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The relative :.mpqt'tanoe of the appendages and the epidernu.s in the
passage of chemicals into the skin has been debated for many years (1 s 2).
Gonclusions on the relative impartance .of the epidermis and the pilose-
baceous apparatus have been based principally on the histologieal
localisation of the penetrant (3, 4), but such observations show mly the
concentration in the tissue and mot the rate at which the penetrant. diffuses
through it, Only direot measurements of the penetration rates thrcugh esch
of the two structures separately would determine their relative impo:'tanco,
and this has been attempted in the present experiments. o .
METHODS

A young pig was anaesthetised with dial and urethane and the ventral
part of one flank was clipped and washed. Three to five oirocular areas,

“each 1™ in diameter, were marked out on the skin in a pattern correspmding
to the holes in a metal plate (Figel): ' _drops of P32-labelled VX
(20-40 1C/g) dyed blue with an anthraquin Grasal blue 18) were applied
to these skin areas with a fine pointer, 20~30 drops on each area; the drops
were plaoced either over heir follicles or on the epidermis between them
(Figs2)s The epidermally applied drops usually spread to oovor a few hair
follicles while drops deliberately placed on follicles spread to a small
extent over the adjoining epidermis (Fig.2), the mmber of hair follioles
oovered by blue dye was counted at the end of the experiment,

The skin areas were covered with mica under the plate, sealed to the
skin with adhesive tape and eash area in turn was.exposed to a Geiger
counter., These measuremsnts were continued for 5-6 hourss The regression
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~.equation.of .counting rate (radioactivity) with time (Fig.3) was oa]culated,

and the penetration rate per unit mass of VX applied was derived from the

" formilag

: Mhnetrationf rats Decrease in counting rate per unit time = d4c/at
‘ %

- (&/min/z applied) ~ Original counting rate

This experimental method has already been descrlbed and  its validity
dlscussed(S). o ,

At the end of the exper:.ment an autoradlograph of the VX in each
area was taken by pressing an X~ray film into contact with the mica
covering it. Autaradiographs were also taken of VX P32-saturated filter
paper discs of known diameter, and the width of the halo produced by the
long-range f-particles from the P32 measured; this was found to be 0,08mm,
The area of skin covered by each drop of VX was taken as that of the
autoradiograph less that of the halo. A photograph of each skin area was
aocurateiy superimposed on the carresponding autoradiograph; thus the
numbsr of hair follicles covered by F32 at the end of the experiment could
be counted. Finally each skin area was dissected out, digested in nitrie
acid and its P32 ocontent determined. From this and from the observed

. penetiration rate the total VX which had been ap;plled to the area was

caloulated,

The average length and dismeter of the hair follicles in the ventral
part of the flank waré measured, Similar measurements were made on skin

- from verious other species, and the number of hairs per unit arca of skin
surface in each was counted using a disseoting microscopé, From these
-measurements the total fol icu‘.lar epithellal area per uhit of skin surface

was calculated,
RESULES
1. Penetration and the hair follicles .
A few foll:lclas were always covered éven by the most careful epldermal

application (Table 1), Many mare follicles were filled, however, when the
drops were deliberate]y applied over them (Table 2,a).

TABIE1

Hair follicles filled with VX after épidermal- application ,
. As. indicated byi ) |
aye 246/ cxpe aven
P32 o , 2.4/ exp, srea |

Bach value is the mean of 9 observations
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LBIs 2
The_results of epidermal (E) and follicular (F) application of VX

4y Number of hair foll- |B. Penetration rate | Cs Penetration rate
icles filled with VX of VX (g/min x 10-9) r unit area
' " © | per exp, srea : ?e‘g/m:'m/cm2 x 10“‘9)
E F E Fo E F
8.0 1940 20 22 62 8
2,7 | 18,0 17 | 22 | 63 | 16
W7 | 19,5 0 | B 5 |
145 1945 10 16 30 67
5 | 25 12 13 | 30 38
005 21 ' 6 , l‘. . X ’ -
Meana™3 4 20 15 19 49. 80
Difference™ 15,6 | . 3e2 ‘ .
%% confidence 13,6-17.6 0u 5569 - 1745
limits

Bach value is the mean far a single experiment, derived from 1-3
iskin areas, N

¥Phe mean and difference. values were obtained statistically as
explained in the appendix and theréfore do not correspond exactly with
Ehe values in the {gble. o -

Although the penotration rate was slightly greater with the follicular
than with the epidermal application (Table 2B8)this difference was only a

pmall fraction of whal it would have been if the rate had been propartional -

to the muiber of hairs filled with VX (Fig.4); the hair follicles, therefore,
were not the most impartant route of penetration,

Nevertheless,. the hair follicles did have a definite effect on the
penetration rate. Although follicular application produced only a slightly
greater overall penotration rate than epidermal application (Table 2p) the
penstration rate per unit area of skin covered by VX was much increased

T, TR
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(Table 2,L)e This showsd that the ha:Lr follicles were conszderably mere
permeable than epidermis, area for area,

2 Ihe re;qtive penetrability of hair follicles and epidermis

Since VX appeared to. penetrate through both these routes tbe.' following
fonmla was appla.edz . .

‘ npf + Ape = R o-or-oo0‘000.-0'brtooo.tl.iliﬂ“'.'(1‘)'

where n

number of hair follicles filled with VX
" A = area of epidermis covered with VX (mm2)
pr = Dpenetration rate per follicle (g/min/Follicle)
‘ P, = ponetration rate per un:.t area of epidernis (g/mirn/mm?)
R = overall penetration rate (g/_min)

From this farmila, and using the statistical technique described in
Appendlx B, values of the ratio pf/p were obtained from each experiment
in turn (Table' 3); the range of the mean shows that a ha:.r follicle
could have been eguivalent to anything between 2/3 and 35 m2 of epidermis,

TABLE

The ratio of the penetration rate per hair follicle and
per sqeimmn- of epidermis

Experiment ‘ Pf/.Pe (ma)
4 2,05
2 3458
3 1.21
L 105
‘ 5 066
Geometric mean » - Aeb3
%% confidence limits 0,63 =~ 3425

These figures were obtained by a statistical method
- desaribed in Appendix B,
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Histological measurement sgowed that the cross—sectional area of a
hair follicle (aq) Was 0,019 mn%; it follows that the follicles wers
oonslderably more pemea'ble than an equivalent area of ep:i.dermiss

Follicular nentration/urdt cross-sect, area = 1 Apf :
Epidernnl pene‘hratlon/unit area . < P

= 75 (Range 331 70)

On the other hand the mean ep:.thellal arca inside a hair foZL‘L:Lcle
) was muach greater, 1.05 mmz, so that the penetration per unit
epithellal area within the follicle did not s:Lgn:Lf:.cantly differ from
. that of the epidermiss

Follicular jgenetrat:on/umt eplthela.al area = 4

Pp
Ep:.derma.l. penetrat:.on/unit arca . = Ei
’ 2 ®

= 1. (Range 0,6~3.2)

3« Ihe arca of intra~follicular epithelium in different species

The cross-sectional area of the follicles was calculated from theix
mean diameter and the area of the epithelial lining was calculated from
their diameter and length, on the assumption that they were appro:amate]y
oylindrical. FProm these values and the number of hairs per unit surface
area, the total areas of skin surface taken up by the follicles (M) and
of stratified epithelium lining (2 ) were determineds In Lairy animals
there was considerably mare epithelium below the skin surface than upon
it, although only a small fraction of the visible surface was taken up by
hairs (Table 4). o o o o ,

R

TABLE L

~ Praction of skin surface oovered by hair folllclas £A1) and ep:.thelial
area within follicles per unit skin area (42): (om%/om

Species & site A, A,
Man, dorsal forearm 0.0015 . .0.0‘i
‘Pig, lower flank B 0,002, | 0a13
Rat, belly' S 0,04 . ¥ 203 :
Rabbit, back 018 | 0.
SECRET




DISCUSSTON

The present experlments were designed to find out whether penetration
is chiefly through hair follicles or through epidermis. Del:.berate effqrts
were made ‘to encourage follicular passage, but there was only a slight
inorease in penctration when the number of hair follicles coverecd was
inoreased by a factor of five ar mare (Fig. 4); in these experiments,
therefare, only a small fraction of the penetrant passed through the
follic les, - However, when the penetration was expressed in terms of the .
area of skin covered the hair follicles in the pig were found to be 30-160
~ times as permesble as an equivalent area of epidermis, L
When a large drop is applied it covers both hair foll:.cles and .
epidermis, so that the fraction of skin penetration which ocours via the
hair follicles can be calculated from the total oross-sectional area of’
follicles per unit area of skin (4,)s On the assumption that the memn
of 75 found in the pig for the ratio of f‘olllcular to epidermal penetrability
holds in other species this fraction is given by ‘the expressions

t

54
1+ Thdy

From this the values in Table 5 (Co1. A) have been caloulated; although
these are only approximte they demonstrate the relative ummpcrtame of
the hanr follic]es in man and their g;ueater importenes in the ha:ny ‘animals,

[ AAERE RN E RS ENRENE J & XN J (2)

TABIE

Fraot:l.on of total penetration which passes through the hair fdllicles,
calculated from equations 2 (Colwmn A) and 3 (Colum B) A

Species & Site . Follicular penefratio’n

A B

ﬁan, darsal forearm | o 011 0.05
Pig, lower flank , 015 042 ’
_ Rat, belly o 0.58 070 | .

Rabbit, back : { 0476 , 0,92

There are two possible routes of penetration in the follisle, the
sebaceous glands and the stratified epithelium lining the hair shaft.
Although fat-soluble penetrants have been observed within the sebaceous
glands (3,6) it seoms unlikely that much passes fram them into the
oirculation, for such substances would be prefarenttally absorbed by the
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gland cells, The results reparted here show that when the epithelial
lining of the follicles is considered the penetration per unit area is
approximately the same as that for the epithelium on the skin surface;
in other words, if the sebaccous gland penetration is negligible all
stratified epithelium, whether inside or outside the follicles; appears -
to have the same penetrability. R

On this basis the fraction .of the penetrant which penetrates via the
hair follicles mey be oalculated fram the srea of epithelium lindng the
follioles {A,) from ths expression : - » S

Intrafollioular .ep;'Lthelialféive:a" 2 B Cveesirvsessesees (3) .
Total epithelial area ° 1 +4p '

The ‘values calculated bhis vay ave also shown ih Teble 5, and do not-
differ murkedly from those calculated by the first me'thod, ;

In man another possible route is penetration through the sweat glands.:
Palmar skin Has been found to be considerably less penetrable than that of
other regions (6,7,8), albthough the sweat glands are several times as .
numerous bhere as oa the arm, thigh ar trunk (9). If the amount of penetra-
tion per gland is calculated on the assumption that all the palmar peneira-
tion is by this route, it would only account for a small fraction of the
higher rate of penetration with lower gland density found elsewhere.
Penetration via the sweat glands is therefare unlikely to be impartant in
regions other than the palms and soles.

If the sweat and sebaceous glands are unimportant and all the
epithelium has the same penetrability, it is correct to express the
penetration of skin in temms of the total epithelial area rather than
the skin surfece area. - When the figures previously obtained far VX are
compared in this way they all lie within a camparatively narrow range
(Table 6), which suggests that all stratified epithelia present comparable
barriers to penetration. ‘ ' ’

TABIE 6

Peretration of VX expressed per unit area of skin surface (A) o
per unit area of the Gotal epithelial surface (8)

S
3 e it

Species Penetration rate (&/ cu/min x 10“6)

. ~ - ' —
Man, back Ouks7 Oc
Fig, flank 0.78 0e69
Rat, belly 2,573 00 7~201
Rabbit, back Lo 036

;,..
e

Tre vaTuos In column A Were taken from rof.10 & the cpithelial areas from

Table 4. ,
‘ 1
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Thaver et al (11,12) showed that insensible water loss was similar in dogs:
and men. Since it is unlikely that muich water would be lost from the :
interior of the follicles, because of their réstricted openings, insens:.ble
water loss probebly takes place from the surface epithelium and Thauer's
obgerva*tons indicate that the epithelia of dogs and men are equal'ly
permeable to water, It might be argued that the large range in- thlckness .
of the opithelium in differsnt species makes an invariant barrier unlikely,
but the stratum granulosum in vhich region the barrieris generally believed
to lie (13) appears to be much.less var:.able in thickmess than other -layers
of the epidermis; it was found to be 13 A thick in rabbits and 2 M thick -
in pigs. A mathematical treatment of the  barrier (14) also indicated that
its thickness varied little between specles.
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STATISTICAL APPENDIX TO P,T.P,726
A, Caloulation of _the average va]ues and differences between £Xoups

The analys1s was performed on the or:.g:.nal observations , not -on the
averages per experiment which are showm, for'convenience, in the texte -
The means of the epidermal (E) snd follicular (¥) groups were found in the
usual manner and the differences were calculated by taking all c¢ombinations
of F-E within each experiment. An extract from the caloulation of the
difference between the number of follicles (n) covered with VX is given
belows

- Experiment | ng Dy .“F - 'm
1 14 7 7
19 9 12
2% 7
15
10
15

The values of np = np thus obtained from the whole set of experiments

were averaged; their internal wariance was found and the 5% confidence
limits for the mean calculated from it by means of a t-test., The same
procedure was used for the penetration rate and penetratmon rate per unit
area calculations,

B, , Fit'bigg to an equation

Bquation 1 (Results s section 3) iz a simple addition of the two routes
of penetration:

npf + Ape =R esee00e0EOIIPRARIOIOIGIIOIOOPIRTS (1)

PFor convenience in handling both sides were divided by Rpe a Rpp, to
reduce the equation to the standard farm y = mx + o 3

A A/R = -r(pi/pe).D/R + 1/pe scepeseteverstsescsvaneg (2)
"D/R = w(ppr)qA,"R + 1/pf sonsPeOPOsene 060‘00,0'090 [PRY] (3)

SECRET
10,
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From the observed values of n, A and R in each experiment 3-5 sets of
values (n/R) and (4/R) were cbtained, The regressions (a) of A/R on'n/R
and (b) of /R on A/R were oalculated, and the square root of the ratio of
the rcgression constant for (a) (pf/p ) to that for (b) (py/py) was
obtained; the twe constants were o’ombgned with equal weight bscause n/R
and A/R were known to contain comparsble degrees of errors’ .
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FIG,1l. Metal reatraining plate over pig flank skin,
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i
] .4
¥

e g
L. ;
L _J
1 cm, 5X.
FIG.2. Dyed VX spots placed on ( F ) or between ( E ) the hair follicles.
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