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ABSTRACT

The freeze-fracture replication technique was used to 
investigate the internal membrane structure in peripheral 
nerve in human diabetes mellitus and experimental protein 
deprivation. Qualitative and quantitative observations were 
made on the perineurium and the nerve fibres (axolemma and 
myelin).

The perineurium in the normal human and rat sural 
nerve showed a wide range of P-face i*t ►•membranous particle 
(IMP) density, and considerable differences in the density 
of P-face IMPs between different perineurial lamellae. In 
the human diabetic perineurium, some of the tight junctions 
showed an abnormal organization, with bulge-like 
distortions in the junctional membrane and areas with 
fragmented and disarranged junctional components. There was 
also a significant reduction in the median density of P- 
face IMPs. Some of the perineurial tight junctions in older 
protein deprived rats showed focal regions of dispersed 
junctional components, and there was a significant increase 
in the median density of caveolae.

The observations on the P-face IMPs in the 
perineurium suggest that different degrees of 
differentiation occur in the perineurial lamellae. The 
results also indicate that some, or all, of the perineurial 
cells may have structurally polarized membranes. The 
disorganized perineurial tight junctions in the diabetic 
human sural nerve may reflect a defect in the barrier 
function of this tissue. Some of the alterations resemble
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changes that have been produced experimentally in 
epithelial tight junctions by osmotic damage. It is 
considered, therefore, that similar mechanisms may have 
altered the perineurial tight junctions in human diabetes. 
The abnormal focal regions in the perineurial tight 
junctions in the older protein deprived rats may be 
responsible for the permeability defect in this tissue in 
malnutrition. The increase in the density of perineurial 
caveolae in the older protein deprived rats may indicate 
that the vesicles have a transport function, and that they 
are also capable of influencing the barrier function of the 
perineurium.
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29: Survey electronmicrograph showing the position 
of the abnormal tight junction shown in Fig. 27A 
relative to the endoneurium. The tight junction (TJ) 
is located in the perineurium (Pn) on the right of 
the micrograph. The remainder of the micrograph 
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collagen (Co) and an outer Schwann cell surface (OS). 
9,300 X. Bar = 2.5pm.
The insert shows part of the perineurial cell which 
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insert, this perineurial cell directly faces the 
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On the P-face the gap junction is represented by an 
aggregate of IMPs. 288,000 X.
34A,B: Histograms showing the density of caveolae 
openings (Caveolae/pm ) plotted against frequency 
(No. of areas) for:
A. Normal human perineurium.
B. Diabetic human perineurium.
35A,B: Histograms showing the density of P-face IMPs 
(IMPs/pm2) plotted against frequency (No. of areas) 
for:
A. Normal human perineurium.
B. Diabetic human perineurium.
36: Thin section electronmicrograph of a myelinated 
nerve fibre (T.S.) in normal human sural nerve. The 
nucleus (N) of the Schwann cell is shown. Compact 
myelin (My) surrounds the axolemma (A). Ax: axoplasm. 
14,900 X.
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37: Freeze-fracture electronmicrograph of a 
myelinated nerve fibre in normal human sural nerve.
The nerve fibre is shown in cross-fracture. The 
outer Schwann cell membrane (OS), compact myelin 
(My) and axoplasm (Ax) are visible. Collagen fibrils 
(Co) are present in the endoneurium. 89,200 X.
38: Survey electronmicrograph of a myelinated nerve 
fibre in normal human sural nerve showing the P-face 
of the outer Schwann cell membrane. The location of 
underlying Schwann cell cytoplasm is indicated by 
concave bulges (Cy). These regions also show 
numerous caveolae (Ca). Collagen fibrils (Co) are 
observed in the extracellular space. 19,400 X.
39: Survey electronmicrograph of a myelinated nerve 
fibre in normal human sural nerve showing the E-face 
of the outer Schwann cell membrane. The position of 
the Schwann cell cytoplasm is shown by convex 
distortions (Cy). Caveolae (Ca) are observed in 
these regions. Co: collagen fibrils. 17,500 X.
40: Electronmicrograph of a myelinated nerve fibre 
in normal human sural nerve showing the P-face of 
the outer Schwann cell membrane. The outer mesaxon 
(OMx) is shown as a small furrow in the fracture 
face. Ca: caveolae. Cy: bulges in the fracture face 
caused by underlying cytoplasm. 20,400 X.
41: High magnification electronmicrograph of a 
myelinated nerve fibre in normal human sural nerve 
showing the P-face of the outer Schwann cell 
membrane. A tight junction (TJ) is associated with 
the outer mesaxon (OMx). Caveolae (Ca) are represented 
by circular indentations. Numerous IMPs are evident.
50,800 X.
42: Electronmicrograph of an oblique fracture in a 
myelinated nerve fibre in normal human sural nerve. 
Cross-fractured myelin (My) and the P-fracture face 
of myelin are visible. OS: outer Schwann cell 
membrane. Co: collagen fibrils. 33,800 X.
43: Electronmicrograph of an oblique fracture of 
myelin in a normal human nerve fibre. The P-fracture 
face of myelin is exposed, and cross-fractured 
myelin (My). The curvature of the myelin sheath is 
evident in the P-face. OS: outer Schwann cell 
membrane. 38,100 X.
44A: High magnification electronmicrograph of an 
oblique fracture of compact myelin in a normal human 
nerve fibre. The cross-fractured myelin membrane is 
exposed as alternate steps, consisting of a large 
step (single arrowhead) and a small step (double 
arrowheads). 173,600 X.
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44B: Diagram to show fractured myelin faces. The 
large step contains the intramyelinic extracellular 
space (ECS); and the small step contains the 
cytoplasmic component (CC). Adapted from Stolinski 
and Breathnach (1982).
45A,B: High magnification electronmicrographs of 
myelin P-fracture faces in normal human nerve 
fibres.
A: Globular-like IMPs (G) and rod-like IMPs (R) are 
visible. 216,000 X.
B: Globular-like IMPs (G) are visible. Rod-like IMPs 
are absent. 216,000 X.
46: High magnification electronmicrograph of myelin 
E-fracture face in a normal human nerve fibre 
showing globular-like IMPs (G). 216,000 X.
47: Electronmicrograph of a cross-fractured Schmidt- 
Lanterman cleft (*) in a normal human myelinated 
nerve fibre. Pockets of cytoplasm (Cy) are exposed 
in the compact myelin (My). A small area of the 
axolemmal P-face (AP) is exposed. The axoplasm (Ax) 
contains numerous neurofilaments (NF). 53,600 X.
48: Electronmicrograph of an oblique fracture in the 
internodal myelin and axon of a normal human nerve 
fibre. The cross-fractured myelin (My) shows large 
and small steps. The P-face of the axolemma is 
exposed. The axoplasm (Ax) contains numerous 
neurofilaments (NF). 80,000 X.
49: High magnification electronmicrograph of 
internodal axolemmal P-face (AP) in normal human 
myelinated nerve fibre showing IMPs (arrowheads).
Ax: axoplasm. NF: neurofilaments. 216,000 X.
50: Electronmicrograph of an oblique fracture in the 
internodal myelin and axon of a normal human nerve 
fibre. The axolemmal E-face (AE) is shown. Ax: 
axoplasm. My: myelin. NF: neurofilaments. 57,800 X.
51: High magnification electron micrograph of 
internodal axolemmal E-face (AE) showing IMPs 
(arrowheads). Ax: axoplasm. NF: neurofilaments.
216,000 X.
52A: Electronmicrograph of internodal axolemmal 
E-face in a normal human myelinated nerve fibre 
showing IMP clusters (arrowheads). 70,500 X.
52B,C: High magnification electronmicrographs of 
internodal axolemmal E-face in a normal human 
myelinated nerve fibre showing IMP clusters. The 
IMPs are more numerous in the cluster shown in B in 
comparison with C. B,C 244,400 X.
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53: Survey electronmicrograph of a node of Ranvier 
in a normal human nerve fibre. The micrograph shows 
the E-face axolemma of the node (NE), paranode (PNE) 
and juxtaparanode (JPNE). The paranode is 
characterized by scalloped indentations. This region 
is also associated with myelin loops (MyL). 33,300X.
54A,B: High magnification electronmicrographs of the 
nodal and paranodal E-face axolemma in the normal 
human nerve fibre shown in Fig. 53.
A: Nodal E-face axolemma showing globular-like IMPs 
(G) and rod-like IMPs (R). 244,400 X.
B: Nodal (NE) and paranodal (PNE) E-face axolemma.
The IMPs are more numerous in the nodal region of 
the axolemma. Fragmented rows of IMPs are visible in 
the paranodal region (arrows), possibly corresponding 
to the "axo-glial" junction. 147,700 X.
54C: High magnification electronmicrograph of the 
juxtaparanodal E-face axolemma in the normal human 
nerve fibre shown in Fig. 53. Some of the IMPs are 
clustered (arrowheads). 216,000 X.
55: Electronmicrograph of an oblique fracture in a 
normal human unmyelinated nerve fibre. Small areas 
of the axolemmal P-face (AP) and E-face (AE) are 
shown adjacent to the axoplasm (Ax). Also exposed 
are fracture faces of the Schwann cell membrane (S) 
and cytoplasm (Cy). Co: collagen. 62,700 X.
56: Electronmicrograph of a an oblique fracture in a 
normal human unmyelinated nerve fibre. Fracture 
faces of Schwann cell membranes (S) and the P-face 
of the axolemma (AP) are shown. Co: collagen.
24,700 X.
57A,B: High magnification electronmicrographs of P- 
and E-face axolemma in a normal human unmyelinated 
nerve fibre showing IMPs (arrowheads).
A: P-face axolemma (AP). Ax: axoplasm. 125,000 X.
B: E-face axolemma (AE). Ax: axoplasm. RO: replica 
overlap. 125,000 X.
58: Survey electronmicrograph of a myelinated nerve 
fibre in a diabetic patient showing the P-face of 
the outer Schwann cell membrane (OSP). The 
organization of the OSP is apparently normal. Cy: 
convex distortions of the fracture face caused by 
underlying Schwann cell cytoplasm. Ca: caveolae. Co: 
collagen. 27,900 X.
59: Electronmicrograph of a myelinated nerve fibre 
in a diabetic patient showing the P-face of the 
outer Schwann cell membrane. The outer mesaxon (OMx) 
is indicated by a small furrow. Numerous IMPs are 
shown (arrowheads). Ca: caveolae. 68,300 X.
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60: Survey electronmicrograph of an oblique fracture 
in a myelinated nerve fibre in a diabetic patient. 
The E-face of the myelin and cross-fractured myelin 
(My) are shown. Co: collagen fibres. OS: outer 
Schwann cell membrane fracture face. 2 0,400 X.
61: Electronmicrograph of an oblique fracture in a 
myelinated nerve fibre in a diabetic patient. The 
exposed fracture face (P-face) shows the curvature 
of the myelin sheath. My: cross-fractured myelin.
62,400 X.
62: High magnification electronmicrograph of an 
oblique fracture in compact myelin in the nerve 
fibre in a diabetic patient. The cross-fractured 
myelin membrane shows alternate large (single 
arrowhead) and small (double arrowheads) steps.
164,800 X.
63: High magnification electronmicrographs of myelin 
membrane fracture faces in diabetic human nerve 
fibres.
A: P-face showing globular-like IMPs (G) and rod
like IMPs (R). 216,000 X.
B: E-face showing globular-like IMPs (G). 216,000 X.
64: Electronmicrograph of an obliquely fractured 
Schmidt-Lanterman cleft in a diabetic human 
myelinated nerve fibre. Pockets of cytoplasm (Cy) 
are shown in the compact myelin (My). 70,200 X.
65: Electronmicrograph of an oblique fracture in the 
internodal myelin and axon of a diabetic human nerve 
fibre. The P-face of the axolemma is shown (AP). Ax; 
axoplasm. My; myelin. 51,400 X.
66A,B: High magnification electronmicrographs of 
membrane fracture faces of internodal axolemma in a 
diabetic human nerve fibre.
A: P-face (AP) showing numerous IMPs (arrowheads). 
Ax: axoplasm. NF: neurofilaments. 216,000 X.
B: E-face (AE) showing IMP clusters (arrowheads).
Ax: axoplasm. NF: neurofilaments. 216,000 X.
67: Electronmicrograph of a node of Ranvier in a 
diabetic human nerve fibre. The fracture plane has 
exposed the P-face axolemma of the node (NP) and the 
paranode (PNP). Scalloped indentations are visible 
in the paranodal fracture face. Ax: axoplasm. Co: 
collagen fibres. EC: extracellular space. MyL: 
myelin loops. 65,000 X.
68A,B: High magnification electronmicrographs of the 
nodal and paranodal P-face axolemma in the diabetic 
human nerve fibre shown in Fig. 67.
A: Nodal P-face axolemma showing globular-like IMPs 
(G) and rod-like IMPs (R). 216,000 X.
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B: Paranodal P-face axolemma showing fragmented rows 
of IMPs (arrows) which may correspond to the 
"axo-glial" junction. 216,000 X.
69: Electronmicrograph of an oblique fracture of an 
axon-like structure in the endoneurium of a diabetic 
sural nerve which may represent an unmyelinated 
nerve fibre/regenerating nerve fibre. AL: axon-like 
structure. Cy: cytoplasm. Co: collagen. M: membrane 
fracture faces. Sh: tall shadow on replica.
61,600 X.
70: Electronmicrograph of an oblique fracture in a 
group of axon-like structures in the endoneurium of 
a diabetic human sural nerve. The axon-like 
structures (AL) may represent unmyelinated nerve 
fibres/regenerating nerve fibres. Cy: cytoplasm. Co: 
collagen. M: membrane fracture faces. Sh: tall 
shadow on replica. 57,700 X.
71: Electronmicrograph of unidentified membrane 
fracture faces in the endoneurium of diabetic human 
sural nerve. The membrane fracture faces (M) are 
associated with cytoplasm (Cy) and numerous collagen 
fibrils (Co). 40,200 X.
72: Electronmicrograph of unidentified membrane 
fracture faces in the endoneurium of diabetic human 
sural nerve. Cy: cytoplasm. Co: collagen. M: 
membrane fracture faces. 39,100 X.
73: Electronmicrograph of obliquely fractured 
perineurium in 5W Control rat sural nerve. Ca: 
caveolae. Cy: cytoplasm. Co: collagen fibrils. EC: 
extracellular space. TJ: tight junction. 51,900 X.
74A,B: Survey electronmicrographs of membrane 
fracture faces of 5W Control rat perineurium showing 
the distribution of caveolae.
A: E-face. Caveolae (Ca) are apparently dispersed.
29.500 X.
B: E-face. Caveolae (Ca) are apparently clustered.
29.500 X.
75A: Electronmicrograph of 5W Control perineurium 
showing the distribution of IMPs on the membrane 
fracture faces of perineurial cells in different 
lamellae. The P-fracture faces of cell membranes of 
3 perineurial cells are identified (PI, P2, P3), and 
2 E-faces (El, E2) are also exposed. The density of 
IMPs on Pl-face is greater in comparison to P2-face 
and P3-face. Cy: cytoplasm. RO: replica overlap.
45.500 X.
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75B,C: Electronmicrographs of P-membrane fracture 
faces in the perineurial cells shown in Fig. 75A.
B: Enlargement of Pl-face shown in Fig. 75A.
216.000 X.
C: Enlargement of P3-face shown in Fig. 75A.
216.000 X. There is a greater density of IMPs 
on Pl-face as compared to P3-face.
76: High magnification electronmicrograph of E-face 
perineurium in 5W Control rat sural nerve showing 
IMPs. (arrowheads) 216,000 X.
77: High magnification electronmicrograph of an area 
selected from a MO type tight junction in the 
perineurium of 25W Control rat sural nerve. On the 
P-face the tight junction (TJ) is represented by 
strands; on the E-face it is shown as grooves. The P- 
face strands show occasional gaps (G), and the E-face 
grooves contain occasional IMPs (arrowheads).
104.000 X.
78: Electronmicrograph of a small MO type tight 
junction (TJ) in the perineurium of 5W Control rat 
sural nerve. Ca: caveolae. 73,800 X.
79: Electronmicrograph of a large MO type tight 
junction (TJ) in the perineurium of 5W Control rat 
sural nerve.
Ca: caveolae. EC: extracellular space. 30,400 X.
80: Electronmicrograph of a ZO type tight junction 
(TJ) in the perineurium of 5W Control rat sural 
nerve. The P-face strands are distributed in a belt
like profile. 69,000 X.
81: Electronmicrograph of a ZO type tight junction 
(TJ) in the perineurium of 25W Control rat sural 
nerve. The tight junctional network is more complex 
than observed in the 5W Control rat perineurium 
(Fig. 80). 55,200 X.
82A,B: High magnification electronmicrographs of a 
gap junction in the perineurium of 5W Control rat 
sural nerve.
A: The gap junction is represented by an aggregate 
of IMPs on the P-face, and pits (Pi) on the E-face.
166,400 X.
B: An enlargement of the gap junction P-face IMPs 
shown in Fig. 82A. The IMPs are composed of small 
subunits which surround a central hole (frame).
524,800 X.
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83A,B: Electronmicrographs of gap junctions 
associated with tight junctions in the perineurium 
of Control rat sural nerve.
A: Two gap junctions (GJ) are associated with the 
tight junctional (TJ) strands in a MO. 5W Control 
rat perineurium. 114,000 X.
B: A gap junction (GJ) is associated with the tight 
junctional (TJ) strands of a ZO. 25W Control rat 
perineurium. 81,000 X.
84: Electronmicrograph of a small MO type tight 
junction (TJ) in the perineurium of 5W EIPD rat 
sural nerve. 104,800 X.
85: Electronmicrograph of a ZO type tight junction 
(TJ) in the perineurium of 5W EIPD rat sural nerve. 
The organization of the ZO is apparantly normal. 
Compare with 5W Control (Fig. 80). 91,800 X.
86: Survey electronmicrograph of a MO type tight 
junction (TJ) in the perineurium of 25W SPD rat 
sural nerve. A complex network of P-face strands is 
shown. Ca: caveolae. 31,500 X.
87: Electronmicrograph of a ZO type tight junction 
(TJ) in the perineurium of 25W SPD rat sural nerve.
The organization of the junctional network is 
apparently normal. Compare with 25W Control (Fig. 81). 
Ca: caveolae. GJ: gap junction. 68,700 X.
88: Electronmicrograph of an adjoining area of the 
ZO type tight junction shown in Fig. 87 (in the 
perineurium of 25W SPD rat sural nerve). The 
component tight junctional (TJ) strands are 
separated and appear less numerous. 68,700 X.
89: High magnification electronmicrograph of gap 
junctions (GJ) in the perineurium of 5W EIPD rat 
sural nerve. 114,(^00 X.
90: Histograms showing the density of caveolae 
openings (Caveolae/pm) plotted against frequency 
(No. of areas) for:
A. 5W Control rat perineurium.
B. 25W Control rat perineurium.
C. 5W EIPD rat perineurium.
D. 25W SPD rat perineurium.
91: Histograms showing the density of P-face IMPs 
(IMPs/jum ) plotted against frequency (No. of areas) 
for:
A. 5W Control rat perineurium.
B. 25W Control rat perineurium.
C. 5W EIPD rat perineurium.
D. 25W SPD rat perineurium.
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92: Electronmicrograph of a myelinated nerve fibre 
in 25W Control rat sural nerve showing the P-face of 
the outer Schwann cell membrane. Imprints of 
extracellular collagen (ICo) are visible on the 
membrane fracture face. Cy: convex bulges indicating 
the location of the underlying Schwann cell cytoplasm. 
Ca: caveolae. Co: collagen. 16,100 X.
93: Electronmicrograph of an oblique fracture in a 
myelinated nerve fibre in 25W Control rat sural 
nerve. The P-fracture face of the myelin shows the 
curvature of the sheath. EC: extracellular space.
My: cross-fractured myelin. OSP: outer Schwann cell 
membrane P-face. 60,700 X.
94A,B: High magnification electronmicrographs of 
myelin membrane fracture faces in 5W Control rat 
nerve fibres.
A: P-face. Globular-like IMPs (G) and rod-like IMPs 
(R) are shown. 216,000 X.
B: E-face. Globular-like IMPs (G) are present.
216,000 X.
95A: Electronmicrograph of P-face adaxonal Schwann 
cell membrane in a myelinated nerve fibre in 25W 
Control rat sural nerve. IMP "rosettes" (frames) are 
visible on the adaxonal Schwann cell membrane P-face 
(AdSP) in a region close to a Schmidt-Lanterman 
incisure (SL). Ax: axoplasm. AE: axolemmal E-face.
My: myelin. PS: periaxonal space. 80,800 X.
95B: High magnification electronmicrograph of P-face 
adaxonal Schwann cell membrane in a myelinated nerve 
fibre in 25W Control rat sural nerve. Individual IMP 
"rosettes" (single arrow) and grouped IMP "rosettes" 
(double arrows) are observed. 274,600 X.
96A: Electronmicrograph of E-face adaxonal Schwann 
cell membrane in a myelinated nerve fibre in 25W 
Control rat sural nerve. The adaxonal Schwann cell 
membrane E-face (AdSE) shows small pits in rosette
like formations (frame). Ax: axoplasm. AP: axolemmal 
P-face. PS: periaxonal space. 161,000 X.
96B: High magnification electronmicrograph of E-face 
adaxonal Schwann cell membrane in a myelinated nerve 
fibre of 25W Control rat sural nerve. The fracture 
face shows pits in rosette-like formations 
(arrowheads). 267,500 X.
97: Electronmicrograph of obliquely fractured 
myelinated nerve fibre in 25W Control rat sural 
nerve. The P-face of the axolemma (AP) contains 
numerous IMPs. Neurofilaments (NF) can be 
distinguished in the axoplasm (Ax). My: myelin.
111,200 X.
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98: Electronmicrograph of obliquely fractured 
myelinated nerve fibre in 5W Control rat sural nerve. 
The axolemmal E-face (AE) shows IMPs, some of which 
are arranged in clusters (arrowheads). Ax: axoplasm. 
My: myelin. NF: neurofilaments. 88,800 X.
99: Electronmicrograph of a node of Ranvier in a 25W 
Control rat nerve fibre. The P-face of the nodal 
axolemma (NP) and the paranodal axolemma (PNP) is 
exposed. Note the scalloped indentations in the PNP. 
MyL: Myelin loops. 79,300 X.
100A,B: High magnification electronmicrographs of 
the membrane fracture faces associated with the node 
of Ranvier shown in Fig. 99 (25W control rat sural 
nerve).
A: Nodal P-face axolemma showing globular-like (G) 
and rod-like (R) IMPs. 216,000 X.
B: Paranodal P-face axolemma showing fragmented rows 
of IMPs (arrows) which may correspond to the 
"axo-glial" junction. 216,000 X.
101: Electronmicrograph of an unmyelinated nerve 
fibre in 5W Control rat sural nerve. The fractured 
axoplasm is obscured from view by the tall shadow 
(Sh) of the axolemmal P-face (AP). AE: axolemmal E- 
face. Cy: Schwann cell cytoplasm. S: Fracture faces 
of Schwann cell cytoplasm. 91,400 X.
102A,B: High magnification electronmicrographs of 
myelin fracture faces in 25W SPD rat nerve fibres.
A: P-face showing globular-like IMPs (G) and rod
like IMPs (R). 216,000 X.
B: E-face showing globular-like IMPs (G). 216,000 X.
103A,B: High magnification electronmicrographs 
showing the fracture faces of internodal axolemma in 
myelinated nerve fibres in 25W SPD rat sural nerve.
A: P-face axolemma (AP). IMPs are observed on the AP 
(arrowheads). Ax: axoplasm. NF: neurofilaments.
216,000 X.
B: E-face axolemma (AE). Some IMPs are observed in 
clusters (arrowhead). 216,000 X.
104: Electronmicrograph of a node of Ranvier in a 5W 
EIPD rat nerve fibre. Co: collagen. NP: nodal P-face 
axolemma. PNP: paranodal P-face axolemma. MyL: 
myelin loops. 70,700 X.
105A,B: High magnification electronmicrographs of 
the membrane fracture faces associated with the node 
of Ranvier shown in Fig. 104 (5W EIPD rat).
A: Nodal P-face axolemma showing globular-like IMPs 
(G) and rod-like IMPs (R). 234,000 X.
B: Paranodal P-face axolemma showing fragmented rows 
of IMPs (arrows), possibly representing the "axo-glial 
junction. 234,000 X. 186
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106A,B: High magnification electronmicrographs 
showing the fracture faces of unmyelinated axolemma 
(AP,AE) in 25W SPD rat. IMPs are more numerous on the 
P-face.
A: P-face. 216,000 X.
B: E-face. Cy: Schwann cell cytoplasm. 216,000 X.
107: Diagram to show the distribution of IMPs on the 
P- and E-fracture faces of the perineurial cells.
The diagram depicts two perineurial lamellae, which 
are separated by an intercellular space (I). The 
upper lamella shows overlapping cells which possess 
a high density of IMPs on the P-faces. The E- 
fracture faces of these cells is also shown, and 
they contain a low density of IMPs. The lower 
lamella shows the P-faces of overlapping cells. The 
density of IMPs on the P-faces of the upper lamella 
is higher in comparison to the P-faces of the lower 
lamella. Ca: caveolae. CB: cell border. Cy: 
cytoplasm. TJ: tight junction. Diagram not drawn to 
scale.
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CHAPTER 1
INTRODUCTION

1.1. INSULIN AND THE CONTROL OF METABOLISM

1.1.1. The human pancreas
The pancreas is an elongated structure, 

approximately 12-15 cm in length, which is situated 
retroperitoneally at the level of the second and third 
lumbar vertebra. The organ is composed of a heterogeneous 
population of cells which perform an endocrine and an 
exocrine function. The endocrine pancreas is represented by 
small aggregates of cells, 75-175 pm in diameter, called 
the Islets of Langerhans. At least four types of cells are 
present in the Islets. Two of these cell types, A and B, 
produce and secrete hormones which are concerned with the 
regulation of body metabolism. The A-cell produces glucagon 
and the B-cell insulin (Ross and Romrell, 1989).

1.1.2. Insulin
Banting and Best discovered insulin in 1921. Nearly 

40 years later, the primary structure of bovine insulin was 
elucidated by Sanger in 1956. Human insulin is now 
recognised as a small protein which contains 51 amino acids 
arranged in two polypeptide chains. The study of the 
biosynthetic pathways in the B-cells has identified 
precursor molecules of insulin (Howell and Bird, 1989).
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1.1.3. Action of insulin
The mechanism of action of insulin on target cells 

is not completely understood, although a plasma membrane 
receptor complex has been identified. The overall function 
of insulin is to promote the synthesis of storage products 
(such as glycogen) and structural components (such as 
proteins). The following description represents a summary 
of the effects of insulin on human metabolism.

The hypoglycaemic effect of insulin is well 
established. "Insulin-sensitive" tissues, such as muscle 
and adipose tissue, require insulin for the carrier 
mediated transport of glucose across the plasma membrane. 
In the presence of raised plasma insulin these tissues 
increase the uptake of glucose from the bloodstream. 
Insulin is also able to influence liver glucose metabolism. 
Insulin can promote hepatic glycogenesis (and inhibit 
glycogenolysis) , as well as reduce the rate of hepatic 
gluconeogenesis. The general effect of these actions of 
insulin is to lower the concentration of glucose in the 
blood.

Protein metabolism in liver and muscle tissue will 
respond to insulin by increasing the uptake of amino acids. 
It is apparent that insulin can promote the synthesis of 
nucleic acids.

The metabolism of fat is influenced by insulin in 
the liver and adipose tissue. The rate of free fatty acid 
synthesis in the liver is increased in the presence of 
insulin. However, in adipose tissue, lipolysis is 
depressed (Hall et al., 1980).
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1.2. DIABETES MELLITUS

1.2.1. Definition and classification
Diabetes mellitus is a heterogeneous group of 

disorders in which the secretion and/or the biological 
action of insulin is impaired, leading to abnormalities in 
the metabolism of carbohydrate, protein and fat. It is 
characterized by hyperglycaemia and glycosuria.

A classification of diabetes and other syndromes of 
glucose intolerance was formulated fcjj thit National Diabetes 
Data Group of the USA (1979) and it has provided a 
framework for subsequent classifications. The two main 
types of diabetes mellitus are known as Type 1 or Insulin 
Dependent Diabetes Mellitus (IDDM) and Type 2 or Non- 
Insulin Dependent Diabetes Mellitus (NIDDM).

1.2.2. Insulin Dependent Diabetes Mellitus
This category includes those individuals who are 

severely insulin deficient and require insulin therapy to 
prevent fatal metabolic complications. Histological 
examination of the pancreas reveals a pathological loss of 
B-cells. Although this syndrome is most common in those 
less than 30 years, it is not exclusive to younger 
subjects. IDDM accounts for approximately 10-15% of all 
diabetics in the Western world.

Osmotic disturbances are a significant feature of 
IDDM. Hyperglycaemia results in glycosuria, which leads to 
osmotic diuresis and symptoms such as polyuria and
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polydipsia. Weight loss and polyphagia can be attributed to 
the increased catabolism and reduced synthesis of protein. 
Ketoacidosis is a potentially life threatening complication 
of IDDM. It is caused by the increased blood concentrations 
of ketones (^-hydroxybutyrate and acetoacetone) which are 
responsible for acidaemia, electrolyte imbalance and coma. 
One of the most important factors in the causation of 
ketoacidosis is the hydrolysis of triglycerides in adipose 
tissue, which is accelerated in the presence of increasing 
glucagon (consequent to a deficiency of insulin). A less 
frequent form of coma is non-ketotic hyperosmolar coma. 
Like ketoacidosis, this type of coma is characterized by 
greatly raised blood glucose levels which result in osmotic 
diuresis and severe dehydration. The reason why ketogenesis 
is not increased is unknown (Hall et al., 1980).

The aetiology of most cases of IDDM is unclear. A 
significant proportion of subjects with IDDM have 
alterations in the frequency of particular
histocompatability locus antigens (HLA complex), which 
indicates the presence of a genetic factor. The 
abnormalities, which may be promoted by hitherto 
unidentified environmental factors, are considered to 
give rise to an autoimmune response directed against the 13- 
cells. Some cases may result from viral infection of the 
pancreas or chronic pancreatitis (including alcoholic) and 
pancreatic damage from haemochromatosis (Leslie et al., 
1989) .
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1.2.3. Non-Insulin Dependent Diabetes Mellitus
NIDDM describes those subjects who are not severely 

insulin deficient and are non-insulin dependent for the 
prevention of metabolic acidosis. NIDDM is considered a 
heterogenous group of disorders, all of which lead to 
hyperglycaemia. Individuals who develop NIDDM tend to be 
older than 40 years, although it can present in younger 
subjects. This syndrome is more frequent than IDDM and it 
occurs in approximately 85-90% of all diabetics in the 
Western world. The clinical onset of NIDDM is usually less 
rapid than IDDM and subjects can remain asymptomatic for 
many years. Osmotic abnormalities, leading to polyuria and 
polydipsia, may be expressed. Although ketoacidosis is less 
common in NIDDM, individuals can develop non-ketotic 
hyperosmolar coma (Hall et al., 1980).

It is apparent that NIDDM is a consequence of 
insulin insensitivity of target tissues, as well as reduced 
insulin secretion. There is strong evidence for a genetic 
component to NIDDM, and environmental factors such as diet 
may affect the progression of the syndrome. However, unlike 
IDDM, an autoimmune factor has not been identified (Taylor, 
1989) .

1.2.4. The late complications of diabetes mellitus
This is a group of distinct syndromes which arise 

from the dysfunction of the kidney, the visual 
apparatus, the cardiovascular system and the nervous 
system. The late complications may be expressed both in
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IDDM and NIDDM. The development of these complications is 
apparently unpredictable, and they can develop in diabetic 
individuals with controlled hyperglycaemia.

Nephropathy is a significant complication of 
diabetes; proteinuria is present in approximately 50% of 
subjects confirmed as IDDM for more than 20 years. The loss 
of protein (mostly serum albumin) means that the majority 
of patients develop nephrotic oedema less than 5 years from 
the onset of proteinuria. In IDDM, the sequence of renal 
disorder starts with increased glomerular filtration which 
leads to detectable proteinuria. Progression to severe 
proteinuria precedes renal failiure. Structural 
abnormalities in the diabetic glomeruli predispose to an 
increased excretion of protein (Friedman, 1989) .

Diabetic oculopathy represents one of the chief 
causes of blindness in the Western world. The condition is 
usually caused by retinopathy, although cataracts may also 
be present. Diabetic retinopathy is associated with 
structural lesions in the retinal blood capillaries. 
Neovascularization of tissue is considered to be 
responsible for retinal damage, which can often lead to 
blindness. Cataracts, which are commonly described as 
"snowflake" opacities of the subcapsular region of the 
lens, are a less frequent complication of diabetic 
oculopathy. They have been attributed to an osmotic 
imbalance of the lens, brought about by the increased 
activity of the polyol pathway, although this is probably 
not the only explanation (Morse, 1989).

The risk of atherosclerosis is increased in
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diabetes, leading to consequences such as ischaemic heart 
disease, cerebrovascular disease and vascular insufficiency 
in the legs.

Diabetic neuropathy is considered in the following 
sections.

1.3. HUMAN DIABETIC NEUROPATHY

1.3.1. Background
In 1864 Marchal de Calvi proposed that a disorder of 

the nervous system was a potential complication of diabetes 
mellitus. Later that century, some of the clinical symptoms 
of diabetic neuropathy were recognised by Bouchard (1881), 
Althaus (1885) and Pryce (1893) amongst others. After the 
realization that neuropathy was not eradicted by insulin 
therapy, clinical and experimental research was directed 
towards this late complication of diabetes. The 
observations gained through this research are reviewed in 
the following section.

1.3.2. Incidence
A comprehensive study of the prevalence of late 

complications in a diabetic population of 4400 patients by
Pirart (1978) serves to emphasize the importance of
diabetic neuropathy. Pirart (1978) recorded that the 
prevalence of neuropathy was 7.5% at the recognition of
diabetes. The prevalence increased with the duration of
diabetes at a steady rate such that after 25 years
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it was approximately 50%. Children and young adults were 
reported to be less likely to show a neuropathy at the 
discovery of diabetes than were older individuals. Pirart
(1978) also reported that males showed a higher incidence 
of neuropathy than females and he suggested that this 
reflected undeclared alcoholism. More recently a study of 
278 patients with IDDM by the DCCT Research Group (1988) 
has confirmed that the presence of neuropathy is correlated 
with the duration of diabetes, age and male gender. 
Furthermore, this study has indicated that taller patients 
are at a greater risk to neuropathy. Additional studies, 
reviewed by Melton and Dyck (1987), have shown varying 
estimates in the epidemiology of neuropathy, which may be 
explained by lack of unanimity as to the definition of 
diabetic neuropathy.

1.3.3. Classification and clinical syndromes
As the aetiology of human diabetic neuropathy is 

unknown, attempts to classify the neuropathic syndromes 
have been based on clinical observations (for review, see 
Thomas and Eliasson, 1984). The classification employed in 
this thesis was first suggested by Thomas (1973) . The 
neuropathies can be divided into two categories:
(a) Symmetrical polyneuropathies:

The most frequent manifestation of diabetic 
neuropathy is a distal symmetrical sensory polyneuropathy 
(Thomas and Eliasson, 1984; Gillon et al., 1986). The 
distal regions of the lower limbs are usually affected 
first, which suggests that the abnormalities may be length-
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related. In severe instances there are indications of
disturbances in proximal locations such as the
anterior abdominal wall and the vertex of the head. 
Commonly the onset is insidious, although a more rapid 
development has been described after periods of poor 
metabolic control. The abnormalities include depression or 
loss of ankle jerks and vibration sense, as well as 
impairment of the sensations of touch, pain and 
temperature. Sensory ataxia may be a feature. Pain can be 
an important symptom of diabetic sensory polyneuropathy and 
Archer and co-workers (1983) have considered acute painful 
neuropathy as a distinct syndrome.

Although there may be minor motor abnormalities 
accompanying sensory polyneuropathy, a dominant motor
involvement is rarely observed. If present it is expressed
by a weakness and wasting of the distal muscles of the 
lower limbs.

The sensory polyneuropathy is often accompanied 
by diffuse autonomic dysfunction which shows a similar 
distribution (length-related and symmetrical). This 
association suggests a selective effect on the sensory and 
autonomic pathways. As a diverse range of body functions 
are influenced by the autonomic nervous system, autonomic 
neuropathy may be manifest in many ways. Abnormalities have 
been reported in sudomotor function and vasomotor reflexes 
of skin blood vessels. Atony can occur at many levels of 
the gastrointestinal tract, including the oesophagus, 
stomach, gall bladder, duodenum and colon. Diarrhoea may be
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a troublesome symptom. Disturbances in the genitourinary 
system are represented by bladder atony and impotence in 
diabetic males. Cardiovascular abnormalities may be 
apparent; postural hypotension (a fall in systolic blood 
pressure by more than 30mmHg on standing) can be present, 
and the "beat-to-beat" variation with respiration (sinus 
arrhythmia) can be diminished (Hosking et al., 1978; Clarke 
et al., 1979).
(b) Focal and multifocal neuropathies:

Thomas and Eliasson (1984) have suggested that 
isolated lesions of peripheral nerves are more common in 
diabetic subjects than in the general population. The 
cranial nerves, such as the third and sixth, are 
susceptible to dysfunction. Involvement of the third 
cranial nerve causes ptosis, diplopia and pain behind or 
below the eye. Most peripheral nerves in the trunk and 
limbs of diabetic subjects are susceptible to focal 
neuropathies. Some of the isolated lesions of the limbs 
correspond to sites which are vulnerable to external 
compression or entrapment. The clinical features include 
weakness and wasting of muscles, and a possibe sensory 
disturbance. Mononeuropathies in the trunk
(thoracoabdominal neuropathy) have been associated with 
bandlike pains and weakness of the abdominal wall. In this 
category, Thomas (1973) has also included the asymmetric 
lower limb motor neuropathy (diabetic amyotrophy).

1.3.4. Disturbances of nerve conduction
Changes to sensory and motor nerve conduction in
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diabetic neuropathy are well documented (Downie and Newell, 
1961; Skillman et al., 1961; Gilliatt and Willison, 1962; 
Lamontagne and Buchthal, 1970). The characteristic 
disturbances include a reduction in the conduction velocity 
and action potential amplitude, as well as increased 
temporal dispersion of sensory action potentials. The 
alteration to sensory potential amplitude is the most 
sensitive indication of neuropathy (Lamontagne and 
Buchthal, 1970). Although sensory and motor nerve 
conduction velocity can be diminished in asymptomatic 
subjects, a greater deficit is observed in patients with 
the clinical features of neuropathy (Skillman et al., 1961; 
Lamontagne and Buchthal, 1970). A correlation between the 
severity of the clinical symptoms and the reduction in 
motor nerve conduction velocity has been recorded by 
Lamontagne and Buchthal (1970) in the peroneal nerve. 
Furthermore, Gregerson (1967) also observed a positive 
relationship between the severity of the motor nerve 
conduction defect and the duration of the neuropathy.

A proximodistal gradient of sensory nerve conduction 
abnormality has been recorded in the upper limbs (Noel,
1973) . However, the study of motor nerve conduction 
velocity in the proximal and distal nerve segments, by the 
calculation of F-wave and H-reflex latencies, has provided 
conflicting results (Conrad et al., 1975; Troni et al., 
1978; Kimura et al., 1979; Troni, 1981). Although a 
proximodistal gradient of nerve conduction slowing was 
reported by some (Kimura et al., 1979; Troni, 1981), this
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was not always the case (Conrad et al., 1975; Troni et al., 
1979) . Conrad and associates (1975) reported diffuse 
slowing in proximal and distal segments. This was a feature 
of some of the individuals studied by Kimura and colleagues
(1979). A greater slowing in the proximal segment of the 
peroneal nerve was recorded by Troni and co-workers (1979). 
These investigations may indicate that abnormalities of 
nerve conduction in diabetic neuropathy are not restricted 
to the distal regions of peripheral nerve.

It is apparent that the nerves of diabetic subjects 
can show an abnormal tolerance to experimentally induced 
ischaemia (Steiness, 1959; Seneviratne and Peiris, 1968; 
Gregersen, 1968). These abnormalities are represented by an 
unusual retention of sensation (Steiness, 1959; Gregersen, 
1968) and sensory and motor nerve conduction (Seneviratne 
and Peiris, 1968; Gregersen, 1968). The reason for this 
phenomenon is debated, although it is not restricted to the 
nerves of diabetics. It has been shown in individuals with 
other neurological disorders such as motor neuron disease 
(Shahani et al., 1971).

1.3.5. Nerve fibre pathology
(a) Polyneuropathy:

The degeneration and loss of myelinated nerve 
fibres (Thomas and Lascelles, 1966; Chopra et al., 1969; 
Behse et al., 1977; Dyck et al., 1986b; Johnson et al., 
1986) and unmyelinated axons (Brown et al., 1976; Behse et 
al., 1977; Said et al., 1983) is a consistent finding in 
diabetic polyneuropathy. Morphometric studies have shown
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that both large (>7jim) and small (<7jim) myelinated fibres 
are vulnerable in diabetic polyneuropathy (Behse et al., 
1977; Said et al., 1983; Dyck et al., 1986b). A study of 
painful neuropathy has recorded the selective loss of small 
myelinated fibres (Brown et al., 1976), although this does 
not seem to be a consistent finding (Archer et al., 1976; 
Llewelyn et al., 1991). Attenuation of axons has been 
described by some investigators (Dyck et al., 1986a).

Thomas, Chopra and others (Thomas and Lascelles, 
1965; Chopra and Fanin, 1971; Behse et al., 1977) have 
emphasized the significance of segmental demyelination in 
diabetic polyneuropathy. These studies employed teased 
fibre analysis to demonstrate abnormalities in the myelin 
sheath in one or more internodal segments of single nerve 
fibres. Remyelination, indicated by a reduced fibre 
diameter and shorter internodal distances, is also recorded 
(Thomas and Lacelles, 1965). Furthermore, the process of 
repeated demyelination-remyelination has been observed 
occasionally to result in the formation of "onion bulbs" 
of myelin (Ballin and Thomas, 1968).

Early autopsy studies of diabetic polyneuropathy 
revealed that it is possible for there to be some 
loss of anterior horn and dorsal root ganglion cells 
(Greenbaum et al., 1964). A proximodistal gradient of fibre 
loss in peripheral nerve has been shown by recent autopsy 
examinations (Sugimura and Dyck, 1982; Dyck et al., 1986a; 
Johnson et al., 1986). The proximal nerve lesions are 
represented by focal and multifocal lesions which show a

- 35-



reduced myelinated fibre density both within and between 
the nerve fascicles (Sugimura and Dyck, 1982; Dyck et al., 
1986a; Johnson et al., 1986). Sugimura and Dyck (1982) 
showed that multifocal lesions in the proximal nerve can 
summate to produce a symmetric distal neuropathy.

Ultrastructural analysis of the axons in diabetic 
neuropathy does not reveal many distinctive features; there 
is often an accumulation of glycogen-like particles and 
filamentous arrays, and a slight paucity of organelles 
(Behse et al., 1977; Yagihashi and Matsunaga, 1979). There 
may be an increased number of small unmyelinated fibres 
(less than 0.6|Lim diameter), which has been considered an 
indication of extensive axonal sprouting (Brown et al.,
1976). Clusters of sprouting axons have been observed 
within a single basal lamina (Said et al., 1983). The 
Schwann cell basal laminae can show abnormalities which 
include thickening and reduplication (Yagihashi and 
Matsunaga, 1979). King and co-workers (1989) have described 
the unusual circularity of the Schwann cell basal laminae, 
which can persist after nerve fibre degeneration.

The conclusion from these observations is that 
diabetic polyneuropathy can result in structural 
abnormalities in myelinated and unmyelinated axons, and 
the Schwann cells. The significance of the presence of 
segmental demyelination has given rise to discussion. The 
current view is that there are likely to be independent 
effects of diabetes on axonal and Schwann cell function 
(Behse et al., 1977; Thomas and Eliasson, 1984), although 
secondary demyelination proximal to distal axonal
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degeneration has been demonstrated by Said et al. (1983).
(b) Autonomic nervous system:

Abnormally large ganglion cells, in various stages 
of degeneration, have been described in the sympathetic 
ganglia of subjects with autonomic neuropathy (Appenzeller 
and Richardson, 1966). Swelling of the dendritic processes 
of these "giant" neurones is reported as another feature
(Hensley and Soergel, 1968), possibly related to the
extensive vacuolation of the dendrites and the perikaryon 
(Duchen et al., 1980). An infiltration of non-neuronal 
cells (usually lymphocytes) has been also shown in some 
sympathetic ganglia (Duchen et al., 1980) and 
parasympathetic ganglia (Smith, 1974).

A teased fibre study of the preganglionic fibres
which collect to form the paravertebral sympathetic ganglia 
(the white rami communicantes) has shown Wallerian 
degeneration and irregularities of internodal length, 
possibly indicative of demyelination (Appenzeller and Ogin,
1974) . Similarly, the loss of axons and the disintegration 
of myelin has been observed in the abdominal vagus nerve of 
diabetics with gastro-intestinal dysfunction (Kristensson 
et al., 1971). Axonal degeneration, loss of myelinated
fibres and demyelination and remyelination has been 
reported in the greater splanchnic nerve of diabetics with 
autonomic dysfunction (Low et al., 1975). The nerve fibres 
which innervate the wall of the bladder were claimed to 
have abnormal "beading" and disintegration (Faerman et al., 
1973) .
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(c) Focal and multifocal neuropathies:
A lesion to the third cranial nerve is a relatively 

frequent focal neuropathy in diabetes (see section 1.3.3.), 
and it has received the attention of autopsy examinations 
(Dreyfus et al., 1957; Asbury et al., 1970). The lesion can 
occur at, or close to, the intracavernous segment of the 
nerve, and the abnormalities include demyelination and 
axonal degeneration (Dreyfus et al., 1957; Asbury et al.,
1970). Wallerian degeneration has been described in the 
orbital segment of the nerve, distal to the lesion (Dreyfus 
et al., 1957).

The presence of focal and multifocal nerve lesions 
in the proximal segments of peripheral nerve has been 
described above.

1.3.6. Pathology of the vasa nervorum and perineurium
The first convincing evidence of alterations to the 

endoneurial microvessels in diabetic neuropathy was 
provided by Fagerberg (1959), who described thickening of 
the walls of microvessels with PAS positive material. This 
was later attributed to reduplication of the basal lamina 
(Bischoff, 1967) and it has been described in recent 
studies of diabetic polyneuropathy (Yasuda and Dyck, 1987; 
Malik et al., 1989; Bradley et al., 1990).

Morphometric analysis of the endoneurial vasculature 
in diabetic polyneuropathy has shown an increase in the 
number of endothelial cell nuclei, which may indicate cell 
hyperplasia (Powell et al., 1985; Dyck et al., 1985; Yasuda 
and Dyck 1987; Malik et al., 1989; Bradley et al., 1990).
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The area occupied by endothelial cells in transverse 
section is apparently increased and it has been suggested 
that this reflects cell hypertrophy (Powell et al., 1985; 
Timperley et al., 1985; Yasuda and Dyck, 1987; Malik et 
al., 1989; Bradley et al., 1990).

There are reports of additional changes to the 
microvessels in diabetic polyneuropathy, including the 
"closure" of the capillary lumen (Dyck et al., 1985) and 
the presence of intraluminal plugs of fibrin and platelets 
(Timperley et al., 1976; Williams et al., 1980; Timperley 
et al., 1985). Dyck and coworkers (Dyck et al., 1985) have 
reported a correlation between the incidence of 
microvessels with "closed" lumens and an index of the 
severity of the neuropathy. However, "closure" of capillary 
lumens and intraluminal deposits are not a consistent 
observation in diabetic polyneuropathy (Powell et al., 
1985; Bradley et al., 1990).

Observations of the perineurium in diabetic 
neuropathy are limited. Johnson and co-workers (1986) 
described degenerative changes in the perineurial cells 
adjacent to focal nerve lesions. The perineurial lamellae 
were separated, some perineurial cells had disappeared and 
thickening of the basal laminae was apparent. Abnormalities 
of the basal laminae of the perineurial cells has received 
attention in other studies which have documented its 
thickening in peripheral nerve trunks (Johnson et al., 
1981; Johnson and Doll, 1984; King et al., 1989) and dorsal 
root ganglia (Johnson, 1983). Extracellular deposits of

- 39 -



calcium, observed as dense bodies approximately 0.2pm -
1.0pm wide, can be present in the middle and outer 
perineurial cell layers (Paetau and Haltia, 1976; van Lis 
et al., 1979; King et al., 1988).

Biochemical analysis of the endonew*»uM in human 
diabetic polyneuropathy has provided evidence of a 
functional impairment in the vasculature and/or the 
perineurium. This is considered in the following section.

1.3.7. Biochemical abnormalities
Biochemical observations of the structural nerve 

proteins in human diabetic neuropathy are restricted to the 
study of autopsy material by Palo and colleagues (1972;
1977) . The amount of total protein was reported to be 
reduced: when analysed with polyacrylamide disc gel
electrophoresis, the amount of myelin basic protein was 
shown to vary greatly. Further evidence of abnormalities in 
protein metabolism have been provided by experimental 
models of diabetic neuropathy (see section 1.4.), although 
these observations have yet to be confirmed in human 
diabetic neuropathy.

The composition of plasma macromolecules present in 
the endoneurium in human diabetic neuropathy has been 
studied recently (Ohi et al., 1985; Graham and Johnson, 
1985; Poduslo et al., 1988). The consistent finding in 
these studies is an increase in the content of albumin and 
immunoglobulin in the endoneurium in subjects with diabetic 
neuropathy. These observations are considered to indicate a 
functional alteration in the tissues which comprise the
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nerve fascicular diffusion barrier (Ohi et al., 1985; 
Graham and Johnson, 1985). Of further interest is the 
observation by Poduslo and asociates (1988) of increased 
plasma macromolecules in the endoneurium of diabetic 
subjects without overt neuropathy. This finding raises the 
possibility that an alteration to the nerve fascicular 
diffusion barriers may predispose to abnormalities in the 
nerve fibres.

Magnetic resonance spectroscopy was employed by 
Griffey and colleagues (1988) to demonstrate the increased 
hydration of peripheral nerve in human diabetic 
polyneuropathy. The study did not identify the precise 
location of the excess water. However, this report may 
indicate the presence of an osmotic disturbance. It is of 
interest that increased nerve water was shown in 
neurologically asymptomatic diabetic subjects (Griffey et 
al., 1988).

A sorbitol pathway has been documented in certain 
mammalian tissues including the Schwann cell (Gabbay, 
1973) . The details of this pathway are described in section
1.4.3. Elevated levels of sorbitol and fructose have been 
shown in the nerves of subjects with diabetic neuropathy 
(Ward et al., 1972; Dyck et al., 1980; Hale et al., 1987; 
Dyck et al., 1988). Dyck and colleagues (1988) have 
presented a study which sought to determine whether the 
biochemical alterations were correlated with morphological 
changes of nerve fibres. They concluded that there was a 
suggestion of a causal relationship between the levels of
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sorbitol and the myelinated fibre density.
In an autopsy analysis of human diabetic neuropathy, 

Mayhew and associates (1983) claimed that nerve myo
inositol was reduced. However, this has not been observed 
in the biochemical studies of nerve biopsies (Dyck et al., 
1980; Hale et al., 1987; Dyck et al., 1988).

The lipid composition of whole nerve was studied by 
Jordan (1935), who recorded a reduction in diabetic 
neuropathy. A more thorough investigation of the lipid 
composition in the nerves of diabetic patients by Brown and 
co-workers (1979) observed a reduction in cholesterol, 
cerebroside and phospholipid. This was attributed to the 
pathological loss of myelin. However, a reduced content of 
phosphatidylinositol-phosphatidyl serine was noted in some 
of the least affected nerves. The significance of this 
finding is not known.

As the micro-environment of the spinal roots is 
influenced by the cerebrospinal fluid (for review, see 
Olsson, 1990), the composition of this fluid in diabetic 
neuropathy is of interest. The concentrations of plasma 
macromolecules in the cerebrospinal fluid are increased in 
subjects with diabetic neuropathy (Ives, 1957). This 
observation, which apparently duplicates the findings in 
the endoneurium, may indicate an abnormality in the blood- 
cerebrospinal fluid diffusion barriers (Kutt et al., 1961). 
The sorbitol level of cerebrospinal fluid in diabetics has 
been recorded as increased, and myo-inositol concentrations 
are reduced (Servo et al. 1977).
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1.4. HYPOTHESES FOR THE CAUSATION OF DIABETIC NEUROPATHY
AND THE TESTING OF THE HYPOTHESES BY EXPERIMENTAL MODELS

1.4.1. Background
The effect of diabetes on the integrity of 

peripheral nerve has been investigated in animal models 
(for review, see Sharma and Thomas, 1987) . Certain 
abnormalities have been described in these models, such as 
an impairment in nerve conduction velocity (Eliasson, 1964) 
and a reduction in the diameter of the myelinated nerve 
fibres (Sharma and Thomas, 1987). However, the significance 
of these studies is unclear since the frank degenerative 
changes which are a consistent feature of human diabetic 
neuropathy are rarely observed in the animal models. 
Nevertheless, knowledge gained through the study of the 
animal models has provided a backbone for hypotheses of the 
pathogenesis of human diabetic neuropathy. Unfortunately 
none of the hypotheses described below has explained 
conclusively the causation of diabetic neuropathy. Indeed, 
over 100 years after its clinical recognition, our 
perception of the pathogenesis of diabetic neuropathy is 
"clouded" (Asbury, 1988).

1.4.2. The vascular hypothesis
The vascular hypothesis of diabetic neuropathy 

proposes that the hyperglycaemic condition leads to a 
functional impairment of the vascular apparatus of 
peripheral nerve, thus producing an ischaemic environment
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in the endoneurium. This concept has been entertained for a 
long time (Pryce, 1893; Woltman and Wilder, 1929), although 
convincing support was not provided until the histological 
analysis of the endoneurial blood vessels by Fagerberg in 
1959. A vascular basis has been proposed to account for 
some of the focal diabetic neuropathies such as the third 
cranial nerve lesion (Asbury et al., 1970). However, the 
significance of vascular changes to the early development 
of the generalised distal, sensory polyneuropathy remains 
uncertain.

Animal models of diabetic neuropathy have been 
studied for indications of a vascular component to the 
disease. Microangiopathy was reported in the peripheral 
nerves of the alloxan-diabetic rat (Powell and Myers, 
1984) , although Sharma and Thomas (1974) failed to observe 
any alterations in the endoneurial capillaries of the 
streptozotocin-diabetic rat. Endoneurial infarcts, 
represented by luminal plugs of unstriated fibrin, have 
been described in the BBWistar rat (Sima and Thibert,
1982). Low and colleagues (1984; Tuck et al., 1984) have 
sought to demonstrate endoneurial hypoxia in experimental 
diabetic neuropathy using physiological techniques. These 
investigators have shown a nerve conduction abnormality and 
a significant reduction in nerve blood flow and oxygen 
tension in the streptozotocin-diabetic rat (Tuck et al., 
1984). Furthermore, Low and colleagues (1984) have claimed 
that the observed reduction in nerve conduction velocity in 
the diabetic rats was partially reversible with oxygen 
supplementation. These findings may be of interest since a
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recent study has recorded a reduction in oxygen tension in 
the sural nerves in patients with diabetic polyneuropathy 
(Newrick et al., 1986).

A body of evidence, gathered from the morphometric 
analysis of human nerve, has been presented by some 
investigators to support a vascular basis to diabetic 
polyneuropathy (Dyck et al., 1985; Dyck et al., 1986a; 
1986b; Johnson et al., 1986). Dyck and coworkers (1985) 
have reported a correlation between the incidence of 
capillaries with "closed*' lumens and an index which was 
constructed to represent the severity of the neuropathy. In 
contrast, others have failed to confirm the presence of 
"closed" capillary lumens in diabetic polyneuropathy 
(Powell et al., 1985; Bradley et al., 1990). Dyck, Johnson 
and colleagues (Dyck et al., 1986a; 1986b; Johnson et al.,
1986) have also claimed that the spatial distribution of 
nerve loss in diabetic polyneuropathy is comparable to 
those neuropathies which result from tissue ischaemia. The 
conclusion of Dyck, Johnson and coworkers (Dyck et al., 
1986a; 1986b; Johnson et al., 1986) has attracted criticism 
from Thomas (1987), who has commented that the average ages 
of the patients in these studies was too advanced to 
eliminate the possibility of widespread vascular disease. 
Furthermore, Llewelyn and colleagues (1988) were able to 
show a similar distribution of nerve fibre loss in Type I 
hereditary motor and sensory neuropathy, for which a 
vascular causation can be excluded.
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1.4.3. The sorbitol hypothesis
The sorbitol hypothesis was originally presented to 

account for the defects in Schwann cell function which are 
observed in human diabetic neuropathy. The hypothesis was 
founded on the investigations by Stewart, Gabbay and 
associates (Stewart et al., 1965; Gabbay et al., 1966) 
which revealed the presence of a polyol pathway for glucose 
metabolism in the Schwann cell. The sorbitol pathway 
involves the activity of two enzymes, aldose reductase and 
sorbitol dehydrogenase, which convert glucose to sorbitol 
and sorbitol to fructose respectively:
D-glucose + NADPH + H sorbitol + NADP
sorbitol + NAD ^  D-fructose + NADH + H
A function for sorbitol has not been identified.

After the discovery of elevated levels of sorbitol 
and fructose in the peripheral nerves of human and 
experimental models of diabetes, investigators suggested 
that the Schwann cell was subject to an osmotic insult in 
diabetic neuropathy (Gabbay et al., 1966; Stewart et al., 
1967; Ward et al., 1972). This was considered to be a 
credible proposal as the sugar alcohols produced by the 
sorbitol pathway are poorly utilized by the cell and 
diffuse slowly across the cell membrane. Thus, under 
conditions which enhance the activity of the polyol pathway 
(increasing availability of glucose), the sugar alcohols 
can exert an osmotic retention of water (Gabbay, 1973) . A 
similar mechanism was suggested by Van Heyningen (1959) to 
account for the formation of lens cataracts in diabetes.
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The development of aldose reductase inhibitors 
(Peterson et al., 1979) permitted further investigation of 
the polyol pathway in human and experimental diabetic 
neuropathy. As might have been expected, the aldose 
reductase inhibitors were shown to prevent the accumulation 
of sorbitol in experimental models (Yue et al., 1982; Mayer 
and Tomlinson, 1983) and human diabetic neuropathy (Dyck et 
al., 1988). Aldose reductase inhibitors have been found to 
improve motor nerve conduction velocity in streptozotocin- 
diabetic rats (Yue et al., 1982; Mayer and Tomlinson, 
1983). However, there is no evidence that aldose reductase 
inhibitor treatment can correct the structural 
abnormalities of experimental diabetic neuropathy; Bhoyrul 
and co-workers (1988) found that aldose reductase inhibitor 
treatment did not prevent a reduction in the nerve fibre 
calibre of streptozotocin-diabetic rats. The clinical 
trials of patients with aldose reductase inhibitor
treatment have demonstrated some improvement in nerve 
conduction abnormalities (Gillon et al., 1986), 
particularly during short term treatment (Jaspan et al., 
1983; Jaspan et al., 1986). There are also reports that
aldose reductase inhibitors can ameliorate some defects of 
the autonomic nervous system in diabetic patients (Fagius
et al., 1985; Jaspan et al., 1986). On the other hand, 
others have failed to detect any beneficial effect of
aldose reductase inhibitors on the clinical symptoms or the 
nerve conduction in diabetic neuropathy (O'Hare et al., 
1988; Guy et al., 1988). Sima and coworkers (1988a) have
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compared the findings of a series of sural nerve biopsies 
from subjects with diabetic neuropathy with repeat biopsies 
from the same patients after 12 months of aldose reductase 
inhibitor treatment. A significant increase in the 
percentage of regenerating and remyelinated fibres was 
observed, as well as a reduction in the incidence of myelin 
abnormalities. The interpretation of these results has been 
questioned (Asbury, 1988; Thomas, 1989), as the repeat 
biopsies were obtained from a location which was proximal 
to the original site, and thus the observations may have 
been affected by the first biopsy.

The observed overhydration of peripheral nerve in 
human (Griffey et al., 1988) and experimental diabetic 
neuropathy (Rechthand et al., 1987b; Anand et al., 1988) 
suggests an osmotic alteration. Aldose reductase inhibition 
is reported to reduce the excess water in peripheral nerve 
in diabetic subjects (Griffey et al., 1988). However, 
Jakobsen (1978) was unable to show an increase in the 
volume of the Schwann cell cytoplasm in streptozotocin- 
diabetic rats; in fact, he recorded a reduction in the 
cross-sectional area of the cytoplasm. In addition, it is 
considered that the accumulation of polyols in diabetic 
neuropathy is not sufficient to be osmotically significant 
unless the polyols are confined to a small compartment in 
the nerve (Cogan et al., 1984). The role of increased nerve 
sorbitol in the development of overhydration is therefore 
unclear. At present it is also undetermined whether the 
overhydration of diabetic nerve is related to the 
impairment of nerve function.
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1.4.4. The mvo-inositol hypothesis (incl. reduced Na^/K* 
ATPase)
Diabetic neuropathy has been attributed to an 

impairment of Na+/K+-ATPase activity, secondary to a 
reduction of nerve myo-inositol. The evidence in support of 
the "myo-inositol hypothesis" was recently discussed by 
Greene, Lattimer and Sima (1987, 1988).

Myo-inositol is a six carbon polyalcohol which is
utilized in cells as a precursor for the synthesis of 
inositol phospholipids, from which are derived the 
intracellular second messengers inositol trisphosphate and 
diacylglycerol (Berridge, 1984). When investigators 
observed a reduction in myo-inositol concentrations in 
peripheral nerve in experimental diabetic neuropathy 
(Stewart et al., 1967; Ward et al., 1972) attention was
focused on the role of this compound in peripheral nerve. 
Greene and associates (1975) found that the institution of 
dietary supplement of myo-inositol would ameliorate the 
nerve conduction defects of streptozotocin-diabetic rats, 
and therefore implicated myo-inositol metabolism in the 
pathogenesis of diabetic neuropathy. This was regarded by 
these investigators as an attractive proposal since it was
later established that glucose competitively inhibits the
sodium and energy dependent active transport of myo
inositol (Greene and Lattimer, 1982). Furthermore, 
observations in experimental diabetic neuropathy suggested 
that abnormalities in axonal transport and internal 
membrane structure could be improved by dietary myo
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inositol supplementation (Fukuma et al., 1978; Mayer and 
Tomlinson, 1983).

The perception of myo-inositol biochemistry in 
diabetic neuropathy was enlarged by the investigation of 
aldose reductase inhibitors (Finegold et al., 1983; Gillon 
et al., 1986). In addition to improving nerve conduction in 
streptozotocin-diabetic rats (Yue et al., 1982), aldose 
reductase inhibitors have been shown to prevent the 
reduction in nerve myo-inositol concentrations (Finegold et 
al., 1983). This observation has led to the proposal that 
the abnormal polyol pathway activity in diabetic neuropathy 
is responsible for the diminished levels of myo-inositol: 
the "sorbitol-myo-inositol" hypothesis (Greene et al.,
1987) .

It is also apparent that Na+/K+-ATPase activity is 
reduced both in peripheral nerve and ganglia in 
streptozotocin-diabetic rats (Das et al., 1976; Green et 
al., 1985; Greene and Mackway, 1986). This is a highly 
significant observation because the Na+/K+-ATPase enzyme is 
associated with various cell functions, including nerve 
conduction. Greene and Lattimer (1983; 1984) found that the 
institution of myo-inositol dietary supplementation (or an 
aldose reductase inhibitor) could preserve the activity of 
Na+/K+-ATPase in streptozotocin-diabetic rats. The impaired 
activity of Na+/K+-ATPase in experimental diabetic 
neuropathy was therefore considered to be a reversible 
defect. Greene and Lattimer (1983; 1984) also proposed that 
the results were an indication of a possible link between 
myo-inositol and Na+/K+-ATPase activity in peripheral
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nerve. As Na+/K+-ATPase is associated with the active 
transport of myo-inositol, a self-reinforcing cycle of 
depressed Na+/K+-ATPase activity and reduced myo-inositol 
was suggested in diabetic nerve (Greene and Lattimer,
1983).

Sima and co-workers (1986; 1988b) claimed to have
identified an important structural defect in the nodes of 
Ranvier in diabetic neuropathy: "axo-glial dysjunction".
This defect has been attributed to an abnormal accumulation 
of sodium at the node of Ranvier, possibly secondary to 
reduced Na+/K+-ATPase activity (Brismar and Sima, 1981). 
The excess sodium is reported to be responsible for an 
osmotic swelling of the node of Ranvier, and disruption of 
the junctional complexes between the paranodal axolemma and 
the terminal loops of myelin (Sima et al., 1985). Sima and 
associates (1988b) have described "axo-glial dysjunction" 
in nerve biopsies from patients with diabetic neuropathy. 
This structural defect is considered by these investigators 
to represent that component of the nerve conduction 
abnormality which fails to normalise after the correction 
of hyperglycaemia.

The results of some recent studies, however, have 
provided a convincing argument against a role for reduced 
myo-inositol in diabetic neuropathy. Investigators have 
failed to detect a reduction in nerve myo-inositol in the 
biochemical analysis of human nerve biopsies (Dyck et al., 
1980; Hale et al., 1987; Dyck et al., 1988). Furthermore, 
the suggestion that nerve myo-inositol levels and Na+/K+-

- 51 -



ATPase activity might be associated (Greene and Lattimer, 
1983; 1984) has been threatened by the conclusions of
studies which fail to confirm such a simple relationship 
(Llewelyn et al., 1986; Lambourne et al., 1988). In the 
dorsal root ganglia of streptozotocin-diabetic rats for 
instance, despite a reduction in Na+/K+-ATPase activity, 
myo-inositol levels are not diminished (Llewelyn et al., 
1986).

1.4.5. Abnormalities of protein metabolism find. axonal
transport)
There is a paucity of information regarding the 

status of protein metabolism in human diabetic neuropathy. 
Palo and associates (1972; 1977) have reported a reduction
in the protein composition of peripheral nerve myelin in 
autopsy studies, although unfortunately this has not been 
investigated in nerve biopsies. A wide range of 
disturbances has been observed in animal models of 
diabetic neuropathy (Thomas, 1984). Sidenius (1982) and 
Thomas (1984) have considered that some of these 
disturbances may indicate a role for abnormal protein 
metabolism in the causation of human and diabetic 
neuropathy.

Streptozotocin-diabetic rats and age-matched 
controls show a discrepancy in the diameter of the nerve 
fibres (Sharma and Thomas, 1974; Jakobsen and Lundbaek, 
1976; Sharma et al., 1977; 1981). This is clearly
illustrated in a study in which rats were made diabetic at 
weaning by streptozotocin injection (Sharma et al., 1981).
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The diabetic rats suffered a deficit in body weight and 
tibial length from the start of the experiment. However, no 
alterations were observed in the nerve fibre diameter until 
the fourth month of age, when the nerve fibre calibre of 
the diabetic rats failed to increase. Sharma and colleagues 
(Sharma et al., 1981) interpreted these findings as 
evidence of an impairment of maturation in experimental 
diabetes, and Thomas (1984) later commented that these 
findings were similar to those recorded in experimental 
protein malnutrition.

The protein synthesis of neurones is largely 
restricted to the cell body and the integrity of the axon, 
therefore, depends on the production and translocation of 
this protein. It is also apparent that certain structural 
and cytosol proteins manufactured by the neuronal perikarya 
are transported in the axon by a cytoskeleton (for review, 
see Lasek et al., 1984). The study of axonal transport has 
provided additional evidence of a disturbance in protein 
metabolism in diabetic neuropathy. There are reports of 
abnormalities in the slow anterograde transport and the 
retrograde (turnaround) transport of the axon (Jakobsen and 
Sidenius, 1979; 1980; Vitadello et al., 1985; Macioce et
al., 1989). In particular, Jakobsen and Sidenius (1980) 
have shown that the velocity of slow component a is reduced 
in streptozotocin-diabetic rats. This has been confirmed as 
an early event (Sidenius and Jakobsen, 1981). Slow 
component a is associated with some of the structural 
proteins of the axon, including tubulin and the
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neurofilament triplet (Lasek et al., 1984). The retrograde 
transport of glycoproteins was also shown to be dimini in 
experimental diabetes (Jakobsen and Sidenius, 1979). 
Sidenius (1982) concluded that these observations could 
reflect a disturbance in neuronal protein metabolism which 
itself could be responsible for the reduced calibre of 
nerve fibre diameter in experimental diabetes. The 
significance of these observations is reinforced by a 
recent study which claims that, in streptozotocin-induced 
diabetes, the transport velocity of slow component a in 
sensory neurones is affected to a greater degree than it is 
in motor neurones (Macioce et al. , 1989). In human diabetic 
neuropathy, sensory and autonomic nerve function are more 
severely affected than motor nerve function.

Amino acid metabolism in the perikaryon has received 
the attention of Thomas and associates (1984) . These 
investigators have demonstrated a reduction in the 
incorporation of 3H-leucine into protein in the dorsal 
root ganglia of streptozotocin-diabetic rats. Furthermore, 
the uptake of a non-metabolizable amino acid, 4-amino 3H- 
butyric acid, was also shown to be diminished (Thomas et 
al., 1984). (It is not known if the uptake of amino acids 
in the dorsal root ganglia is rate-limiting for protein 
synthesis.) The uptake of amino acids is a sodium and 
energy dependent process. It has also been reported that 
the activity of Na+/K+ - ATPase is reduced in the dorsal 
root ganglia of streptozotocin-diabetic rats (Green et al., 
1985; Lambourne et al., 1988). Therefore, it is logical to 
consider that the impaired uptake of amino acids in the
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dorsal root ganglia of experimentally-diabetic rats could 
be related to the reduced activity of Na+/K+-ATPase. 
Details concerning Schwann cell protein metabolism in 
diabetic neuropathy are scarce. Spritz and co-workers 
(1975) reported that the in vitro incorporation of 14C- 
leucine into myelin was significantly reduced in 
streptozotocin-diabetic rats. Freeze-fracture replication 
technique has been employed to study the internal membrane 
structure of myelin in streptozotocin-diabetic rats (Fukuma 
et al., 1978; Yagihashi et al., 1982; Gabriel et al., 
1986b) and genetically diabetic mice (Sharma et al., 1983). 
Freeze-fracture replication permits the analysis of 
intramembranous particles which are considered to represent 
the integral membrane proteins (see section 1.8.3.). 
Although Yagihashi and co-workers (1982) were unable to 
detect a difference in the population of intramembranous 
particles, other investigators have recorded a reduction in 
the density of intramembranous particles in myelin in 
experimental diabetes (Fukuma et al., 1978; Sharma et al., 
1983; Gabriel et al., 1986b).

1.4.6. Non-enzvmatic glvcation
Non-enzymatic glycation of protein describes the 

interaction (and rearrangement) of glucose and amino groups 
of protein to form sugar-protein adducts. The excessive 
glycation of protein such as haemoglogin (Stevens et al., 
1976) has been documented in diabetes. In experimental 
diabetes, peripheral nerve myelin proteins (Vlassara et
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al., 1983) and brain tubulin (Williams et al., 1982) have 
been shown to be susceptible to increased glycation. 
Williams and associates (1982) suggested that this might 
interfere with cytoskeletal transport. There are further 
functional derangements which could result from the 
excessive glycation of protein, and these are currently 
under investigation (Brownlee et al., 1988). Recent 
interest has focused on changes in tissue permeability; 
Patel and co-workers (1991) have reported that the 
glycation of albumin increases the permeation of this 
macromolecule across the blood-nerve barriers. The 
increased levels of endoneurial albumin which have been 
recorded in human diabetic neuropathy (Ohi et al., 1985) 
may be associated, therefore, with non-enzymatic 
glycation.

1.5. PROTEIN AND HUMAN NUTRITION

1.5.1 The Chemistry of Proteins
Proteins are composed of polymers of amino acids. The 

twenty commonly occurring amino acids possess a general 
formula: an amino group, a carboxyl group and a "side
chain" are linked to a single carbon atom. The chemical 
diversity of the amino acids is found in the structure of 
the "side chain" which is different in each type of amino 
acid.

The polymerization of amino acids into a protein is 
achieved, under suitable conditions, by the formation of an 
amide bond between the carboxyl group of one amino acid and
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the amino group of another. The repetition of this process 
produces a polypeptide. The conformation of a protein is 
determined by covalent and noncovalent interactions between 
the "side chains" of the constituent amino acids. In 
general, the complete polypeptide, or the domain of a
polypeptide, assumes an alpha-helical conformation or a 
beta-pleated sheet conformation. The complexity of protein 
structure is further enhanced by the association of 
different polypeptides to create large macromolecules
(Alberts et al., 1989a).

1.5.2. The Biological Roles of Proteins
A vast range of cell functions is mediated by 

proteins. Lehninger (1982) has attempted to summarise the 
diverse roles of cell proteins. These include a structural 
function (maintaining cell structure and shape), a
catalytic function (enzymatic proteins), a regulatory 
function (hormones), a storage function (nutrient
proteins), a transport function (enabling certain molecules 
to cross cell membranes) and a recognition function (which 
is integral to an immune response).

1.5.3. Protein-Calorie Malnutrition
Although some of the amino acids can be metabolized 

from intermediates of the citric acid cycle, the animal 
cell is not capable of synthesizing eight amino acids. It 
is necessary, therefore, that these essential amino acids 
are present in an adequate diet so that the animal cell can
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replace those proteins which are degraded during the 
maintenance of tissues. Infants and children require a 
greater dietary intake of protein than adults in order to 
facilitate body growth. Different criteria by different 
authorities have given rise to varying opinion on the 
recommended daily intake of protein for humans (Davidson et 
al., 1979). In the United States of America, a daily
allowance of 0.8g of protein per kg of body weight has been 
suggested (Food and Nutrition Board of the National 
Research Council, 1980). The recommended daily allowance of 
protein for infants is substantially greater (2.0g of
protein per kg of body weight).

In developing countries, young infants are often
unable to obtain a diet which is adequate for growth and 
development. Subsequently the well-being of these children 
is threatened by malnutrition. Kwashiorkor, a word derived 
from west Africa, is generally used to describe the 
syndrome caused by protein-calorie malnutrition (PCM)
during growth. Together with marasmus (a condition which 
results from the deficiency of energy from non-specific 
sources) the two syndromes are largely responsible for the 
high mortality rates of children under five years age in 
developing countries. Kwashiorkor is prevalent in children 
after weaning, aged between 1 and 2 years. A reduction in 
the serum albumin levels is an early indicator of 
kwashiorkor. Commonly, children affected by this syndrome 
show a retarded growth rate and wasted muscles. In extreme 
kwashiorkor the skin can become scaly and there is a loss 
of hair. Oedema can be present, particularly in the legs.
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The immune response is impaired and the child is more 
vulnerable to disease such as dysentry. Kwashiorkor has a 
detrimental affect on brain growth (Davidson et al., 1979; 
Bender and Bender, 1982).

1.6. PERIPHERAL NEUROPATHY IN HUMAN 
PROTEIN-CALORIE MALNUTRITION

1.6.1. Disturbances of nerve conduction
Udani (1960) presented an early clinical study of 

the effects of kwashiorkor on the nervous system of young 
children in India. The disturbances he described included 
the loss of tendon reflexes, changes in mental attitude 
shown by features such as increased irritability and 
apathy, and the coldness of extremities (indicating 
autonomic involvement). Subsequently a number of 
electrophysiological studies of PCM children have 
demonstrated a significant reduction in motor nerve 
conduction velocity (Osuntokun, 1971; Sachdev et al., 1971; 
Singh et al., 1976; Kumar et al., 1977; Gosh et al., 1979; 
Chopra et al., 1986). This abnormality is apparently 
pronounced in children who have suffered periods of 
nutritional deficiency before 12 months age (Gosh et al., 
1979). The degree of the impairment of motor nerve function 
is related to the severity of malnutrition (Singh et al., 
1976; Gosh et al., 1979; Chopra et al., 1986). Nutritional 
rehabilitation has been shown to restore motor nerve 
conduction velocity (Osuntokun, 1971; Sachdev et al.,
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1971). A disturbance in sensory nerve function in PCM 
children was demonstrated by Chopra and associates (1986). 
In this study these workers were unable to detect sensory 
nerve action potentials in more than half of the children 
with severe PCM. Furthermore, the abnormalities of nerve 
conduction were considered to be unrelated to vitamin 
deficiency as the nerve conduction in children with vitamin 
deficiency was not significantly different to those without 
vitamin deficiency.

1.6.2. Nerve fibre pathology
There are limited observations of the effects of PCM 

on the structure of peripheral nerve. Dastur and co-workers 
(1977) completed a quantitative histological study of the 
sural nerve in well-nourished and PCM children in India. 
They found that the mean density of myelinated fibres was 
similar in both groups, although the range was greater in 
the children with PCM. However, a paucity of large 
myelinated fibres (above 5pm diameter) was indicated in the 
size distibution analysis of the malnourished children. 
Dastur and co-workers (1977) were able to show an inverse 
relationship between the diameter of myelinated fibres and 
the severity of malnutrition. This finding indicated a 
suppression in the development of large myelinated fibres 
in children with PCM. A similar myelinated fibre size 
distribution was obtained by Chopra and associates (1986), 
who also reported segmental demyelination to be a 
significant feature of children with severe malnutrition. 
Chopra and his associates (1986) proposed that these
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abnormalities were likely to be responsible for the 
deficits in nerve conduction in PCM.

1.7. PERIPHERAL NEUROPATHY IN EXPERIMENTAL 
PROTEIN-CALORIE MALNUTRITION

1.7.1. Background
Some of the adverse effects of PCM on the peripheral 

nervous system of humans have been repeated in animal 
models of undernutrition. The diet of animals can be 
manipulated by restricting the total amount of food (Sima, 
1974), or specific components of the diet such as protein 
(Oldfors, 1981a).

1.7.2. Disturbances of nerve Conduction
A reduction in the motor nerve conduction velocity 

of protein deficient rhesus monkeys was shown by Roy and 
co-workers (1972). Pre- and postnatal under nutrition in rats 
has been reported to have a detrimental effect on sensory 
nerve conduction velocity (Sima and Jankowska, 1975).

1.7.3. Nerve fibre pathology
The diameter of the axon and myelination is 

diminished in rodent peripheral nerve following early 
undernutrition (Hedley-Whyte and Meuser, 1971). The studies 
by Sima and associates (Sima, 1974; Sima and Sourander, 
1974a; Sima and Jankowska, 1975) have demonstrated the 
persistence of small diameter fibres in malnourished rats.
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This has been considered as evidence of retardation in the 
development of large diameter fibres in malnutrition. 
Undernutrition was reported to have no effect on the size 
of spinal ganglion nerve cells (Oldfors and Sourander, 
1977) . The effect of nutritional rehabilitation on nerve 
fibre growth is apparently variable (Sima, 1974; Sima and 
Sourander, 1974a; Gopinath et al., 1983). The deficit in 
myelinated fibre diameter in the sciatic nerve does not 
completely recover after nutritional rehabilitation (Sima, 
1974; Gopinath et al., 1983). Sima (1974) reported that 
whereas the ventral root of the sciatic nerve of early 
undernourished rats would resume development after 
nutritional rehabilitation, the dorsal root failed to 
recover. According to Sima and Sourander (1974), 
undernutrition causes an irreversible deficit in the rat 
optic nerve (a central sensory pathway). The authors 
commented that sensory and motor pathways may differ in 
their response to malnutrition.

An alteration in the nerve fibre calibre spectra was 
observed in young rats which had been subjected to prenatal 
protein deprivation (Oldfors and Ullman, 1980). The rats 
were provided with full vitamin supplementation. Oldfors 
and Ullman (1980) reported that initially the nerve fibre 
diameter of the protein deprived rats was similar to the 
controls, although later a deficit in the nerve fibre 
growth was evident. Furthermore, Nordborg (1978) 
established that protein deprivation resulted in abnormal 
internodal lengths, which were unusually short with respect 
to the nerve fibre diameter.
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A diet which was severely deficient in protein was 
shown to cause distal axonal degeneration in young rats 
(Oldfors, 1981a; Oldfors and Persson, 1982). Abnormalities 
such as axonal shrinkage and folding of the myelin sheath 
were demonstrated in the nerve fibres of the tail nerve 
(Oldfors and Persson, 1982). Wallerian degeneration was 
observed in the distal regions of nerve fibres in central 
and peripheral pathways (Oldfors, 1981a). The findings were 
considered to indicate a distal axonopathy, of a "dying- 
back" type. Oldfors (1981a) suggested that severe protein 
deprivation restricted the ability of the nerve cell body 
to supply the distal reaches of the axons with the 
necessary materials. He also considered that a disturbance 
in axonal transport may be implicated in a distal 
axonopathy. Kennedy (1974) failed to observe any change in 
the rate of axonal transport in the vagus nerve of the 
rabbit after undernutrition.

1.7.4. Abnormalities in the perineurium
In well nourished rats, the perineurium develops a 

diffusion barrier at the fourth week of age, which can 
restrict the access of macromolecules into the endoneurium 
(Sima and Sourander, 1973; 1974b). However, Sourander and
associates (Sima and Sourander, 1973; 1974b; Thomas and
Sourander, 1977; Oldfors and Sourander, 1978) have 
demonstrated that pre- and postnatal undernutrition impairs 
the development of the perineurial diffusion barrier (but 
not the blood-nerve barrier at the endoneurial
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vasculature). Apparently, nutritional rehabilitation does 
not restore this property of the perineurium (Sima and 
Sourander, 1973; 1974b). It has been considered that
extensive tight junctions, which link adjacent perineurial 
cells, represent the morphological basis of the barrier 
(Thomas, 1963). Sima and Sourander (1974b) proposed that 
the "number" of perineurial tight junctions in the 
undernourished rats was reduced, although this observation 
was not supported by a quantitative analysis. A tracer 
study by Oldfors and Johansson (1979) provided evidence 
which implicated a role for the cytoplasmic vesicles in the 
permeability properties of the perineurium in 
underutrition. It is apparent therefore that a structural 
alteration in the perineurium in early undernutrition has 
not been conclusively identified.

A further abnormality in undernourished rats was 
described in an enzyme histochemical study of the 
perineurium (Thomas and Sourander, 1977). An increase in 
the enzyme activity of the perineurium usually occurs at 
the moment when the diffusion barrier is established. 
According to Thomas and Sourander (1977) the maturation of 
enzyme activity, including ATPase, is delayed in the 
perineurium in malnourished rats.

1.7.5. Alterations in nerve metabolism
There are conflicting reports concerning the ribose 

nucleic acid content of anterior horn neurones in 
postnatally malnourished rats (Haltia, 1970; Sourander et 
al., 1976), which may be explained by differences in
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experimental protocol. Abnormally large nucleoli have been 
observed in the dorsal root ganglion in undernourished 
primates (Manocha and Sharma, 1978). Protein malnutrition 
was shown to alter the enzyme patterns of cells in the 
spinal cord of the monkey (Monacha and Olkowski, 1972). 
This study showed changes in phosphatases and 
dehydrogenases and indicated a reduction in the activity of 
the Krebs cycle and an increase in the pentose shunt and 
anaerobic pathway.

1.8. THE BIOLOGICAL MEMBRANE

1.8.1. Model for the structure of the biological membrane
Cells are surrounded by a plasma membrane. The 

currently favoured model of membrane structure was proposed 
by Singer and Nicolson (1972). The plasma membrane is 
considered to exist as a bilayer of lipid molecules, 
associated with proteins. The hydrophobic domains of the 
lipid molecules create a "hydrophobic core" at the centre 
of the bilayer which excludes the hydrophilic regions of 
the lipids. Integral (transmembrane) proteins possess 
structural adaptions, such as hydrophobic domains, which 
permit the macromolecules to traverse the entire membrane. 
These proteins may show some mobility in the plane of the 
membrane by lateral diffusion. Peripheral membrane proteins 
do not interact with the interior of the membrane and are 
associated with one of the external sides.
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1.8.2. Role of the biological membrane
The plasma membrane is a selectively permeable 

barrier which provides containment for the cell and
regulation of the cytosolic environment. Internal 
compartmentation of specific cell processes is also 
afforded by the membrane structure. In addition, the
membrane provides a location for a variety of enzymes and
affords a role in intercellular recognition and
communication (Alberts et al., 1989b).

1.8.3. Visualization of the internal membrane structure bv 
the freeze-fracture replication technique 
Freeze-fracture replication is an established 

technique in cell biology (Stolinski and Breathnach, 1975). 
The technique depends on the fracturing of frozen
biological tissue, which will normally expose the plane of 
least resistance (Steere, 1957). Branton and Pinto da Silva 
(Branton, 1966; Pinto da Silva and Branton, 1970) 
identified the plane of fracture as the internal 
hydrophobic domain of the plasma membrane. The internal 
membrane surfaces exposed by the plane of fracture are 
called the membrane fracture faces. A specific 
nomenclature, suggested by Branton and associates (1975), 
has been adopted for the description of the membrane 
fracture faces. The fracture face which reveals the 
hydrophobic side of that monolayer attached to the
cytoplasmic (protoplasmic) material is called the P-
fracture face. The second fracture face exposes the
hydrophobic side of the monolayer which remains attached to
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the external material: the E-fracture face.
The application of the freeze-fracture replication 

technique has added to the knowledge of internal membrane 
architecture (Verkleij and Ververgaert, 1978). The early 
freeze-fracture studies of biological membranes described 
"globular subunits" and "particles" of about 8nm diameter 
on the membrane fracture faces (Moor and Muhlethaler, 1963; 
Branton, 1966). The "particles," or intramembranous 
particles (IMPs), have been studied in membrane 
reconstitution experiments which have employed freeze- 
fracture replication (Yu and Branton, 1976; Deguchi et al., 
1977; Skriver et al., 1980). The fracture faces of pure 
phospholipid vesicles fail to show any IMPs until Na+/K+- 
ATPase protein is introduced to the membrane, according to 
Skriver and colleagues (1980). This is convincing evidence, 
therefore, that the IMPs on membrane fracture faces 
represent integral membrane proteins.

The morphology of intercellular contacts has also 
received the attention of freeze-fracture replication 
studies. Part of the structure of the tight junction can be 
observed in the membrane fracture faces (Staehlin et al., 
1969). The tight junction is often shown as a strand on one 
fracture face (frequently the P-face) and a groove on the 
complemetary fracture face. Gap (communicating) junctions 
are seen as groups of closely packed IMPs on the P-fracture 
face and pits on the complementary face (McNutt and 
Weinstein, 1970; Staehelin, 1972).
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1.9. PLAN OF RESEARCH

There is evidence which implicates a disturbance in 
protein metabolism in the development of diabetic 
neuropathy. The first aim of this study was to gain further 
information as to the status of protein metabolism in human 
diabetic polyneuropathy. It is also apparent that the 
integrity of the blood-nerve barriers (the perineurium 
and/or the endoneurial vasculature) is challenged in 
diabetes. The second objective of this investigation was to 
study the organization of the intercellular junctions in 
the perineurium in diabetic polyneuropathy. Freeze-fracture 
replication technique can be employed to observe the 
integral membrane proteins and the structure of 
intercellular junctions. Therefore, sural nerve biopsies 
from patients with diabetic polyneuropathy were studied 
with freeze-fracture replication. Qualitative changes in 
the membrane structure were recorded. The IMPs on the 
membrane fracture faces of the perineurium, myelin and 
axons were assessed by a quantitatve analysis. The caveolae 
of the perineurial fracture faces were also studied by 
quantitative analysis.

In order to gain a better appreciation of the 
alterations which might be associated with a disturbance in 
protein metabolism, the cell membranes in the peripheral 
nerves in severely protein deprived rats were also 
investigated. Qualitative and quantitative observations 
were recorded from the perineurium, myelin and axons. A 
freeze-fracture replication study also provided an
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opportunity to identify the structural changes which could 
explain the impaired permeability properties of the 
perineurium in this experimental model. Observations of the 
perineurium in the protein deprived rats could be compared 
with the situation in the perineurium in human diabetic 
polyneuropathy.
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CHAPTER 2
METHODS

2.1. TISSUE PREPARATION OF HUMAN SURAL NERVE

2.1.1. Tissue collection
(a) Normal sural nerve:

Total sural nerve biopsies were obtained from a site 
posterior to the lateral malleolus in organ donor cases 
before termination of assisted ventilation. The organ cases 
were 3 females (aged 45, 55 and 59 years) and 1 male (aged
55 years) . None of the subjects were known to have 
neuropathy and none had disorders in which peripheral 
neuropathy may occur. The consent of next of kin and the 
approval of the Ethics Committee of the Royal Free Hospital 
was obtained.
(b) Diabetic sural nerve:

Sural nerve fascicular biopsies were obtained from 
the same site after informed consent in 7 patients with 
diabetic neuropathy. The patients comprised 6 females (aged 
19, 26, 32, 32, 34, and 53 years) and 1 male (aged 38
years). All had IDDM and had a distal, predominantly 
sensory, polyneuropathy with accompanying autonomic 
involvement. None had any other cause for neuropathy and 
evidence of peripheral vascular disease was not present. 
Permission for nerve biopsy was obtained from the Ethics 
Committee of King's College Hospital, London. The clincal 
details of the patients, except the 26 year old female,
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have been given in Llewelyn et al. (1991) (Cases 18, 16,
10, 11, 14 and 5 respectively).

2.1.2. Fixation
The biopsy specimens were immersed in Karnovsky's 

fixative (K2) (see section 3.1.2. for ingredients) for 30 
minutes at room temperature.

2.1.3. Crvoprotection
The biopsy specimens were transferred to 8% glycerol 

(vol/vol) in 0.1M sodium cacodylate buffer for 2 hours at 
room temperature. The specimens were then transferred to 
25% glycerol (vol/vol) in 0.1M sodium cacodylate buffer for 
2 hours at room temperature.

2.1.4. Rapid freezing
Small segments of nerve fascicles (which included 

intact perineurial sheaths) were mounted in grooved sample 
holders (see section 3.1.3), so that a portion of the nerve 
fascicle was exposed above the top edge of the sample 
holder (see Fig. 1). The base of the sample holder was 
grasped with forceps and plunged in melting propane at 
approximately -180°C. The samples were stored in liquid 
nitrogen.
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SPECIMEN 
(LYING IN
GROOVE)

mm,

GRASS SCREW

FIG. 1:
Diagram to show the orientation of the sural nerve specimen 
in the grooved sample holder (brass screw). Not drawn to 
scale.
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2.2. TISSUE PREPARATION OF RAT SURAL NERVE

2.2.1. Production of protein deficiency in rats
The study was carried out on a total of 40 Sprague- 

Dawley rats, evenly divided into 4 groups of rats which 
comprised of 2 groups of protein deprived rats and 2 groups 
of control rats. The rats were kindly prepared by Dr Anders 
Oldfors at the Department of Pathology, University of 
Goteborg, Sweden.
(a) Five week old Control rats (5W Control) and "Early 
Induced Protein Deficient" rats (5W EIPD):

Female Sprague-Dawley rats were fed a normal protein 
diet ad libitum of 14% protein by weight (see section
3.1.1. for details of the diet). The offspring were 
continued on the same diet until preparation for biopsy at 
5 weeks of age. These rats served as the 5W Control group. 
A second group of female Sprague-Dawley rats were fed a low 
protein diet ad libitum containing only 7% protein by 
weight (see section 3.1.1.) 2 weeks before conception and 
onwards. The offspring were continued on the same diet 
after weaning, until the animals were prepared for biopsy 
at 5 weeks of age.
(b) Twenty-five week old Control rats (25W Control) and 
"Severely Protein Deprived" rats (25W SPD):

Male Sprague-Dawley rats were fed a normal protein 
diet ad libitum containing 14% protein by weight. At 6 
weeks of age the rats were separated into 2 groups. The 
25W Control group was continued on the same diet until the 
rats were prepared for biopsy at 25 weeks of age. The 25W
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SPD group was fed a low protein diet ad libitum containing 
only 1.5% protein by weight (see section 3.1.1.) until the 
rats were prepared for biopsy at 25 weeks of age.

2.2.2. Perfusion and fixation
While the rats were anaesthetized with ether, the 

ventral half of the thorax was removed to expose the heart. 
A canrtulo. was inserted into the base of the aorta via the 
left ventricle. The animals were perfused at a constant 
flow of 9Oml/minute through the can*ol*, and the outflow was 
directed through a puncture in the right atrium. The 
animals were first perfused with 150ml of isotonic saline 
solution at 37°C to remove blood from the vasculature. The 
isotonic saline was followed, without interruption, by 
150ml of Karnovsky's fixative (K2) (see section 3.1.2.) at 
37°C, and then by 150ml of the same fixative at 4°C. The 
sural nerves were subsequently removed and immersed in the 
same fixative for 1 hour, being cut further into segments 
3mm long after 30 minutes.

2.2.3. Crvprotection and rapid freezing 
As sections 2.1.3. and 2.1.4.

2.3. FREEZE-FRACTURE REPLICATION EXPERIMENTS

2.3.1. Apparatus
The experiments were performed with a freeze- 

fracture module constructed in the Department of Anatomy
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and Cell Biology, St. Mary's Hospital Medical School, 
London. The freeze-fracture module was developed from an 
apparatus designed by Dr Christopher Stolinski (1975) . The 
principle components of the module are described in section
3.2.

2.3.2. Vacuum conditions
Before the experiment proceeded, it was necessary to 

achieve a high vacuum (2 x 10~7 mbar) in the fracture 
chamber mainly to prevent ice crystal formation by the 
condensation of water vapour on exposed surfaces of the 
fractured specimen.

2.3.3. Cooling of apparatus and insertion of specimen 
Under liquid nitrogen, the specimen was loaded into

the specimen shuttle. The specimen was orientated in the 
shuttle so that a portion of the frozen nerve tissue was 
exposed above the top edge of the specimen shuttle. (Thus 
the protruding portion of tissue was exposed to the action 
of the fracture device in the fracture chamber stage). The 
specimen shuttle was attached to the end of the transfer 
rod (under liquid nitrogen).

The airlock stage and the fracture stage (including 
the fracture device) were cooled to -140°C by a controlled 
flow of cold nitrogen gas from the heat exchanger. The 
pressure in the airlock chamber was equalized to 
atmospheric pressure with nitrogen gas, and the specimen 
shuttle was quickly transferred from the liquid nitrogen 
into the cooled airlock stage. An airtight seal was applied
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around the shaft of the transfer rod and the airlock 
chamber was then evacuated with the rotary vacuum pump. The 
seal between the airlock chamber and the fracture chamber 
was opened, and the specimen shuttle was moved with the 
tranfer rod into the precooled fracture stage. The transfer 
rod was detached from the specimen shuttle and withdrawn to 
the airlock chamber. The fracture chamber was then sealed 
from the airlock chamber.

2.3.4. "Outgassing" of apparatus
During the insertion of the specimen shuttle, some 

water vapour may enter the fracture chamber and condense on 
the cooled surfaces of the fracture stage. To sublimate 
(and thus remove) ice contamination, the heating element 
was used to raise the temperature of the fracture stage to 
-85°C for approximately 10 minutes. This process is known 
as "outgassing".

2.3.5. Fracture and replication of specimen
To improve the high vacuum in the fracture chamber, 

the trap was cooled to -140°C or better, and the fracture 
stage was cooled to -180°C. When the vacuum in the 
fracture chamber was 2 x 10”7 mbar or better, the fracture 
stage heating element was used to raise the temperature of 
the specimen shuttle to -115°C. (As the temperature of the 
trap was still -140°C, it was colder than the specimen 
shuttle, and thus during the fracturing process residual 
water vapour was preferentially condensed on the trap). The
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rotary drive was used to draw the fracture device across 
the top edge of the specimen shuttle and to fracture the 
exposed portion of tissue. Immediately after the fracture, 
the platinum bead (and 1mm of the carbon rod) was gently 
evaporated from the platinum arc, followed by 7mm of the 
carbon rod from the carbon arc. The fractured surface of 
the specimen was thus replicated.

2.3.6. Polystyrene reinforcement of replica
The airlock stage was cooled to approximately 

-115°C. The seal between the airlock chamber and the 
fracture chamber was opened, and the transfer rod was used 
to withdraw the specimen shuttle (containing the freeze- 
fractured tissue and replica) to the cooled airlock stage.

To prevent the disintegration of the replica during 
the thawing and removal of the tissue, the upper surface of 
the replica was reinforced with polystyrene (Stolinski et 
al. 1983). A drop of 4% polystyrene in chloroform was 
frozen in liquid nitrogen. The pressure in the airlock 
chamber was equalized to atmospheric pressure and the 
airlock window was briefly opened. Using forceps (tips 
previously cooled) the frozen drop of polystyrene solution 
was quickly transferred to the surface of the replica. The 
airlock window was sealed and the airlock chamber was 
partially evacuated (approximately half atmospheric 
pressure). The temperature of the airlock stage was raised 
slowly (a rate of approximately 8°C/minute) to -40°C. At 
this temperature the tissue was still frozen, although the 
drop of polystyrene solution had melted and covered the

- 77-



replica. After approximately 10 minutes, the chloroform had 
evaporated, and the upper surface of the replica was coated
with a solid layer of polystyrene. The temperature of the
airlock stage was raised to 20°C, the pressure in the
airlock chamber was equalized to atmospheric pressure, and
the specimen shuttle was removed with the transfer rod.

2.3.7. Removal of tissue
The specimen holder (containing the reinforced 

replica and residual tissue) was removed from the specimen 
shuttle, and lowered into distilled water so that the 
replica was floated onto the surface of the water. The 
tissue, with the reinforced replica uppermost, was removed 
in a series of solutions of sodium hypochlorite as follows: 

1 hour in 5% sodium hypochlorite at room temperature 
15 hours in 15% sodium hypochlorite at room temperature 
6 hours in 50% sodium hypochlorite at 36°C 

followed by washing in 4 changes of distilled water, and 15 
minutes in concentrated nitric acid at 60°C.

2.3.8. Mounting of replica and removal of polystyrene 
reinforcement

The reinforced replica was picked up on a formvar 
coated grid (see section 3.3.1.) with the polystyrene layer 
uppermost.

Finally, to dissolve the polystyrene reinforcement 
layer, the grid was gently submerged for 5 minutes in amyl 
acetate.

- 78-



2.4. INTERPRETATION OF FREEZE-FRACTURE REPLICAS

2.4.1. Identification of artifacts
The platinum-carbon replicas were studied using a 

Phillips 300 electron microscope. To aid the identification 
of fact and artifact, the interpretation of the replicas 
was guided by the following literature: Stolinski and
Breathnach (1975); Bullivant (1977); Branton and Kirchanski 
(1977); Stolinski (1977).

2.4.2. Identification of membrane fracture faces
The membrane fracture faces were identified by their 

contiguity with the cytoplasm and extracellular material 
(collagen fibres). The membrane fracture faces were 
labelled as P-faces or E-faces according to the 
nomenclature adopted by Branton and associates (1975) (see 
section 1.8.3.).

The identification of the membrane fracture faces of 
compact myelin required a different procedure as regions of 
compact myelin do not contain cytoplasm or identifiable 
"extracellular" material. The P- and E-membrane fracture 
faces of myelin were thus identified according to the 
method described by Stolinski and Breathnach (1982) .

2.4.3. Definition of intramembranous particle (IMP)
The IMPs were defined as structures with a definite 

body (distinguished by platinum) and a definite shadow 
(devoid of platinum).

-79-



2.5. QUANTITATIVE ANALYSIS TECHNIQUES

2.5.1. Caveolae analysis of perineurium
Randomly chosen areas of perineurial membrane 

fracture faces were photographed at a magnification of 
x5,875 +/- 150 as calibrated with a diffraction grating
replica (see section 3.3.2.). The images on the electron 
microscope negatives were projected onto a digitizer tablet 
for image analysis at a total magnification of x47,000 (see 
section 3.4.1.). Suitable areas of the membrane fracture 
faces were selected for quantitative analysis. Defects in 
the structure of the replica and regions of the membrane 
fracture faces with undulations in surface topography were 
avoided. The density of caveolae openings was calculated on

, pareas of the membrane fracture faces ranging from 12.56jJirr* 
to 68.44jum2 using a computer aided digitizer tablet (see 
section 3.4.2.). Details of the sampling are provided in 
Table 1 and Table 5.

2.5.2. IMP analysis of perineurium, mvelin and axolemma
Randomly chosen areas of perineurial, myelin and

axolemmal membrane fracture faces were photographed at a 
magnification of x50,800 +/- 1100 as calibrated with a
diffraction grating replica. The total magnification for 
image analysis was x406,000. Suitable areas of the membrane 
fracture faces were chosen for quantitative analysis. 
Defects in the structure of the replica and undulations in 
the surface topography were avoided. A maximum of 3 areas
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were sampled in the fracture face of a single cell or 
myelin sheath. In perineurium the density of IMPs was 
calculated on areas ranging from 0.35pm to 1.03pm . In 
myelin the IMP density was calculated on areas ranging from

p p .0.21pm to 0.98pm ; in axolemma the IMP density was
p p ,calculated on areas 0.14pm to 0.67pm . (As the myelin and 

axolemmal fracture faces were curved, the areas which 
possessed the correct angle of platinum shadow were 
restricted, and small in comparison to areas available for 
analysis in the perineurium). Details of the sampling are 
provided in Table 2 and Table 6 (perineurium), Tables 3 and 
7 (myelin), Tables 4 and 8 (myelinated axolemma) and Table 
9 (unmyelinated axolemma).
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CHAPTER 3
MATERIALS

3.1. TISSUE PREPARATION

3.1.1. Animal diets
The diets were prepared by Dr Anders Oldfors at the 

University of Goteborg. The composition of the normal
protein diet (NP) and the low protein diets (LP) was as
follows:

NP LP LP
Protein % by weight 14 7 1.5
CONSTITUENTS (g)
Protein 4,460 2,230 480
(SP-protein)
Wheat starch 15,500 17,700 19,500
Sucrose 1,300 1,300 1, 300
Hydrogenated lard 1,950 1,950 1,950
Sunflower oil 415 415 415
Linseed oil 150 150 150
Cellulose 900 900 900
Salt mixture 1,000 1,000 1,000
Chlorine chloride 50 50 50
Vitamin mixture 37 37 37
(TOTAL 25kg)

Further details of the diets are recorded in Oldfors 
(1980, 1981a).

- 82-



3.1.2. Fixative
(a) Karnovsky's fixative (Kl) :
Paraformaldehyde 14g
Distilled water 70ml
0.1M Sodium hydroxide 21drops
Heated to 60°C until dissolved, then cooled.
10% glutaraldehyde 170ml
0.2M Sodium cacodylate buffer (pH 7.4) 105ml
Calcium chloride 175ml

(b) Karnovsky's fixative (K2):
Kl 100ml
0.2M Sodium cacodylate buffer (pH 7.4) 380ml
20% Dextran (M.W. 15,000-20,000) 20ml

3.1.3. Specimen Holders
10BA Brass Cheese Head Screws (Allscrews Ltd) were 

used as the secimen holders.

3.2. FREEZE-FRACTURE APPARATUS

3.2.1. Freeze-fracture module
The airtight freeze-fracture module was mounted 

above a Genevac vacuum pump system. The module was composed 
of a fracture chamber, an arc chamber (situated above the 
fracture chamber), and an airlock chamber (situated on the 
front of the fracture chamber).
(a) Fracture chamber:

The fracture chamber was connected via valves to the
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rotary vacuum pump and the oil diffusion vacuum pump.
The fracture chamber contained the fracture stage 

and the fracture device within a single structure. The 
fracture stage was designed to hold the specimen shuttle 
during the freeze-fracture experiment. The fracture device 
consisted of a triple set of steel blades which struck the 
exposed portion of the frozen specimen in quick success*©/), 
so that each blade struck a lower portion of the specimen. 
The fracture device was operated with a rotary drive 
(isolated with bellows) on the exterior of the fracture 
chamber. The temperature of the fracture stage (and the 
fracture device) was monitored by a platinum resistence 
thermometer (Rosemount Ltd,), and adjusted by a controlled 
flow of cooled nitrogen gas from the heat exchanger and an 
electrical heating element.

The fracture chamber also contained a brass plate 
(or trap) beneath the fracture stage. The temperature of 
the trap was cooled by a controlled flow of cold nitrogen 
gas from the heat exchanger. The function of the cooled 
trap was to condense residual water vapour and oil from the 
diffusion pump in the fracture chamber.
(b) Arc chamber:

The arc chamber was mounted above the fracture 
chamber and contained 2 separate evaporation units called 
the carbon arc and the platinum arc. The arcs provided the 
sources of platinum and carbon during the "replication" 
process of the experiment. New arcs were thus required for 
each replication process.
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The carbon arc consisted of a pointed carbon rod 
(1.5mm diameter, Le Carbone-Lorraine, France) supported by 
electrode holders which were linked to a power supply. The 
tip of the carbon rod was positioned at an angle of 90° to 
the plane of the surface of the fractured specimen.

The platinum arc comprised of a platinum bead which 
was attached close to the tip of a separate carbon rod 
(1.5mm diameter, Le Carbone-Lorraine, France). The platinum 
arc was also supported by electrode holders; however, the 
platinum arc assembly was positioned so that the platinum 
bead was at an angle of 54° to the plane of the surface of 
the fractured specimen.

The platinum beads were prepared from straight 11mm 
lengths of platinum wire (0.2mm diameter, Agar Aids), which 
were bent (90°) in the centre, and drooped 2-3mm from the 
tip of a carbon rod (mounted in electrode holders). Under 
vacuum, the carbon rod was heated until the platinum wire 
melted to a single bead.
(c) Airlock chamber:

An airlock chamber was mounted on the front of the 
fracture chamber. The function of the airlock chamber was 
to permit the insertion (and removal) of specimens into the 
fracture stage without loss of high vacuum in the fracture 
chamber.

The airlock chamber was equipped with 2 airtight 
gates, which connected the airlock chamber to the exterior 
and the fracture chamber. A window on a hinged frame was 
also incorporated on the top of the airlock chamber. The 
airlock chamber was equipped with a valve linked to the
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rotary vacuum pump. A stage, similar to the stage in the 
fracture chamber, was contained in the airlock chamber. The 
temperature of the airlock stage was monitored by a 
platinum resistance thermometer (Rosemount Ltd), and was 
adjusted by a controlled flow of cold nitrogen gas from the 
heat exchanger and an electrical heater.

3.2.2. Heat exchanger
The cooling of the components described in section

3.3.1. was achieved by a heat exchanger. Oxygen free 
nitrogen gas was passed through copper piping immersed in 
liquid nitrogen. The nitrogen gas could be cooled to 
temperatures approaching -194°C (liquid nitrogen).

3.3. ELECTRON MICROSCOPY

3.3.1. Formvar coated grids
A clean microscope slide was briefly immersed in a 

1% solution of Formvar in chloroform , and transferred to a 
glass jar containing filter paper dampened with chloroform 
for 20 seconds to permit even spreading of the solution. 
The glass slide was removed from the jar and the chloroform 
was allowed to evaporate. The formvar film was floated off 
the glass slide and onto the surface of distilled water. 
Electron microscope grids, G214 Hexagon 200 mesh (Athene), 
were inverted onto the formvar film. The film, including 
the grids, was lifted from the water with a clean piece of 
Parafilm and dried.
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3.3.2. Calibration of electron microscope
The electron microscope was calibrated with a 

diffraction grating replica of 2160 lines/mm (BIO-RAD).

3.4. IMAGE ANALYSIS

3.4.1. Image projection
Electron microscope negative film was photographed 

with Kodak technical pan film, so that the images could be 
projected onto the digitizer tablet.

3.4.2. Quantitative analysis
A digitzer tablet (Numonics 2200, Comtec Data 

Systems) was interfaced with a personal computer (AT PC, 
IBM) .
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CHAPTER 4
RESULTS

4.1. QUALITATIVE OBSERVATIONS ON THE PERINEURIUM 
IN NORMAL HUMAN SURAL NERVE

4.1.1. General morphology
The morphology of the perineurium observed in the 

freeze-fracture replicas (Fig. 3) was comparable to similar 
tissue shown in thin section (Fig. 2). The structural 
organization of the perineurium was observed in an oblique 
fracture, which exposed fractured cytoplasm and 
extracellular material, in addition to the membrane 
fracture faces of the perineurial cells (Fig. 3). The 
perineurium was composed of cellular lamellae, separated by 
a narrow extracellular cleft which contained collagen 
fibrils. The basal lamina was not identified in the freeze- 
fracture replicas. Individual perineurial lamellae 
consisted of flattened cells which interdigitated at the 
cell borders, and contained numerous pinocytotic-like 
vesicles (Figs. 3,4). Frequently the plane of fracture 
exposed large expanses of the P- and E-membrane fracture 
faces (Fig. 4). The structures identified in the P- and E- 
fracture faces were the cell overlap (Figs. 4,5), the 
openings of pinocytotic-like vesicles (Figs. 3-6) and IMPs 
(Figs. 7-10). Tight junctions and gap junctions were also 
observed, and are described in sections 4.1.2. and 4.1.3.

The position of the overlap between perineurial 
cells was indicated by a small furrow on the P-face (Fig.
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5A) and a ridge on the E-face (Fig. 5B) . The cell overlap 
was observed to follow a tortuous route (Fig. 4).

The openings of the pinocytotic-like vesicles, or 
"caveolae", were observed on most of the membrane fracture 
faces (Figs. 3-6). The caveolae were represented as 
indentations on the P-face (Fig. 5A), and craters on the E- 
face (Fig. 5B) . The distribution of the caveolae was 
observed on large areas of membrane fracture faces (Fig. 
6). In some areas the caveolae displayed a dispersed 
distribution (Fig. 6A). In other areas the caveolae were 
shown in discrete clusters (Fig. 6B).

IMPs were present on the P- and E-fracture faces 
(Figs. 7-10) . On the P-fracture face the IMPs had a 
globular profile (Fig. 8). A uniform population of IMPs was 
observed on the P-face in a single cell (Fig. 7). A similar 
population of IMPs was present on the P-faces of adjoinig 
perineurial cells in a lamella (Fig. 7). However, there was 
variation in the IMP population on the P-faces of cells in 
different lamellae. The P-fracture faces shown in Figure 8A 
and 8B were observed in perineurial cells in structurally 
distinct lamellae. Globular IMPs were also present on the 
E-fracture face (Fig. 9). The membrane fracture faces of 
the pinocytotic-like vesicles contained IMPs (Fig. 10).

4.1.2. Tight junctions
The tight junctions, recognised as focal points of 

cell contact in thin section (Fig. 2), were shown in the 
freeze-fracture replicas as networks of anastomosing
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strands in the P-face, and grooves in the E-face (Figs. Il
ls ) . Two types of tight junction were identified, 
according to the profile of the junctional region and the 
location of the junction in the perineurial cell membrane. 
These types will be described separately.

The zonulae occludentes (ZO) were tight junctions 
which had a network of branching strands (P-face) or 
grooves (E-face) in a slender, belt-like profile (Figs. 
11,12). The ZO were situated at the borders of overlapping 
perineurial cells, and the long axis of the junction was 
generally parallel to the cell perimeter. Caveolae were 
occasionally present in the junctional membrane (Fig. 11).

Large tight junctional complexes, which did not 
display a belt-like profile, were observed at locations 
which were remote from the cell borders (Fig. 13). These 
tight junctions were called maculae occludentes (MO). They 
were also composed of an elaborate network of anatomosing 
strands (P-face) and grooves (E-face), as shown in Figure 
13. Frequently the junctional membrane contained caveolae. 
In a small selection of the MO, the junctional membrane 
contained regions in which the component strands (P-face) 
and grooves (E-face) were dispersed and isolated (Fig. 14).

In ZO and MO, the P-face strands occasionally 
contained small gaps, and IMPs were sometimes present in 
the E-face grooves. This is shown in Figure 15, which is a 
high magnification micrograph of a junctional area in a 
macula occludens.
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4.1.3. Gap junctions
Gap junctions were represented by groups of closely 

packed IMPs on the P-face, and a group of pits in the E- 
face (Fig. 16). Gap junctions were observed infrequently, 
as isolated structures which were not associated with the 
tight junctional membranes.

4.2. QUALITATIVE OBSERVATIONS ON THE PERINEURIUM 
IN THE SURAL NERVES OF THE PATIENTS WITH 

DIABETIC POLYNEUROPATHY

4.2.2. General morphology
The freeze-fracture morphology of the perineurium in 

the patients with diabetic polyneuropathy was observed in 
an oblique plane of fracture (Fig. 17). The lamellated 
organization of the perineurial cells was present in 
diabetic polyneuropathy (Figs. 17,18). The lamellae were 
separated by an intercellular cleft which contained 
collagen fibres. The cross-fractured perineurial cells 
contained little cytoplasm, and numerous pinocytotic-like 
vesicles (Fig. 17).

With the exception of the tight junctions (described 
in sections 4.2.2. and 4.2.3.), the qualitative morphology 
of the perineurial membrane fracture faces was apparently 
unaltered in the patients with diabetic polyneuropathy. The 
cell overlap was shown by a small furrow in the P-face 
(Fig. 19A) and a ridge in the E-face (Fig. 19B). The 
membrane fracture faces contained caveolae (Fig. 19) which

- 91 -



displayed a structure which was closely comparable to the 
normal human perineurium. The caveolae were observed in a 
dispersed distribution in some areas of the fracture faces 
(Fig. 20A), and they were closely packed in groups in other 
regions of the fracture faces (Fig. 2OB). The distribution 
of the IMPs on the P- and E-faces was also similar to the 
IMPs in the normal adult perineurium (Figs. 21,22). The 
distribution of IMPs was uniform on the P-face of a single 
perineurial cell, and between the P-faces of overlapping 
cells in a single lamella. As had been observed in the 
normal perineurium (Fig. 8), there was variation in the 
density of IMPs on the P-faces of cells in different 
lamellae. This is shown in a survey micrograph of the 
perineurium in a diabetic patient which reveals the P- 
fracture faces of cells in different lamellae (Fig. 21A) . 
At high magnification, it was possible to detect a 
difference between the IMP populations on the P-faces of 
the cells (Fig. 21B,C).

The structure of the extracellular spaces of the 
perineurium in the patients with diabetic polyneuropathy 
was apparently normal, except in one freeze-fracture 
replica. As shown in Figure 23, the intercellular cleft in 
the perineurium exposed in this replica contained a 
distinct zone which had an unusually smooth fracture 
surface. Furthermore, this abnormal region contained 
spherical bodies, between 0.05pm and 0.37pm in diameter, 
which also possessed a smooth fracture surface (Fig. 24).
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4.2.2. Tight junctions
The perineurium examined in a single patient could 

exhibit many tight junctions which appeared to be unaltered 
(Figs. 25,26), in addition to others which showed changes 
in the component strands and grooves, and the junctional 
membrane (Figs. 27-32).

The tight junctions which had a normal structure 
were usually identified as ZO (Fig. 25) or MO (Fig. 26). 
Both types of junction consisted of intersecting P-face 
strands and E-face grooves, although the strands could show 
small gaps (Fig. 26B) and the grooves occasionally 
contained large particles (Fig. 25). The belt-like ZO were 
present at the cell borders.

Some perineurial cells displayed abnormal tight 
junctions (Figs. 27-32). The structural alterations in 
these tight junctions complicated the identification of the 
junctional type, and it was not always possible to describe 
these junctions as ZO or MO.

A selection of the abnormal tight junctions showed 
prominent undulations in the plasma membrane, which were 
best visualized in a stereoscopic photographic pair (Fig. 
27A). The undulations of the plasma membrane were often 
delimited by tight junction strands. As shown in Figure 
27A, the tight junctional components were curvilinear and 
had relatively few intersections. Parallel tight junction 
strands were also evident (Fig. 27A). The undulations

of the junctional membrane appeared as concavities on 
the P-face (Fig. 27A), and convexities on the E-face (Fig.
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28) . This indicated the presence of distended intercellular 
compartments within the tight junctional network of 
overlapping cells. There were also tight junctions, such as 
the one shown in Figure 28, which had less severe 
deformations of the junctional membrane.

As shown in Figure 29, it was possible to identify 
the perineurial lamella which possessed the abnormal tight 
junction shown in Figure 27A. The detailed analysis of the 
freeze-fracture replica (see inset Fig. 29) revealed that 
the tight junction was located on a cell belonging to the 
inner lamella of the perinerium.

Occasionally, severely disorganized tight junctions 
were observed in the perineurium in the patients with 
diabetic polyneuropathy (Figs. 30-32). In one region of a 
P-fracture face, shown in Figure 30, there were groups of 
junctional strands arranged in closed circular or oval 
patterns. In other regions, the tight junctions were 
characterized by fragmented and isolated strands which 
displayed few intersections and numerous free ends (Figs. 
31,32). Some of these putative tight junctional complexes, 
such as the junction shown in Figure 31, were identified on 
the replica which had concavities in the junctional 
membrane (Fig. 27A).

4.2.3. Gap junctions
There was no apparent alteration in the occurence or 

the organization of the gap junctions in the perineurium of 
patients with diabetic polyneuropathy (Fig. 33).
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FIG. 2 :
Thin section electronmicrograph of normal human 
perineurium. Perineurial cells in two perineurial 
lamellae are shown. The cytoplasm contains numerous 
pinocytotic-like vesicles with caveolae openings (Ca) 
to the cell surface. A tight junction (TJ) is evident 
at the position of cell overlap. The basal laminae (BL) 
and collagen fibres (Co) are observed in the 
extracellular space. 53,000 X.

FIG. 3:
Freeze-fracture electronmicrograph of normal human 
perineurium. The perineurial tissue has been obliquely 
fractured. The organization of the tight junction (TJ) 
is revealed. Caveolae (Ca) are shown in the cytoplasm 
(Cy) and in the membrane fracture faces. The 
extracellular space (EC) contains collagen fibres (Co) .
48,000 X.
In this and succeeding micrographs, P- and E-membrane 
fracture faces are identified (P,E) and the direction 
of platinum shadowing is indicated by an encircled 
arrow at bottom left corner.
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FIG. 6A.B:
Electronmicrograph of membrane fracture faces of normal 
human perineurium showing the distribution of caveolae. 
A: E-face. Caveolae' (Ca) are apparently dispersed.
27.400 X. '
B: P-face. Caveolae (Ca) are apparently clustered.
27.400 x.

FIG. 7 ;
Electronmicrograph of normal human perineurium showing 
P-membrane fracture faces of two overlapping cells. The 
cell border (CB) is indicated by a furrow. Numerous 
IMPs are evident on the P-faces of the overlapping 
cells. 110,000 X.
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FIG. 8A.B:
High magnification electronmicrographs of normal human 
perineurium showing P-faces from perineurial cells in 
different lamellae. There is variation in the density 
of the IMPs between A and B. Ca: caveolae.
Both A and B 216,000 X.

FIG. 9:
High magnification electronmicrograph of E-membrane 
fracture face in normal human perineurium showing IMPs.
216,000 X.
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FIG. 10:
High magnification electronmicrograph of a cross
fractured perineurial cell in normal human perineurium. 
The cytoplasm (Cy) and the extracellular space (EC) are 
identified. IMPs (arrowheads) are shown on the P- 
fracture faces of the Caveolae (Ca). 145,400 X.
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FIG. 11:
Survey electronmicrograph of a ZO type tight junction 
in the,perineurium of normal human sural nerve. On the 
E-face the tight junction (TJ) is shown as a groove.
The TJ is close to the cell border (CB). Caveolae (Ca) 
are observed in the junctional membrane. Cy: cytoplasm. 
50,500 X.

FIG. 12;
Survey electronmicrogarph of ZO in the perineurium of 
normal human sural nerve. On the P-face the tight 
junction (TJ) is represented by a strand. The belt-like 
profile of the ZO is shown. Ca: caveolae. 50,000X.
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FIG. 13:
Electronmicrograph of an area from a MO type tight 
junction in the normal human perineurium. The tight 
junction (TJ) is observed as a network of strands (P- 
face) and grooves (E-face). Caveolae (Ca) are evident 
in the junctional membrane. 48,700X.

FIG. 14:
Electronmicrograph of dispersed tight junction (TJ) 
grooves on the E-face of the normal human perineurium. 
The tight junctional network appears to be 
disorganized. Cy: cytoplasm. 53,300 X.
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FIG. 17:
Survey electronmicrograph of obliquely fractured 
perineurium from a diabetic patient. The slender 
perineurial cells contain little cytoplasm (Cy). 
Caveolae (Ca) are evident, both in the cytoplasm and on 
the membrane fracture faces. The extracellular space 
(EC) contains collagen fibres (Co). 35,200 X.

FIG. 18:
Survey electronmicrograph of P- and E-faces in the 
perineurium of a diabetic patient. Numerous caveolae 
(Ca) are present on the fracture faces. CB: Cell 
border. Cy: Cytoplasm. 36,500 X.
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FIG. 19A.B:
High magnification electronmicrographs of membrane 
fracture faces in the diabetic human perineurium.
A: P-faces of overlapping cells. The cell border (CB) 
appears as a furrow, and the caveolae (Ca) are 
represented by<circular indentations. 60,000 X.
B:E-faces of overlapping cells. The cell border (CB) is 
shown as a ridge, and the caveolae (Ca) appear as 
craters. 60,000 X.

FIG. 20A.B:
Electronmicrographs of membrane fracture faces in 
diabetic human perineurium showing distribution of 
the caveolae.
A: E-face. Caveolae (Ca) are apparently dispersed.
25,100 X.
B: P-face. Caveolae (Ca) are apparently clustered. 
23,700 X.
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FIG. 21A:
Survey electronmicrograph showing membrane fracture 
faces in different perineurial lamellae in human 
diabetic sural nerve. At top right the P-face of a 
perineurial cell (PI) is exposed. At bottom left the P- 
face of a distinct perineurial cell (P2) in a different 
lamellae is shown. The shadow (Sh) of a tall structure 
is shown in the replica. Ca: Caveolae. Cy: Cytoplasm. 
EC: Extracellular space. 33,750 X.

FIG. 21B.C:
High magnification electronmicrographs of areas from 
the P-faces of the perineurial cells (P1,P2) in 
different lamellae shown in Fig. 21A above.
B: Area of P-face selected from PI. Numerous IMPs are 
present. 216,000 X.
C: Area of P-face selected from P2. In comparison to 
PI, relatively few IMPs are present. 216,000 X.
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FIG. 22:
High magnification electronmicrograph showing IMPs 
on the E-fracture face of the perineurium in diabetic 
human sural nerve. 216,000 X.
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FIG. 23:
Electronmicrograph of cross-fractured perineurium in a 
diabetic patient showing an abnormal organization in 
the extracellular space. The extracellular space (EC) 
is distiguishable from the cross-fractured perineurial 
cells (PC). Two distinct zones are present in the EC, 
of which one zone (SZ) shows a smooth fracture plane. 
Unidentified spherical bodies (SB) are present within 
the SZ. 61,600 X.

FIG. 24:
High magnification electronmicrograph of an 
unidentified spherical body in the extracellular space 
in the perineurium of a diabetic patient. The spherical 
body (SB) has a smooth fracture plane. 240,000 X.
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FIG. 25;
Electronmicrograph of ZO type tight junction in the 
perineurium of a diabetic patient. On the E-face the 
tight junction (TJ) is represented by a groove. The 
belt-like organization appears normal. Occasional IMPs 
(arrowheads) are located in the grooves. Ca: Caveolae.
78,100 X.

FIG. 26A.B:
Electronmicrographs of areas selected from MO type 
tight junctions in the perineurium of a diabetic 
patient.
A: On the E-face the tight junction (TJ) appears as 
interconnecting grooves. 65,100 X.
B: On the P-face the tight junction (TJ) is shown as 
strands. Occasional gaps (G) are present in the ♦ 
strands. Caveolae (Ca) are evident in the junctional 
membrane. 107,200 X.
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FIG. 27A.B:
A: Stereoscopic electronmicrograph of an abnormal tight 
junction (TJ) in the perineurium of a diabetic patient. 
The membrane fracture face (P-face) shows severe 
depressions (concavities) which are delineated by tight 
junction strands. Ca: Caveolae. 80,000 X. Bar = 0.1pm. 
B: Stereoscopic electronmicrograph of a tight junction 
(TJ) in the perineurium of a normal human. The membrane 
fracture face (P-face) around the tight junction 
strands is flat. Ca: Caveolae. 80,000 X. Bar = 0.1pm.

FIG. 28:
Electronmicrograph of a tight junction (TJ) in the 
perineurium of a diabetic patient. Unlike Fig. 27A, the 
E-fracture face is exposed. The network of tight 
junctional grooves appears to be unaltered, although 
the junctional membrane between the grooves shows 
slight convexities (*). Cy: Cytoplasm. 75,000 X.
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FIG. 29:
Survey electronmicrograph showing the position of the 
abnormal tight junction shown in Fig. 27A relative to 
the endoneurium. The tight junction (TJ) is located in 
the perineurium (Pn) on the right of the micrograph.
The remainder of the micrograph shows the endoneurium 
(En), including endoneurial collagen (Co) and an outer 
Schwann cell surface (OS). 9,300 X. Bar = 2.5pm.
The insert shows part of the perineurial cell which has 
formed the tight junction. In the region of the insert, 
this perineurial cell directly faces the endoneurium. 
Cy: cytoplasm. En: endoneurium. 51,500 X. Bar = 0.25pm.

FIG. 30:
Electronmicrograph of an abnormal tight junction in the 
perineurium of a diabetic patient. The tight junction 
(TJ) strands are arranged in isolated oval patterns.
Ca: caveolae. 54,000 X.
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FIG. 31:
Electronmicrograph of an abnormal tight junction in the 
perineurium of a diabetic patient. Some of the P-face 
tight junction (TJ) strands are isolated, and there are 
numerous free ends (arrowheads). Parallel tight 
junction strands, as seen in Fig. 27A, are present. In 
places the membrane fracture face shows slight 
undulations (*). Ca: caveolae. 54,000 X.
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FIG. 32;
Electronmicrograph of abnormal tight junction in the 
perineurium of a diabetic patient. On the P-face, the 
tight junction (TJ) strands are dispersed and show free 
ends (arrowheads). Ca: caveolae. 60,000 X.

FIG. 33:
High magnification electronmicrograph of a gap junction 
in the perineurium of a diabetic patient. On the P-face 
the gap junction is represented by an aggregate of 
IMPS. 288,000 X.



ate**;



4.3. QUANTITATIVE OBSERVATIONS ON THE PERINEURIUM
IN THE SURAL NERVE OF NORMAL HUMANS 

AND PATIENTS WITH DIABETIC POLYNEUROPATHY

4.3.1. Density of caveolae
The median density of caveolae in the normal 

perineurium was 22.33/pm2, as compared with 21.li/pm2 in 
the diabetic perineurium. This difference is not 
significant. A wide range of caveolae density was recorded 
in both groups, and this is shown in Table 1 and Figure 34 
(A, B) .

4.3.2. Density of IMPs
The median density of IMPs on the P-fracture face of 

the normal perineurium was 1590/pm2, and in the diabetic 
perineurium it was 1341/pm2. This difference is 
significant (P<0.02). A wide range of IMP density was shown 
on the P-face of the perineurium in both groups (Table 2, 
Fig. 35A,B), although the range of IMP density was greater 
in the diabetic perineurium (Fig. 35B).

In the normal and diabetic perineurium, the median 
density of IMPs on the E-fracture face was less than the P- 
face (Table 2) . In the normal perineurium the median 
density of IMPs on the E-face was 268/pm2, as compared 
with 295/pm2 in the diabetic perineurium. This difference 
is not significant.
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TABLE 1.
Density of caveolae openings on the membrane fracture faces of the
perineurium in normal and diabetic human sural nerve.

Range

Normal
Diabetic

Median density 
(caveolae/pm2)

22.33
21.11

10.23-39.60
9.04-40.77

No. of areas 
sampled

23
22

Area (pm ) 
sampled
500.53
424.33

TABLE 2.
Density of IMPs on the membrane fracture faces of the perineurium
in normal and diabetic human sural nerve.

Range

P-face
Normal
Diabetic
E-face
Normal
Diabetic

Median density 
(IMPs/pm2)

1590
1341

268
295

274 - 2264 
420 - 2464

179 - 362 
109 - 308

No. of areas Area (pnr)
sampled

33 
51

18 
27

sampled

13.78 
23.09

11.59
18.53
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FIG. 34A,B:
Histograms showing the density of caveolae openings 
(Caveolae/pm2) plotted against frequency (No. of areas) 
for:
A. Normal human perineurium.
B. Diabetic human perineurium.
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FIG. 35A.B:
Histograms showing the density of P-face IMPs 
(IMPs/pm2) plotted against frequency (No. of areas) 
for:
A. Normal human perineurium.
B. Diabetic human perineurium.
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IN NORMAL HUMAN SURAL NFPVTP

4 '4 '1- Myelinate nerve fihrQ,
(a) General morphology:

The organization of the myelinated nerve fibres
observed in cross-fracture (Fig. 37) was similar to that 
shown in thin section (Fig. 36). The axon was surrounded by 
a spiral layer of compact myelin. The outer Schwann cell 
membrane, and the outer Schwann cell cytoplasm was
identified. Small pockets of cytoplasm were occasionally 
observed next to the inner Schwann cell membrane.

The morphology of the myelinated nerve fibres was 
most frequently revealed in an oblique fracture, which 
exposed the membrane fracture faces, in addition to some 
structures which were cross-fractured. The study of cross
fractured features, which could include Schwann cell
cytoplasm, axoplasm, extracellular material and membranes, 
permitted the identification of the membrane fracture 
faces. In the human myelinated nerve fibres it was possible 
to identify and observe the fracture faces of the outer 
Schwann cell membrane (Figs. 38-41') , inter nodal myelin
(Figs. 42-47), and the axolemma (Figs. 48-52). The membrane 
fracture faces associated with the node of Ranvier were

rarely observed (Figs. 53-54).
(b) Outer Schwann cell membrane and cytoplasm:

Large expanses of the outer Schwann cell membrane 
fracture faces were exposed (Figs. .38,39). The P- and E- 
fracture faces of this membrane were generally smooth in
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the areas where the membrane appeared to be directly 
adjacent to the myelin sheath. In other areas the 
underlying Schwann cell cytoplasm created convex 
distortions in the P-face (Fig. 38), and concave 
distortions in the E-face (Fig. 39). These areas showed 
numerous caveolae. The distribution of the outer Schwann 
cell cytoplasm was therefore indicated in the fracture 
faces. The cytoplasm was most abundant in a longitudinal 
pocket close to the mesaxon and a series circumferential 
bands (Fig. 40). The membrane fracture faces also indicated 
cytoplasm extending from these regions in narrow and 
blindly-ending channels (Fig. 39). The caveolae were 
represented by circular indentations in the P-face 
(Fig.41), and small craters in the E-face. The outer 
mesaxon was observed as a furrow in the P-face (Fig. 41), 
and a ridge in the E-face. Occasionally a small tight 
junction was observed to accompany the mesaxon (Fig. 41). 
Globular IMPs were exposed on the P- and E-fracture faces 
of the outer Schwann cell membrane.
(c) Myelin:

The internodal compact myelin sheath was frequently 
shown in an oblique fracture, which revealed membrane 
fracture faces and cross-fractured membrane (Fig. 42,43). 
At high magnification (Fig. 44A), the obliquely fractured 
myelin was displayed as a series of alternate "steps", 
consisting of one step which had a straight edge and 
another step which was relatively smaller and had an 
irregular edge. The P-fracture face of the myelin membrane
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was located above a small step, and the E-face was above 
the large step (Fig. 44A) . IMPs were present on the P-face 
(Fig. 45) and the E-face (Fig. 46), although they appeared 
to be more numerous on the P-face. As the general curvature 
of the myelin sheath was represented in the fracture faces 
(Fig. 43), the angle of platinum shadow varied across the 
curved fracture faces (Fig. 43), and this variable 
influenced the identification of the IMPs. On the P-face, 
globular-like IMPs were usually present (Fig. 45A,B), 
although when the angle of platinum shadow was favourable 
it was also possible to distinguish rod-like IMPs (Fig. 
45A). Most of the IMPs on the E-face had a globular profile 
(Fig. 46). A Schmidt-Lanterman cleft was observed in cross
fracture (Fig. 47) , but the membrane fracture faces 
associated with this region were not revealed for analysis,
(d) Internodal axolemma:

An oblique fracture across the internodal axon 
exposed a small area of the fracture faces belonging to the 
axolemma (Figs. 48,50). The curvature of the axolemma was 
evident in the fracture faces. The P-fracture face was 
characterized by a dense population of IMPs (Fig. 49). IMPs 
were also present on the E-face, although they were less 
numerous (Fig. 51). In some regions of the E-face the IMPs 
were observed in groups, or "clusters11 (Fig. 52) . The 
clusters frequently contained about 5 IMPs (Fig. 52B), 
although large clusters were observed to contain up to 80 
IMPs (Fig. 52C).
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(e) Node of Ranvier:
The plane of fracture at the node of Ranvier exposed 

the membrane fracture face of the axolemma, amongst cross
fractured myelin, cytoplasm and outer Schwann cell 
structures (Figs. 53,54). The nodal E-face showed numerous 
globular IMPs, in addition to rod-like IMPs (Fig. 54A). 
Adjacent to the nodal region, the axolemma displayed 
scalloped indentations ("transverse bands"), intimately 
associated with the cross-fractured loops of myelin (Fig. 
53). These features characterized the paranodal axolemma. 
Both globular and rod-like IMPs were shown in the E-face 
paranodal region. Small IMPs were visible when the angle of 
platinum shadow was favourable. These IMPs were organized 
in fragmented lines, at an angle of approximately 15° to 
the transverse bands (Fig. 54B). On the E-face of the 
juxtaparanodal region (the internodal axolemma immediately 
adjacent to the paranodal axolemma), there was a relatively 
sparse population of IMPs. Some of these IMPs were present 
in clusters (Fig. 54C), similar to those observed in other 
regions of the internodal axolemma (Fig. 52C). The P- 
fracture face of the nodal or paranodal axolemma was not 
observed in the normal human sural nerve. The membrane 
fracture faces associated with the terminal loops of myelin 
were exposed infrequently.

4.4.2. Unmyelinated nerve fibres
In an oblique fracture, the axon was seen to be 

surrounded by cross-fractured Schwann cell membranes, and 
intervening cytoplasm (Fig. 55). It was not always possible
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to distinguish between the fracture faces of the Schwann 
cell membrane and the axolemma of the unmyelinated n6rve 
fibres. An oblique plane of fracture, such as shown in 
Figures 55 and 56, aided the identification of these 
fracture faces. The curvature of the axolemma was shown in 
the fracture faces of the axon (Fig. 56). The P-face of the 
axolemma displayed a dense population of globular IMPs 
(Fig.57A). The IMPs on the E-face were less numerous (Fig. 
57B). Small areas of the outer Schwann cell membrane 
fracture faces of the unmyelinated nerve fibres were 
exposed.

4.5. QUALITATIVE OBSERVATIONS ON THE NERVE FIBRES 
IN THE SURAL NERVE OF PATIENTS 
WITH DIABETIC POLYNEUROPATHY

4.5.1. Myelinated nerve fibres
(a) General morphology:

The myelinated fibres in the diabetic sural nerve 
were less frequently observed than in the normal human 
sural nerve. A complete cross-fracture of a fibre (such as 
shown in the normal sural nerve, Fig. 37) was not observed 
in the diabetic nerve. However, fracture faces were exposed 
in the outer Schwann cell membrane (Figs. 58,59), 
internodal myelin (Figs. 60-64), axolemma (Figs. 65,66) and 
the node of Ranvier (Figs. 68,69).
(b) Outer Schwann cell membrane:

There was no apparent qualitative difference between
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the morphology of the outer Schwann membrane in the 
diabetic sural nerve and the normal sural nerve. The 
location of the underlying Schwann cell cytoplasm was 
indicated by convex bulges in the P-fracture face of the 
membrane (Fig. 58), and concave bulges in the E-face. The 
distribution of the outer Schwann cell cytoplasm was 
similar to that observed in the normal human nerve. The 
structure of the outer mesaxon was not altered: it was
represented by a furrow in the P-face (Fig. 59), and ridge 
in the E-face. The caveolae openings and the IMPs (Fig. 59) 
appeared to show the same structure and distribution as the 
normal human sural nerve. A smooth fracture face extended 
between the regions of underlying Schwann cell cytoplasm 
(Figs. 58,59).
(c) Myelin:

Structural abnormalities were not detected in the 
qualitative analysis of the fracture faces of internodal 
myelin in the patients with diabetic polyneuropathy. An 
oblique plane of fracture through the myelin sheath exposed 
cross-fractured myelin (Fig. 60,61), and myelin fracture 
faces which revealed the curvature of the myelin sheath 
(Fig. 61). The morphology of the cross-fractured myelin 
"steps" was unaltered (Fig. 62), and it was possible to 
identify a large step with a straight edge, and a 
relatively smaller step with an irregular edge. It was 
possible to detect globular IMPs and rod-like IMPs on the 
P-fracture face (Fig. 63A), although the rod-like IMPs were 
observed only when the angle of platinum shadow was 
favourable. Relatively fewer IMPs were present on the E-
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fracture face (Fig. 63B), and they possessed a globular 
profile. A Schmidt-Lanterman incisure was observed in 
oblique fracture (Fig. 64). IMPs were detected on the 
fracture faces associated with the Schmidt-Lanterman cleft.
(d) Internodal axolemma:

The analysis of the internodal axolemma in the 
diabetic sural nerve was restricted to small areas of the 
P- and E-fracture faces (Figs. 65,66A,B). The morphology of 
the membrane fracture faces was apparently unaltered; 
numerous IMPs were present on the P-face (Fig. 65A), and 
relatively fewer IMPs were shown on the E-face, some of 
which formed small clusters containing up to 6 IMPs (Fig. 
66B) . The large IMP clusters which were present on the E- 
face axolemma of the normal sural nerve (Fig. 52B) were not 
detected in the diabetic sural nerve.
(e) Node of Ranvier:

The P-fracture face of the axolemma associated with 
the node of Ranvier was observed (Figs. 67,68A,B). It was 
not possible to compare this structure with a control 
specimen because the fracture planes in the normal human 
nerve exposed an E-face, and not a P-face, of the nodal 
axolemma (Figs. 53,54). The P-face nodal axolemma was 
recognised as a distinct region which contained a dense 
population of globular IMPs and rod-like IMPs (Figs. 
67,68A). Adjacent to the nodal axolemma, the paranodal 
axolemma was shown as an undulating fracture face (Fig. 
67). The cross-fractured terminal loops of myelin were in 
close apposition to the scalloped indentations ("transverse
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bands") of the paranodal axolemma (Fig. 67). IMPs with a 
globular profile were visible on the P-face paranodal 
region, although it was difficult to discern rod-shaped 
IMPs (Fig. 68B). Incomplete rows of small IMPs were also 
visible in the paranodal region. The IMP rows were aligned 
at an angle of approximately 14° to the transverse bands. 
The fracture faces of the juxtaparanodal axolemma and the
paranodal myelin were not exposed in the freeze-fracture

\

replica.

4.5.2. Unmyelinated nerve fibres/Regenerating nerve fibres 
The nerves of the patients with diabetic 

polyneuropathy contained cellular structures (Figs. 69,70) 
which had morphological features similar to the 
unmyelinated axons observed in the normal adult nerve 
(Figs. 55-57). The tissue consisted of cylindrical 
structures which, in an oblique plane of fracture (Fig. 
69), showed curved membrane fracture faces with IMPs and 
cross-fractured cytoplasm. The axon-like structures were 
surrounded by additional membrane fracture faces and 
intervening cytoplasm, which was similar to the 
organization of the Schwann cell membranes in unmyelinated 
fibres (Figs. 55,56). Occasionally the axon-like structures 
were observed in groups (Fig. 70). It is possible that this 
tissue represented unmyelinated nerve fibres and/or 
regenerating nerve fibres. The identification of these 
structures is further considered in the Discusion.
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4.5.3. Additional cellular tissue
The freeze-fracture replicas of the diabetic sural 

nerve showed numerous membrane fracture faces which were 
not asociated with axons or axon-like structures. It was 
not possible to conclusively identify the tissue(s) which 
composed these structures in the freeze-fracture replicas. 
The tissue was characterized by extensive layers of 
flattened membrane fracture faces, which were separated by 
extracellular material or cytoplasm (Figs. 71,72). The 
flattened membrane fracture faces of this tissue displayed 
globular IMPs. Frequently, the extracellular material was 
present as discrete pockets of collagen fibrils, which were 
intimatley associated with the stacked layers of membrane 
(Fig. 71).

-125-



FIG. 36:
Thin section electronmicrograph of a myelinated nerve 
fibre (T.S.) in normal human sural nerve. The 
nucleus (N) of the Schwann cell is shown. Compact 
myelin (My) surrounds the axolemma (A) . Ax: axoplasm. 
14,900 X.

FIG. 37:
Freeze-fracture electronmicrograph of a myelinated 
nerve fibre in normal human sural nerve. The nerve 
fibre is shown in cross-fracture. The outer Schwann 
cell membrane (OS) , compact myelin (My) and axoplasm 
(Ax) are visible. Collagen fibrils (Co) are present in 
the endoneurium. 89,2 00 X.
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FIG. 38:
Survey electronmicrograph of a myelinated nerve fibre 
in normal human sural nerve showing the P-face of the 
outer Schwann cell membrane. The location of underlying 
Schwann cell cytoplasm is indicated by concave bulges 
(Cy). These regions also show numerous caveolae (Ca). 
Collagen fibrils (Co) are observed in the extracellular 
space. 19,400 X.

FIG. 39:
Survey electronmicrograph of a myelinated nerve fibre 
in normal human sural nerve showing the E-face of the 
outer Schwann cell membrane. The position of the 
Schwann cell cytoplasm is shown by convex distortions 
(Cy). Caveolae (Ca) are observed in these regions. Co: 
collagen fibrils. 17,500 X.
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FIG. 40:
Electronmicrograph of a myelinated nerve fibre in 
normal human sural nerve showing the P-face of the 
outer Schwann cell membrane. The outer mesaxon (OMx) is 
shown as a small furrow in the fracture face. Ca: 
caveolae. Cy: bulges in the fracture face caused by 
underlying cytoplasm. 20,400 X.

FIG. 41:
High magnification electronmicrograph of a myelinated 
nerve fibre in normal human sural nerve showing the P- 
face of the outer Schwann cell membrane. A tight 
junction (TJ) is associated with the outer mesaxon 
(OMx). Caveolae (Ca) are represented by circular 
indentations. Numerous IMPs are evident. 50,800 X.
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FIG. 44A.B:
A: High magnification electronmicrograph of an oblique 
fracture of compact myelin in a normal human nerve 
fibre. The cross-fractured myelin membrane is exposed 
as alternate steps, consisting of a large step (single 
arrowhead) and a small step (double arrowheads). 
173,600 X.
B: Diagram to show fractured myelin faces. The large 
step contains the intramyelinic extracellular space 
(ECS); and the small step contains the cytoplasmic 
component (CC). Adapted from Stolinski and Breathnach 
(1982) .

FIG. 45A.B:
High magnification electronmicrographs of myelin 
P-fracture faces in normal human nerve fibres.
A: Globular-like IMPs (G) and rod-like IMPs (R) are 
visible. 216,000 X.
B: Globular-like IMPs (G) are visible. Rod-like IMPs 
are absent. 216,000 X.
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FIG. 46:
High magnification electronmicrograph of myelin E- 
fracture face in a normal human nerve fibre showing 
globular-like IMPs (G). 216,000 X.

FIG. 47:
Electronmicrograph of a cross-fractured Schmidt- 
Lanterman cleft (*) in a normal human myelinated nerve 
fibre. Pockets of cytoplasm (Cy) are exposed in the 
compact myelin (My). A small area of the axolemmal P- 
face (AP) is exposed. The axoplasm (Ax) contains 
numerous neurofilaments (NF). 53,600 X.
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FIG. 50;
Electronmicrograph of an oblique fracture in the 
internodal myelin and axon of a normal human nerve 
fibre. The axolemmal E-face (AE) is shown. Ax: 
axoplasm. My: myelin. NF: neurofilaments. 57,800 X.

FIG. 51:
High magnification electron micrograph of internodal 
axolemmal E-face (AE) showing IMPs (arrowheads). Ax: 
axoplasm. NF: neurofilaments. 216,000 X.



-133-

/ 3-5



FIG. 52A:
Electronmicrograph of internodal axolemmal E-face in a 
normal human myelinated nerve fibre showing IMP 
clusters (arrowheads). 70,500 X.

FIG. 52B.C:
High magnification electronmicrographs of internodal 
axolemmal E-face in a normal human myelinated nerve 
fibre showing IMP clusters. The IMPs are more numerous 
in the cluster shown in B in comparison with C. B,C
244,400 X.
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FIG. 53:
Survey electronmicrograph of a node of Ranvier in a 
normal human nerve fibre. The micrograph shows the 
E-face axolemma of the node (NE), paranode (PNE) and 
juxtaparanode (JPNE). The paranode is characterized by 
scalloped indentations. This region is also associated 
with myelin loops (MyL). 33,300 X.
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FIG. 54A.B:
High magnification electronmicrographs of the nodal and 
paranodal E-f^ce axolemma in the normal human nerve 
fibre shown in/Fig. 53.
A: Nodal E-face axolemma showing globular-like IMPs (G) 
and rod-like IMPs (R). 244,400 X.
B: Nodal (NE) and paranodal (PNE) E-face axolemma. The 
IMPs are more numerous in the nodal region of the 
axolemma. Fragmented rows of IMPs are visible in the 
paranodal region (arrows), possibly corresponding to 
the "axo-glial" junction. 147,700 X.

FIG. 54C:
High magnification electronmicrograph of the 
juxtaparanodal E-face axolemma in the normal human 
nerve fibre shown in Fig. 53. Some of the IMPs are 
clustered (arrowheads). 216,000 X.
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FIG. 55;
Electronmicrograph of an oblique fracture in a normal 
human unmyelinated nerve fibre. Small areas of the 
axolemmal P-face (AP) and E-face (AE) are shown 
adjacent to the axoplasm (Ax). Also exposed are 
fracture faces of the Schwann cell membrane (S) and 
cytoplasm (Cy). Co: collagen. 62,700 X.

FIG. 56:
Electronmicrograph of a an oblique fracture in a normal 
human unmyelinated nerve fibre. Fracture faces of 
Schwann cell membranes (S) and the P-face of the 
axolemma (AP) are shown. Co: collagen. 24,700 X.
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FIG. 57A.B:
High magnification electronmicrographs of p- and E-face 
axolemma in a normal human unmyelinated nerve fibre 
showing IMPs (arrowheads).
A: P-face axolemma (AP). Ax: axoplasm. 125,000 X.
B: E-face axolemma (AE). Ax: axoplasm. RO: replica 
overlap. 125,000 X.
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FIG. 58;
Survey electronmicrograph of a myelinated nerve fibre 
in a diabetic patient showing the P-face of the outer 
Schwann cell membrane (OSP). The organization of the 
OSP is apparently normal. Cy: convex distortions of the 
fracture face caused by underlying Schwann cell 
cytoplasm. Ca: caveolae. Co: collagen. 27,900 X.

FIG. 59:
Electronmicrograph of a myelinated nerve fibre in a 
diabetic patient showing the P-face of the outer 
Schwann cell membrane. The outer mesaxon (OMx) is 
indicated by a small furrow. Numerous IMPs are shown 
(arrowheads). Ca: caveolae. 68,300 X.
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FIG. 60:
Survey electronmicrograph of an oblique fracture in a 
myelinated nerve*fibre in a diabetic patient. The E- 
face of the myelin and cross-fractured myelin (My) are 
shown. Co: collagen fibres. OS: outer Schwann cell 
membrane fracture face. 20,400 X.

FIG. 61:
Electronmicrograph of an oblique fracture in a 
myelinated nerve fibre in a .diabetic patient. The 
exposed fracture face (P-face) shows the curvature of 
the myelin sheath. My: cross-fractured myelin.
62,400 X.
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FIG. 62:
High magnification electronmicrograph of an oblique 
fracture in compact myelin in the nerve fibre in a 
diabetic patient. The cross-fractured myelin membrane 
shows alternate large (single arrowhead) and small 
(double arrowheads) steps. 164,800 X.

FIG. 63:
High magnification electronmicrographs of myelin 
membrane fracture faces in diabetic human nerve fibres. 
A: P-face showing globular-like IMPs (G) and rod-like 
IMPs (R). 216,000 X.
B: E-face showing globular-like IMPs (G). 216,000 X.
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FIG. 64:
Electronmicrograph of an obliquely fractured Schmidt- 
Lanterman cleft in a diabetic human myelinated nerve 
fibre. Pockets of cytoplasm (Cy) are shown in the 
compact myelin (My). 70,200 X.
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FIG. 65:
Electronmicrograph of an oblique fracture in the 
internodal myelin and axon of a diabetic human nerve 
fibre. The P-face of the axolemma is shown (AP). Ax; 
axoplasm. My; myelin. 51,400 X.

FIG. 66A.B:
High magnification electronmicrographs of membrane 
fracture faces of internodal axolemma in a diabetic 
human nerve fibre.
A: P-face (AP) showing numerous IMPs (arrowheads). Ax 
axoplasm. NF: neurofilaments. 216,000 X.
B: E-face (AE) showing IMP clusters (arrowheads). Ax: 
axoplasm. NF: neurofilaments. 216,000 X.
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FIG. 67:
Electronmicrograph of a node of Ranvier in a diabetic 
human nerve fibre. The fracture plane has exposed the 
P-face axolemijia of the node (NP) and the par anode 
(PNP). Scalloped indentations are visible in the 
paranodal fracture face. Ax: axoplasm. Co: collagen 
fibres. EC: extracellular space. MyL: myelin loops. 
65,000 X.
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FIG. 68A.B:
High magnification electronmicrographs of the nodal and 
paranodal P-face axolemma in the diabetic human nerve 
fibre shown in Fig. 67.
A: Nodal P-face axolemma showing globular-like IMPs (G) 
and rod-like IMPs (R). 216,000 X.
B: Paranodal P-face axolemma showing fragmented rows of 
IMPs (arrows) which' may correspond to the "axo-glial" 
junction. 216,000 X.
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FIG. 69:
Electronmicrograph of an oblique fracture of an 
axon-like structure in the endoneurium of a diabetic 
sural nerve which may represent an unmyelinated nerve 
fibre/regenerating nerve fibre. AL: axon-like 
structure. Cy: cytoplasm. Co: collagen. M: membrane } 
fracture faces. Sh: tall shadow on replica. 61,600 X.

FIG. 70:
Electronmicrograph of an oblique fracture in a group of 
axon-like structures in the endoneurium of a diabetic 
human sural nerve. The axon-like structures (AL) may 
represent unmyelinated nerve fibres/regenerating nerve 
fibres. Cy: cytoplasm. Co: collagen. M: membrane 
fracture faces. Sh: tall shadow on replica. 57,700 X.





FIG. 71:
Electronmicrograph of unidentified membrane fracture 
faces in the endoneurium of diabetic human sural nerve 
The membrane fracture faces (M) are associated with 
cytoplasm (Cy) and numerous collagen fibrils (Co). 
40,200 X.

FIG. 72;
Electronmicrograph of unidentified membrane fracture 
faces in the endoneurium of diabetic human sural nerve 
Cy: cytoplasm. Co: collagen. M: membrane fracture 
faces. 39,100 X.
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4.6. QUANTITATIVE OBSERVATIONS ON THE MYELINATED NERVE
FIBRES IN THE SURAL NERVE OF NORMAL HUMANS 
AND PATIENTS WITH DIABETIC POLYNEUROPATHY

4.6.1. Density of IMPs in the internodal mvelin
As commented on in section 4.4.1. and 4.5.1,^ IMPs 

were visible on the P and E-fracture faces of myelin, 
although the identification of the IMPs was not precise. 
The rod-like IMPs were not included in the quantitative 
analysis. However, for reasons outlined in the Discusion 
(section 5.3), this may not necessarily increase the 
accuracy of the analysis and, therefore, it is considered 
unlikely that the observations recorded in this study are 
significant.

The median density of IMPs on the P-fracture faces 
of internodal myelin in normal and diabetic subjects was 
239/pm2 and 286/pm2, respectively. The range of IMP density 
was greater in the normal human myelin, although more areas 
were sampled in this group (Table 3).

The median density of IMPs on the E-face was less 
than the P-face for both normal and diabetic myelin. In 
the normal human myelin, the median density of IMPs on the 
E-face was 157/pm2 as compared with 235/pm2 in the diabetic 
human myelin. The results are summarized in Table 3.

4.6.2. Density of IMPs in the internodal axolemma
The quantitative study of the fracture faces of the 

axolemma was problematic because the fracture faces often 
displayed a high degree of curvature (Figs. 48,50,65,66).
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Furthermore, the total number of areas in the analysis was 
small (Table 4). The significance of this quantitative 
study is thus uncertain.

The median density of IMPs on the P-face of the
. o .internodal axolemma m  the normal human was 684/pm , and in

the diabetic human it was 988/pm2. The observed range of 
IMP density are given in Table 4.

The median density of IMPs on the E-face of the 
axolemma was 64/pm2 in both normal and diabetic subjects 
(Table 4). Thus, fewer IMPs were present on the E-face than 
on the P-face. Table 4 records the observed range of E- 
face IMP density.
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TABLE 3.
Density of IMPs on the membrane fracture faces of mvelin in
normal and diabetic human sural nerve.

Median density Range No. of areas Area (pm2)
(IMPs/pm2) sampled sampled

P-face
Normal 239 72 - 451 43 32.98
Diabetic 286 235 - 371 15 12.51
E-face
Normal 157 39 - 247 18 13.88
Diabetic 235 53 - 298 28 19.25

TABLE 4.
Density of IMPs on the membrane fracture faces of internodal axolemma
in normal and diabetic human sural nerve.

Range

P-face
Normal
Diabetic
E-face
Normal
Diabetic

Median density 
(IMPs/pm2)

684
988

64
64

550 - 1069 
871 - 1446

36 - 94 
55 - 113

No. of areas 
sampled

Area (pirr) 
sampled

3.72
3.46

1.90
1.92
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4.7. QUALITATIVE OBSERVATIONS ON THE PERINEURIUM
IN NORMAL RAT SURAL NERVE

4.7.1. General morphology
The qualitative appearance of the freeze-fractured 

perineurium was very similar in the sural nerve of the 
5W Control and 25W Control rats. The perineurial cells were 
organized into flattened lamellae, which were separated by 
extracellular clefts with collagen fibrils (Fig. 73). The 
fractured cell cytoplasm contained numerous pinocytotic- 
like vesicles (Fig. 73) . The P- and E-membrane fracture 
faces showed the position of the cell borders, openings of 
the pinocytotic-like vesicles (Figs. 74A,B) and IMPs (Figs. 
75A,B,C,76). In some areas of the membrane fracture faces 
the caveolae openings were apparently clustered (Fig. 74A), 
and they were dispersed in other regions (Fig. 74B). The 
IMP population was similar on the P-fracture faces of 
overlapping cells of an individual perineurial lamella, 
although the IMP population was different on the P-faces of 
cells in distinct lamellae (Fig. 75). With the exception 
of the organization of the tight junctions (section 4.7.2) 
and the gap junctions (section 4.7.3.), the morphology of 
the rat perineurium was, therefore, closely comparable to 
the normal human sural nerve (Figs. 2-9).

4.7.2. Tight junctions
As observed in the human perineurium (Figs. 11-15), 

the tight junctions in the perineurium of the younger 5W 
Control and older 25W Control rats were represented by
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networks of anastomosing strands on the P-face, and grooves 
on the E-face (Figs. 77-82). Occasionally the P-face 
strands contained small gaps, and the E-face grooves 
possessed large IMPs (Fig. 77). ZO and MO were observed in 
the rat perineurium, although the organization and 
frequency of the types of junctions was apparently
different in the younger 5W Control and older 25W Control 
rats.

The perineurium in the 5W Control rats contained 
numerous small MO in regions remote from the cell borders 
(Fig. 78). These MO were usually composed of a single tight 
junction strand, or groove, which surrounded 2 or 3
branching strands (Fig. 78). Larger MO which contained 
many intersecting strands were also detected (Fig. 79). ZO 
were observed in the 5W Control rat perineurium (Fig. 80), 
although they were found less frequently than the MO. The 
ZO were represented by belt-like networks of strands (or 
grooves) which were generally parallel to the cell borders.

In comparison with the perineurium in the 5W Control 
rats, there were relatively few small MO in the perineurium 
of the 25W Control rats. The majority of the MO consisted 
of large and complex networks of branching strands (or
grooves), in a loosely circular profile. The most frequent
type of tight junction observed in the 25W Control rat 
perineurium was the ZO (Fig. 81) . The location and 
organization of these ZO was similar to the ZO in the 
5W Control rat perineurium, although the component strands 
(or grooves) were apparently more numerous. The
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organization of the perineurial tight junctions in the 25W 
Control rats was, therefore, similar to that observed in 
the normal human perineurium (Figs. 11-15).

4.7.3. Gao junctions
Gap junctions were present in the 5W Control and 

25W Control rat perineurium (Figs. 82,83). The gap 
junctions were observed as groups of closely packed IMPs on 
the P-face, and pits on the E-face (Fig. 82A), similar to 
the human perineurium (Fig. 16). The freeze-fracture 
replica of a gap junction in the perineurium of a 5W 
Control rat revealed that the individual P-face IMPs were 
composed of small subunits which surrounded a central hole 
(Fig. 82A,B). Gap junctions were often observed as isolated 
structures in the perineurium of the 5W Control rats (Fig. 
82) , but less frequently in the perineurium of the 25W 
Control rats. They were also detected in the membrane 
fracture faces associated with the large MO (Fig. 83,A) and 
the ZO (Fig. 83,B) in the 5W Control and 25W Control rat 
perineurium.

4.8. QUALITATIVE OBSERVATIONS ON THE PERINEURIUM 
IN PROTEIN DEPRIVED RAT SURAL NERVE

4.8.1. General morphology
There were no observable differences in the 

lamellated organization of the perineurium in the 5W EIPD 
and 25W SPD rats. The morphology and distribution of the 
caveolae and the IMPs on P and E-membrane fracture faces
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was apparently the same as the normal rat perineurium 
(Figs. 73-76).

4.8.2. Tight junctions
The membrane fracture faces of the protein deprived 

rats contained tight junctions which were composed of 
branching strands (P-face) and grooves (E-face), as 
observed in the normal rat perineurium (Fig. 77) . 
Occasionally, the component strands a could show small 
gaps, and the grooves could contain large IMPs.

The perineurium in the 5W EIPD rats possessed small 
MO (Fig. 84), large MO, and ZO (Fig. 85). The morphology 
and distribution of these tight junctions appeared to be 
the same as those observed in the 5W Control rats (Figs. 
78-80).

Large MO and, less frequently, small MO were 
observed in the perineurium of the 25W SPD rats. Figure 86 
shows an area from a large MO. The structure and 
distribution of these junctions was apparently unaltered. 
Many of the ZO in the 25W SPD rat perineurium also appeared 
normal. However, a selection of the belt-like tight 
junctions in the old protein deprived rats contained areas 
in which the component strands were dispersed and less 
numerous. This situation is shown in Figures 87 and 88, 
which are different areas of a contiguous ZO in the 
perineurium of an 25W SPD rat.
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4.8.3. Gap junctions
The structure and distribution of the perineurial 

gap junctions in the 5W EIPD and 25W SPD rats was the same 
as the 5W Control and 25W Control rats (Figs. 82,83). 
Figure 89 depicts two gap junctions in the perineurium of a 
5W EIPD rat.
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FIG. 73:
Electronmicrograph of obliquely fractured perineurium 
in 5W Control rat sural nerve. Ca: caveolae. Cy: 
cytoplasm. Co: collagen fibrils. EC: extracellular 
space. TJ: tight junction. 51,900 X.
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FIG. 75A:
Electronmicrograph of 5W Control perineurium showing 
the distribution of IMPs on the membrane fracture faces 
of perineurial cells in different lamellae. The P- 
fracture faces of cell membranes of 3 perineurial cells 
are identified (PI, P2, P3), and 2 E-faces (El, E2) are 
also exposed. The density of IMPs on Pl-face is greater 
in comparison to P2-face and P3-face. Cy: cytoplasm.
RO: replica overlap. 45,500 X.

FIG. 75B.C:
Electronmicrographs of P-membrane fracture faces in the 
perineurial cells shown in Fig. 75A.
B: Enlargement of Pl-face shown in Fig. 75A. 216,000 X.
C: Enlargement of P3-face shown in Fig. 75A. 216,000 X.
There is a greater density of IMPs on Pl-face as 
compared to P3-face.



-158-



FIG. 76:
High magnification electronmicrograph of E-face 
perineurium in 5W Control rat sural nerve showing IMPs 
(arrowheads) 216,000 X.

FIG. 77:
High magnification electronmicrograph of an area 
selected from a MO type tight junction in the 
perineurium of 25W Control rat sural nerve. On the P- 
face the tight junction (TJ) is represented by strands 
on the E-face it is shown as grooves. The P-face 
strands show occasional gaps (G), and the E-face 
grooves contain occasional IMPs (arrowheads).
104,000 X.
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FIG. 80;
Electronmicrograph of a Z O  type tight junction (TJ) in 
the perineurium of 5W Control rat sural nerve. The p- 
face strands are distributed in a belt-like profile.
69,000 X.

FIG. 81:
Electronmicrograph of a ZO type tight junction (TJ) in 
the perineurium of 25W Control rat sural nerve. The 
tight junctional network is more complex than observed 
in the 5W Control rat perineurium (Fig. 80). 55,200 X.
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FIG. 82A.B:
High magnification electronmicrographs of a gap 
junction in the perineurium of 5W Control rat sural 
nerve.
A: The gap junction is represented by an aggregate of 
IMPs on the P-face, and pits (Pi) on the E-face.
166,400 X.
B: An enlargement of the gap junction P-face IMPs shown 
in Fig. 82A. The IMPs are composed of small subunits 
which surround a central hole (frame). 524,800 X.

FIG. 83A.B:
Electronmicrographs of gap junctions associated with 
tight junctions in the perineurium of Control rat sural 
nerve.
A: Two gap junctions (GJ) are associated with the tight 
junctional (TJ) strands in a MO. 5W Control rat 
perineurium. 114,000 X.
B: A gap junction (GJ) is associated with’ the tight 
junctional (TJ) strands of a ZO. 25W Control rat 
perineurium. 81,000 X.
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FIG. 86:
Survey electronmicrograph of a MO type tight junction 
(TJ) in the perineurium of 25W SPD rat sural nerve. A 
complex network of P-face strands is shown. Ca: 
caveolae. 31,500 X.





FIG. 87:
Electronmicrograph of a- ZO type tight junction (TJ) in 
the perineurium of 25W SPD rat sural nerve. The 
organization of the junctional network is apparently 
normal. Compare with 25W Control (Fig. 81). Ca: 
caveolae. GJ: gap junction. 68,700 X.

FIG. 88:
Electronmicrograph of an adjoining area of the ZO type 
tight junction shown in Fig. 87 (in the perineurium of 
25W SPD rat sural nerve). The component tight 
junctional (TJ) strands are separated and appear less 
numerous. 68,700 X.
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FIG. 89;
High magnification electronmicrograph of gap junctions 
(GJ) in the perineurium of 5W EIPD rat sural nerve.
114,000 X.
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4.9. QUANTITATIVE OBSERVATIONS ON THE PERINEURIUM IN THE
SURAL NERVE OF NORMAL AND PROTEIN DEPRIVED RATS

4.9.1. Density of caveolae
The median density of caveolae openings in the 

perineurium in the 5W Control rats was 12.56/pm2; in the 
5W EIPD rats it was 10.66/pm2 (Table 5). This difference is 
not significant. As shown in Figure 90(A,C), a wide range 
of caveolae density was recorded in the perineurial 
fracture faces of both groups of rats.

In the 25W Control rats the median density of 
caveolae was 10.82/pm2, as compared with 13.83/pm2 in the 
25W SPD rats (Table 5) . This difference is significant 
(P<0.01). A wide range of caveolae density was shown in 
both groups (Fig. 90B,D).

4.9.2. Density of IMPs
The median density of IMPs on the perineurial P-face 

in the 5W Control rats was 1033.5/pm2, as compared with 
994/pm2 in the 5W EIPD rats (Table 6). This difference is 
not significant. In the 25W Control rats and the 25W SPD 
rats the median density of IMPs on the P-face was 846/pm2 
and 820/pm2' respectively (Table 6). This difference is not 
significant. A wide range of IMP density was a feature in 
the P-face of the perineurium in all groups of rats (Fig 
91A,B,C,D).

For all groups of rats, the median density of IMPs 
on the E-face of the perineurium was less than the P-face. 
On the E-face of the 5W Control rats and the 5W EIPD rats,
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the median IMP density was 208.5/pm2 and 199.5/pm2' 
respectively (Table 6) . This difference is not 
significant. The median IMP density in the perineurial E- 
face of the 25W Control rats was 142.5/pm2' as compared 
with 211/pm2 in the 25W SPD rats. This difference is 
significant (P<0.05). The total area of E-fracture face 
analysed in the 25W Control rats was less than analysed in 
the 25W SPD rats (Table 6).
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TABLE 5
Density of caveolae openings on the membrane fracture faces of the
perineurium in normal and protein deprived rat sural nerve.

Median density Range No. of Areas Area (pm2)
(caveolae/pm2) sampled sampled

5W Control 12.56 5.39-20.25 27 736.21
5W EIPD 10.61 1.90-22.24 27 659.97
25W Control 10.82 4.26-19.45 43 1461.23
25W SPD 13.83 8.68-19.32 29 956.77

TABLE 6
Density of IMPs on the membrane fracture faces of the perineurium in
normal and protein deprived rat sural nerve.

Range

P-face 
5W Control 
5W EIPD 
25W Control 
25W SPD 
E-face 
5W Control 
5W EIPD 
25W Control 
25W SPD

Median density 
(IMPs/pm2)

1033.5
994
846
820

208.5
199.5
142.5 
211

692
456
477

1761
1867
1189

491 - 1609

118 - 391 
101 - 331 
111 - 205 
144 - 286

No. of areas 
sampled

24
21
30
26

20
24
10
16

Area (pirr) 
sampled

18.20
15.02
17.56
17.01

16.71
18.22
7.71

11.99
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FIG. 90:
Histograms showing the density of caveolae openings 
(Caveolae/pm2) plotted against frequency (No. of areas 
for:
A. 5W Control rat perineurium.
B. 25W Control rat perineurium.
C. 5W EIPD rat perineurium.
D. 25W SPD rat perineurium.
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FIG. 91:
Histograms showing the density of P-face IMPs 
(IMPs/pm2) plotted against frequency (No. of areas) 
for:
A. 5W Control rat perineurium.
B. 25W Control rat perineurium.
C. 5W EIPD rat perineurium.
D. 25W SPD rat perineurium.
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4.10 QUALITATIVE OBSERVATIONS ON THE NERVE FIBRES
IN NORMAL RAT SURAL NERVE

4.10.1. Myelinated nerve fibres
(a) General morphology:

The freeze-fracture morphology of the myelinated 
nerve fibres in the 5W Control and 25W Control rats was 
very similar (Figs. 92-100). In an oblique plane of 
fracture, it was possible to observe the outer Schwann cell 
membrane (Fig. 92), internodal myelin (Figs. 93,94),
adaxonal Schwann cell membrane (Figs. 95,96), internodal 
axolemma (Figs. 97,98), and the node of Ranvier (Figs.
99,100). With the exception of the adaxonal Schwann cell 
membrane (Figs. 97,98), the structure of the myelinated
nerve fibres in the normal rat sural nerve was closely 
comparable to the myelinated fibres observed in the normal 
human sural nerve (Figs. 36-57).
(b) Outer Schwann cell membrane and cytoplasm:

Concave (P-face) and convex (E-face) distortions in 
the fracture faces of the rat outer Schwann cell membrane 
indicated the distribution of the Schwann cell cytoplasm 
(Fig. 92) . As observed in the normal human myelinated nerve 
fibres (Figs. 38,39), the outer Schwann cell cytoplasm in 
the rat myelinated fibres was located in a longitudinal 
pocket associated with the mesaxon, and numerous 
circumferential bands (Fig. 92). The fracture faces in 
areas which lacked underlying Schwann cell cytoplasm were 
characterized by a smooth topography. The fracture faces of
the outer Schwann cell membrane also revealed the presence

1
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of caveolae and IMPs. The distribution of these features 
was apparently identical to those observed in normal human 
myelinated nerve fibres (Figs. 40,41).
(c) Myelin:

The qualitative appearance of the control rat myelin 
(Figs. 93,94) was closely comparable to normal human myelin 
(Figs. 42-47). The myelin membrane was frequently exposed 
in an oblique fracture (Fig. 93). In cross fracture, the 
myelin membrane was represented by two types of alternating 
"steps" (one type of "step" showed a straight edge, and the 
second type of "step" was relatively smaller and possessed 
an irregular edge). The curvature of the myelin was evident 
in the membrane fracture faces (Fig. 93). The 
identification of the IMPs on the P-fracture face of myelin 
was dependent on the angle of the platinum shadow. On some 
areas of the P-face it was possible to observe globular 
IMPs and rod-like IMPs (Fig. 94A). On regions of the P-face 
which received more platinum shadow, only globular IMPs 
were visible. IMPs were also identified on the E-face (Fig. 
94B) .
(d) Adaxonal Schwann cell membrane:

The P-fracture face of the adaxonal Schwann cell 
membrane possessed IMPs which, in certain regions, were 
distributed in distinct patterns (Fig. 95A). The IMPs were 
frequently observed in "rosette"-like patterns which 
contained 6/7 IMPs (Fig. 95B). Occasionally, the "rosettes" 
were found in discrete groups, such as shown in Figure 95B. 
The "rosette"-like patterns of IMPs were most abundant in
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the regions of the adaxonal Schwann cell membrane adjacent 
to the Schwann cell cytoplasm. Thus, the IMP "rosettes"
were evident close to the incisures of Schmidt-Lanterman 
(such as shown in Figure 95A), the inner mesaxon, and the 
juxtaparanodal region.

Rarely, the freeze-fracture replica of a rat
myelinated nerve fibre exposed the E-fracture face of the 
adaxonal Schwann cell membrane (Fig. 96A). This fracture 
face contained small holes which showed a "rosette"-like 
pattern (Fig. 96B), closely comparable to the distribution 
of the IMPs on the P-face of this membrane.
(e) Internodal axolemma:

The freeze-fracture structure of the internodal
axolemma in the rat myelinated nerve fibres (Figs. 97,98) 
was very similar to normal human myelinated nerve fibres 
(Figs. 48-52). The curvature of the axolemma was noticeable 
in the freeze-fracture replicas. The P-fracture face (Fig.
97) contained relatively more IMPs than the E-face (Fig.
98). Some of the IMPs on the E-face were observed in small 
"clusters" of 4/5 IMPs.
(f) Node of Ranvier:

The P-fracture face of the axolemma associated with 
the nodes of Ranvier was exposed for analysis in the 5W 
Control rats and the 25W Control rats (Figs. 99,100). 
Although the observations were frequently restricted to 
small areas of the P-face nodal and paranodal axolemma, it
was not possible to detect any qualitative differences in
this region of the myelinated nerve fibres in the 5W
Control and 25W Control rats. The analysis of the E-
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fracture face of the axolemma associated with the nodes was 
limited to fragmented replicas, and it is thus considered 
to be incomplete.

Figure 99 shows the P-face of the axolemma 
associated with a node of Ranvier in a myelinated nerve 
fibre of a 25W Control rat. The P-face of the nodal region 
was characterized by a dense population of globular and 
rod-like IMPs (Fig. 100A). The paranodal region displayed 
scalloped indentations which corresponded to the 
"transverse bands". This region of the axolemma was 
intimately associated with the terminal loops of myelin. 
Fragmented rows of small IMPs were also observed on the 
paranodal axolemma (Fig. 100B).

4.10.1. Unmyelinated nerve fibres
The qualitative appearance of the unmyelinated nerve 

fibres in the 5W Control and 25W Control rat sural nerve 
(Fig. 101) was similar to those observed in the normal 
human nerve (Figs. 55-57). The organization of the 
unmyelinated nerve fibres was best visualized in an oblique 
fracture which revealed the fracture faces of the axolemma 
and the Schwann cell membranes, and fractured axoplasm 
(Fig. 101). IMPs were observed on both fracture faces of 
the axolemma, although they appeared to be more numerous on 
the P-face.
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4 *11* QyMflTATIVE OBSERVATIONS ON THE NERVE FIBRES
JQi„,TOg PROTEIN DEPRIVED RAT SURAL NERVE

4•11*1* Myelinated nerve fibres
The freeze-fracture morphology of the myelinated 

nerve fibres in the 5W EIPD and 25W SPD rats was apparently 
the same as the 5W Control and 25W Control rats. The 
organization of the outer Schwann cell membrane in the 
protein deprived rats and the normal rats (Fig. 92) was 
closely comparable. The freeze-fracture structure of the 
myelin in the protein deprived rats appeared to be 
unaltered, and IMPs were visible on the P- and E-fracture 
faces (Fig. 102A,B). IMPs were also observed on the 
fracture faces of the inter nodal axolemma (Fig. 103A,B). 
The observations of the nodal and paranodal axolemma were 
chiefly restricted to the P-face of this membrane (Figs. 
104,105), as obtained in the freeze-fracture study of the 
normal rat sural nerve. The morphology of the P-face 
axolemma at the node of Ranvier was apparently normal.

4.11.2. Unmyelinated nerve fibres
The structure of the unmyelinated nerve fibres in 

the protein deprived rats was very similar to the normal 
rat. IMPs were observed on the P- and E-fracture faces 
(Fig. 106A,B). The IMPs appeared to be more numerous on the
P-face (Fig. 106A).
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FIG. 92:
Electronmicrograph of a myelinated nerve fibre JLn; 25W 
Control rat sural nerve showing the P-face of1the outer 
Schwann cell membrane. Imprints of extracellular 
collagen (ICo) are visible on the membrane fracture 
face. Cy: convex bulges indicating the location of the 
underlying Schwann, cell cytoplasm. Ca: caveolae. Co: 
collagen. 16,100 X.





FIG. 93:
Electronmicrograph of an oblique fracture in a ......
myelinated nerve fibre in 25W Control rat sural nerve. 
The P-fracture face of the myelin shows* the curvature 
of the sheath. EC: extracellular space. My: cross
fractured myelin. OSP: outer Schwann cell membrane P- 
face. 60,700 X.

FIG. 94A.B:
High magnification electronmicrographs of myelin 
membrane fracture faces in 5W Control rat nerve fibres. 
A: P-face. Globular-like IMPs (G) and rod-like IMPs (R) 
are shown. 216,000 X.
B: E-face. Globular-like IMPs (G) are present.
216,000 X.
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FIG. 95A:
Electronmicrograph of P-face adaxonal Schwann cell 
membrane in a myelinated nerve fibre in 25W Control rat 
sural nerve, IMP "rosettes" (frames) are visible on the 
adaxonal Schwann cell membrane P-face (AdSP)" in a- 
region close to a Schmidt-Lanterman incisure (SL). Ax: 
axoplasm. AE: axolemmal E-face. My: myelin. PS: 
periaxonal space. 80,800 X. . .

FIG. 95B:
High magnification electronmicrograph of P-face 
adaxonal Schwann cell membrane in a myelinated nerve 
fibre in 25W Control rat sural nerve. Individual IMP 
"rosettes" (single arrow) and grouped IMP "rosettes" 
(double arrows) are observed. 274,600 X.
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FIG. 96A:
Electronmicrograph of E-face adaxonal Schwann cell 
membrane in a myelinated nerve fibre in 25W Control rat 
sural nerve. The adaxonal Schwann cell membrane E-face 
(AdSE) shows small pits in rosette-like 
formations (frame). Ax: axoplasm. AP: axolemmal P-face. 
PS: periaxonal space. 161,000 X.

FIG. 96B:
High magnification electronmicrograph of E-face 
adaxonal Schwann cell membrane in a myelinated nerve 
fibre of 25W Control rat sural nerve. The fracture face 
shows pits in rosette-like formations (arrowheads). 
267,500 X.
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FIG. 97:
Electronmicrograph of obliquely fractured myelinated 
nerve fibre in 25W Control rat sural nerve. The P-face 
of the axolemma (AP) contains numerous IMPs. 
Neurofilaments (NF) can be distinguished in the 
axoplasm (Ax). My: myelin. 111,200 X.

FIG. 98:
Electronmicrograph of obliquely fractured myelinated 
nerve fibre in 5W Control rat sural nerve. The 
axolemmal E-face (AE) shows IMPs, some of which are 
arranged in clusters (arrowheads). Ax: axoplasm. My: 
myelin. NF: neurofilaments. 88,800 X.
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FIG. 99;
Electronmicrograph of a node of Ranvier in a 25W 
Control rat nerve fibre. The,P-face of the nodal 
axolemma (NP) and the paranodal axolemma (PNP) is 
exposed. Note the scalloped indentations in the PNP. 
MyL: Myelin loops. 79,300 x.

FIG. 100A.B:
High magnification electronmicrographs of the membrane 
fracture faces associated with the node of Ranvier 
shown in Fig. 99 (25W control rat sural nerve).
A: Nodal P-face axolemma showing globular-like (G) and 
rod-like (R) IMPs. 216,000 X.
B: Paranodal P-face axolemma showing fragmented rows of 
IMPs (arrows) which may correspond to the "axo-glial" 
junction. 216,000 X.
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FIG. 101:
Electronmicrograph of an unmyelinated nerve, fibre in 5W 
Control rat sural nerve. The fractured axoplasm is 
obscured from view by the tall shadow (Sh) of the 
axolemmal P-face (AP). AE: axolemmal E-facei.. Cy:
Schwann cell cytoplasm. S: Fracture faces of Schwann 
cell cytoplasm. 91,400 X.
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FIG. 102A.B:
High magnification electronmicrographs of myelin 
fracture faces in 25W SPD rat nerve fibres.
A: P-face showing globular-like IMPs (G) and rod-like
IMPs (R). 216,000 X.
B: E-face showing globular-like IMPs (G). 216,000 X.





FIG. 103A.B:
High magnification electronmicrographs showing the 
fracture faces of internodal axolemma in myelinated 
nerve fibres in 25W SPD rat sural nerve.
A: P-face axolemma (AP). IMPs are observed on the AP 
(arrowheads). Ax: axoplasm. NF: neurofilaments; 
216,000 X.
B: E-face axolemma (AE). Some IMPs are observed in 
clusters (arrowhead). 216,000 X.
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FIG. 106A.B:
High magnification electronmicrographs showing the 
fracture faces of unmyelinated axolemma (AP,AE) in 25W 
SPD rat. IMPs are more numerous on the P-face.
A: P-face. 216,000 X.
B: E-face. Cy: Schwann cell cytoplasm. 216,000 X.
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4.12. QUANTITATIVE OBSERVATIONS ON THE NERVE FIBRES IN
NORMAL AND PROTEIN DEPRIVED RAT SURAL NERVE

4.12.1. Density of IMPs in the internodal mvelin
The results of the quantitative analysis of IMPs on 

the fracture faces of myelin is summarized in Table 7. The
identification of the myelin IMPs was not precise (see
section 5.3.), and therefore the significance of these
observations is uncertain. The results indicate that IMPs
are more numerous on the P-face in comparison to the E- 
face.

4.12.2. Density of IMPs in the internodal axolemma
The results of the quantitative analysis of IMPs in 

the internodal axolemma is shown in Table 8. The accuracy 
of the observations is unclear as the analysis was 
undertaken on highly curved fracture faces, and some of the 
sample sizes were inadequate. The results of the density 
analysis confirm that IMPs are more numerous on the P-face 
in comparison to the E-face.

4.12.3. Density of IMPs in the unmyelinated axolemma 
Table 9 records the results of the quantitative

analysis of the IMPs in the unmyelinated axolemma. The 
significance of these observations is uncertain, for the 
reasons outlined in section 4.12.2. The highest calculated 
densities of IMPs were recorded on the P-fracture faces.
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TABLE 7
Density of IMPs on the membrane fracture faces of ravelin in 
normal and protein deprived rat sural nerve

Median density Range No. of areas Area (um2)
(IMPs/pm )

P-face
5W Control 323 268
5W EIPD 322 103
25W Control 277 162
25W SPD 337 194
E-face
5W Control 184 75
5W EIPD 130 63
25W Control 182.5 113
25W SPD 114.5 79

sampled sampled

- 551 13 12.13
- 420 20 16.41
- 417 31 20.68
- 646 28 21.03

- 293 19 19.02
- 224 23 17.72
- 232 18 12.03
- 155 10 7.16
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TABLE 8
Density of IMPs on the membrane fracture faces of the internodal
axolemma in normal and protein deprived rat sural nerve

Range

P-face 
5W Control 
5W EIPD 
25W Control 
25W SPD 
E-face 
5W Control 
5W EIPD 
25W Control 
25W SPD

Median density 
(IMPs/pm2)

1003.5 
897
1266
1427.5

40
67
(25)
60

720 - 1088 
333 - 2032 
955 - 1436 
816 - 1877

32 - 90 
43 - 102

50 - 158

No. of areas 
sampled

4 
13
7

18

5 
11
1
11

Area (pur) 
sampled

4.14
5.40
2.56
7.37

3.15
7.70
0.63
5.24
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TABLE 9
Density of IMPs on the membrane fracture faces of the unmyelinated
axolemma in normal and protein deprived rat sural nerve

RangeMedian density 
(IMPs/pm2)

No. of areas 
sampled

Area (pm^) 
sampled

P-face
5W Control 832 640 - 971 9 4.04
5W EIPD 761 315 - 1287 15 4.36
25W Control 861 441 - 1400 10 4.00
25W SPD 819 334 - 1121 15 3.46
E-face
5W Control 81.5 39 - 154 12 4.48
5W EIPD 125.5 57 - 215 10 3.39
25W Control 95.5 60 - 200 10 3.58
25W SPD 82 46 - 135 6 1.84
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CHAPTER 5
DISCUSSION

5.1. OBSERVATIONS ON THE PERINEURIUM IN 
NORMAL HUMAN SURAL NERVE

The perineurium is acknowledged to be a cellular 
sheath which surrounds the peripheral nerve fascicles (Key 
and Retzius, 1876). It acts as a diffusion barrier and 
restricts the access of a variety of substances into the 
endoneurium (for review, see Olsson, 1990). Together with 
the blood-nerve barrier, the perineurium is therefore 
involved in the homeostasis of the endoneurial fluid. Early 
histochemical studies have indicated a high level of enzyme 
activity in the perineurium, and this has invited authors 
to describe the tissue as a "metabolically active diffusion 
barrier" (Shanthaveerappa and Bourne, 1962). The lamellated 
morphology of the perineurium in human sural nerve, 
observed in the present investigation (Figs. 2-5), is 
comparable to previous ultrastructural studies of the 
perineurial sheath in various mammalian species (Thomas, 
1963; Gamble and Eames, 1964; Burkel, 1967; Reale et al., 
1975; Akert et al., 1976; Gabriel et al., 1986a).

The structure of the human perineurial tight 
junctions revealed in the present study (Figs. 11-15) was 
similar to those described by others (Reale et al., 1975; 
Akert et al., 1976; Gabriel et al., 1986a; 1986b). In
accordance with the findings of Reale et al. (1975) and
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Akert et al. (1976), who observed the perineurium in 
mammalian and amphibian species, the tight junctions were 
identified as belt-like structures at the cell borders 
(zonulae occludentes or ZO), and isolated structures with 
circular profiles (maculae occludentes or MO). In an 
earlier freeze-fracture study of human peripheral nerve, 
Gabriel and associates (1986a) commented on the presence of 
tight junctions, although these authors did not distinguish 
different junctional types in the perineurium.

Epithelial tissues also possess ZO which, in freeze- 
fracture replicas of glutaraldehyde-fixed tissue, appear as 
networks of branching strands (P-fracture face) and grooves 
(E-fracture face) in a belt-like profile (Staehlin et al., 
1969; Claude and Goodenough, 1973; Martinez-Palomo and 
Erlij, 1975). The epithelial ZO is generally acknowledged 
to influence the paracellular diffusion of molecules and 
ions, and thus contribute to the barrier properties of this 
tissue (for review, see Gumbiner, 1987). Biochemical 
studies have shown that 2 proteins are associated with the 
cytoplasmic aspect of the ZO, ZO-1 and Cingulin (Stevenson 
et al., 1986; Citi et al., 1988), although the identity of 
the tight junctional component(s) revealed in freeze- 
fracture replication is unknown. Nevertheless,
investigators have questioned whether the functional 
properties of the ZO are related to the freeze-fracture 
morphology of the tight junction. The findings of Claude 
and Goodenough (1973) suggested that transepithelial 
electrical resistance is proportional to the number of 
component strands (grooves) in the ZO. Although exceptions
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to this relationship have been presented (Stevenson et al.,
1988), the original proposal of Claude and Goodenough 
(1973) is apparently meaningful, provided additional 
factors are considered (Madara and Dharmsathaphorn, 1985) . 
The precise nature of the association between the freeze- 
fracture morphology of the epithelial ZO and its 
permeability to macromolecules is not yet established. 
However, the experimental disruption of tight junction 
structure in epithelial tissues has been correlated with an 
abnormal increase in macromolecule permeability (e.g. Tice 
et al., 1975; Metz et al., 1977; Caldwell et al., 1984).

The barrier properties of the perineurium have, 
therefore, been attributed to the presence of the extensive 
tight junctional complexes (Thomas, 1963). Olsson (1990) 
has recently produced a detailed review of the permeability 
properties of the perineurium. It has been examined with a 
range of substances which include Evans blue-albumin 
(Olsson and Reese, 1971), some smaller hydrophilic 
molecules such as mannitol (Rechthand et al., 1987a) and 
ions (Weerasuriya et al., 1980). Immunocytochemical studies 
of human sural nerve biopsies have indicated that the 
blood-nerve barrier can restrict the diffusion of some 
macromolecules into the endoneurium (Liebert at al., 1985).

The investigations of Liebert and co-workers (1985) 
on human sural nerve also indicated that the inner 
(endoneurial) lamellae of the perineurium constitute the 
diffusion barrier to exogenous macromolecules. This was 
previously demonstrated in functional studies of the
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perineurium in other species (Olsson and Reese, 1969). In 
the present investigation, ZO were widely distributed in 
the perineurium, although the limitations of the freeze- 
fracture technique prevented the identification of the 
precise location of the ZO (i.e. inner, middle or outer 
perineurial lamellae). Earlier freeze-fracture studies of 
the perineurium have failed to comment on the location of 
the observed ZO (Reale et al., 1975; Akert et al., 1976; 
Gabriel et al., 1986a; 1986b). Thus, it is necessary to
consider that ZO may exist in perineurial cells which are 
remote from the inner (endoneurial) lamellae. The function 
of these tight junctions is not known. A quantitative 
analysis of the human perineurial tight junctions observed 
in the present investigation was not undertaken because of 
limited sampling.

The function of the MO is also unknown. Reale and 
colleagues (1975) have suggested that this type of tight 
junction may offer a tethering function for adjacent 
perineurial lamellae.

One of the human perineurial tight junctions 
exhibited a disorganized structure which possessed isolated 
junctional strands or grooves (Fig. 14). It was not 
possible to determine whether this putative tight junction 
was a ZO or a MO. The significance of this finding in 
normal human sural nerve is uncertain. Alterations have 
been observed in tight junctional structure during mitosis 
(Tice et al., 1979) and it is possible, therefore, that 
this junction was associated with cell division. However, 
comparable tight junctions were not observed in the normal
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rat perineurium. This discrepancy may indicate the effect 
of differences in experimental protocol. The human sural 
nerve biopsies were fixed by immersion into glutaraldehyde 
solution, whereas the fixative was first introduced to the 
rat sural nerve by perfusion of the animal.

The detection of gap junctions in the human 
perineurium has, until now, been restricted to fetal nerve 
(Breathnach and Martin, 1980). Gabriel and associates 
(1986a) were unable to find gap junctions in the 
perineurium of adult human sural nerve biopsies. The 
present investigation has demonstrated that they are 
present (Fig. 16). The reason for this discrepancy is not 
apparent, but it may be related to sampling: these
structures are a rare finding in adult perineurium. Gap 
junctions represent sites of intercellular communication 
and they can permit the transfer of some inorganic ions and 
small molecules (for review, see Spray, 1985). The presence 
of gap junctions in the adult perineurium indicates a 
degree of metabolic co-operation between the perineurial 
cells.

Previous ultrastructural studies have described the 
presence of numerous pinocytotic-like vesicles in the 
cytoplasm of perineurial cells (Gamble and Eames, 1964; 
Waggener et al., 1965). The openings of these vesicles are 
revealed in the membrane fracture faces (Reale et al., 
1975; Akert et al., 1976; Gabriel et al., 1986a) and were 
observed in the present study of human sural nerve (Figs. 
4,5,10). The vesicles are unlikely to be an artifact of
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fixation, as they are present in rapidly frozen unfixed 
tissue (Latker et al., 1985). The present investigation has 
provided the first quantitative analysis of the caveolae in 
the human perineurium (Table 1, Fig. 34A). A wide range of 
caveolae density was recorded, although this may have been 
anticipated from the qualitative observations of caveolae 
distribution: in extensive fracture faces the caveolae were 
observed in clusters in some areas (Fig. 6B), whereas they 
were dispersed in other regions (Fig. 6A).

The significance of the pinocytotic-like vesicles is 
not known. Morphological analysis has shown that the 
perineurial diffusion barrier in adult rats is not 
completely impermeable to extraneurally-applied 
macromolecules. Specifically, protein tracers have access 
to the interior of pinocytotic-like vesicles which 
communicate with the extracellular spaces on the epineurial 
and the endoneurial aspects of the perineurial cells 
(Oldfors and Sourander, 1978; Oldfors and Johansson, 1979; 
Oldfors, 1981b). This has been considered as indirect 
evidence for vesicular transport in the perineurium. 
Oldfors (1981b) has suggested that substances might be 
transferred across perineurial cells in transport or 
"shuttle" vesicles, or by diffusion through a series of 
fused vesicles. Similar mechanisms have been proposed for 
the vesicular transport of substances in the capillary 
endothelium (Bruns and Palade, 1968; Hammersen et al., 
1983) . However, there is considerable controversy as to the 
concept of vesicular transport in the capillary endothelium 
(Frokjaer-Jensen, 1985). A study of the frog perineurium by
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Shinowara and associates (1982) failed to find "free" or 
fused vesicles, and these authors concluded that all of the 
vesicles had openings to the cell exterior. The
significance of the different distribution patterns of the 
perineurial caveolae (Fig. 6A,B) is not known.

The observation that the membrane fracture faces of 
the perineurial cell vesicles possess IMPs (Fig. 10) may be 
significant. The IMPs may represent protein-receptor
complexes, which have a role in receptor-mediated
endocytosis/transcytosis. This process has been identified 
in studies of epithelial cells (for review, see Simons and 
Fuller, 1985).

The present investigation has undertaken a 
quantitative analysis of the IMPs on the fracture faces of 
the human perineurium (Table 2, Fig. 35A). This type of 
analysis is subject to variables which may give rise to 
error and, therefore, require comment. The definition of an 
IMP is not precise. Most investigators consider an IMP to
have a definite body (distinguished by platinum) and a 
definite shadow (devoid of platinum). However, the replica 
of the fracture face often contains features, such as small 
elevations, which duplicate the appearance of the IMP and 
confuse the definition of the IMPs. This problem therefore 
introduces a subjective variable into the analysis. 
Irregularities on the surface topography of the membrane 
fracture face constitute another source of error in the 
quantitative analysis of IMPs. Thus these areas of the 
membrane fracture faces were avoided in the quantitative
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analysis of IMPs in the perineurium. It is also important 
to consider that some IMPs may not be detected on a 
fracture face because they exist in the shadow created by 
another IMP. This variable may be significant in the 
analysis of membrane fracture faces which have a high 
density of IMPs. Furthermore it has been considered that 
some IMPs may be undetected because they are lost from both 
membrane leaflets during the fracturing process 
(C.Stolinski, personal communication).

The P- and E-fracture faces of the perineurium were 
suitable for a quantitative analysis of IMP populations 
because the IMPs showed a distinct profile which was easily 
identified, and the fracture faces had a relatively flat 
topography (Figs. 7-9). Gabriel and co-workers (1986a) have 
presented a quantitative study of IMPs in the perineurial 
cell membranes in human sural nerve, although their 
findings are not in agreement with the results of the 
present investigation. These authors calculated that the 
mean density of IMPs on the P-face was 881/pm2, as compared 
with a median density of 1590/pm2 in the present study. 
Gabriel and co-workers also failed to detect a wide range 
of IMP density on the P-face. It is likely that the 
discrepancies in the results are related to poor sampling 
of fracture faces in the analysis by Gabriel and co-workers 
(1986a). In comparison to the present investigation, these 
authors analysed a smaller total area of the P-fracture 
face. (It has already been noted that these authors did not 
detect gap junctions in their study of the perineurium.) 
With the exception of the sample size, the experimental
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protocol in the present study and that of Gabriel and co
workers (1986a) was identical. However, as stated 
previously, the definition of an IMP is not precise and it 
is therefore possible that the discrepancies in the results 
are also related to differences in the subjective 
identification of the IMPs.

The function(s) of the IMPs are unknown. The 
findings of membrane reconstitution experiments have 
implied that IMPs represent integral membrane proteins (Yu 
and Branton, 1976; Deguchi et al., 1977; Skriver et al., 
1980). Biochemical studies of the perineurium are limited, 
although early histochemical studies have indicated that 
the perineurium has a high level of enzyme activity 
(Shanthaveerappa and Bourne, 1962). More recently, Llewelyn 
and Thomas (1987) have demonstrated ouabain-sensitive 
Na+/K+ -ATPase activity in rat perineurium, and thus it is 
possible that some IMPs may correspond to ATPase molecules.

The observed distribution of IMPs on the P-fracture 
faces of the human perineurium (Fig. 8A,B) requires further 
comment. The present analysis has shown a variation in the 
density of P-face IMPs between the membranes of cells in 
different perineurial lamellae. This is shown 
diagramatically in Figure 107. This may suggest that the 
lamellae which compose the perineurium show differential 
states of activity, or that the lamellae have different 
functions. As stated previously, the barrier function of 
the perineurium has been ascribed to the inner 
(endoneurial) lamellae. It may be possible that the inner
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FIG. 107:
Diagram to show the distribution of IMPs on the P- and E- 
fracture faces of the perineurial cells. The diagram 
depicts two perineurial lamellae which are separated by an 
intercellular space (I). The upper lamella shows 
overlapping cells which possess a high density of IMPs on 
the P-faces. The E-fracture faces of these cells is also 
shown, and they contain a low density of IMPs. The lower 
lamella shows the P-faces of overlapping cells. The density 
of IMPs on the P-faces of the upper lamella is higher in 
comparison to the P-faces of the lower lamella. Ca: 
caveolae. CB: cell border. Cy: cytoplasm. TJ: tight 
junction. Diagram not drawn to scale.
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perineurial lamellae provide a function which differs from 
the remainder of the tissue. The perineurium is derived 
from neural fibroblasts (Thomas and Jones, 1967; Bunge et 
al., 1989) and it is possible that varying degrees of 
differentiation occur in the different lamellae.

A wide range of IMP density, and a variation in the 
density of IMPs between different areas of the same cell 
membrane, have been observed in cell membranes which are 
structurally polarized (De Camilli et al., 1974; Hoi Sang 
et al., 1979; Caldwell et al., 1984). In the present 
investigation, a wide range of IMP density was shown on the 
P-face in the perineurium (Fig. 35A), and this may suggest 
that some, or all, of the perineurial cells have polarized 
membranes. However, it was not possible to demonstrate a 
variation in the density of IMPs between the areas studied 
on a membrane fracture face of an individual perineurial 
cell. This is understandable because, if the perineurial 
cell membranes are polarized, the membrane may be organized 
into two domains which correspond to the endoneurial and 
the epineurial aspects of the cell surface, and are 
therefore separated at the location of the ZO. In a freeze- 
fracture replica of the perineurium, the membrane fracture 
face of only one of these aspects is exposed, and the 
fracture plane does not reveal the fracture faces on both 
sides of the ZO. Shaklai and Tavassoli (1978) demonstrated 
a wide range of IMP density on the membrane fracture faces 
of endothelial cells, but they did not show the boundary 
between luminal and abluminal domains of the membrane. The 
membrane domains, and the boundary between the membrane
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domains, can be shown on the freeze-fracture replica of an 
epithelial cell, presumably because in places the membrane 
domains share one aspect of the cell surface (De Camilli et 
al., 1974; Hoi Sang et al., 1979).

The variation in IMP density in polarized cells is 
considered to represent the asymmetric distribution of 
membrane proteins such as Na+/K+-ATPase (for review, see 
Simons and Fuller, 1985). The tight junctional complexes of 
epithelial cells enable these cells to create extracellular 
compartments. Epithelial cells are therefore equipped to 
perform vectorial transport of substances, and maintain 
concentration gradients between tissue compartments (Simons 
and Fuller, 1985). The endoneurial fluid in peripheral 
nerve is known to be hypertonic in comparison to the 
interstitial fluid of the general connective tissue 
(Krnjevic, 1955; Myers et al., 1983). It is presumed that 
the blood-nerve and perineurial barriers have a role in the 
regulation of the endoneurial fluid (Low, 1984) . 
Furthermore, it is acknowledged that the endoneurium lacks 
lymphatic vessels. If the perineurial cell membranes are 
polarized, they would be able to regulate the environment 
of the endoneurial compartment. On the other hand, 
Weerasuriya and associates (1980) were unable to 
demonstrate active transport of sodium or potassium across 
the perineurium of amphibians.
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5.2. OBSERVATIONS ON THE PERINEURIUM IN THE SURAL
NERVE OF PATIENTS WITH DIABETIC POLYNEUROPATHY

There are relatively few morphological studies of 
the perineurium in human diabetic polyneuropathy. 
Investigations have shown that the basal laminae can be 
thickened (Johnson et al., 1981; Johnson and Doll, 1984; 
King et al., 1989), and extracellular deposits of calcium 
may be present in the middle and outer perineurial cell 
layers (Paetau and Haltia, 1976; van Lis et al., 1979; King 
et al., 1988). Degeneration has been described in the 
perineurium adjacent to focal nerve lesions in human 
diabetic polyneuropathy (Johnson et al., 1986). The 
lamellated morphology of the diabetic perineurium observed 
in the present study was apparently normal (Figs. 17,18), 
with the exception of the tight junctions (Figs. 25-32). 
The basal laminae were not identified in the freeze- 
fracture replicas of diabetic sural nerve. However 
abnormalities were detected in the extracellular spaces of 
the perineurium (Figs. 23,24).

In one freeze-fracture replica of diabetic 
polyneuropathy the extracellular space possessed an 
abnormal organization, characterized by a distinct zone 
with a smooth fracture face (Fig. 23) which contained 
spherical bodies (Fig. 24). It is possible that the 
spherical bodies correspond to extracellular deposits of 
calcium, which have been described in earlier studies human 
diabetic neuropathy (Paetau and Haltia, 1976; van Lis et 
al., 1979; King et al., 1988). They are similar in size and
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shape. King and colleagues (1988) have reported abnormal 
lipid accumulation in the extracellular spaces of the 
perineurium in diabetes. The distinct extracellular zone 
with a smooth fracture face observed in the present 
investigation (Fig. 23) may, therefore, represent the 
accumulation of lipid deposits.

There was no obvious alteration in the numbers of 
tight junctions observed in the perineurium in human 
diabetic polyneuropathy as compared with the normal 
perineurium. The sample size, and the limitations of the 
freeze-fracture technique, prevented a quantitative 
analysis of the tight junctions. However, the present 
investigation has indicated that alterations can be present 
in some of the perineurial tight junctions in human 
diabetes (Figs. 27-32). The present study has also 
demonstrated the variegated response of tight junction 
structure in diabetic polyneuropathy: the analysis of the
freeze-fracture replicas showed the concomitant presence of 
altered and unaltered tight junctional complexes in 
individual patients. The abnormal tight junctions were 
represented by localised regions of the junctional membrane 
which were concave (P-face) or convex (E-face), as shown in 
Figures 27 and 28. There were also areas of the perineurial 
cell membrane which contained fragmented and isolated tight 
junctional strands, or grooves (Figs. 30-32). The level of 
disorganization in these tight junctions was too severe to 
determine whether they were related to ZO or MO of the 
normal perineurium. (The cell borders were not always
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exposed in the freeze-fracture replicas).
A disturbance in tight junction structure may be 

associated with changes in the barrier properties of the 
perineurium. As stated previously, the perineurial 
diffusion barrier to exogenous macromolecules in human 
peripheral nerve is located in the inner (endoneurial) 
lamellae (Liebert et al., 1985). The examination of Figure 
29 indicates that abnormal tight junctions are present in 
the inner perineurial lamellae in human diabetic 
polyneuropathy. Severe disruption in the structural 
organization of epithelial tight junctions has been 
associated with changes in the paracellular diffusion of 
proteins (e.g. Tice et al., 1975; Metz et al., 1977; 
Caldwell et al., 1984). Metz and associates (1977) have 
shown alterations in the freeze-fracture morphology of 
tight junctions in liver cells, concomitant with an 
increased diffusion of horseradish peroxidase across the 
tissue. It is possible, therefore, that the abnormal 
perineurial tight junctions observed in the present 
investigation represent a deficit in the barrier properties 
of this tissue. An alteration in the blood-nerve and/or 
perineurial diffusion barriers has been implied from 
observations which have demonstrated increased 
concentrations of plasma macromolecules in the nerves of 
patients with diabetic polyneuropathy (Ohi et al., 1985; 
Graham and Johnson, 1985; Poduslo et al., 1988). (It is 
also possible that the accumulation of plasma 
macromolecules in peripheral nerve in experimental diabetes 
is partly related to an accelerated transfer across the
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vascular endothelium because of increased glycosylation 
(Patel et al., 1991).)

Gabriel and co-workers (1986b) have studied the 
freeze-fracture structure of the perineurial tight 
junctions in streptozotocin-diabetic rats. These authors 
did not find any abnormalities in the junctions, although 
they may not have examined an adequate sample of the 
perineurium. (The work by Gabriel and associates (1986b) is 
further discussed in section 5.5). The functional studies 
of the blood-nerve barrier in experimental diabetes have 
provided conflicting results. Seneviratne (1972) employed 
Evans blue-albumin to probe the competence of the diffusion 
barriers in the alloxan-diabetic rat, and reported the 
tracer to be present in the endoneurium. However, similar 
later studies (Jakobsen et al., 1978; Sima and Robertson, 
1978) which used Evans blue-albumin and horseradish 
peroxidase to test the diffusion barriers in a number of 
experimental models, including alloxan-induced diabetes, 
failed to confirm the observations made by Seneviratne 
(1972). Recently, Rechthand and associates (1987b) have 
reported that the blood-nerve barrier in streptozotocin- 
diabetic rats shows increased permeability to a smaller 
tracer, 14C mannitol.

It is established that the endoneurium of peripheral 
nerve in diabetic patients without overt neuropathy can 
contain increased levels of plasma macromolecules (Poduslo 
et al., 1988). This observation implies that alterations in 
the blood-nerve barrier in diabetes may precede nerve fibre
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degeneration. However, it is unclear whether any of the 
abnormalities in the nerve fibres in diabetic 
polyneuropathy can be attributed to a disturbance in the 
blood-nerve barrier and the barrier function of the 
perineurium. As stated previously, the perineurium is 
considered to participate in the regulation of the 
composition of the endoneurial fluid (Low, 1984), and a 
disturbance in this function might be expected to alter the 
intrafascicular environment. Following his observations on 
the peripheral nerves in the alloxan-diabetic rat, 
Seneviratne (1972) suggested that an abnormal accumulation 
of plasma macromolecules in the endoneurium may cause 
interstitial oedema and, possibly, tissue ischaemia. 
Investigations of the nerve water content in experimental 
diabetes have reported overhydration (Jakobsen, 1978; 
Rechthand, 1987b; Anand et al., 1988). It has also been 
demonstrated that peripheral nerve in diabetic patients 
with, and without, overt neuropathy can show overhydration 
(Griffey et al., 1988). However, the pattern of nerve fibre 
degeneration in human diabetic polyneuropathy, which shows 
a dominant involvement of sensory and autonomic function, 
is not compatible with the effects of nerve ischaemia 
(Thomas, 1987). Observers have considered that nerve fibres 
may be more exposed to the damaging effects of toxins and 
infectious agents if the blood nerve barrier and the 
barrier function of the perineurium are deficient (Thomas 
and Olsson, 1984; Olsson, 1990). It would thus be 
conceivable that an altered endoneurial environment might 
contribute to the development of neuropathic lesions in
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human diabetic polyneuropathy.
An alteration in the morphology of the tight 

junctions may have implications for the organization of the 
plasma membrane. The findings of the quantitative analysis 
of P-face IMPs in the normal human sural nerve implied that 
some, or all, of the perineurial cells may have polarized 
membranes (see section 5.1). The precise nature of the 
association between the epithelial ZO and structural 
polarity in the plasma membrane is unclear (for review, see 
Cereijido et al., 1989), although investigators have 
suggested that a disturbance in tight junction structure 
may alter the organization of the membrane (Pisam and 
Ripoche, 1976; for review, see Gumbiner, 1987). 
Investigations of renal proximal tubule cells have provided 
evidence which may indicate that redistribution of 
(basolateral) Na+/K+-ATPase occurs during ischaemia-induced 
changes in tight junctional permeability (Molitoris et al.,
1989). If the perineurial cell membranes are structurally 
polarized, a disturbance in tight junction structure such 
as that observed in the present investigation of diabetic 
polyneuropathy (Figs. 27-32), may affect the organization 
of the membrane. This may further impair the function of 
the perineurium in the regulation of the intrafascicular 
environment.

Freeze-fracture replication technique has been used 
extensively to study morphological changes in tight 
junctions under different experimental conditions (for 
review, see Gumbiner, 1987). These studies provide a basis
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for comparisons with the alterations observed in the 
perineurial tight junctions in diabetic polyneuropathy 
(Figs. 27-32). A number of investigators have described the 
presence of scattered and isolated tight junction strands 
(grooves) in the membranes of mitotically active cells, 
which are considered to represent the components of 
assembling or disassembling junctional complexes (Tice et 
al., 1979; Madara et al., 1980). Hyperplasia has been 
reported in vascular endothelial cells in human diabetic 
neuropathy (Timperley et al., 1985; Yasuda and Dyck, 1987; 
Malik et al., 1989). Little is known about cell turnover in 
the perineurium, although it is possible that some of the 
disorganized tight junctions in diabetic polyneuropathy are 
associated with perineurial cell division. Freeze-fracture 
replication has also been empolyed to study the structure 
of epithelial tight junctions after experimental osmotic 
disruption (Wade and Karnovsky, 1974; Martinez-Palomo and 
Erlij, 1975). The findings in these studies closely 
resemble the changes observed in the perineurial tight 
junctions in human diabetic polyneuropathy (Figs. 27-32). 
This observation invites a structural and functional 
comparison of the osmotically disrupted tight junctions 
with those observed in the present study of the perineurium 
in human diabetic neuropathy. The relevance of such a 
comparison is enhanced by the knowledge that the integrity 
of the perineurium is susceptible to hyperosmolar solutions 
(Kristensson and Olsson, 1976; Weerasuriya et al., 1979).

A body of evidence has accumulated to show that the 
tight junctions of epithelial tissues (such as amphibian
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bladder, proximal renal tubule and skin) can be 
structurally perturbed by experimentally-induced osmotic 
gradients (for review, see DiBona, 1985). Wade and 
coworkers (Wade et al., 1973; Wade and Karnovsky, 1974) 
reported that the structure of the tight junctions in toad 
bladder epithelium is susceptible to the application of 
various hyperosmolar solutions, such as urea (240 mM) and 
NaCl (85mM), to the mucosal aspect of this tissue. In thin 
section, this osmotically disrupted epithelium revealed 
unaltered tight junction complexes, as well as junctions 
with distended intercellular compartments (Wade et al., 
1973). When studied in freeze-fracture replication, Wade 
and Karnovsky (1974) reported the presence of a range of 
abnormalities. Some of the tight junctions were unaltered, 
a selection had bulges of the junctional membrane and there 
were regions of the cell membrane with totally disorganized 
tight junctional strands. This catalogue of structural 
features is echoed in the alterations in the perineurial 
tight junction complexes in human diabetic polyneuropathy 
(Figs. 25-32).

In experimental models of diabetes, as already 
stated, although the more recent studies on the nerve 
diffusion barriers did not detect an abnormality in the 
permeability to proteins (Jakobsen et al., 1978; Sima and 
Robertson, 1978), in the streptozotocin-induced diabetic 
rat, Rechthand et al. (1987b) reported an increased 
diffusion of 14C mannitol into the endonerium. This degree 
of modified permeability can be achieved in osmotically
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disrupted tissues. For example, Wade et al. (1973) reported 
that the effect of osmotic disruption to the permeability 
of the toad bladder epithelium was indicated by a swift 
increase in the transepithelial electrical conductance, and 
an elevated permeability to barium and sulphate ions.
However, although horseradish peroxidase could be located 
within the bulge-like deformations, the macromolecular 
tracer failed to traverse the epithelium completely. 
Similarly, Weerasuriya et al. (1979) demonstrated that, 
following osmotic disruption, the frog perineurium could 
remain inpenetrable to Evans blue while becoming
increasingly permeable to 14C sucrose. These observations 
suggest that the tight junctions of both the nerve
diffusion barrier in experimental diabetes and osmotically 
disrupted epithelia can show a modification in the 
permeability to ions and perhaps small molecules, while
remaining impassable to macromolecules.

Two of the most important factors to affect the 
severity of the permeability defect in osmotically 
disrupted epithelia include the degree of hypertonicity of 
the medium and the duration of exposure of a tissue to such 
a medium (Wade et al., 1973). Abnormalities in the barrier 
properties of osmotically disrupted tissues may be extended 
to include macromolecules (Brightman et al., 1973). This 
has been demonstrated in the perineurium (Kristensson and 
Olsson, 1976). An osmotic disruption to the blood-nerve 
barrier could, therefore, explain the observations of 
Seneviratne (1972), who described the diffusion of Evans 
blue-albumin into the endoneurium in the alloxan-diabetic
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rat. Furthermore, this type of disruption could account for 
the increased concentrations of plasma macromolecules in 
the endoneurium of diabetic patients (Ohi et al., 1985; 
Graham and Johnson, 1985; Poduslo et al., 1988). (As stated 
previously, the accumulation of proteins in the endoneurium 
of diabetic peripheral nerve may also be associated with 
the increased non-enzymatic glycosylation of protein (Patel 
et al., 1991)).

The deformations of the junctional membrane shown in 
the perineurial tight junctions in Figures 27 and 28, and 
those produced experimentally by Wade and coworkers (Wade 
et al., 1973; Wade and Karnovsky, 1974) may represent the 
structural correlate of the increased diffusion of water 
and ions. The regions of the perineurial membrane which 
have completely disorganized tight junction strands (Figs. 
3 0-32) may indicate a derangement capable of allowing the 
diffusion of macromolecules. Although Wade and Karnovsky 
(1974) found these regions in osmotically disrupted tissue 
which was still impermeable to horseradish peroxidase, it 
would be reasonable to suggest that, with increasing 
disruption, there would be more such disorganized tight 
junction complexes. As stated above, severely disorganized 
tight junction complexes, observed in studies of epithelial 
tissues, have been associated with the enhanced 
paracellular diffusion of proteins (e.g. Tice et al., 1975; 
Metz et al., 1977; Caldwell et al., 1984).

Osmotic disruption of the frog perineurium has been 
studied by Weerasuriya et al. (1979). They proposed two
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potential mechanisms to account for the observed 
alterations. The first was that the perineurial cells lost 
volume by plasmolysis, withdrew intercellular contacts and 
therefore adversely distorted the tight junctions. The 
available evidence suggests that the configuration of tight 
junctional components, as visualized in freeze-fracture 
preparations, can be altered by mechanical tension (Pitelka 
and Taggart, 1983). However, other investigators (Urakabe 
et al., 1970; Wade et al., 1973) have reported that the 
permeability changes are dependent on an osmotic gradient 
across the tissue, and it was therefore claimed that the 
abnormalities are the result of an osmotic movement of 
water. The second proposal of Weerasuriya et al. (1979) 
attributed the functional alterations of the perineurium to 
the movement of solutes from the hyperosmolar solution into 
the intercellular compartments of the tight junctions. This 
would induce an osmotic pull of water into these 
compartments and, possibly, across the entire tissue. This 
theory has been considered plausible by other investigators 
(Wade et al., 1973; DiBona, 1985). If such a phenomenon had 
affected the perineurial tight junctions in human diabetic 
polyneuropathy, then the bulge-like intercellular 
compartments of the junctional membrane (Figs. 27,28) would 
represent the influence of increasing hydrostatic pressure. 
The regions of the cell membrane with totally deranged 
tight junctions (Figs. 3 0-32) would represent those 
junctional components which had been adversely stretched 
and ruptured. It may be pertinent that the present study 
identifed both these abnormalities on the same freeze-
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fracture replica. Furthermore, some regions of disorganized 
tight junction strands were detected in perineurial cells 
with undulating membranes (Fig. 31).

There are indications that nerve water is increased 
in experimental and human diabetic neuropathy (Jakobsen, 
1978; Tomlinson et al., 1986; Rechthand et al., 1987b; 
Anand et al., 1988; Griffey et al., 1988). This may suggest 
the presence of an osmotic disturbance. The precise 
location of the excess water is not known, although it may 
be present in the endoneurial interstitium since Jakobsen 
(1978) has shown that the cross-sectional area of this 
compartment is increased in experimental diabetic 
neuropathy. Griffey and colleagues (1988) have shown that 
the peripheral nerves of diabetic patients without overt 
neuropathy can have elevated levels of water.

It has been established that the concentrations of 
sorbitol and fructose are increased both in experimental 
and human diabetic neuropathy as a result of increased flux 
in the sorbitol pathway mediated by aldose reductase (Ward 
et al., 1972; Gabbay, 1973; Dyck et al., 1988). However, it 
is unlikely that the increased concentrations of polyols in 
peripheral nerve are osmotically significant as they are 
only present in micromolar quantities. On the other hand, 
it has been demonstrated that in the lens (which also 
possesses a sorbitol pathway) diabetes can increase the 
levels of polyol sufficiently to cause osmotic damage to 
the cells (for review, see Cogan et al., 1984). Clearly, if 
the polyol accumulation were localized to a small
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compartment in nerve, it could exert some osmotic 
influence. Following the observation that polyol does not 
accumulate in the sensory and autonomic ganglia of 
streptozotocin-diabetic rats, Llewelyn et al. (1986) 
proposed that this reflected the lack of a nerve diffusion 
barrier (which is deficient in ganglia). The evidence 
therefore suggests that the nerve diffusion barriers in 
diabetic neuropathy are, at some stage, capable of 
accumulating sorbitol and fructose, but only in small 
amounts. Altered electrolyte concentrations may be a better 
candidate for changes in endoneurial osmolality. 
Endoneurial oedema is more conspicuous in rats fed a 
galactose diet (Stewart et al., 1967; Sharma et al., 1976; 
Powell et al. 1981). Although the concentrations of 
endoneurial galactitol are greater relative to sorbitol and 
possibly sufficient to produce an osmotic gradient (Stewart 
et al., 1967; Sharma et al., 1976), it has been 
demonstrated that there is an osmotically significant 
increase of endoneurial sodium in this experimental model 
(Mizisin et al., 1986a), the reason for which is not clear. 
Mizisin and associates (1986b) have suggested that elevated 
levels of endoneurial galactitol and sodium in galactose- 
fed rats may be related, since treatment of the rats with 
an aldose reductase inhibitor removes the accumulation of 
these substances and excess water. Griffey and co-workers 
(1988) have demonstrated that treatment of diabetic 
patients with an aldose reductase inhibitor may prevent the 
overhdration of peripheral nerve.

To summarise, the present investigation has shown
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structural alterations in the perineurial tight junctions 
in human diabetic polyneuropathy which resemble changes 
that have been produced experimentally in epithelial tight 
junctions by osmotic damage. Dyck and colleagues (1981) 
have reported that the integrity of peripheral nerve fibres 
in the cat is susceptible to the intravenous infusion of 
hypertonic dextrose. These authors recorded a reduction in 
motor nerve conduction velocity and axonal diameter, and a 
decrease in the index of circularity of the axonal 
perimeter. The question has to be asked, therefore, whether 
some of the observed abnormalties in the nerve fibres in 
diabetes can be attributed to an osmotic disturbance in the 
endoneurial interstitium.

Morphometric studies of peripheral nerve in 
streptozotocin-diabetic rats have shown that myelinated 
fibre size is reduced (Jakobsen, 1978; Sugimura et al., 
1980; Sharma et al., 1981; Thomas et al., 1990; for review, 
see Sharma and Thomas, 1987), although this observation is 
not unequivocal (Chokroverty et al., 1980; Mattingly and 
Fischer, 1985). Thomas and co-workers (Sharma et al., 1977; 
1981; Thomas et al., 1990) have provided evidence which 
suggests that the reduction in myelinated fibre diameter 
may be partly explained by a growth deficit. There are also 
indications, however, that experimental diabetes causes a 
reduction in the index of circularity of axons (Sugimura et 
al., 1980; Cameron et al., 1986; Thomas et al., 1990), and 
Sugimura and associates (1980) have speculated that this 
change may be attributed to interstitial hyperosmolarity.
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This interpretation is in agreement with the findings of 
Dyck and colleagues (1981). Furthermore, Jakobsen (1978) 
has detected a reduction in the area of Schwann cell
cytoplasm in streptozotocin-diabetic rats. Recently Thomas 
and co-workers (1990) have commented that future
morphometric studies of experimental diabetes should be 
undertaken with frozen-section techniques, because the
response of normal and diabetic tissue to glutaraldehyde 
fixation may differ.

Axonal atrophy has not been detected in 
morphometric analysis of human diabetic neuropathy 
(Sugimura and Dyck, 1981; Dyck et al., 1986a), apart from 
the recent report by Sharma et al. (1990). Ultrastructural 
studies have also occasionally described the presence of 
attenuated axons (Yagihashi and Matsunaga, 1979). Subjects
with diabetic neuropathy frequently show axonal
degeneration and segmental demyelination (Thomas and 
Lascelles, 1965; 1966; Behse et al., 1977; Said et al.,
1983; Dyck et al., 1986b; Johnson et al., 1986). These 
changes are absent from experimental diabetic neuropathy. 
However, Schwann cell abnormalities and axonal degeneration 
have been observed in rats after long periods of galactose 
feeding (Low et al., 1982; Powell and Myers, 1983). The 
mechanism of nerve fibre degeneration in galactose 
neuropathy has not been conclusively identified; however it 
is possible that the neuropathic lesions are associated 
with the osmotic disturbance in the endoneurium.

The structural basis of the reduction in nerve 
conduction velocity in human diabetic neuropathy is likely
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to be the loss of large myelinated fibres and the presence 
of segmental demyelination (Thomas and Lascelles, 1965; 
1966) . The improvement of this component of the nerve 
conduction defect will be a slow process because it is 
dependent on axonal regeneration and remyelination. In 
newly diagnosed or poorly controlled diabetics there is a 
small reduction in nerve conduction velocity which can be 
improved by the treatment of hyperglycaemia (Gregersen, 
1967; Ward et al., 1971). This improvement is considered 
too rapid to be attributable to regeneration and 
remyelination. Treatment of streptozotocin-diabetic rats 
with insulin will also cause a small and rapid improvement 
in nerve conduction (Greene et al., 1975). Sugimura and 
associates (1980) found changes in the nerve fibres in 
streptozotocin-diabetic rats which resembled hyperosmolar 
axonal shrinkage, which led these authors to suggest that 
an osmotic disturbance may underlie the rapid improvement 
in nerve conduction in treated experimental diabetic rats. 
However, as outlined above, axonal atrophy has not been 
consistently demonstrated in human diabetic neuropathy. The 
rapidly reversible component of nerve conduction may be 
related to the sorbitol pathway because treatment of human 
and experimental diabetic neuropathy with aldose reductase 
inhibitors can produce a similar effect (Yue et al., 1982; 
Judzewitsch et al., 1983; Mayer and Tomlinson, 1983). The 
control of hyperglycaemia by insulin treatment may reduce 
substrate (glucose) availability for the sorbitol pathway 
and thus produce a comparable effect to aldose reductase
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inhibition. Furthermore, insulin treatment may have an 
independent effect on nerve conduction in experimental 
diabetes by correction of the maturational deficit in nerve 
fibre diameter (Sharma et al., 1974; 1977).

The study of the perineurium in the normal human 
sural nerve revealed the presence of a single tight 
junction with isolated and disarranged strands or grooves 
(Fig. 14). As stated previously, the structural integrity 
of the tight junction may be sensitive to the fixation 
procedure (section 5.1). It is not known whether normal and 
diabetic tissue (and in particular tight junctions) differ 
in their response to glutaraldehyde fixation. Thus, it is 
necessary to consider whether the changes in the 
perineurial tight junctions in diabetic polyneuropathy 
(Figs. 27-32) could be caused by a specific response of the 
diabetic tissue to preparatory techniques.

There is indirect evidence which suggests that the 
perineurial cell vesicles are involved in transcellular 
transport (Oldfors and Sourander, 1978; Oldfors and 
Johansson, 1979; Oldfors, 1981b). The evidence in support 
of this suggestion was discussed in section 5.1. If the 
pinocytotic-like vesicles in the perineurium have a 
transport role they may respond to changes in the 
endoneurium such as oedema. Thus, an alteration in the 
activity of the vesicles may be detected in a quantitative 
analysis. DeFouw and Chinard (1983; DeFouw, 1985) have 
demonstrated an increase in the number of vesicles in 
pulmonary capillary endothelium during interstitial oedema 
in alveolar tissue. The present investigation did not find
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a significant change in the median density of caveolae 
openings in the perineurium in subjects with diabetic
polyneuropathy as compared to normal subjects (Table 1, 
Fig. 34A,B). This finding may imply that an osmotic 
disturbance in the endoneurium is not a feature of human 
diabetic polyneuropathy. On the other hand, all the
patients in the present study were being treated. 
Alternatively, the finding may suggest that the perineurial 
cell vesicles do not respond to changes in the endoneurium 
(and therefore the present finding does not exclude the 
possibility of a disturbance in the endoneurial 
interstitium in diabetes). It is also necessary to consider 
that an osmotic disturbance is present in diabetic 
polyneuropathy, although the the perineurial cell vesicles 
are failing to respond to this change (and therefore a 
change in the composition of the endoneurium in diabetes 
may be a consequence of abnormalities in vesicular
function). The possibility that the activity of vesicular 
transport is not detectable in a density analysis of 
caveolae openings cannot be excluded.

The quantitative analysis of the IMPs in the 
perineurium in diabetic polyneuropathy demonstrated a 
significant reduction (P<0.02) in the median density of 
IMPs on the P-face (Table 2, Fig. 35). The IMPs may
represent integral membrane proteins, including Na+/K+- 
ATPase (Yu and Branton, 1976; Deguchi et al., 1977; Skriver 
et al., 1980). Thomas and Llewelyn (1987) have suggested 
that perineurial cell membrane Na+/K+-ATPase may be
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concerned with the removal of sodium from the endoneurium. 
A disturbance in this (hypothetical) function of the 
perineurium in diabetes may alter the intrafascicular 
environment and possibly lead to endoneurial oedema (and 
nerve fibre dysfunction).

Gabriel and associates (1986b) have reported a 
reduction in the mean density of IMPs on the P-face of the 
perineurium in streptozotocin-diabetic rats. However, as 
considered in section 5.1., the study by Gabriel and 
associates (1986b) may not have analysed an adequate sample 
of the perineurium, and therefore the significance of this 
observation is uncertain.

The cause of the reduction in the median density of 
P-face IMPs in the perineurium in human diabetic 
polyneuropathy is not known. A reduction in IMP populations 
may indicate an alteration in the synthesis (or 
degradation) of membrane protein, and perhaps a specific 
disturbance in the metabolism of the perineurium in 
diabetes. In contradistinction, the decrease in the median 
P-face IMP density may indicate a normal response by the 
perineurial cells to changes in the endoneurium in 
diabetes, such as a reduction in the concentration of 
endoneurial sodium. Alternatively, this finding 
may represent changes in cell division in the 
perineurium in human diabetes. Variations in the density of 
IMPs have been described during the cell cycle in cultured 
neuroblastoma cells (deLaat et al., 1983).

The possibility that the perineurial cell membranes 
may be structurally polarized was discussed previously
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(section 5.1.)# anc* the potential role of the ZO in the 
maintainance of epithelial cell polarity was also mentioned 
(Pisam and Ripoche, 1987; Gumbiner, 1987; Molitoris et al., 
1989) . Caldwell and co-workers (1984) have described a 
redistribution of IMPs in retinal pigmented epithelial 
cells following the disruption of tight junctions. It is 
necessary to consider, therefore, that the alteration in 
the median density (and range) of P-face IMPs in the 
diabetic perineurium (Table 2, Fig. 35) may be associated 
with the abnormalities detected in the tight junctions
(Fig. 27-32). However, the quantitative analysis of IMPs 
does not permit a decision to be made as to whether a
redistribution of IMPs has occurred in the diabetic 
perineurium. (The qualitative analysis of the diabetic 
perineurium showed a variation in the density of P-face 
IMPs between the membranes of cells in different lamellae, 
as observed in the normal perineurium.)

The present investigation has shown changes in the 
tight junctions and the P-face IMPs in the perineurium in 
sural nerve biopsies of patients with diabetic
polyneuropathy (Figs. 27-32,35). The changes revealed in 
the tight junctions are similar to those observed in 
epithelial ZO after experimental osmotic damage, and this 
has led to the suggestion that a significant osmotic 
disruption may exist in the compartment of the endoneurial 
interstitium in diabetes. The significance of these 
disturbances in the multiplicity of changes that are 
observed in the peripheral nerves in human diabetic
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neuropathy is as yet uncertain. Although they may be 
involved in the chain of events that lead to nerve fibre 
dysfunction, it is also possible that they represent an 
epiphenomenon.

5.3. OBSERVATIONS ON THE NERVE FIBRES IN 
NORMAL HUMAN SURAL NERVE

The freeze-fracture analysis of peripheral nerve is 
technically difficult because the endoneurial tissue is 
resistant to solubilization, and the platinum-carbon 
replicas are therefore contaminated with undigested tissue 
(Stolinski and Breathnach, 1982). This is particularly 
evident in freeze-fracture studies of human peripheral 
nerve (Gabriel et al., 1986a). The platinum-carbon replica 
is a delicate structure, and thus the methods which can be 
employed to remove the nerve tissue are limited.

The freeze-fracture morphology of the outer Schwann 
cell membrane observed in the present investigation of 
human sural nerve (Figs. 38-41) is in accordance with the 
earlier findings of Gabriel and associates (1986a). It is 
also similar to the structure of the outer Schwann cell 
membrane in other mammals and amphibians (Mugnaini et al., 
1977; Kruger et al., 1979; for review, see Stolinski and 
Breathnach, 1982).

The caveolae evident on the fracture faces of the 
outer Schwann cell membrane (Figs. 38,39) correspond to the 
openings of pinocytotic-like vesicles in the Schwann cell 
cytoplasm (Mugnaini et al., 1977). The function of these
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vesicles is not known. Mugnaini and co-workers (1977) 
failed to detect pinocytotic activity during a short period 
of study with electron microscope tracers. Abrahams and 
colleagues (1983) demonstrated a significant increase in 
the density of the caveolae after experimental crush 
injury, and these authors suggested that this change may 
indicate a pinocytotic role for the vesicles.

The P- and E-fracture faces of the outer Schwann 
cell membrane showed the presence of IMPs, which were 
apparently more numerous on the P-face (Fig. 41). Yagihashi 
and associates (1982) recorded that the density of IMPs on 
the P-face of the outer Schwann cell membrane in rats is 
411/um2. The significance of the IMPs is unknown. They 
probably represent integral membrane proteins (see section
1.8.3.) .

In a cross-fracture, the compact myelin membrane 
showed a series of alternate "steps" (Fig. 44A). These 
myelin "steps" were first described by Kruger and co
workers (1979) in rat peripheral nerve. Stolinski and 
Breathnach (1982) have studied this phenomenon in rat 
myelin, and these authors have concluded that the "large 
step" of cross-fracture contains the two outer membrane 
leaflets and the "intramyelinic extracellular space", 
whereas the "small step" of cross-fracture contains the two 
inner membrane leaflets and the "cytoplasmic component" 
(Fig. 44B). The reason for the presence of a relatively 
straight edge on the "large step" of cross-fracture is not 
known, although it may be associated with the molecular
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organization of myelin. The precise structure of peripheral 
nerve myelin has not been fully determined (for review, see 
Braun, 1985) .

The present investigation has undertaken a 
quantitative analysis of the IMPs on the membrane fracture 
faces of myelin (Table 3). This analysis is subject to 
certain variables, some of which have been discussed 
previously (section 5.1.). However, the analysis of IMPs in 
myelin is subject to particular variables, in addition to 
those outlined above, which therefore require comment. The 
membrane fracture faces of myelin show the curvature of the 
sheath (Fig. 43), and, inevitably, it was difficult to 
select suitable fracture faces for analysis which did not 
show curvature. Slight curvature in the fracture face 
introduces two potential sources of error in a quantitative 
analysis of IMPs. Firstly, the calculation of the area in 
the analysis is not true. Secondly, unless the direction of 
the platinum shadow is precisely parallel to the long axis 
of the cylindrical myelin sheath, the angle of the platinum 
shadow (and therefore the platinum deposition) across the 
curved fracture face of the myelin is not constant (Fig. 
43). This variable can influence the appearance, and 
therefore the identification, of the IMPs. This variable 
was demonstrated in the present investigation. In areas of 
the P-fracture face of myelin with a favourable angle of 
platinum shadow it was possible to distinguish two 
populations of IMPs: globular IMPs and a rod-like IMPs
(Fig. 45A). However, in areas of the P-fracture faces with 
relatively more platinum deposition the rod-like IMPs were

-226-



not visible (Fig. 45B). In an attempt to avoid the error 
introduced by this variable, the quantitative analysis of 
the myelin fracture faces excluded rod-like IMPs. This is 
not a completely satisfactory procedure though, because it 
assumes that the rod-like IMPs are the only type of IMP 
which are not visualized in regions with relatively more 
platinum deposition. The presence of this variable may 
explain the wide range of IMP density recorded in the 
quantitative analysis of the IMPs in myelin (Table 3). The 
present investigation has, therefore, concluded that a 
quantitative analysis of IMPs in myelin does not provide a 
satisfactory observation.

This conclusion must be considered in the judgement 
of previous quantitative studies of IMPs in myelin (Fukuma 
et al., 1978; Yagihashi et al., 1982; Sharma et al., 1983; 
Antonella et al., 1985; Gabriel et al., 1986b; Panagopoulos 
et al., 1988). Gabriel and associates (1986a) have 
undertaken a quantitative analysis of IMPs in myelin in 
adult human sural nerve. These authors calculated the mean 
density of IMPs, whereas the present investigation has 
calculated the median density, thereby preventing a direct 
comparison of the findings. According to Gabriel and 
associates (1986a) the mean density of IMPs on the P-face 
of myelin is 486/pm2, although in the present investigation 
the median density of IMPs on the P-face of myelin was 
calculated as 239/pm . The present study also recorded a 
wider range of IMP density on this fracture face. The 
experimental procedure employed by Gabriel and associates
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(1986a) was identical to the present investigation, 
although the sural nerve biopsies were obtained from
different donors and these authors analysed a greater total 
area of the myelin P-fracture face. Nevertheless it is
possible that the discrepancy in the findings of these
studies is related to differences in the subjective
analysis of IMPs in myelin. This comparison reaffirms the 
conclusion made above.

The function of the IMPs on the fracture faces of 
human myelin is not known. It is possible that the IMPs are 
integral membrane proteins (see section 1.8.3.). Cullen and 
co-workers have claimed that the morphology of myelin 
fracture faces is altered after the selective removal of 
myelin proteins. The known protein constituents of myelin 
in human peripheral nerve include glycoprotein (PQ), large 
basic protein (P^) and small basic protein (P2 ) (for 
review, see Braun, 1985).

Previous freeze-fracture studies of myelinated nerve 
axons have identified 4 regions of the axolemma: internode, 
juxtaparanode, paranode and node (for review, see Stolinski 
and Breathnach, 1982). The present study has observed a 
limited sample of the internodal axolemma, as shown in the 
quantitative analysis (Table 4). Furthermore, the curvature 
of this fracture face has hampered the quantitative 
analysis of the IMPs, and it is difficult to interpret the 
significance of the results. IMPs were detected on both 
fracture faces (Figs. 48-51), although they were apparently 
more numerous on the P-face. The function of the IMPs in 
the internodal axolemma is not known. Rosenbluth (1976) has
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considered that P-face IMPs in nerve axons may represent 
ATPase molecules. The significance of the "clusters" of 
IMPs which were observed on the E-face of the axolemma in 
the internodal (Fig. 52) and juxtaparanodal (Fig. 54C) 
regions is also uncertain. The IMP "clusters" are further 
discussed in section 5.7. The "clusters" are also present 
in myelinated axons in rat peripheral nerve (Miller and
Pinto da Silva, 1977; Stolinski et al., 1981; 1985).

The structural specializations associated with the 
node of Ranvier have received considerable attention in 
freeze-fracture studies (Livingston et al., 1973; Schnapp 
and Mugnaini, 1975; Kristol et al., 1977; Schnapp and
Mugnaini, 1978; Tao-Cheng and Rosenbluth, 1980; Wiley- 
Livingston and Ellisman, 1980; Stolinski and Breathnach, 
1982; Gabriel et al., 1986a). The present observations on 
normal human sural nerve were restricted to a single 
freeze-fracture replica of an E-face of the node of Ranvier 
(Figs. 53,54). Gabriel and associates (1986a) have reported 
on the freeze-fracture morphology of the node of Ranvier in 
normal human sural nerve, although this study was
restricted to observations of the P-face.

The E-fracture face of the nodal region (Fig. 54A) 
appeared to possess a greater density of IMPs in comparison 
to the E-face of internodal axolemma (Fig. 51). Earlier 
freeze-fracture studies of rat peripheral nerve have 
indicated a high density of IMPs on the nodal E-face 
(Wiley-Livingston and Ellisman, 1980; Stolinski and 
Breathnach, 1982). A heterogenous population of IMPs were
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observed on the nodal E-face in the present study (Fig. 
54A), consisting of globular IMPs and rod-like IMPs. These 
types of IMPs have been described on the nodal E-face in 
rat and amphibian myelinated fibres (Wiley-Livingston and 
Ellisman, 1980; Tao-Cheng and Rosenbluth, 1980). The 
function of these IMPs is not determined. Some authors have 
discussed the possibility that the nodal E-face IMPs may be 
involved in the propagation of the action potential 
(Rosenbluth, 1976; Stolinski and Breathnach, 1982), and 
Rosenbluth (1976) has suggested that these IMPs represent
sodium channels. Direct evidence in support of this 
suggestion is lacking.

The E-fracture face of the paranodal axolemma was
characterized by scalloped indentations (Fig. 53), which 
have been described as "transverse bands" (Stolinski and 
Breathnach, 1982). This region was also associated with 
fragmented rows of small IMPs (Fig. 54B). Investigators
generally support the suggestion that these rows of IMPs 
correspond to components of the "axo-glial" junction
(Livingston et al., 1973; Wiley-Livingston and Ellisman, 
1980; Tao-Cheng and Rosenbluth, 1980).

Unmyelinated fibres were infrequently observed in 
the present study. The reason for this is unclear.
According to the limited observations (Figs. 55,56), the 
morphology of the unmyelinated fibres was comparable to
those studied in the rat by Black and co-workers (Black and
Waxman, 1988; Black et al., 1981).
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5.4. OBSERVATIONS ON THE NERVE FIBRES IN THE
SURAL NERVE OF PATIENTS WITH 

DIABETIC POLYNEUROPATHY

In comparison to the normal human sural nerve, it 
was more difficult to obtain freeze-fracture replicas of 
the endoneurium of diabetic nerve. There are two apparent 
explanations for this difference. The diabetic nerve tissue 
was particularly resistent to solublization, possibly 
because the collagen content in diabetic nerve is 
increased. Secondly, there is a reduction in the density of 
nerve fibres in human diabetic neuropathy, as outlined in 
section 1.3.5. By statistical interpretation, therefore, 
the opportunity for the plane of fracture to expose a nerve 
fibre is reduced. The observations of the endoneurium in 
the nerve biopsies of diabetic polyneuropathy (Figs. 58-72) 
were thus restricted to comparatively small areas of the 
platinum carbon replicas.

Morphological studies of human diabetic
polyneuropathy have indicated that axonal degeneration and 
regeneration may be present (Brown et al., 1976; Yagihashi
and Matsunaga, 1979; Said et al., 1983; Thomas and 
Eliasson, 1984). Furthermore, myelinated nerve fibres may 
undergo segmental demyelination and remyelination (Thomas 
and Lascelles, 1965; Chopra and Fanin, 1971; Behse et al., 
1977) . It is necessary to consider, therefore, that the 
observations in this study may be, in part, derived from 
the analysis of regenerated/remyelinated nerve fibres.
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The freeze-fracture appearance of the outer Schwann 
cell membrane in diabetic nerve was apparently normal 
(Figs. 58,59). This is in agreement with the findings in 
experimental diabetes (Fukuma et al., 1978; Yagihashi et 
al., 1982). The organization of the compact myelin in the 
freeze-fracture replicas of diabetic nerve also appeared to 
be unaltered (Figs. 60-64). Thus, the qualitative analysis 
of the Schwann cell (and the compact myelin) in the freeze- 
fracture replicas has not detected structural abnormalities 
which may predispose to segmental demyelination.

The median density of IMPs on the P-fracture face of 
the myelin in diabetic nerve was greater than observed in 
normal nerve (Table 3). However, as considered in section 
5.3., it is difficult to judge the significance of this 
observation. If this finding is meaningful, it may indicate 
an abnormality in the synthesis (or degradation) of 
proteins in the Schwann cell. In such a case, the 
abnormality may be associated with segmental demyelination 
in human diabetic polyneuropathy. Alternatively, the 
increase in the density IMPs may be related to 
remyelination or regeneration (P.K. Thomas, personal 
communication). In contradistinction, freeze-fracture 
studies of experimental diabetic neuropathy have claimed 
that the density of IMPs on the myelin fracture faces is 
decreased (Fukuma et al., 1978; Sharma et al., 1983; 
Antonella et al., 1985; Gabriel et al., 1986b).

The freeze-fracture analysis of the axolemma did not 
show any abnormalities (Figs. 65,66). The quantitative 
analysis of the IMPs on the axolemma fracture faces was
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subject to limited sampling (Table 4). The results, if 
meaningful, do not indicate any changes in the axolemma.

The P-fracture face of a node of Ranvier was
observed in a diabetic sural nerve (Figs. 67,68), although
a comparable fracture face was not revealed in normal human 
nerve. Gabriel and associates (1986a) have described the 
freeze-fracture morphology of the P-face of the node of 
Ranvier in human peripheral nerve.

As observed in the normal nerve by Gabriel and
associates (1986a), the P-face of the nodal axolemma in the 
diabetic nerve possessed numerous IMPs with globular and 
rod-like profiles (Fig. 68A). The morphology of this 
fracture face was, therefore, apparently normal. Some 
investigators have considered that the IMPs on the fracture 
faces of the nodal axolemma are involved in the propagation 
of the nerve impulse (Rosenbluth, 1976; Stolinski and 
Breathnach, 1982). Na+/K+-ATPase activity in
streptozotocin-diabetic rats is reduced (Das et al., 1976; 
Greene and Lattimer, 1983; Lambourne et al., 1988).
Alterations have been observed in sodium and potassium 
permeability at the node of Ranvier in spontaneously- 
diabetic rats (Brismar and Sima, 1981).

The structural organization of the P-face paranodal 
axolemma (Fig. 68B) was also closely comparable to the 
description of this region in normal human nerve by Gabriel 
and associates (1986a). Fragmented rows of IMPs, which are 
considered to be components of the "axo-glial" junction 
(Livingston et al., 1973; Schnapp and Mugnaini, 1978), were
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also observed in the diabetic specimen. A thin section 
electron microscope study by Sima and co-workers (1988b) 
claimed that the organization of the "axo-glial" junction 
was disrupted in human diabetic polyneuropathy. The present 
study, which has observed a single freeze-fracture replica 
of a paranodal axolemma in human diabetic polyneuropathy, 
has not provided any evidence of "axo-glial dysjunction".

The freeze-fracture replicas of the endoneurium in 
the patients with diabetic polyneuropathy contained 
structures which shared the morphological features of 
unmyelinated nerve fibres (Figs. 69,70). It is acknowledged 
that the nerves of diabetic patients with established 
neuropathy frequently show regeneration of nerve fibres 
(Brown et al., 1976; Yagihashi and Matsunaga, 1979; Said et 
al., 1983; Thomas and Eliasson, 1984). These nerve fibres 
are characterized by axonal sprouts (unmyelinated) 
associated with Schwann cells. The freeze-fracture 
morphology of these nerve fibres has not been investigated, 
although it is possible that they may show a similar 
structure to unmyelinated fibres. It is necessary to 
consider, therefore, that the structures in the freeze- 
fracture replicas which shared the morphological features 
of unmyelinated fibres (Figs. 69,70) may correspond to 
regenerating axonal sprouts.

Previous ultrastuctural studies of human diabetic 
polyneuropathy have also described the presence of 
denervated Schwann cells, which show overlapping cellular 
processes occasionally associated with collagen pockets 
(Archer et al., 1983; Said et al., 1983). These cells may
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correspond to the cellular tissue shown in Figures 71 and 
72.

5.5. OBSERVATIONS ON THE PERINEURIUM IN 
NORMAL RAT SURAL NERVE

The lamellated morphology of the perineurium in the 
sural nerve of the 5W Control and 25W Control rats was very 
similar (Fig. 73). It was also closely comparable to the 
perineurium in other species (Reale et al., 1975; Akert et 
al., 1976; Gabriel et al., 1986a).

The structural organization of some of the 
perineurial tight junctions in the 5W Control rats (Figs.
78,80) was different to the tight junctions in the 25W 
Control rats (Figs. 79,81). In the perineurium of the 
5W Control rats, there were numerous small MO (Fig. 78), 
and some ZO which appeared to possess comparatively few 
component strands (Fig. 80). It is acknowledged that the 
perineurial diffusion barrier is established in rats of 4 
weeks of age (Kristensson and Olsson, 1971; Sima and 
Sourander, 1973; 1974b). Therefore, it is possible that the 
smaller ZO (Fig. 80) present an effective barrier to 
paracellular diffusion. However, the limitations imposed by 
the freeze-fracture technique have prevented this study 
from determining the precise location of the smaller ZO, 
and it is possible that they are not components of the 
inner (endoneurial) lamellae of the perineurium. As
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commented previously, the barrier properties of the 
perineurium have been attributed to the inner lamellae (for 
review, see Olsson, 1990). The differences between the 
structural organization of the tight junctions in the 5W 
Control rats (Figs. 78,80) and the 25W Control rats (Figs.
79,81) is likely to be associated with the relative ages of 
the rats. Freeze-fracture studies of epithelial tissue 
during cellular growth have observed that the ZO can have a 
relatively simple structure, and numerous MO are present 
(Madara et al., 1980; Mora-Galindo, 1986). Breathnach and 
Martin (1980) have described "putative" tight junctions in 
human fetal perineurium, which are often represented by a 
single tight junctional strand (or groove).

Earlier freeze-fracture studies of rat peripheral 
nerve have failed to detect gap junctions in the 
perineurium (Akert et al., 1976; Gabriel et al., 1986b). 
The present study shows that gap junctions are present 
(Figs. 82,83), although they are a rare finding. In one 
freeze-fracture replica, the P-face IMPs which represent 
the individual gap junctions were observed to be composed 
of smaller subunits (Fig. 82B). These subunits may 
correspond to the "connexion" macromolecules which compose 
the gap junction (for review, see Evans, 1988).

The functional significance of the caveolae and the 
IMPs in the perineurium has been considered in section 5.1. 
The distribution of P-face IMPs in the perineurium in the 
5W Control rats (Fig. 75) and the 25W Control rats was 
similar to that observed in the human perineurium (Fig. 8). 
As discussed in section 5.1., it is possible that varying
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levels of differentiation occur in the lamellae of the rat 
perineurium. It is also possible that some, or all, of the 
perineurial cells have polarized membranes.

The median density of P-face IMPs in the perineurium 
of the 5W Control rats was higher than observed in the 
25W Control rats (Table 6). This difference may be 
attributed to the relative ages of the rats. The IMP 
populations of intestinal epithelial cells have been shown 
to vary during cellular growth and differentiation (Madara 
et al., 1980).

The median density of caveolae openings in the rat 
perineurium (Table 5) was less than that observed in the 
human perineurium (Table 1). Furthermore, the median 
density of P-face IMPs was less in the rat perineurium 
(Table 6) as compared with the human perineurium (Table 2). 
These findings imply a species difference in the 
organization of rodent and human perineurium.

5.6. OBSERVATIONS ON THE PERINEURIUM IN THE SURAL NERVE 
OF PROTEIN DEPRIVED RATS

The integrity of the perineurial diffusion barrier 
in rats subjected to early undernutrition has been 
investigated with Evans blue-albumin and horseradish 
peroxidase (Sima and Sourander 1973; 1974b; Oldfors, 1980). 
These studies have shown that the permeability of the 
perineurial diffusion barrier in undernourished rats is 
defective. The present investigation has demonstrated
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structural alterations in some of the ZO in the 25W SPD 
rats, which were characterized by focal regions of 
dispersed strands or grooves (Fig. 88). Comparable tight 
junctions were not observed in the perineurium in the 5W 
EIPD rats, although fewer ZO were examined. As stated in 
section 5.1., studies have indicated that changes in the 
freeze-fracture morphology of tight junctions are 
associated with an increase in tissue permeability to 
macromolecules (e.g. Tice et al., 1975; Metz et al., 1977; 
Caldwell et al., 1984). Therefore, the abnormal ZO in the 
perineurium in the 25W SPD rats may be responsible for the 
altered permeability properties of this tissue, if the ZO 
are components of the inner (endoneurial) lamellae.

It is unclear why some of the ZO in the 25W SPD rats 
should show an abnormal structure. Increasingly, the tight 
junction is being regarded as a dynamic structure which can 
alter its permeability properties (and presumeably its 
structure) in response to physiological conditions (Madara, 
1989) . Experimentally induced alterations in intracellular 
messengers (cAMP) have been associated with changes in 
tight junctional permeability (Duffey et al., 1981). 
Differences in the physiological state of the perineurium 
in undernutrition may be, therefore, significant in the 
development of the tight junctions.

The functional significance of the perineurial cell 
vesicles was discussed in section 5.1. The present 
investigation has shown a significant increase (P<0.01) in 
the density of the caveolae openings in the 25W SPD rats 
(Table 5, Fig. 91A,B). This finding may indicate that the
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vesicles have a transport role and that they are capable of 
influencng the effectiveness of the perineurial diffusion 
barrier.

The density and distribution of the IMPs on the P- 
fracture face of the perineurium in the protein deprived 
rats was similar to the normal rats (Table 6, Figs. 90,91). 
The IMP density on the perineurial E-face in the 25W 
Control rats was significantly less (P<0.05) than observed 
in the 25W SPD rats. This difference is possibly associated 
with sampling (the total area of perineurial E-face 
analysed was less in the 25W Control rats as compared with 
the 25W SPD rats). The delay in the development of enzyme 
activity in the perineurium in the undernourished rats, 
described in a histochemical study by Thomas and Sourander 
(1977), was not reflected by an alteration in the 
population of IMPs. However, it is not clear whether the 
histochemical techniques employed in the study by Thomas 
and Sourander (1977) would detect enzymes associated with 
the plasma membrane.

5.7. OBSERVATIONS ON THE NERVE FIBRES IN 
NORMAL RAT SURAL NERVE

There was no apparent qualitative difference in the 
freeze-fracture morphology of the nerve fibres in the 
5W Control rats and the 25W Control rats (Figs. 92-101). 
The organization of the nerve fibres was similar to 
previous freeze-fracture descriptions of rat peripheral
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nerve (Pinto da Silva and Miller, 1975; Kruger et al., 
1979; Wiley-Livingston and Ellisman, 1980; Black et al., 
1981; Stolinski and Breathnach, 1982).

The structure of the normal rat nerve fibres (Figs. 
92-101) was also comparable to the nerve fibres in the 
normal human sural nerve (Figs. 36-57), with the exception 
of the adaxonal Schwann cell membrane in the myelinated 
nerve fibres (Figs. 95,96). The P-face of the adaxonal 
Schwann cell membrane possessed "rosettes" of IMPs, which 
were first reported by Miller and Pinto da Silva (1977), 
and later described in detail by Stolinski and associates 
(1981; 1985). In the present investigation the IMP
"rosettes" were detected on the P-face adaxonal Schwann 
cell membrane in close proximity to the inner mesaxon, 
incisures of Schmidt-Lanterman (Fig. 95A), and the 
juxtaparanodal region. This is in agreement with the 
findings of Stolinski and associates (1981; 1985).

Miller and Pinto da Silva (1977) and Stolinski and 
associates (1981; 1985) have also shown that "clusters" of
IMPs are present on the E-face of the internodal and 
juxtaparanodal axolemma. This was observed in the present 
study (Fig. 98). Miller and Pinto da Silva (1977) suggested 
that the IMP "rosettes" on the P-face of the adaxonal 
Schwann cell membrane were structurally coupled to the IMP 
"clusters" on the E-face of the axolemma. Stolinski and 
associates (1981; 1985) provided additional morphological
evidence to support this suggestion. The present 
investigation has detected small pits in the E-face of the 
adaxonal Schwann cell membrane (Fig. 96). The pits are
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distributed in patterns similar to the IMP "rosettes", 
which may suggest that they were created by the removal of 
the "rosette" IMPs during the fracturing process. This 
interpretation would imply that the IMPs in the "rosettes" 
traverse the membrane leaflet. A similar situation is 
observed in the freeze-fracture replication of gap 
junctions (McNutt and Weinstein, 1970; Staehelin, 1972) .

The adaxonal Schwann cell membrane and the axolemma 
of myelinated nerve fibres in mice show similar 
arrangements of IMPs (Antonella et al., 1985; Panagopoulos 
et al., 1988), although they have not been described in 
other species. The present investigation did not detect IMP 
"rosettes" in the human myelinated nerve fibres. This may 
indicate that the "rosettes" are either absent, or less 
numerous, in human myelinated nerve fibres. Gabriel et al. 
(1986a) did not comment on the structure of the adaxonal 
Schwann cell membrane in their freeze-fracture study of 
human myelinated nerve fibres.

The significance of the IMP "rosettes" and 
"clusters" is uncertain. Miller and Pinto da Silva (1977) 
has considered that they may be involved in adhesion or 
metabolic coupling of the Schwann cell and the axon. These 
possibilities have been further discussed by Stolinski and 
associates (1981; 1985).

A quantitative analysis of IMPs on fracture faces of 
myelin and axolemma was undertaken (Table 7,8); however for 
the reasons outlined in section 5.3., it is difficult to 
assess the significance of these observations. The wide
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range of IMP density on the fracture faces of the myelin
and the axolemma is likely to be related to the
inconsistent identification of the IMPs. The results of the 
quantitative analysis of IMPs in myelin do not corroborate 
the findings of Gabriel and colleagues (1986b). The present 
results are also different from the observations of other 
authors (Fukuma et al., 1978; Yagihashi et al., 1982), 
although there are differences in the experimental 
procedure in these studies.

The IMPs in myelin are likely to represent integral 
membrane proteins (see section 1.8.3.). The known proteins 
in rat myelin are: glycoprotein (PQ), large basic protein
(P-̂ ) and small basic proteins (P2 and Pr) (for review, see 
Braun, 1985).

The morphology of the P-fracture face of the node of
Ranvier (Figs. 99,100) was comparable to earlier freeze-
fracture descriptions of rat peripheral nerve (Wiley- 
Livingston and Ellisman, 1980; Stolinski and Breathnach, 
1982), and similar to normal human nerve (Gabriel et al., 
1986a). Observations on the nodal E-face were restricted to 
small and fragmented replicas.

The structure of the unmyelinated nerve fibres in 
the optic nerve of the rat was described by Black and co
workers (Black and Waxman, 1988; Black et al., 1981). The 
findings of these authors are comparable to the present 
investigation (Fig. 101). A reduction in the density of 
IMPs was recorded on the P-face (but not the E-face) of the 
unmyelinated axolemma in the protein deprived rats (Table 
9). The significance of this analysis is uncertain (section
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5.2. ) .

5.8. OBSERVATIONS ON THE NERVE FIBRES IN THE 
SURAL NERVE OF PROTEIN DEPRIVED RATS

Oldfors and associates (Oldfors, 1981a; Oldfors and 
Persson, 1982) have reported axonal degeneration in the 
distal nerves of rats subjected to severe protein 
deprivation. This was not observed in the present freeze- 
fracture study, as the morphology of the nerve fibres in 
the protein deprived rats (Figs. 102-106) was apparently 
the same as the normal rats (Figs. 92-101).

It is not possible to judge whether the differences 
observed in the quantitative analysis of the IMPs in myelin 
(Table 7) and axolemma (Table 8, 9) in the protein deprived 
rats are significant (see section 5.3.).
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