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A B S T R A C T  

The sites of the incorporation of labeled cystine into keratinizing structures were studied 
in electron microscopic autoradiographs. The tracer used was cystine labeled with S 3~ 
emitting long-range ionizing particles. During exposure for 1 to 2 months, according to 
our method of electron microscopic autoradiography, emulsion-coated specimens were 
exposed to a static magnetic field which appeared to result in a marked increase in the 
number of reacted silver grains. In young Swiss mice receiving intraperitoneal injections 
at 1, 3, and 6 hours before biopsy, conventional autoradiography demonstrated that S 35- 
cystine was intensely localized in the keratogenous zone of anagen hair follicles, and that 
the radioactivity there increased in intensity progressively with time while the radioactivity 
in the hair bulb always remained very low. Our observations with electron microscopic 
autoradiography in a magnetic field appeared to indicate that at 3 and 6 hours after in- 
jection the S35-cystine was directly and specifically incorporated into tonofibrils in the hair 
cortex and into amorphous keratin granules of the hair cuticle layer, possibly without any 
particular concentration of this substance in the other cellular components. There seemed 
to be an appreciable concentration of cystine in tonofibrils of the cuticle of the inner root 
sheath. However, trichohyalin granules in the hair medulla and inner root sheath failed 
to show any evidence of cystine concentration. The improved sensitivity of the electron 
microscopic autoradiography with S35-cystine appeared to be partly due to the application 
of a static magnetic field. However, the reason for this could not be explained theoretically. 

I N T R O D U C T I O N  

Recent progress in the application of autoradio- 
graphic techniques to electron microscopy has 
made it possible to relate the fine structure of cells 
to their metabolic processes. Most of the studies 
utilizing this technique are concerned with the 
uhrastructural localization of DNA synthesis be- 
cause of certain favorable conditions; i.e., tritiated 
thymidine is specifically incorporated in DNA 
synthesized by cells prior to division (15, 17, 19, 
24-26). Materials labeled with tritium, a low- 
energy beta emitter, are considered most suitable 

for obtaining high resolutions with this technique, 
provided that ultrathin sections of tissue as well as 
ultrathin layers of photographic emulsion are 
used. Recently, extensive studies have been carried 
out by Caro and his associates to establish reliable 
standard procedures for this technique using 
tritiated materials (8-10). Although it is theo- 
retically ideal to use tritium emitting low-energy 
beta particles, either insufficient knowledge of 
certain metabolic pathways or unavailability of 
certain tritiated compounds from commercial 
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sources occasionally make it necessary to select ma-  
terials labeled with medium-energy beta  emitters 
such as C 14 and S :~'~. This  situation existed in our 

present study of the kerat inizat ion process. 
Ultrastructural  studies of kerat inizat ion in mam-  

mal ian  hair  follicles have previously been carried 
out  in great detail  by Birbeck and  Mercer  (4~6), 
Mercer  (22, 23), and other investigators (1 l, 14, 
27, 28). The i r  morphological  observations lead to 
the conclusion tha t  tonofibrils and  tr ichohyalin are 
the early cornification substances in cells of hair  

follicles. 
O n  the other  hand ,  light-microscope studies of 

mouse hair  follicles utilizing convent ional  auto- 
radiography (2, 3, 16) revealed tha t  radioactive 
cystine is taken up directly by the keratogenous 
zone and does not pass up  into it from the bulb. 
BSlanger observed tha t  labeled methionine  is also 
taken up  by the hair  follicles of the rat,  since 
methionine  is the most efficient substitute for 
cystine and  can be converted to cystine in the 
body (1). Ryder  demonstrated,  by sequential 
biopsies of mouse skin shortly after intraperi toneal  
injection of labeled cystine, tha t  the t ime taken for 
cystine to diffuse into the hair  follicle from the 
blood stream appears  to be only a few seconds, and  
tha t  an  appreciable radioactivity begins to extend 
into the prekerat inizat ion region about  2 hours 
after injection (29). The  presence of an appreciable 
activity in the bu lb  and  the lack of activity in the 
prekerat inizat ion region and  in the keratogenous 
zone after 2 and  20 minutes  suggests tha t  sulfur 
enters above the bu lb  but  not  at such a high level 
(30). I t  was, therefore, interpreted by Ryder  tha t  
the enr ichment  of sulfur on kerat inizat ion is a 
concentra t ion effect (30). The  amount  of activity 
in the keratogenous zone increases remarkably  
dur ing  the first few hours after injection and  a peak 
is formed after 3 hours, whereas the activity in the 
bu lb  begins to decrease (30). 

The  results of these autoradiographic  studies 
appeared to be part ly explained by the concept 
tha t  kerat in  is a complex made  up  of fine filaments 
(alpha keratin) embedded  in an  amorphous  sub- 
stance (gamma keratin) (4, 22, 27). The  fila- 
mentous componen t  having a lower cystine con- 
tent  first appears in the mid-bulb,  and, at  the level 
of the prekerat inizat ion region and  above, gamma  
kerat in  which has a higher  cystine content  is added 
to the interfi lamentous space of a lpha  kerat in  (4, 

22). Therefore, the localization and  the amount  of 

activity of labeled cystine in the autoradiographic  

studies (2, 3, 16, 29, 30) appear  to coincide with 
the distr ibution of a lpha and  g a m m a  kerat in in the 
hair  follicle revealed by electron microscope 
studies (4, 22, 27). 

The  purpose of this study is to demonst ra te  
precise ul t ras t ructural  sites of the incorporat ion of 
Sa'Mabeled cystine into kerat in  precursors in the 
hair  follicles. In the work presented here, we have 
a t tempted  to apply a static magnet ic  field to our 
method of electron microscopic au torad iography 
using the medium-energy beta emitter.  

M A T E R I A L S  A N D  M E T I t O D S  

Swiss albino mice of both sexes from the colony of 
this laboratory were used. They were 8 days old and 
weighed approximately 3 gm each. At this age, the 
hair follicles were found to be either at substage 
anagen V or at the beginning of anagen VI when the 
actual hair proliferation phase started. Each of six 
animals received, by intraperitoneal injection, 0.1 
ml of physiological saline containing 15 #c. of L- 
cystine labeled with S 35 (Schwarz BioReseareh, 
Inc., Orangeburg, New York; specific activity of 50 
~c/mg). Punch and surgical biopsies of the skin were 
taken, under light ether anesthesia, from the upper 
middorsum of two animals at each time, at 1, 3, and 
6 hours after the injection. 

Surgically removed pieces of skin for conventional 
autoradiography were fixed in Carnoy's fixative for 
1 hour, dehydrated in 100 per cent ethanol, and 
embedded in paraffin. An effort was made to section 
the tissues in such a way that longitudinal sections 
of hair follicles could be observed. Under safe light 
illumination (Kodak Wratten AO filter), the sec- 
tions were coated by dipping into a solution con- 
taining 20 gm of Ilford G-5 nuclear research emul- 
sion per 20 ml of distilled water, and drying in a 
vertical position. They were stored in a light-tight 
container with a small amount of Drierite at 4 ° C. 
After an appropriate period of exposure, they were 
developed in Kodak D-19 for 5 ininutes at 20 ° C, 
fixed for 10 minutes in Kodak acid fixer, washed in 
running water, and then stained with heniatoxylin. 

Punch-biopsied tissues about 1 mm in diameter 
or less were immersed in freshly prepared Palade's 
fixative (1 per cent osmium tetroxide solution in 
acetate-Veronal buffer, p i t  7.4) at 0 ° C as quickly 
as possible after removal. Fixation was continued 
for 1 hour. The tissues were rinsed in cold distilled 
water for a few minutes. They were thereafter de- 
hydrated and embedded in Epon epoxy resin ac- 
cording to Luft's method (21). Fairly large sections, 
ranging from 800 to 1000 A in thickness, were cut 
with glass knives on an LKB ultrotome and picked 
up on titanium grids (E. Fullam, Inc., Schenectady, 
New York) with a Formvar film and a thin carbon 
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layer as r e commended  by Przybylski (25). U n d e r  safe 
light i l luminat ion (Kodak W ra t t en  A O  filter), 10 g m  
ol llford L-4, an  electron-sensitive emulsion of finest 
grain,  were mel ted  in 20 ml of distilled water  in a 300 
ml  beaker at 45°C for 15 minutes .  After thorough but  
gentle stirring with a clean glass rod, the beaker was 
cooled in an  ice ba th  for 4 minutes  and  then placed at 

were outside of the adhesive. In  order to apply a static 
magne t ic  field to these coated grids in a proper  direc- 
tion, they had  to be placed within  two l imited areas 
corresponding in size and  relative position to the  
two poles of  a horseshoe magne t  (Fig. 1 a) ; they  were 
not  displaced dur ing  fur ther  t rea tments  and  storage. 
The  glass slide with the  enmls ion-coated  grids was 

FIGURE 1 a to d Procedure for exposing specimen grids coated with Ilford nuclear emulsion L-4 to a 
magnetic field (see details in text). 

room tempera ture  for 30 minutes  according to Caro 's  
me thod  (10). T h e  grids were coated with emulsion 
picked up  with a copper  loop. Subsequent ly  the grids 
were exposed to a static magne t ic  field. For this pur-  
pose, they were m o u n t e d  on a microscope slide placed 
in contact  with  the poles of a horseshoe m a g n e t  as 
shown in Fig. 1 a to d. Nar row strips of cel lophane 
tape with adhesive on both  sides were applied to the 
microscope slide in appropria te  positions (Fig. 1 a). 
The  t i t an ium grids, having a wider edge than  ordi- 
nary  copper  grids, could be affixed by the edge to the 
tape and  r ema ined  parallel to the slide, so tha t  sec- 
tions m o u n t e d  on the carbon-coated  Formvar  film 

placed in a l ight-t ight  slide box with a small  a m o u n t  
of  Drierite, in the  same way tha t  histology slides 
are usual ly  stored. Both poles of  a s t rong horseshoe 
m a g n e t  m a d e  from an  alloy of a l u m i n u m ,  nickel, 
and  cobalt  (Fisher Scientific Co.) were then  b rough t  
in contact  with  the reverse side of the  slide (Fig. 
1 b). Ano the r  plain slide was inserted in the slit next  
to the gr id-carrying slide. To  insure a cons tant  
space between the two slides, a short  wooden rod 
was taped to the  middle  of  the  second slide (Fig. 
1 c). Finally, a thick rec tangula r  iron plate was 
carefully applied to the outer  side of the  second 
slide (Fig. 1 d). By means  of the  s trong magnet ic  
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action, these two glass slides were sandwiched between 
the magnetic poles and the iron plate, yet a very 
narrow space between them was maintained to 
store the coated grids without any damage. Under 
these conditions, the lines of force in the static 
magnetic field were practically perpendicular to 
the emulsion-coated sections on the grids. The light- 
tight box was sealed with an electric black tape 
and kept in a refrigerator (0 to 4°C) for 1 to 2 months. 
Similar sections from the same blocks were also 
prepared by the same method without exposing 
them to a magnetic field. 

were done with an RCA EMU 3F operating at 50 
KV. 

O B S E R V A T I O N S  AND R E S U L T S  

Light Microscopic Autoradiography 
In the mice that  received injections 6 hours be- 

fore biopsy, an intense localization of S3a-L-cystine 
was demonstrated in the keratogenous zone of all 
anagen hair follicles (Fig. 2). The hair bulb showed 

a slightly higher activity than the epidermis but 

FIGURE ~ Photomicrograph of a light microscopic autoradiograph of skin with anagcn hair follicles 
of 8-day-old mouse 6 hours after injection of SU-L-cystine. Most of the radioactivity is in the keratog- 
enous zone. Counterstaincd with hematoxylin. )< 100. 

After appropriate exposure, the coated grids were 
developed in undiluted and filtered Kodak D-19 
developer for 2 minutes at 20°C, rinsed briefly in 
distilled water, and fixed in Kodak rapid fixer for 5 
minutes. They were then washed for 10 minutes in 
several changes of distilled water and dried. They 
were lifted from the glass slides, and most of them 
were stained in a saturated solution of uranyl acetate 
in distilled water for 30 to 60 minutes, followed by a 
wash in three changes of distilled water. Some of 
the developed grids were treated for 15 minutes 
with the Karnovsky lead stain at high pH (18), 
which not only stained sections but also removed 
the gelatin to improve the quality of images as 
described by Hay and Revel (17). Observation and 
microphotographic recording of the processed grids 

much less activity than the keratogenous zone. 
Sections biopsied 3 hours after injection recorded 
an appreciable radioactivity also in the keratog- 
enous zone, but the grain density was markedly 
less than that  of the 6 hour group. At 1 hour after 
the injection, the autoradiographs already indi- 
cated the incorporation of S3a-L-cystine at the level 
of keratogenous zone and prekeratinization region, 
although the activity was very weak. Therefore, it 
was noted that  the concentration of S'~'~-L-cystine 
in the keratogenous zone increased progressively 
with time. Regardless of the time interval after 
injection, however, the localization was almost 
the same in all anagen hair follicles, and the radio- 
activity in the hair bulb always remained very low. 

66 THE JOURNAL OF CELL BIOLOGY • VOLUME ~I ,  1964 



These observations made on 8-day old Swiss 
mice not only confirmed the previous experiments 
by Harkness and Bern (16), who used adult C57 
black mice, but  also indicated to us that the keratog- 
enous zone of anagen hair follicles taken 6 hours 
following administration of the radioisotope would 
be most suitable for detecting an ultrastructural 
localization of S3~-L-cystine under  the electron 
microscope because of the presence of the most 
intense radioactivity. 

Electron Microscopic A utoradiography 

Electron microscopic observation of the keratog- 
enous zone of anagen hair follicles in Swiss mice 
injected with S35-L-cystine 6 hours before biopsy 
showed that adequate amounts of the incorporated 
radioisotope were present in the ultrathin sections 
used for exposure to the coated emulsion. Photo- 
graphic silver grains usually appeared as simple, 
coiled filaments or rods of complete, high electron 
opacity. Most of the grains present were seen to be 
associated with keratinizing structures in the hair 
and inner root sheath. 

Fig. 3 shows an electron micrograph of a portion 
of the keratogenous zone of an anagen hair follicle 
which is cut longitudinally. All layers and main 
structures of the hair follicle in mice are indicated 
by lettering in Fig. 3. 

In  the cortex of the keratogenous zone, the 
tonofibril system was extremely well developed 
and the fine parallel tonofibrils formed distinct 
bundles with an increased electron opacity. Many  
silver grains were located over these bundles 
(Fig. 4). A much smaller number  of grains was 
found to be located over tonofibrils in the cuticle 
of the inner root sheath. In  the upper portion of 
the keratogenous zone, trichohyalin granules of the 
medulla appeared to change into a fibrous form 
where very few grains were seen. Cells of the hair 
cuticle layer in the keratogenous zone contained a 
number  of small amorphous keratin granules or 
droplets, particularly in the peripheral portions of 
these cells. Grains were located quite often over 
these structures in spite of the fact that a very 
small space was occupied by these amorphous 
keratin granules (Fig. 5). 

Trichohyalin granules were exclusively observed 
in the medulla and inner root sheath of hair fol- 
licles. Silver grains were rarely seen over these 
granules. 

As expected from the results of light microscopic 
autoradiography, developed silver grains were 

rarely found over regions other than the keratog- 
enous zone. Because of their random distribution 
and infrequent appearance, most of them were 
considered to be background. 

In a survey of longitudinal sections of the keratog- 
enous zone of many hair follicles, the number  of 
grains over each cellular structure was counted. 
The detailed results are given in Table I. Out  of a 
total of 708 grains counted, 452 grains (63.8 per 
cent) were found over tonofibrils of the hair cortex, 
64 grains (9.1 per cent) over amorphous keratin 
granules of the hair cuticle, and 43 grains (6.1 per 
cent) over tonofibrils of the cuticle of the inner 
root sheath. Only 24 grains (3.4 per cent) were 
seen over the basic cytoplasm of cells in the hair 
cortex. The grain counting was done in materials 
stained with uranyl  acetate, since it was felt that 
some loss of grains might be caused by Karnovsky's 
lead staining at high pH (18). 

In  the specimens examined, grains exposed in 
the emulsion outside of the keratin structures were 
few, and some of these were considered to be the 
normally present background. There were some 
grains located a few tenths of a micron away from 
tonofibril bundles (Fig. 4). We arbitrarily listed, 
in the column "vicinity of tonofibril," a small 
number  of grains which were located within a 
distance of 0.1 # from the keratinizing structures 
(Table I). The reason for this and the significance 
of these grains will be discussed later. 

Electron microscopic autoradiographs of sections 
biopsied 3 hours after the injection of S~-L-cystine 
revealed almost identical results, except that much 
fewer grains were recorded in these materials than 
in the 6 hour series (Fig. 6). The total number  of 
silver grains in electron microscopic autoradio- 
graphs of hair follicles biopsied 1 hour after the in- 
jection was originally so small that their signifi- 
cance could not be positively evaluated, although 
some grains were found over tonofibrils in the pre- 
keratinization region and in the lower part of the 
keratogenous zone. 

In the identical preparations for electron mi- 
croscopic autoradiography that were not exposed 
to the static magnetic field, the over-all number  of 
exposed grains was almost negligibly small re- 
gardless of the time interval after injection, even 
though the exposure time was longer than 2 
months for some preparations. For a rough estima- 
tion of the relative sensitivity of these two methods, 
the grain counting was also performed on identical 
preparations with and without exposure to the 
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magnetic field. The exposure time was 1 month 
in both specimens. In an area 100 #2 over the hair 
cortex, 698 grains were counted from five grids, 
each prepared from a different block and exposed 
to the magnetic field, whereas in the identical area 
in five similar grids prepared from the same blocks 
but without the application of the magnetic field 
only 48 grains were counted. 

D I S C U S S I O N  

Part of the success of the electron microscopic auto- 
radiography using S3r)-L-cystine, a medium-energy 
beta emitter, appeared to be obtained by intro- 
ducing a static magnetic field into this technique. 
Actually, Harford and Hamlin  (15) were the first 
to apply a magnetic field to their method of 
electron microscopic autoradiography. They stud- 
ied with this method the intranuclear localiza- 
tion of thymidine labeled with tritium atoms which 
are known to emit beta particles with energies 
varying from 0 to 18 kev. With this method, they 
were able to demonstrate a marked increase in 
number of reacted grains in the nuclei of cells 
(15), although many other investigators have ob- 
tained quite satisfactory electron microscopic auto- 
radiographs showing intranuclear localization of 
tritiated thymidine without the application of a 
magnetic field (17, 19, 24-26). However, the 
radioactive tracer used in the present experiments 
emits beta particles with energies ranging from 0 
to 167 kev, almost ten times greater than those of 
tritium. According to computations by Pelc et al. 
(24) based on data given by Lea (20), it is shown 
that in an emulsion with an average grain size 
of 0.01 # the energy loss of an electron with an 
energy of 10 kev is approximately 150 ev per 
grain, while a 100 kev electron will lose only 17 ev. 
It is indicated by the experience of Pelc et al. (24) 
with exposures to visible light that an absorption 

of approximately 35 ev per grain is needed to 
make the grain developable. They also suggested 
that if insufficient energy is lost during the passage 
of one particle through a grain, a second or third 
hit would be necessary (24). Since S a'~ produces 
long-range ionizing particles, it is likely that most 
of the emitted particles do not lose sufficient 
energies to make silver halide grains developable 
particularly at their first hits, although the size of 
the grains in Ilford L-4 emulsion is larger (ap- 
proximately 0.12 g in diameter) than that assumed 
in the computations by Pelc et aI. (24). Because of 
an extremely thin layer (possibly 0.1 to 0.2 g in 
thickness) of the photographic emulsion in com- 
bination with ultrathin sections (0.08 to 0.1 /z in 
thickness), the chances of two or three hits being 
made by a single ionizing particle appeared to be 
very rare. This may account for the low efficiency 
obtained in our electron microscopic autoradio- 
graphs without the application of the static mag- 
netic field. 

When the specimens were exposed to the mag- 
netic field in our electron microscopic autoradiog- 
raphy a highly increased number of silver grains 
was observed but the resolution did not seem to be 
improved. This result appeared to be consistent 
with that obtained by Harford and Hamlin (15). 
Their  explanation for the improved sensitivity in 
this method was that the magnetic field used had 
a demonstrable effect on the path of emitted beta 
particles from tritium and that these particles by 
taking an altered path would have a greater 
chance to meet silver grains in the emulsion (15). 

However, Caro has presented his opinion that 
a static magnetic field of a strength currently 
available cannot modify autoradiographic results 
(7). First, he theoretically calculated that a com- 
monly available static magnetic field of 10,000 
gauss bends the path of a 10 kev beta particle into 

K e y  to Abbreviatiot~s' 

ak, amorphous keratin granules 
c, }lair cortex 
cu, hair cuticle 
g, Golgi zone 
gr, reacted silver grains 
he, ltenle's layer 
hu, lluxley's layer 

irsc, inner root slleath cutMe 
m, nlitochondrion 
reed, medulla 
II, llUClellS 
ors, outer r.ot sheath 
(f, tonofibrils 
th, trichohyalin 

FIGUiIE 3 Electron mierogral)h of a longitudinal section of tile keratogenous zone of 
anagen hair follicle. All layers of a hair follMe are illustrated. Stained with uranyl acetate. 
X 3, 500. 
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T A B L E  I 

Layers of hair follicle Cellular components No. of grains Percentage 

H a i r  m e d u l l a  Tonof ib r i l  3 
T r i c h o h y a l i n  g r a n u l e  4 
N u c l e u s  1 
Basic c y t o p l a s m  3 
M i t o c h o n d r i o n  1 
Golgi  zone  0 

H a i r  co r tex  

H a i r  cu t ic le  

Cu t i c l e  of  i nne r  root  s h e a t h  

H u x l e y  l ayer  

H e n l e  layer  

O u t e r  root  s h e a t h  

Tonof ib r i l  452 63.8  
V ic in i t y  of  tonof ibr i l  37 5 .2  
N u c l e u s  10 1.4 
Basic c y t o p l a s m  24 3 .4  
M i t o c h o n d r i o n  6 
Golgi  zone  0 

A m o r p h o u s  ke r a t i n  g r a n u l e  64 
N u c l e u s  3 
Basic c y t o p l a s m  3 
M i t o c h o n d r i o n  l 

Tonof ib r i l  43 
Vic in i ty  of  tonof ibr i l  3 
T r i c h o h y a l i n  g r a n u l e  3 
N u c l e u s  6 
Basic c y t o p l a s m  6 
M i t o c h o n d r i o n  1 
Golg i  zone  0 

Tonof ib r i l  1 
T r i c h o h y a l i n  g r a n u l e  7 
N u c l e u s  2 
Basic c y t o p l a s m  4 
M i t o c h o n d r i o n  1 
Golg i  zone  0 

K e r a t i n i z i n g  s t r u c t u r e  
O t h e r  ce l lu la r  c o m p o n e n t  

9.1 

6.1 

13 1.8 

T o t a l  708 

FIGURE 4 Electron micrograph of an  autoradiograph of a longitudinal section passing 
almost  tangentially through the cortex, showing a portion of the keratogenous zone of a 
hair follicle in a nlouse tha t  received intraperitoneal injection of S~-cystine 6 hours before 
biopsy. The  developed silver grains appear as dense, irregularly shaped particles or fila- 
ments.  Sixteen grains are found over or associated with tonofibril bundles of the cortex. 
Two grains (arrows) are associated with amorphous keratin granules of the hair cuticle. 
Three grains lie outside of the tonofibril bundles but  within the  distance of 0.1 # from 
them. The  significance of these grains is discussed in the text. Only one grain is found over 
the basic cytoplasm of a cell in the cortex. Stained with uranyl acetate. X 10,000. 
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a curvature of radius 340 #, while the maximum 
range of the particle in emulsion is less than 2.5/~. 
A curvature of radius 340 # on a path of 2.5 # is 
actually too large to show any significant effect. 
Secondly, he stated that, even if the path of the 
beta particles is altered in stronger magnetic fields, 
a field perpendicular to the sections would not 
affect the vertical component of velocity of emitted 
particles according to the theory of inclined planes 
in mechanics. Since the vertical component deter- 
mines the time taken by the particles in emulsion, 
the length of the path in the emulsion would not 
be modified. A similar explanation appears to 
apply to the cases of C 14 and S 35 (7). 

While the author is inclined to agree with the 
theoretical explanation of Caro (7), the improved 
sensitivity in the static magnetic field observed 
in the present experiment and in Harford and 
Hamlin 's  work cannot be explained theoretically. 
It should be noted that the rate of the increased 
sensitivity determined by our grain counting 
appears to vary from one specimen to the other 
because of the great difficulty of producing con- 
stant preparations in this autoradiographic 
technique. Although we have had no intention of 
determining an accurate increase of the sensitivity, 
it was recognized that the specimens exposed to 
the magnetic field tend to demonstrate a sig- 
nificantly increased number of reacted grains. 
Further studies to confirm the differences in the 
sensitivity under various conditions are in progress. 

In an at tempt to increase resolution in electron 
microscopic autoradiography with the use of 
strong magnetic fields, Harford and Hamlin failed 
to demonstrate any significant improvement (15). 
Moreover, Caro has theoretically proven that 
such an improvement cannot be achieved by the 
practically attainable magnetic fields (7). It  was 
noted also in our electron microscopic autoradio- 
graphs that a small number of reacted silver grains 
was located a few tenths of a micron away from 
tonofibrils. Some of the grains could be inter- 
preted as background, but most appeared to be 

caused by the phenomenon of scatter. However, 
it was difficult to decide whence they originated, 
although they had possibly recorded S 35 concen- 
trated in keratinizing structures. According to his 
theoretical calculation and experiments, Caro (9) 
concluded that an autoradiographic resolution of 
0.1 ~ could be achieved with a tritiated material 
and a currently available emulsion. Even though 
beta particles with greater energies emitted from 
S 3'~ would be expected to produce more scatter, 
we have arbitrarily interpreted occasional grains 
located more than 0.1 # away from tonofibrils as 
those recorded by S 35 in the basic cytoplasm (Table 
I). A small number of grains found within a dis- 
tance of 0.1 # from tonofibrils was counted sepa- 
rately (Table I) and it was interpreted that these 
grains had possibly originated from S 3a concen- 
trated in the tonofibrils. 

The findings from electron microscopic auto- 
radiographs of the keratogenous zone of anagen 
hair follicles in mice receiving injections of S:~-L - 
cystine have made it possible to identify the 
tonofibrils and tonofibril bundles of the hair cortex 

high concentration of this labeled as the site of 
amino acid. 

A relatively large number of silver grains was 
counted over small amorphous keratin granules 
and droplets in the hair cuticle layer. In view of 
the much smaller space occupied by this layer as 
compared with the cortex, the radioactivity ap- 
peared to be significantly high. Tonofibrils in 
the cuticle of the inner root sheath were also shown 
to possess an appreciable level of radioactivity. 

However,  other cellular components, such as the 
nucleus, Golgi zone, mitochondrion, and basic 
cytoplasm including endoplasmic reticulum, did 
not show any significant radioactivity by grain 
count, although a few grains possibly attributable 
to background were observed over these structures. 
This was also true in the hair follicles of mice 
injected 1 or 3 hours before biopsy. It  has been 
demonstrated by Fell et al. that, after injection of 
radioactive cystine, a radioactivity is also localized 

FIGURE 5 Material similar to that in Fig. 4, showing two grai,s over tonofihril I)undles of 
the cortex and three grains (arrows) associated with amorphous granules of the hair 
cuticle. Stained with uranyl acetate. X ~4,000. 

Fmm~E 6 A longitudinal section from tile kcratogenous zone of the hair follicle fixed 3 
hours after injection of S ~ cystine. Four grains are found over tonofibril bundles of the 
cortex, and one grain (arrow) appears over an amorphous keratin granule in tile hair 
cutMe. Stained with uranyl acetale. X 1%000. 
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in nuclei of the epithelial cells of the esophagus 
(12, 13). According to an explanation of this phe- 
nomenon by Mercer, a sulfur-containing protein 
may well be associated with nuclear R N A  (22). 
Since we were not able to demonstrate a significant 
number of reacted grains over the nuclei, it ap- 
peared that a more sensitive method for electron 
microscopic autoradiography is possibly needed 
for detecting sulfur incorporation in nuclear RNA. 

The observations described above appear to 
indicate that cystine is directly and specifically 
incorporated into tonofibrils in the hair cortex 
and also into amorphous keratin granules of the 
hair cuticle layer, possibly without any particular 
concentration of this substance in the other cellular 
components. There seemed to be a certain degree 
of cystine concentration in tonofibrils of the cuticle 
of the inner root sheath. 

On the other hand, trichohyalin granules in the 
hair medulla and inner root sheath did not show 
any significant evidence of concentration of $35-L - 
cystine. These observations coincide with the 
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results of chemical analyses by Rogers (28) show- 
ing that the medulla and inner root sheath, both 
of which are characterized by an abundance of 
trichohyalin, have high concentrations of citrulline 
(5.2 and 6.1 per cent by weight, respectively) while 
the cystine content is very low (0 and 1 per cent 
by weight, respectively). It  was also mentioned by 
Rogers (28) that trichohyalin granules which have 
been extracted with 8 M urea contain little or no 
citrulline but that a conversion of arginine into 
citrulline may be accompanied by morphological 
alterations in which the granular trichohyalin 
changes to fibrous protein. 
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