forms the  l amina  p rop r i a  of each vil lus 
(Fig. 8). 

More r a d i o a c t i v i t y  was found  in the  h e a r t  t h a n  in 
the  v o l u n t a r y  muscle,  b u t  in bo th  t issues  i t  was lower 
t h a n  in the  l iver  and  cons iderab ly  lower t h a n  in  the  
k idney .  The  rad ioac t ive  ma te r i a l  was found  along the  
sa rco lemma of the  fibres, in the  smal l  vessels and  the  

Fig. 7. Kidney  of mouse injected with 125I- 
insulin. Exper imental  conditions as in Fig. 5, 
bu t  exposure for 1 day.  Radioac t iv i ty  is lo- 
calized main ly in  the  supra-nuclear area of the 
cells of proximal  convoluted tubule.  • 350 

t e r i a l  was found  in al l  o ther  t issues examined .  I n  the  
The  p r o x i m a l  convo lu ted  tubu les  of s t a rved  an imals  
(Fig. 6) a p p e a r e d  to  have  a h igher  g ra in  dens i ty  t h a n  
those  of fed an imals  (Fig. 5). Some rad ioac t ive  ma-  

Fig. 8. Duodenum of same animal  
as in Fig. 6. Exposure 5 days.  l~a- 
d ioaet iv i ty  higher a~ junct ion be- 
tween muscularis mueosa and villi, 
and decreasing from Brunner  glands 
to apex of villi. • 350 

loose connect ive t issue p resen t  be tween  the  bundles  of 
fibres, and  also in the  fibres themselves ,  w i thou t  a 
c lear-cut  specific local iza t ion  a t  th is  level (Figs. 9 
and  10). 
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The tuniea albuginea and the interstitial cells of 
the testis were labelled consistently and some radio- 
active m~terial was found occasionally in the germinal 
epithelium. In  the ventral prostate the radioactivity 
was localized along the basement membrane, although 

1968). The main feature is the vacuolation of the cyto- 
plasm and the fa t ty  degeneration which takes place 
mainly at the base of the cells of the proximal con- 
voluted tubule. No radioactivity was found in the 
cytoplasmic vacuoles and only occasionally was it pos- 

Fig. 9. Heart of same animal as in Fig. 6. Exposure 5 days. 
Radioactivity mainly on sarcolemma; some also in fibres. 

• 350 

Fig. 1LKidney of fully-fed animal injected with 0.15 ~tC 
12sI-insulin/g body weight and killed after 15 rain. Tissue 
fixed for 2 h in 2~ glutaraldehyde in 0.] M caeodylate 
buffer at pH 7.4, dehydrated in ethanol, embedded in 
Araldite. AutoradiogTaph 6 weeks exposure. Section 
s~ained with uranyl acetate and lead citrate. Radio- 

activity (arrow) in brush border (BB). • 15000 

Fig. 10. Thigh muscle of fully-fed mouse injected with 
0.6 ~C l~sI-insulin/g body weight. Section exposed to 
stripping fihn for 15 days. This tissue contained less radio- 

activity than heart. • 350 

in some cases it could be found also in the epithelium. 
In  the seminal vesicles there was little or no radio- 
activity. In  the lung there was little radioactivity, 
which appeared to be localised in some of the inter- 
alveolar cells. In  all these tissues there was no differ- 
ence in localization or amoun~ of radioactivity whether 
the animals were fed or starved. The adipose tissue of 
the fed animals, however, appeared to contain con. 
siderably more radioactivity than that  of the starved 
mice. 

High resolution autoradiography : five to fifteen min- 
utes after injection of ~s~I-insulin, silver grains were 
found on the microvilli, the large and the small apical 
vacuoles of the cells of the proximal convoluted tubu- 
les, in the apical mitoehondria of the cells and aexoss 
t~e cell membranes (Figs. i t - -18) .  Some nuclei of the 
cells Of the proximal convoluted tubules were labelled 
(Fig. 19). Silver grains were never foundin the pinocytie 
vesicles, the lysosomes or the Golgi apparatus. 

The morphological and ultrastructural changes 
which accompany starvation for 18 h in mouse kidney 
have been described elsewhere (MAGoI and ODDrr 

Fig, 12. Kidney of animal starved for 18 h, injected with 
0.15 ~C lssI-insulin/g body weight and killed after 10 rain. 
Autoradiograph 3 weeks exposure. I4adioaetivity in brush 

border which has been cut transversely. • 50 000 

sible to obsel~,e some silver grains in the fat droplets 
of the kidney. Apart  from these occasional findings, 
there appeared to be no difference in the localization 
of radioactive material between fed and fasted animals. 

In  the liver of fed animals the radioactivity was 
loealised in the  glycogen areas or in the mitochondria 
in proximity to the glycogen areas (Fig. 20). Occasion. 
ally, some nuclei appeared labelled. Radioactivity was 
newer found in the lysosomes or the Golgi apparatus. 
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The l iver  of the  s t a rved  an imals  a p p e a r e d  dep r ived  
of g lycogen  and  con ta ined  a ve ry  g rea t  n u m b e r  of 
pe r ipo r t a l  l ip id  droplets .  I n  these an imals  the  radio-  
a c t i v i t y  was found in the  mi tochondr ia  and  close to  

the  l ip id  drople t s  (Fig. 21) as well as in some nuclei  
of the  hepa tocy tes .  

I n  the  v o l u n t a r y  muscle  only  a l i t t le  r a d i o a c t i v i t y  
was found and  this  was local ized in the  mi tochondr ia  

Figs. 13-- 14. Kidney  of ani- 
mal s tarved for 18 h, injected 
with 0.3 vC l~sI-insulin/g 
body weight and killed after 
15 min. Sections exposed for 
3 weeks: Radioac t iv i ty  is 
present  on brush border  (BB), 
apical vacuoles (AV) and 
apical mitoehondria  (AM). 
Fig. 13 • 21000; Fig. 14 

• 9500 

Fig. ~4 
Fig. 13 

Fig. 15. Kidney of mouse s tarved for 18 h, injected with 
0.15 ~C l~sI-insulin/g body weight and killed after 15 rain. 
Exper imental  eondi~ions as in Fig. 11 but  section exposed 
for 3 weeks. I~adioaetivi ty in apical vacuoles (AV). 

• 15000 
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Fig. 16. Kidney of mouse starved for 18 hadrs, injected with 0.15 ~xC 125I-insu- 
lhl/g body weight and killed after 5 min. Section exposed for 3 weeks. Radio- 
activity in apical mitochondria (AM). No radioactivity in residual dense bodies 

(DB). • 21000 

Fig. 17. Same animal as in Fig. 15. Radioactivity on cell membrane (CM) and in area close 
to apical mitochondrion (AM). No radioactivity in dense bodies (I)B)or Golgi apparatus 

(G). x 18000 
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and along the myofibrfls in the connective tissue. Oc- 
casionally some silver grains could be seen in the myo- 
fibrils. No difference between starved and fed animals 
was observed (Figs. 22--24). 

Fig. 18. I~:idney of fully fed mouse injected 0.3 ~C l~5I- 
insulin/g body weight and killed after 5 rain. Section 
exposed for 6 weeks. Radioactivity is presen~ across the 
cell membrane and in a mitochondrion (M) of a proximal 

convoluted tubule cell. • 18 000 

in partial  disagreement with the findings of TIETZE, 
MOI~TI~OI~E and Lo~Ax (1962) and of BROM~I~, K~APP- 
SHEE~AaX, BEm~s and AI~QVlLLA (1967). These authors 
found tha t  using a molecular ratio FITC:  insulin of 1 
for labelling the hormone, the resulting FITC-insulin 
was monosubstituted, had maintained its immunologi- 
cal react ivi ty but  had lost 50% of its biological activ- 
i ty  (as assayed by  the mouse convulsion test), and 
contained some uncoupled insulin. When a higher mo- 
lecular ratio of 2 was used, a di-substituted FITC- 
insulin appeared which was inactive both immunologi- 
cally and biologically. I t  is possible tha t  the use of an 
intermediate molecular ratio together with a longer 
period of coupling in our experiments might account 
for the discrepancies between our data and those of 
TIETZE et al. (1962) and BI~OM~I~ et al. (1967). 

Immunological and chemical properties of l~'sI-in- 
sulin appear to be maintained under the conditions of 
iodination used (GREENWOOD et al., 1963; SCI~ALC~r, 
1966; Izzo, BALE, IZZO and ROXCONE, 1964a; Izzo, 
Ro~r  Izzo and BALE, 1964b) although the bio- 
logical properties of the hormone m a y  have been 

Fig. 19. Same animal as in Fig. 15. l~adioaetivi~ypresent innucleus (N) 
of a cell Of proximal convoluted tubule, both on ehromatin and in 

nucleolus. X 18000 

Discussion 
That  FITC-insulins prepared by  us did not  contain 

uncoupled insulin and were hormonally active prepa- 
rations has been shown by  the chemical, immunological 
and biological tests performed. This is in agreement 
with the data reported by  AI~QUILLK et al. (1966) but  

altered by  the number  of atoms of I /mole insulin (Izzo 
et al., 1964b) Since the localization of the fluorescent, 
biologically and immunologically active hormone and 
tha t  of the 125I-insulin coincided, however, further tests 
of the biological properties of the lat ter  preparat ion 
were not performed 
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A number  of authors (ELG~E and WILLIA)IS, 1954; 
�9 NAI~AItAI~A, 1955 ; L~E, 1959 ; L~]~ and ~ ' I S E ~ ' ,  1959 ; 
ST~IN and GI~OSS, 1959) have investigated biochemi- 

Fig. 20. Liver of a fully-fed mouse injected with 0.15 ~xC 
l~sI-insulin/g body weight and killed after 15 rain. Ex- 
perimental procedure as above. Section exposed for 
6 weeks. Radioactivity in glycogen area (GY) and in 
mitochondrion close to glycogen area (M). Lip.id droplets 
are frequent in periportal spaces in these autrnals. Two 

are seen in this photograph (LP). • 15000 

protein in most  tissues except in the liver, where de- 
gradation began 5 rain after injection. With the rou- 
tine histological processing adopted in the present 
experiments, involving the use of water-soluble fixa- 
tives and other solvents, it can be assumed tha t  little 
if any degradation products can be left in the tissues. 
Moreover, the careful controls performed autoradio- 
graphically by  WOI~TttL~-O, TO~ ~ et al. (1964):/using en- 
zymatically degraded l~SI-monoiodotyrosine and xNal~SI, 
were all negative. Hence, biochemical controls of the 
protein nature of the radioactivity found in the tissues 
of our animals were thought  to be unnecessary. 

1. Uptake of insulin by  kidney: this tissue took up 
the greatest amount  of radioactive insulin. The role 
of the kidney in the re-absorption of low molecular 
weight proteins from the glomerular filtrate has been 
well documented (for a review of this subject see 
~IAU~SBACIt, 1966b) and has been shown by  I~[AGG1 
(1966) using FITC-RR~Ase and FITC-albumin. This 
process occurs by  pinocytic absorption and formation 
of protein droplets which are believed to reach the 
Golgi apparatus and to fuse with the pr imary lysosomes 
to form secondary lysosomes, where proteolysis takes 
place (NovIKOFF, ] 963; ~NovIKOFF, ESSR-EE and QuI~-- 
TANA, 1967). It was important to assess whether this 
was the mechanism whereby insulin was absorbed by 
the kidney cells, or whether a more specific type of ab- 
sorption leading to the storage of the hormone for 
specific metabolic purposes was occurring. Evidence 
for a specific uptake of insulin, different from tha t  of 
other types of proteins derives from the following facts : 

Fig. 21. Liver of animal starved for 18 h, injected with 0.15 ~C 12~I- 
insulin/g body weight and killed after 15 min. Section exposed for 6 
weeks. Radioactivity present in mitoehondrion. The liver appears 
depleted of glycogen and a considerable number of large lipid drop- 

lets (LP) are present. • 15000 

cal]y the nature of the radioactivity present in animM 
tissues after injection of radioactive insulin. They 
found that  at  the t ime intervals used in the present 
experiments the radioactivity was in the form of a 

Insulin is taken up in greater amounts by the kid- 
ney of fasted animals than by the kidney of fed ani- 
mals. This difference is so striking that in the case of 
FITC-insulin no fluorescence due to the protein could 
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be seen in the kidney of fed animals (MaGGI, 1966), 
and a much more sensitive technique, such as auto- 
radiography, was needed to show tha t  the kidney of 
fed animals also takes up the hormone, albeit to a 
limited extent. No such difference between fed and 
fasted animals was found when using FITC-RNAse or 
FITC-albumin (MAGGI, 1966). 

of Insulin in Mouse Tissues Diabetologia 

1000 and 1400 A (CA~o, 1962; MAC~SBAC~, 1966b; 
ROG~nS, 1967). The method adopted for the evaluation 
of the subcellular localization of the radioactivity in 
the tissues has shown tha t  no radioactivity is likely 
to be present in the lysosomes or the Golgi apparatus 
at  any time after the injection of 125I-insulin; the radio- 
act ivi ty is found consistently in other subcellular struc- 

FITC-insulin disappeared from the kidney after 
administration of glucose (M_AGGI, 1966). This would 
seem to indicate metabolic specificity. 

Trypan  blue is a dye specifically taken up by  ly- 
sosomes (BECK, 1965). When starved animals are pre- 
t reated with Trypan  blue to visualize their kidney 
lysosomes, a subsequent injection of FITC-insulin 
shows the hormone in sites distinct from those of 
Trypan  blue absorption (Fig. 4). The resolution of the 
electron microscope autoradiography technique used 
in the present s tudy has been calculated to be between 

tures such as nuclei and apical mitochondria, brush 
border and large and small apical vacuoles. The chance 
tha t  the sources of radioactivity m a y  lie outside the 
latter group of organelles appears to be very small. 
From the autoradiographs examined it appears tha t  
the chances of the radioactivity being in the lysosomes 
and consistently producing silver grains above other 
subcellular organelles are very remote. This makes it 
unlikely tha t  insulin is broken down by  lysosomes, at  
least during the t ime intervals investigated which are 
the times during which the hormone remains chemi- 
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eally intact  and acts on glucose metabolism. I t  indi- 
cates also tha t  the process of absorption is specific and 
tha t  as a result, the hormone may  be kept  in the cells 
as an intact  molecule while affecting several metabolic 
pathways. 

Figs. 2 2 -  23. Thigh muscle from fully-fed animals, Fig. 24 
from animal starved for 18 h. All animals were given 0.3 
l~I-insulin/g body weight and were killed after 5 min. 
Tissue was fixed in 2.5~ glutaraldehyde in 0.1 M caeody- 
late buffer at pH 7.4 for 1 h, dehydrated in ethanol and 
embedded in Araldite. Autoradiograph 3 to 6 weeks ex- 
posure: unstained sections. Radioactivity can be seen in 
the mitochondria (M), close to the Z lines, and in the 
sarcoplasm (Fig. 24). Fig. 22 • 12000; Fig. 23 • 15000; 

Fig. 24 • 13500 

A characteristic sub-cellular localization was found 
also in the liver within the first five minutes after the 
injection, and in striated muscle. No radioadtivity was 
found in liver lysosomes; the radioactivity was found 
mainly in mitochondria, glycogen areas, lipid droplets, 
in the liver, and in interstitial tissue, and intercalated 
mitoehondria in the striated muscle. No evidence of 
pinocytie absorption in either of these two tissues was 
found. I t  is also interesting tha t  in these lat ter  two 
tissues the amount  of hormone taken up, whether this 
is tested with extremely high (FITC-insulin) or with 
very low (125I-insulin) doses, is smaller (liver) or very 
much smaller (muscle) than in the kidney. This has 
been pointed out repeatedly in the l i terature (NAI~A- 
~Ago, 1958; Wog~I~OWoN et al., 1964; LEE and 
W I S ~ A ~ ,  1959; Ggoss and STEIn, 1959), but  no at- 
t empt  has been made to elucidate the precise function 
of the kidney with respect to storage, hormonal func- 
tion and metabolism of insulin. 

The role of insulin in controlling metabolic path- 
ways in voluntary muscle, adipose tissue, liver and 
heart  has been reviewed by  RA~I)LE et al. (1966). 
Although the kidney is not mentioned by  these authors 
as a possible specific target  organ for the hormone, it 
will be considered together with the other tissues men- 
tioned for the purpose of discussion. 

The principal action of insulin has been considered 

to be on the permeabi l i ty  of the cell membrane.  Data 
supporting this suggestion have come mainly from 
studies on isolated rat diaphragm (see RA~DLE et al., 
1966). The data presented in this paper would suggest 
tha t  this control occurs at  different sites for the dif- 
ferent types of cells examined in the present study, 
since radioactive insulin was found on the microvilli 
of the brush border and on the intercellular membranes 
of the cells of the proximal convoluted tubules, but  
never on cell membranes of hepatocytes, and the hor- 
mone was found both intra- and extra-cellularly in the 
muscle. If  insulin acts on the permeabili ty of the cell 
membranes in these three types of cells, it would ap-' 
pear tha t  the sites at  which this control occurs must  
be different in each tissue. I t  is possible also tha t  the 
subcellular localization of the hormone depends on the 
compound to be transported across the membrane,  
and also on the direction taken by  each compound - -  
whether from within to without the cell or vice versa. 
In  the voluntary muscle insulin controls the passage 
of glucose and amino acids from extra- to intra-cellular 
spaces (I~ANDLE et al., 1966). In  the liver it enhances 
the passage of amino acids from extra- to intra-cellular 
spaces (RA~DLn et al., 1966) as well as activating ri- 
bosomes, thus controlling protein synthesis in a t  least 
two ways. The glucose output  is restrained on the 
other hand (RA~DLV. et al., 1966), although this has 
been denied by  GAMBASSI, MAGr and MATAgAZZO 
(1953), who found an increased glycogenolysis after 
intraportal  administration of insulin to rabbits. Noth- 
ing is known about  insulin action on membrane per- 
meabili ty to glucose and amino acids in the kidney 
and on its possible control of protein synthesis in this 
tissue. I t  is tempting to suggest tha t  insulin may  con- 
trol the permeabili ty of the mitochondrial as well as 
of the cell membrane,  and tha t  it m a y  regulate in this 
manner the t ransport  and phosphorylation of glucose, 
which is known to be under respiratory control. I t  is 
also very tempting to consider the nuclear localization 
of the hormone as indicating the site of control of 
protein synthesis. The release of glucose from liver 
glycogen could be controlled by  the hormone found in 
the glycogen areas in fed animals, whereas in fasted 
animals the hormone would be expected to increase 
the mobilization of liver f a t ty  acids and triglycerides 
to the adipose tissue where it enhances lipogenesis and 
fa t ty  acid esterifieation and inhibits lipolysis (RAXDLE 
et al., 1966). I t s  presence within the fat  droplets of 
both kidney and liver may  control this process. 

Our data also show tha t  insulin is taken up, albeit 
in a small amount,  by  all the tissues investigated. This 
is not surprising, since the hormone appears to affect 
many  metabolic pathways.  Although no investigation 
with high resolution autoradiography was performed 
on tissues other than kidney, liver and voluntary 
muscle, this technique may  ult imately reveal different 
sub-cellular localizations and perhaps different types 
of control mechanism from those described in these 
three tissues in the present paper. 

Diabetologia, Vol. 5 6 
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