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There are several reasons why studies on earthworm cuticles are of particular 
interest. Firstly, there is the relationship of the annelid to the arthropod cuticle. These 
two types have fundamentally different molecular structures, the annelid cuticle being 
composed principally of a collagen-type fibrous protein 1, while the arthropod cuticle 
is composed of a polysaccharide, chitin, and a fl-protein, arthropodinZ A second interest 
is the problem of fibril orientation and layer formation in extracellular structures. The 
earthworm cuticle consists of a number of thin layers lying parallel to the surface, 
each layer being formed of fine parallel fibrils, with the fibril directions in alternate 
layers approximately at right angles 3. If the cuticle is removed as a complete tubular 
skin and split at one edge, it tears naturally parallel to one of the fibril directions, i.e., 
along a spiral course running at 45 ° for the entire length of the worm. This disposition 
of fibrils, directed in alternating spiral paths in successive fibril layers, recalls the 
structure of the plant cell wall*, and a similar structure is indicated in the surface of 
the mammalian sperm head 5. Like others 4, e we have been interested in the manner of 
formation of these spiral and layer structures, and the earthworm cuticle is particularly 
suitable material in which to study them. The cuticle is easy to remove, and it is possible 
to carry out surgical operations and other experimental procedures very readily. Other 
problems concern the actual nature of the cuticular collagen-type fibrils secreted by the 
columnar epidermal cells, for they differ markedly from connective tissue collagen 
fibrils. Furthermore, an extracellular structure such as the earthworm cuticle offers 
convenient facilities for studying the processes involved in the formation of individual 
fibrils. 

In the present paper we describe techniques which enable us to examine a whole 
series of levels in many types of structures. The methods do not involve extensive 
fragmentation or chemical degradation. They permit the study of delicate membranes 
and the interrelationship of units of structure over a wide area. They combine virtues 
of the procedures of both sectioning and microdissection. 

Technique 

The cuticle may- be obtained in a number of ways. From worms anaesthetised in 
chlorotone the fresh cuticle may be stripped off with forceps, in which case many  epi- 
thelial cells are also removed adhering to the cuticle. Cuticles may be obtained by 
blistering with liquid air or by macerating in saturated boric acid 7 or in 30-50 °o 
alcohol 3. If necessary, adhering epithelial cells may be removed by a short period of 
digestion in trypsin at 18 ° C. Cleaned cuticles are washed in water and spread out on 
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glass slides and allowed to dry; they decrease greatly in thickness but remain the same 
in surface area. 

In preparing specimens for the electron microscope we employ what we call the 
layer-stripping technique. This consists of lifting the edge of a dried cuticle from the 
glass surface and stripping it off. On the glass surface there remains the lowest layer 
and often one or more of the superposed layers. We have applied a layer of collodion and 
lifted collodion plus specimen from the glass by wetting in water. This forms admirable 
material for examination by transmission in the electron microscope, and it can be 
'stained' with heavy metal compounds. 

Rather more interesting have been results using metal-shadowing s. In this case 
the stripped layer on the glass surface is first shadowed at a small angle with gold 
before applying the collodion. The slide is then placed first in pepsin and afterwards in 
trypsin digestion fluids, and the protein material is thus removed. The collodion film 
plus gold floats free, giving a shadow-cast replica of the fibril layer. This process, which 
has many applications, we refer to as the layer-digestion procedure. 

In the following account of the structure of the earthworm cuticle we present 
information on three main topics: a) the structure of the 'middle' layers of the cuticle; 
b) the process of fibril formation; c) the remarkable corpuscular layer on the external 
surface. While a number of earthworms have been used, that found most convenient 
was Allolobophora longa, and most of the pictures illustrated here refer to this worm. 
All preparations were examined in the R.C.A. Type B instrument, using a 45 kV electron 
beam. 

The /ormed/ ibr i l  layers 

Between the single external layer of corpuscles and the epithelial cells there are many 
layers of fibrils, all of which may be described as 'fully formed' except for the lowermost 
two or three in contact with the epithelial cells. In describing these layers we neglect 
for the present the pore canals which cause the fibril directions to be diverted from their 
regular parallel course. Similarly, we neglect phenomena associated with intersegmental 
sutures which have been occasionally observed in the present work. Fibril layers pre- 
pared by the layer-stripping, metal-shadowing, and layer-digestion techniques appear 
as in Figs. I and 2. The pictures are of nearly related regions of the same cuticle which 
was raised in 50 % alcohol but otherwise untreated. In Fig. I we see an average middle 
layer where many of its constituent fibrils, f, have been torn out adhering to the cleaved 
layer above. Fibrils not torn out can be recognised at F. All the fibrils appear to be bound 
together by a cementing material, and ridges of this matrix are seen at r, marking the 
form and direction of the fibrils in the next layer above. The pronounced ridges at R 
appear to be composed of the periphery of fibrils cemented together. Fig. I represents 
a very common appearance of the formed fibril layers that provides information about 
the size and direction of the fibrils and the presence of a matrix. 

In a few cases, probably where washing-out of the matrix was promoted by an 
edge position, details of the fibril surfaces are revealed. Characteristic features are axes 
within the fibrils making a small angle with the main longitudinal axis. The angles vary 
but are of the order of 20 °. The apparent microfibrils which lie parallel to these axes are 
200-300 A wide. The presence of these oblique axes in fibrils has been found frequently 
in material lightly treated with trypsin. The more prolonged action of trypsin on the 
lower surface of the cuticle results in the removal of all cell residues and also the fibril 
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Fig. I. (Top). Middle layers of earthworn~ cuticle 
Fig. 2. (Bottom). Middle layers of ea r thworm cuticle with mat r ix  removed 
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Fig. 3. Lower surface of carthwt)rm cuticle treated with tryps in  
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Fig. 4" (Top). Lowest  layer  of e a r t h w o r m  cuticle 
Fig. 5. (Bottom).  E a r t h w o r m  cuticle.  Lowes t  layer  with the  n e x t  two superposed  layers .  
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l:ig. ~. (Top). lncomplcte  deve lopment  of fibrils in l¢~w(r l¢~ycr ¢~1 c~lrthworm cHticl¢~ 
Fig. 7. (Bottom). P~,riphery ¢~f the end face of ~H1 epithelial cell with loxv¢,st lay~,r of the cuticle ,~tta~'hed 
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layers which are in process of formation. A typical picture of the lower surface of the 
cuticle after t reatment in trypsin at PH 8.6 for 2 hours at room temperature is shown 
in Fig. 3. The matrix between the fibrils has been removed and the surfaces of the fibrils 
have been etched and show a markedly rough or granular appearance. The superficial 
fibrils in Fig. 3 appear narrower and more separated than the next layer of fibrils below. 
The superficial layer is nearer the epithelial cells and the presence in it of narrower 
fibrils is in agreement with the results of the following section (cf. Yig. 5). 

The designation of the fibrils as collagen-type is based on their wide-angle X-ray 
diffraction pattern, which is indistinguishable from that of gelatin and connective tissue 
collagens. However, cuticle collagen fibres show no sign of the cross banded structure 
studied by SCHMITT, HALL A~D JAKUS 9 and by WOLPERS 1° in a wide range of collagen 
fibres. Cuticle collagen differs from mammalian collagen in its lesser stability in hot water. 
Cuticles shrink and dissolve in water between 40-5 °o C, yielding a solution which does 
not gel on cooling. The cuticle is also attacked fairly readily by trypsin. In these respects 
cuticle collagen resembles the dermal collagen of teleosts as described by GUSTAVSSON 11, 
and it will be of interest to compare the two forms in the electron microscope. 

The process o/ fibril [ormation 

We have not found any description of the manner of growth of the earthworm 
cuticle. I t  is easy to demonstrate that  the cuticle will regenerate after removal, and 
electron microscope studies of the actively growing cuticle could be made on areas 
known to be regenerating. Here we present information on the fibril layers next to 
the epithelial cells as taken from normal adult worms in early summer, and it is to be 
presumed that  the data correspond to growth stages in the formation of the fibril layers. 

In the case of Figs. 4 and 5 the cuticle was untreated and stripped from an anaes- 
thetised worm. The lower layers in contact with the epithelial cells were obtained by 
layer-stripping, and the casts were prepared by gold-shadowing and layer-digestion. 
Fig. 4 shows the lowest layer of the cuticle so far recognised. I t  has the appearance of 
a membrane with well-defined parallel ridges (R) running across it, the ridges being 
markedly granular or corpuscular. At places there are fibre-like elements running at 
right angles to the ridges on the membrane. These fibrils are larger and more continuous 
at A than at B. In Fig. 5 we see a nearly related part  of the same preparation but with 
several fibril layers superpose& The lowest membrane with ridges R is recognisable, 
while there is also the first fibril layer with larger fibres A and smaller fibres B running 
at right angles to the ridges R. A second fibril layer C has larger constituent fibrils, and 
these run at right angles to the fibrils A and B but parallel to the ridges R. As far as can 
be judged, the fibre layer C may be described as fully-formed. The mere recognition of 
these stages is important;  they can be examined in more detail in further studies. They 
suggest that  the cuticle layers develop from the ridged membranous layer by the for- 
mation of small fibrils which increase in size, the organisation of material into fibrils 
being extracellular. 

Another appearance of one of the lower layers is shown in Fig. 6. This was obtained 
from cuticle raised in 50 % alcohol. I t  shows well the phenomenon of fibres resting on 
a ridged membrane, and in one region the fibres appear to 'fade out '  into the membrane. 
I t  is possible that  this 'fade out'  may represent the fibrils in process of development; or 
it may indicate that  fibril formation is failing at this region and may never be completed. 
The clumps of particles on the fibre layer are often present where cuticles have been 
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raised in alcohol; they probably represent broken-down and precipitated elements of 
the lower layers of the cuticle. 

The lowest layers of the cuticle and their relation to the epidermal cells are illus- 
trated in Fig. 7- Fresh cuticle with adhering epithelial cells was fixed in 5 °o formaldehyde 
and prepared by the layer-stripping, gold-shadowing and layer-digestion procedures. 
The picture shows the periphery of the end face of a columnar epithelial cell, the end 
face being 25 /x in diameter. At the region C the lowest layer of the cuticle is torn away, 
thus revealing the texture of the cell surface or perhaps even a level slightly within the 
cell boundary. We are here approaching nearer the solution of the phenomena of fibre 
formation and orientation which seem to occur at the cell surface. The suggestion that 
the cuticle is formed by trans/orrnatio~z of the cell surface 3 is not supported by the 
presence of any trace of cell outlines in the layers of the cuticle. It seems more likely 
that it is formed by secretion from the cell surface. The orientation may then be controlled 
by intrinsic orientation in the cell surface, as suggested by PRESTON 4 for the mechanism 
of cellulose fibre orientation in plant cell walls; or orientation may be due to molecular 
forces involved in the crystallisation of the fibres. 

The superficial layer o~ corpuscles 

If an area of cuticle is dried on a glass plate with its external surface uppermost, a 
gold shadow-cast of this outer surface can be obtained by the layer-digestion procedure. 
A typical picture of the external surface is shown in Fig. 8. It is remarkable for the 
presence of discrete and evenly distributed corpuscles which are often grouped in regular 
arrays, sometimes hexagonal and sometimes nearly cubic. The particles obviously vary 
in size, the larger being about 600 A in diameter. Surface particles of this nature have 
been found in all earthworms so far examined. Generally they cover the surface of the 
cuticle continuously as in Fig. 8, but on rare occasions an area of the surface some 
IO-2O/x in diameter will be without the layer of corpuscles, the fibrils of the main cuticle 
layers themselves being at the surface. The particles are not washed away in water or 
alcohol, nor are they removed by digestion for several hours in trypsin at room temper- 
ature. Between the corpuscles there appears to be a continuous membrane. The layer 
stripping procedure can be applied with sufficient success to isolate the superficial 
membrane with its corpuscles. Thus we can examine the membrane also from below, 
with the result shown in Fig. 9. At A we see the outer fibril layers of the cuticle, while 
at B is the underneath surface of the corpuscle layer a rough surface which may be 
interpreted as a series of 'tails' or 'leaflets' attaching the corpuscle layer to the fibril 
layers. The interesting point at the moment is that we can examine both surfaces of a 
delicate membrane by means of layer-stripping. Equally it should be possible to examine 
the outer surface of the fibril layer when the corpuscle layer has been stripped away. 

More information concerning the corpuscles was obtained by stripping off the layer 
and examining it directly without metal-shadowing or staining (Fig. IO). They are seen 
to vary in size and to be considerably opaque. Most remarkable are the obvious tail 
attachments which closely resemble those of the tailed bacteriophages 12. Such tails may 
be a natural feature of the external corpuscles, or the tails plus the rough appearance 
of the under surface of the corpuscle layer (Fig. 9) may result simply from the tearing- 
away of the corpuscles from the fibril layers. We began this paper by stating our interest 
in the comparison of annelid and arthropod cuticles. The corpuscles which have been 
observed in the tracheal intima of the honey bee and cockroach 13, though less regularly 
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Fig. 8. The  layer  of  corpuscles  on the  ex t e rna l  surface  of the  ea r t hworm cuticle 
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Fig. 9. (Top). U n d e r n e a t h  surface of the  ex te rna l  corpuscle layer  of tile ear thwornl  cuticle 
Fig. io.  (Bot tom).  Corpuscles from the  ex te rna l  surface of the  e a r t h w o r m  cuticle showing the " t a i l s "  
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arranged, are often of a similar size, and a possible counterpart of the 'tails' is present 
in the form of fine interconnecting fibrils. 

Tests for the presence of nucleic acids in the surface corpuscles are being made to 
see if the latter may be definitely related to viruses and bacteriophages. Other studies 
in progress have to do with the replacement of the corpuscles when they are removed. 
From this group of studies it is already known that, after removal of the cuticle, the 
thin new cuticle regenerated for a period of 3o days has a complete covering of corpuscles 
on its surface. 

At various points in this work a number of new experiments are required in order 
to reach more satisfactory interpretations of the many phenomena revealed by the 
layer-stripping and layer-digestion techniques. 

We wish to thank Prof. W. T. ASTBURY for his helpful interest and Mr A. MILLARD 
for skilful assistance with the photographic work. 

S U M M A R Y  

I. The  t echn iques  of l aye r - s t r ipp ing  and  layer -d iges t ion  are  described.  T h e y  make  possible 
the  s t u d y  of m a n y  different  levels in a biological s t ruc tu re .  The  o rgan i sa t ion  in bo th  surfaces  of ve ry  
t h in  m e m b r a n e s  can  be examined .  

2. These  m e t h o d s  a re  appl ied  in a s t u d y  of the  e a r t h w o r m  cuticle,  which  is seen to consis t  of 
paral le l  layers  of fibrils e mbedded  in a m a t r i x .  The  fibrils a re  composed  of a col lagen- type f ibrous 
protein,  b u t  t h e y  are  no t  banded  as a re  connec t ive  t i ssue  collagen fibrils. 

3. By  ob ta in ing  in an  u n d i s t u r b e d  s t a t e  those  fibril l ayers  i m m e d i a t e l y  a d j a c e n t  to the  epi- 
the l ia l  cells, we have  been able  to resolve some of the  factors  involved in the  g rowth  and  o r i en ta t ion  
of the  fibrils. The  re la t ion  of the  lowest  cuticle layer  to the  epi thel ia l  cells is descr ibed.  

4. The  ex te rna l  surface  of e a r t h w o r m s  is covered by  discrete,  even ly  d i s t r ibu ted ,  and  o f ten  
r egu l a r l y  a r r a n g e d  corpuscles.  W h e n  isolated these  corpuscles  show d i s t inc t  ' ta i ls ' .  In  the i r  size and  
in t he  possess ion of these  ' ta i ls '  t he  surface  corpuscles  resemble  cer ta in  bacter iophages .  

R ~ S U ~  

I. Descr ip t ion  des t echn iques  d ' e n l ~ v e m e n t  e t  de d iges t ion  des couches.  Ces t e chn iques  r e n d e n t  
possible l '~tude de n o m b r e u x  n i v e a u x  dans  les s t r u c t u r e s  biologiques.  Elles p e r m e t t e n t  d ' e x a m i n e r  
l ' o rgan i sa t ion  des d e u x  surfaces  de m e m b r a n e s  tr~s minces .  

2. Ces m6thodes  son t  appl iqu6es  ~ l '6 tude de la cut icule  du ver  de terre ,  cut icule  qui  a p p a r a i t  
cons is ter  en  couches  parall~les de fibrilles enrob6es dans  une  gaine.  Les  fibrilles son t  cons t i tu6es  pa r  
une  prot6ine  fibreuse du type  collag6ne, mais  ne son t  pas  organis6es  c o m m e  le son t  les fibrilles de 
collag~ne du  t i ssu  conjonct i f .  

3. L ' ob t en t ion ,  s ans  modif icat ion de leur  6tat,  de ces couches  de fibrilles i m m 6 d i a t e m e n t  
ad j acen te s  a u x  cellules 6pith61iales, a permis  de m e t t r e  en 6vidence que lques -uns  des  fac teurs  impl i -  
qu6s dans  la croissance e t  l ' o r i en ta t ion  des  fibrilles. Les  a u t e u r s  d6cr ivent  la re la t ion  e x i s t a n t  en t r e  
la couche  inf6rieure de la cut icule e t  les cellules 6pith61iales. 

4. La surface  ex t6r ieure  des  vers  de ter re  est  couver te  de corpuscules  diff6renci6s, rdgu l i6 rement  
r6par t i s  e t  d o n n a n t  lieu s o u v e n t  ~ des a r r a n g e m e n t s  r6guliers.  Une  lois isol6s, ces corpuscules  m o n t r e n t  
des  " q u e u e s "  dis t inctes .  Par  leur  taille e t  pa r  la pr6sence de ces "queues " ,  ces corpuscules  de surface  
r appe l l en t  cer ta ins  bactdr iophages .  

Z U S A M M E N F A S S U N G  

I. Die M e t h o d e n  der  Sch ich tabs t r e i fung  und  S ch i ch t ve r zeh rung  werden  beschr ieben.  Sie e rm6g-  
l ichen die U n t e r s u c h u n g  vieler versch iedener  N iveaus  in einer  biologischen S t ruk tu r .  Die Organ i sa t ion  
in  be iden Oberfl~ichen seh r  d i inner  5 I e m b r a n e n  k a n n  u n t e r s u c h t  werden .  

2. O b e n g e n a n n t e  M e t h o d e n  werden  in einer  U n t e r s u c h u n g  des R e g e n w u r m h / i u t c h e n s  ange-  
wand t ,  das, wie dabei  fes tgeste l l t  wurde,  aus  para l le len  Schich ten  von  Fibril len, die in einer  Matr ize  
e i n g e b e t t e t  sind, bes teh t .  Die Fibr i l len s ind  aus  e inem kol lagenar t igen  Fasereiweiss  zu sammenges t e l l t ,  
sic weisen abe t  keine Quers t r e i fung  au f  wie die Kollagenfibr i l len des  Bindegewebes .  
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3. l )adurch,  class wir d ie jen igcn  I¢il)rillenschichten, die sich u n m i t t e l b a r  an die l ' ;pi lhelzellcn 
anschliessen,  in unver /h lde r tem Zus tand  erhie l ten,  war  es uns m6glich, einige der l : ak toren ,  die bci 
dem Wachsen  und der  O r i e n t i e r u n g  der  F ib r i l l en  yon l~edeutung sind, zu c rmi t t c ln ,  l)it, Hcziehung 
der  n i ed r igs t en  H~tutchenschicht  zu den Epi the lze l len  wird besc]lriellen. 

4. Die itussere Oberfl/iche der Regenwi i rmer  is t  x'()n d i skre ten ,  gleichem~issig xcr tc i l ten ,  und oft  
regelm/iss ig  angeo rdne t en  K6rpe rchen  bedeckt .  Bei Isol icrung zeigen diese Iq6rpcrchen deut l iche  
"Schw/inze".  Was  ihre  ( ;r6sse und den Hesitz diescr  "SchwSnze"  betr i l t t ,  ~ihneln die ()bvrflfichen- 
k6rpe rchen  gewissen Bak te r iophagen .  
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