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SUMMARY

The distribution of glycogen in the wool follicle is described; its presence, until
recently unsuspected, has been demonstrated in the unkeratinized part of the fibre.
The deposition of glycogen in the follicle has been investigated by injecting mice with
glucose labelled with carbon-14.
The distribution of acid and alkaline phosphatases is described; the former appears
to be concentrated in the unkeratinized part of the fibre and the latter in the bloodvessels of the follicle.
INTRODUCTION

I

T has long been known that there is glycogen in the outer sheath of the
follicle and in the fibre medulla. Only recently, however, has glycogen
been demonstrated in the rest of the unkeratinized (human) hair fibre (Montagna, Chase, and Lobitz, 1952). Ryder (1957a) reviewed previous work on the
glycogen of the follicle and gave some preliminary observations on the sheep.
The distribution of alkaline phosphatase in the follicle was studied by
Johnson, Butcher, and Bevelander (1945) in the rat, by Hardy (1952) in the
mouse, and in man by Braun-Falco (1957), who in addition reviewed previous
work and studied acid phosphatase, which has also been studied by Moretti
and Mescon (1956) in man. Ellis, Gillespie, and Lindley (1950) made some
brief observations on the acid and alkaline phosphatase in wool follicles.
MATERIAL AND METHODS

For glycogen, the skin of Masham and Devon longwool sheep was fixed in
buffered 5% formalin (Pearse, 1953). It was sectioned at a thickness of 8 /A
horizontally and vertically to the skin surface. The method for glycogen of
Hotchkiss (1948) and the modification by Montagna, Chase, and Hamilton
(1951) were used, as well as Best's carmine. In Montagna's modification
stronger oxidation is applied by increasing the time of exposure to periodic
acid from 5 to 10 min and the temperature to 370 C. Control slides containing
alternate sections were placed in 1% diastase solution for 1 h before this
treatment.
In the first experiment with glucose labelled with carbon-14, five mice were
injected with about 30 /xc of the compound each, and killed 1 h, 8 h, 24 h,
3 days, and 10 days afterwards. The zone of active growth was indicated by
dyeing the coats of the mice; but plucking was later found to be a better way
of obtaining active follicles (Chase, Rauch, and Smith 1951), and this was
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used in the second experiment. In this four mice were injected with about
37 /nc each, about 13 days after plucking, and killed 1 h, 8 h, 24 h, and 3 days
afterwards. Samples of skin were sectioned horizontally and vertically at 5 fj.
and, after staining with Montagna's modification, Kodak autoradiographic
film (A.R. 10) was applied to the sections by the stripping technique of
Doniach and Pelc (1950). Exposures of 60, 84, and 112 days were given. In the
first experiment frozen sections 50 p thick were cut of the vibrissae and Kodak
A.R. 50 film applied (fig. 1, B, opposite p. 224).
Gomori's lead-phosphate method for acid phosphatase, and his calciumcobalt method for alkaline phosphatase were used, as well as the azo dye
coupling methods (all from Pearse, 1953) with samples of Romney sheep skin.
In addition for alkaline phosphatase the method of Manheimer and Seligman
(1948) was used with sodium a-naphthyl phosphate as substrate.
No success was obtained with the method for phosphorylase of Takeuchi
and Kuriaki (1955), not even with liver and muscle, although several batches
of insulin were tried, whereas Braun-Falco (1956) obtained a reaction in the
outer sheath of human hair follicles.
RESULTS

Stains showing glycogen
With Best's carmine and Hotchkiss's methods, the largest amount of glycogen in the follicle was in the cytoplasm of the outer sheath cells. There were,
however, variations between follicles, and with Best's carmine some follicles
appeared to have hardly any glycogen. Animals receiving a poor diet showed
no reduction in the amount of glycogen in the follicle. Montagna's modification always showed more glycogen than the other methods (fig. 1, A).
The greatest concentration of glycogen in the outer sheath was in the
lower half of the follicle, above the neck of the bulb. Montagna's modification
showed glycogen to be present in smaller quantities as high as the skin surface.
The pink Best's carmine reaction was often diffuse throughout the cytoplasm,
although no special precautions were taken to prevent the formation of the
granules that are considered to be fixation artifacts (Mancini, 1948). The
deep maroon coloration obtained with Montagna's method was usually so
dense that one could not tell whether the reaction was diffuse or granular.
But in follicles with less glycogen the reaction was sometimes diffuse and
sometimes granular, the granules often being disposed around the periphery
of the cell. In follicles giving a slight to moderate reaction, the glycogen was
often concentrated in the inner part of the outer sheath, adjacent to the inner
sheath.
The stalk of the outer sheath connecting a 'capsule' to a follicle (Ryder,
1956) usually had large amounts of glycogen, even though the rest of the outer
sheath might have little glycogen. In some preparations glycogen was found
in the Huxley layer of the inner sheath. This agrees with the findings of
Tamate (1951), who claimed to have detected glycogen combined with a
protein in the Huxley layer of several mammals. There was little glycogen in
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the bulb, that present being mainly in the cells of the proximal continuation
of the outer sheath.
With Best's carmine and the Hotchkiss method, no glycogen was found in
the fibre except in the medulla. But when Montagna's modification was used
glycogen was often found in both cuticle and cortex. The bulk of the glycogen
in the fibre was between the bulb neck and the pre-keratinization region,
although traces were sometimes seen below this in the cells of the bulb, even
as low as the first stratum above the papilla. Montagna, Chase, and Lobitz
(1952) said, on the contrary, that the glycogen appeared suddenly several
cells above the papilla. No reaction was obtained in the fully keratinized part
of the fibre. There were greater variations in the amount of glycogen in the
fibre than in the outer sheath, and in some follicles the variations in the fibre
were associated with those in the sheath. The reaction of the fibre was streaky,
the glycogen apparently being in the outer parts of the cortical cells. No
reaction was observed in the intercellular spaces, which is interesting because
with the Hotchkiss method the first indication in the present study of polysaccharides in the non-keratinized part of the fibre was an intercellular
reaction. The glycogen reaction began at a lower level on one side of the fibre,
and at higher levels there was a tendency for it to be denser on one side. In
some follicles the reaction was only at one side over the whole of its length,
even starting immediately above the papilla. These observations provide
further evidence that the bilateral nature of the fibre starts at a low level.
Slides left in 70% alcohol instead of periodic acid did not give any dense
maroon reaction considered to be due to glycogen. Instead the lower parts of
the fibre stained a dense magenta colour which was continued as streaks into
the fully keratinized part, and the inner sheath stained pink. Slides left in
diastase for an hour before being put in the periodic acid did not show any
glycogen at all in the outer sheath, but in the fibre a few maroon streaks
occasionally persisted; otherwise the fibre was of a similar colour to those
which had been in 70% alcohol. Slides left for a longer time in the periodic
acid often had fibres with a magenta stain in the fully keratinized part (compare Scott, 1953). But this was on only one side of the fibre, shown by staining
alternate sections with 'Sacpic' (Auber, 1952) to be the orthocortex.
With all methods used, traces of glycogen were found to persist in the
medulla of the fully keratinized part of the fibre. No detailed observations
were made of the glands, but in some preparations glycogen was seen in both
the sebaceous and sweat glands (compare Montagna, Chase, and Lobitz, 1952).
Use of labelled glucose

The results obtained from the first experiment have already been summarized (Ryder, 1957a). In the second experiment longer exposures were
allowed and photographic grain counts were made, as described by Ryder
(19576). Grains were counted in the autoradiographs of the bulb, of the lower
part of the fibre, and of the region of positive reaction for glycogen in the
outer sheath. Unlike the results obtained by injecting cystine labelled with
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sulphur-35 (Ryder, 19576), there was little difference in the amount of radioactivity in these different regions of the follicle at each sampling time. For
this reason the results of the individual counts are not given, but only a mean
figure from all the regions (112 days' exposure) is shown below.
In the mouse killed 1 h after injection there was moderate activity in the
bulb and the counts showed that there was a similar amount in the lower part
of the fibre, but there was definitely less in the region of the outer sheath with
a positive reaction for glycogen. The mean grain density was 56. Eight hours
after injection the mean grain density had reached 95 and the glycogen seemed
to contain most radioactivity and the bulb least.
The moderate amount of radioactivity found in the lower part of the fibre
in the 8-h sample appeared in the fully keratinized part after 24 h. Otherwise
the activity was declining in the lower part of the follicle in the 24-h and
3-day samples, the grain densities being 65 and 35 respectively. In the first
experiment no activity could be detected in the follicles of the mouse killed
10 days after injection.
Tests for enzymes that are probably associated with glycogen
Acid phosphatase. With the lead-phosphate method a reaction was obtained
with thick frozen sections but not with wax sections. The densest (black)
reaction was in the lower part of the fibre up to about the level of the prekeratinization region (fig. 1, c, D), but a brown reaction was obtained in the
cytoplasm of the outer sheath cells. Most of the nuclei gave a positive reaction, as with alkaline phosphatase, and an apparent dense reaction in the
upper part of the bulb might have been due to the close packing of the nuclei
there. But there was neither a nuclear nor a cytoplasmic reaction in the lower
part of the bulb. Often the papilla gave a positive reaction, and sometimes
the capillaries too.
The orange-red reaction obtained with the azo-coupling technique was
far superior. The papilla and nuclei were negative and the bulb gave little
or no reaction, the densest reaction again being in the lower part of the fibre.
This was between the neck of the bulb, at which level the reaction began
gradually, and about the level of the pre-keratinization region where the
reaction ended fairly abruptly, often asymmetrically. There was a reaction
in the medulla which persisted beyond the level at which the cortex was
FIG. 1 (plate). A, wool follicle showing glycogen in the outer sheath and the lower part of
the fibre; Montagna's modification of the Hotchkiss method. Note the 'capsule'; these are
thought to be milia (benign tumours described in the human by Epstein and Kligman, 1956).
B, autoradiographic preparation of a vibrissal follicle from a mouse killed 8 h after an injection of glucose labelled with carbon-14. The photographic grains indicate radioactivity in the
bulb, outer sheath, and lower part of the fibre. 50-/Z frozen section, Kodak A.R. 50 film.
c and D, wool follicles in which the lead-phosphate method has been used to show acid
phosphatase. c, recently fixed skin showing a dense reaction in the fibre. D, skin left in 5%
formalin for about a year, showing a dense reaction only at about the pre-keratinization level,
with a gradually decreasing reaction below this.
E, two wool follicles in which the calcium-cobalt method has been used to show alkaline
phosphatase. There is a reaction in the outer sheath, in the papilla (diffused into the bulb),
and in capillaries surrounding the follicle.
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keratinized. The inner sheath gave a very weak reaction which became
moderately dense at the distal limit of the sheath. The outer sheath, too, had a
very pale reaction, but this became denser above the opening of the sebaceous
gland, the reaction here being a continuation of a dense reaction in the epidermis. Both glands gave a reaction, the reaction of the sweat gland being
greater than that of the sebaceous gland, and often quite dense. The arrector
muscle gave little or no reaction.
In order to be sure that non-specific staining was not occurring, the fast
blue B salt was tried on control slides with no substrate. In fact a general pale
yellow reaction was obtained in most parts of the follicle, but this could not
be confused with the orange-red reaction in the fibres. It might, however,
make interpretation of a weak reaction, such as that in the outer sheath,
difficult. Red blood corpuscles were stained orange, possibly owing to coupling
with histidine.
Alkaline phosphatase. Both wax and frozen sections gave a reaction with the
calcium-cobalt method, but that obtained with frozen sections was stronger,
the densest reaction being in the papilla. There was a weak reaction in the
bulb with some dense patches that were clearly due to diffusion from the
papilla. The outer sheath gave a reaction beginning at the neck of the bulb and
corresponding with the strongest reaction for glycogen, but in only a few
follicles was this as dense as in fig. 1, E. The reaction was distributed throughout the full width of the sheath; it was never found only in the outer part as
depicted in the mouse by Hardy (1952). There was occasionally a slight
reaction in the lower part of the fibre, and capillaries gave a strong reaction.
The nuclei always gave a dense reaction even when the cytoplasm was only
weakly stained, but this is generally recognized (Pearse, 1953) as being a false
reaction. The inner sheath, too, gave a false reaction (present in control slides)
(compare Hardy, 1952).
The azo-dye method for alkaline phosphatase produced a general yellowing
of the epidermis, follicle bulbs, and outer sheaths, which must be regarded
as non-specific staining because the same result was obtained when no substrate was added. This may be due to breakdown products of the azo compound, or even to a coupling with certain amino-acid groups in the tissue.
With a-naphthyl diazo naphthalene-1:5-disulphonate (Manheimer and Seligman, 1948), capillaries, sweat glands, and the lower parts of the fibres gave a
red-brown reaction. This was not obtained in control slides and was presumably due to alkaline phosphatase. That in the fibre terminated in a dense
band with a sharp distal limit at about the pre-keratinization level. The only
reaction in the papilla was that given by capillaries, but it was no denser here
than elsewhere. With fast blue B and fast blue RR the colour was grey, but
there was no reaction in the fibre.
DISCUSSION

The results of the present study confirm the observation of Montagna,
Chase, and Lobitz (1952) that there is glycogen in the unkeratinized part of
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the fibre. It was not always found, however, because of difficulties of demonstration or variations in the material. Care has to be taken in interpreting the
Hotchkiss reaction when stronger oxidation is used (Lhotka, 1953), especially
as under such conditions even the fully keratinized part of the fibre gives a
magenta colour. But the reaction obtained in the present study in the unkeratinized part of the fibre is almost certainly due to glycogen, because like
the glycogen of the outer sheath it was deep maroon and was largely prevented
when the sections were soaked in diastase solution before oxidation. That
glycogen is only revealed in the fibre by stronger oxidation and is not entirely removed by diastase suggests that it is combined possibly as a glycoprotein, like that which Tamate (1951) claimed to have found in the inner
sheath.
The presence of glycogen in the fibre before keratinization provides a
possible source of the carbohydrate in the fully-formed fibre (Bolliger and
McDonald, 1949); this has usually been thought to be intercellular and to"
consist of substances trapped on keratinization.
Ryder (1957a) discussed the probable function of glycogen as a local store
of energy, that in the outer sheath to be passed to the papilla as glucose by
the blood-vessels of the follicle, and that in the fibre to provide energy for
reactions associated with keratinization. The results of the experiments in
which labelled glucose was injected threw some light on this problem. It
has already been stated (Ryder 1957a) that the radioactivity in the bulb was
likely to be glucose or a compound such as glucose-1 or 6-phosphate deposited
there directly (at any rate in the i-h sample) to provide energy for mitosis.
The radioactivity in the fibre could, in addition to this, have been due to
amino-acids (Black, Kleiber, and Baxter, 1955) or glycogen, although it is
unlikely that much amino-acid could be synthesized within an hour and in
none of the autoradiographic preparations was there a reaction for glycogen
in the fibre. The radioactivity in the outer sheath was only associated with a
positive reaction for glycogen and was almost certainly due to this. The peak
of radioactivity in the outer sheath after 8 h therefore suggests that the injected
glucose took several hours to be deposited there as glycogen. Although
sufficient glycogen is supposed to be deposited in the early stages of the
growth cycle of the mouse to provide for subsequent hair growth (Loewenthal
and Montagna, 1955), this shows that glycogen is still being deposited while
the hair is growing. After 8 h, however, the radioactivity declined at the same
speed as that in the rest of the follicle and there was no evidence that this
had been transferred to another part of the follicle. Some rough preparations
made of the liver in the first experiment suggested that there the peak of
activity occurred 24 h after injection.
With the lead-phosphate method for acid phosphatase one must beware of
inaccurate localization and false reactions such as that seen at the cut ends of
fibres. The azo-dye method, however, confirmed the reaction in the unkeratinized part of the fibre, and this agrees with the observations of previous
authors on other animals. The reaction in the upper part of the bulb found
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with the lead-phosphate method and by Moretti and Mescon (1956) was not
confirmed.
Braun-Falco (1957) discussed various possible functions of the acid
phosphatase in the fibre, but it is thought in the present study that an acid
phosphatase could be associated with the breakdown of the glycogen demonstrated in the same region of the fibre. Similarly with the alkaline phosphatase
one would expect the greatest concentration of the enzyme to be associated
with glycogen, so that the presence of an alkaline phosphatase in the outer
sheath would be reasonable. This could not be confirmed with the azo-dye
method; so the reaction with the calcium-cobalt method may be due to
diffusion from the surrounding vessels. The suggestion of Durward and Rudall
(1949) that the papilla reaction could merely be a reaction of the capillaries
is borne out by the present work. Hardy (1952) discussed the possibility that
the function of alkaline phosphatase was in the transport of substances. The
function of phosphatases in the glycogen cycle is to break down glucose-1phosphate and glucose-6-phosphate and it is possible that glucose can be in
this form in the blood (at any rate for the short distance from the outer sheath)
and that alkaline phosphatase releases glucose from these compounds in the
papilla. Braun-Falco (1957) has in fact found a specific glucose-6-phosphatase
in the papilla of the human hair follicle and the results of the injection
experiments in the present study suggest the presence of glucose in the bulb.
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