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Summary. A quantitative ultrastructural analysis was
made of the terminal innervation of epineurial
arterioles in the sural nerve of 6 diabetic and 6 non-
diabetic patients of comparable age (mean + SD: 68
+ 9 non-diabetic, 65 * 16 diabetic) with end stage
peripheral vascular disease. The results demon-
strated specific differences, identifiable morphomet-
rically, in the pattern of innervation of epineurial ves-
sels of diabetics compared with non-diabetics. The
differences were: 1) in the diabetic group the propor-
tion of perivascular axons found less than 7 um from
the nearest smooth muscle cell was significantly less
than in the non-diabetic group (p-<0.001); 2). the
mean distance of the axons from their effector sites,
the vascular smiooth muscle cells, was nearly twice as
far in the diabetic group compared with the non-
diabetic group (p <0.05); and 3) the mean absolute
number of axons less than 7 um from the arteriole in
the diabetic group was significantly less than in the
non-diabetic group (p <0.01). These results demon-
strate that the neuropathy associated with diabetes
mellitus also involves the autonomic terminal inner-
vation of some blood vessels. In addition, this
neuropathy selectively affects the vasomotor nerves
closer than 7 um to the media.

Key words: Diabetic vascular disease, diabetes mel-
litus, diabetic autonomic neuropathy, vasomotor
nerves, arterioles, morphometry.

The autonomic nervous system is frequently affected
in diabetes mellitus [25, 31, 38]. The cardiovascular
aspects of this diabetic autonomic neuropathy are
specifically evident in abnormal Valsalva responses
[34], reduced beat-to-beat variation of the heart rate

[40], and postural hypotension with blunted sym-
pathetic responses to postganglionic stimulation [22].
Some of these cardiovascular abnormalities in diabe-
tes closely mimic the effects of surgical sympathec-
tomy, and it has been suggested that “autosym-
pathectomy” resulting in denervation of blood ves-
sels might be a component of diabetic neuropathy.

Indications that such vascular denervation occurs
in diabetes are the reduced catecholamine levels
found in diabetic cardiovascular tissue [26] and the
enhanced response of diabetics to circulating
catecholamines which is characteristic of denervation
hypersensitivity [9, 10, 16]. In addition, vasomotor
abnormalities apparent in diabetes, 'such as lack of
reflex vasoconstriction and hypersensitivity to
catecholamines, are clinically similar to vasomotor
abnormalities seen in patients with familial
dysautonomia {28] who have already been shown to
lack vasomotor nerves in their skin arterioles and
epineurial vessels [20].

The present quantitative ultrastructural investiga-
tion was undertaken to establish whether vascular
denervation is also a component of the autonomic
neuropathy in diabetes mellitus.

Methods

Specimens

Sural nerve biopsies were obtained during below knee amputation
performed because of non-reconstructible peripheral vascular dis-
ease in six patients aged 45 to 90 years (mean 65 * 16) with
diabetes mellitus of 8 to over 30 years duration. Similar biopsies
were obtained from six non-diabetic patients of comparable age
{mean 68 + 9) who also underwent below knee amputation as a
result of non-reconstructible peripheral vascular disease (see
Table 1). The comparable pattern and severity of the lower limb
vascular disease in both the diabetic and non-diabetic subjects
were documented by angiographic studies. None of the patients
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Table 1. Clinical data for patients studied and total number of axons found per total length of media in each case

Age Sex Duration Treatment for ~ Total perimeter of Total number of
(years) of diabetes diabetes media measured (um) axons counted
(years)

Non-diabetics

1 53 male - - 2823 361

2 65 female - - 1705 93

3 65 male - - 3446 240

4 70 female - - 2584 ' 479

5 78 male - - 1705 350

6 78 female - - 2661 589

Diabetics

1 45 female >8 Insulin 3560 147

2 45 female 25 Oral hypo- 4490 256
glycemics

3 67 female 25 Insulin 4761 5

4 69 female 30 Oral hypo- 7127 39
glycemics

5 74 female 8 Oral hypo- 4020 318
glycemics

6 90 male >30 Oral hypo- 2575 218
glycemics

had undergone previous surgical sympathectomy and none had
any other diagnosed disease or received drugs other than anti-
diabetic therapy in the period immediately preceding amputation.
No patient showed signs of gangrene in the area of the sural nerve.
Clinical evaluation of peripheral sensory and autonomic neuro-
pathy was complicated by the presence of peripheral vascular dis-
ease. The six control subjects in the study were considered to be
non-diabetic on documentation of fasting glucose levels and/or
glucose tolerance test results together with medical and family
histories negative for diabetes mellitus [33].

Electron Microscopy

Each biopsy specimen was assigned a case number to ensure blind
evaluation. Tissue was processed for electron microscopic exami-
nation as follows. Each piece of sural nerve tissue was dissected
free immediately after lower limb amputation and was rapidly
fixed by immersion in freshly prepared, cold, 3% (v/v) glutaral-
dehyde in 100 mmol/1 phosphate buffer (pH 7.4). Following initial
fixation in glutaraldehyde, specimens were washed in 100 mmol/l
phosphate buffer, post-fixed in 1% (w/v) OsQ, in 100 mmol/l
phosphate buffer, washed, dehydrated in graded ethanol and
embedded in Epon. A thick (1 pm) cross section was cut at random
from each sural nerve specimen and stained by a polychrome
method [32]. In each section 2—4 epineurial arterioles were pre-
sent between the nerve fascicles. The innervation of the arterioles
was subjected to a quantitative study as follows.

Quantiration

Thin sections of the.arterioles seen were cut on an LXB Ultratome
II with a diamond knife. In order to make a representative sam-
pling of each specimen, series of thin sections were cut at 5 differ-
ent levels 10 um apart in each tissue block. Thin sections were
placed on formvar-coated grids, stained with uranyl acetate and
lead citrate, and examined by a Siemens Elmiskop I. All coded
specimens were examined and measured by the same observer.

Each different axon profile within the adventitial sheath of
each epineurial blood vessel was photographed. From the electron
micrographs counts were made of the total number of axon pro-
files present around all the epineurial vessels in each face, and the
minimum distance between each axon and the nearest medial
smooth muscle cell was measured. All the data taken from five
different levels of each specimen block were used to determine
both the number of axons around the arteriole per specimen and
the mean number of axons at one micron intervals measured out-
wards from the outermost smooth muscle cell layer.

The length of the perimeter of the outer edge of the media in
the section was measured from photomicrographs of 0.25 pm sec-
tions of the block faces using a map measurer. The above nerve
counts, therefore, could also have been expressed per mm of outer
media circumference. Results were not expressed on a unit circum-
ference basis, however, for the following reasons.

Quantitative evaluation of both diabetic and non-diabetic
patient groups showed no correlation between the circumference
of the outer border of the media of the epineurial vessels and the
axon counts associated with those vessels. This lack of correlation
was found to be true whether each individual set of values was
examined for each patient or when all observations for diabetic
and non-diabetic groups were pooled for the respective groups.
This observation remained true when circumference measure-
ments were transferred to the logarithmic scale or to a square root
measure, etc. Therefore, since the present observations indicate no
relationship between vessel circumference and axon numbers, the
numbers of axons for the two patient groups were analyzed
directly without the necessity of considering tissue area or circum-
ference as a covariant factor. In fact, such covariant analyses were
found to yield the same conclusions as those reached below,

Statistical Methods

Axon distribution within each of the patient groups was examined
first, and then the distributions compared between the two groups.
Probit transformation showed axon distributions to be generaily
consistent with the normal distribution. Therefore, parametric
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0 Non Dicbetic Patients #1 -« 886

Fig. 2. Histogram compiled from all twelve cases

(6 diabetic and 6 non-diabetic) shown in Figure 1a
and b. The histogram represents the combined total
frequency and distribution of axons at one micron
intervals of increasing distance from the outermost
medial smooth muscle cell of epineurial blood ves-
sels. As in the individual histograms, this combined
histogram exhibits pronounced skewing to the right
of diabetic axon-smooth muscle cell distances

Table 2. Examination of total axon distributions of non-diabetic and diabetic groups for Poisson properties

Non-diabetics Diabetics
Patient  Average No.of 8D SD ~ Patient  Average No.of 8D SD
distance {(um) axons calculated Poisson distance (um)  axons calculated Poisson

1 3.89 361 2.03 1.97 1 7.96 147 3.17 2.82

2 4.46 .93 1.82 2.11 2 8.57 256 4.84 2.93

3 5.56 240 3.37 2.36 3 4.80 s 0.84 2.19

4 "3.95 479 2.26 1.99 4 5.08 39 2.78 2.25

5 4.62 350 11,94 2.15 5 10.30 318 1.83 3.21

6 5.28 590 2.86 2.30 6 12.49 218 6.03 3.53

statistical methods, including the chi-square and Student’s t tests,
were used. 'When heterogeneity between groups occurred it was
accounted for by modifying the t-test by reducing the number of
degrees of freedom by one-half. When the non-parametric Mann-
Whitney U test was applied to the same data it gave results identi-
cal to those of the parametric tests.

All results are expressed as the mean = 1 SD.

Results

Electron Microscopy

The epineurial arterioles were 10-75 wm in diameter
and contained 1 to 8 layers of medial smooth muscle
cells. Axon bundles in the adventitia of the vessels
contained from 1 to 12 axonal profiles which were
frequently partially devoid of a Schwann cell cover-
ing on the side of the axon closest to the media. The
long axis of the axon bundles was orientated approxi-
mately in the same direction as the long axis of the
vessel. Collagen fibrils and fibroblast processes were
often interspersed between the axons and the nearest

medial smooth muscle cells. In both non-diabetic and
diabetic subjects axonal profiles contained micro-
tubules and mitochondria. Axon varicosities demon-
strated vesicles, either agranular vesicles 25-60 nm
in diameter, granular vesicles 30~70 nm in diameter
with a dark electron-dense core, or granular vesicles
70-150 nm in diameter with a less opaque core.

Morphometric Results

Axon Distribution Pattern with Distance from Arte-
rioles (Fig. 1 and 2). Histograms representing fre-
quency and distribution of axons at one micron inter-
vals of increasing distance from the vessel for each of
the patients are shown in Figure 1a and b and the
combined data for each of the two groups in Figure 2.
Histograms for the diabetic patients showed a pro-
nounced skewing to the right, due to a relatively
increased axon frequency at distances which are
larger than the modal distance of the axons from the
vessel.
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Table 3. Examination of near («£7 um) and far (>7 um) distributions separately for Poisson properties in non-diabetic and diabetic groups

Non-diabetics
Axons <7 um

Diabetics
Axons £7 um

Patient ~ Average No.of SD SD Patient ~ Average No. of SD SD
distance axons calculated Poisson distance axons calculated Poisson

1 3.57 338 1.65 1.89 1 5.02 64 2.11 2.24

2 4.12 83 1.60 2.03 2 4.36 129 1.14 2.09

3 4.36 200 1.78 2.09 3 4.80 5 0.84 2.19

4 343 433 1.60 1.85 4 3.57 28 1.00 1.89

5 431 330 1.41 2.08 5 5.18 127 1.59 2.28

6 3.98 464 1.35 1.99 6 5.09 58 1.44 2.26

Axons >7 um Axons >7 um

Patient . Average No.of SD SD Patient  Average No.of SD SD
distance axons calculated Poisson distance axons calculated Poisson

1 8.65 23 1.11 2.94 1 10.24 83 1.56 3.20

2 7.30 10 0.67 2.70 2 12.84 127 3.09 3.58

3 11.58 40 2.98 3.40 3 - ~ - -

4 8.78 46 1.85 2.96 4 891 i1 2.02 2.98

5 9.80 20 2.07 3.13 5 13.70 191 4.61 3.70

6 10.10 126 1.43 3.18 6 15.17 160 4,66 3.89

The histograms were statistically analyzed by
means of probit transformation. The graphic probit
analyses confirmed the presence of a skewed axon
distribution. with increased distance from the vessel,
which was to some extent present in both patient
groups but much more pronounced in the diabetic
group. These probit plots further suggested the pres-
ence of two separate populations of axons in each
group which would account for the skewing. For both
of the patient groups, the region between 6 to 9 um
served to differentiate the distribution about the first
mode from that about the second mode. A dividing
line of 7 um was chosen as a cutoff point on the basis
of these findings. The nerve-vessel distance of 7 um
thus served to distinguish the axon distribution at
“near” distance (<7 ym) from the axon distribution
at “far” distances (>7 um).

In the non-diabetic group, 88.9% of the axons
were found within the 7 um dividing line; in the
diabetic group, only 41.8% of the axons are found
within the 7 um dividing line (p <0.001, chi-square
test). Each individual non-diabetic case showed
marked consistency in its proportional axon distribu-
tion above and below the 7 um dividing line. These
six non-diabetic patients showed a range of 78.6% to
97.9% of the total number of axons distributed about
the arteriole at closer than 7 um distances. The
diabetic patients show more heterogeneous but
nonetheless consistent findings which were in con-
trast to those of the non-diabetic group. The per-
centage of axons within the 7 um distance ranged

Table 4. Mean distance between axons and nearest smooth muscle
cells in non-diabetic and diabetic groups

Patient Mean nerve-muscle distance (um)
Non-diabetic Diabetic
1 3.89 7.96
2 4.46 8.57
3 5.56 4.80
4 395 5.08
5 4.62 10.30
6 5.28 12.49

from 26.6% to 75.0%, clearly different from the
range of individual values of the non-diabetic group.

Each of the distributions depicted by the histo-
grams (Fig. 1a and b, 2), either the complete bimodal
distribution or the two related unimodal distributions
considered separately, showed Poisson statistical
properties which imply that axon presence at any dis-
tance from an epineurial arteriole is found as a rare
event (Tables 2 and 3). When the bimodal distribu-
tions were considered as two separate unimodal dis-
tributions (Table 3), another distinction could be
drawn between the diabetic and non-diabetic groups.
The Poisson property was evident for both near and
far distributions in both groups, but the Poisson
property held more closely for the far distribution of
the diabetic group compared to the near distribution
of axons for this group.
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Table 5. Number of axons surrounding the arterioles within and
beyond 7 um in non-diabetic and diabetic groups

No. of axons €7 um from nearest smooth muscle
cell

Patient Non-diabetic Diabetic

1 338 64

2 91 129

3 200 5

4 455 37

5 330 127

6 464 58
No. of axons >7 um from nearest smooth muscle
cell

Patient Non-diabetic Diabetic

1 23 83

2 2 127

3 40 0

4 24 2

5 20 191

6 126 160

Distance of Axons from Arterioles (Table 4). The
average distance from the media at which an axon
was found for the diabetic was 8.20 * 2.98 um
whereas that for the non-diabetic was 4.63 =
0.68 um. The relative sizes of the standard deviations
indicate the greater heterogeneity present among
the diabetic patient group. Taking this heterogeneity
into account, a Student’s t test of the difference be-
tween average distances is nonetheless significant
(p <0.05).

Number of Axons Surrounding the. Arteriole within
and beyond 7 um (Table 5). For distances under 7 um
from the arteriole, the diabetics showed an average
number of axons of 70 = 49; for the same range of
distances, the non-diabetics showed an average
number of axons of 313 £ 146 (p <0.01). The differ-
ence between groups for axons whose distance from
the vessel was greater than 7 um was not significant.
The diabetic group had an average number of axons
of 94 + 80 in this distance range, and the non-dia-
betic group showed an average of 39 £ 44.

Discussion

The results of this study provide quantitative mor-
phological evidence of a significantly altered spatial
pattern of innervation of epineurial blood vessels in
diabetic patients with end stage peripheral vascular
disease compared to non-diabetic patients with clini-
cally similar peripheral vascular disease. Although a

N. M. Grover-Johnson et al.: Abnormal Innervation of Diabetic Vessels

relatively small number of patients was examined,
the diabetics all demonstrated significant differences
from the non-diabetics, as illustrated in Figure la
and b. The altered axon distribution pattern with
relation to distance from the arteriole and the
increased average distance of the axons from the
outer media found in the diabetic patients could well
have functional significance.

The proximity of nerve terminals to vascular
smooth muscle cells has been investigated previously
in animal tissue, and results have shown that
extremely close approximation between axons and
vascular smooth muscle cells are rarely found [14,
30]. Rather, a gap of not less than 0.2 ym and often
several microns in width, frequently occupied by ele-
ments of connective tissue, intervenes between the
nerve terminal and the vascular smooth muscle which
is its effector organ [13, 19].

The width of this neuromuscular gap has been
shown to have important functional significance. The
extent of neuronal influence on vascular smooth
muscle is largely determined by the transmitter con-
centration at the smooth muscle cell membrane [1,
23]. At a narrow neuromuscular cleft the released
transmitter has to travel over only a short distance
and therefore remains concentrated, whereas in a
wide cleft the transmitter becomes less concentrated
due to diffusion as it travels towards the smooth mus-~
cle cell. This increased nerve-muscle distance affects
both the rate at which the transmitter reaches the
effector cell and concentration at the effector cell
membrane [11].

Several in vitro studies have indicated that vaso-
motor function, in particular the response of blood
vessels to sympathetic nerve stimulation, is signifi-
cantly decreased in the presence of widened distances
between nerve terminals and vascular smooth muscle
cells, especially if the increased nerve-muscle dis-
tance is coupled with decreased density of innerva-
tion [1, 18, 23]. Bevan has suggested that the greatest
neuromuscular interval across which a biologically
effective transmitter concentration is maintained is
6 pm [3]. Our finding by means of a probit transfor-
mation that the region between 6 .to 9 um serves to
differentiate two unimodal distributions of nerve-
smooth muscle distances tends to substantiate this
suggestion. The present study indicates that those
vasomotor axons which are primarily affected in
diabetes are the population nearer (£ 7 um) the
media and therefore those considered most impor-
tant for vasomotor function.

Constrictive responses of epineurial blood vessels
to stimulation by sympathetic vasomotor nerves
cause alteration in blood flow [24]. The altered pat-
tern of distribution of axonal profiles reported here
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with increased frequency of neuromuscular intervals
measuring more than 7um in diabetic epineurial
blood vessels might, therefore, indicate a functional
alteration in vasomotor activity, arteriolar tone, and
flow in these vessels. Nevertheless, the full possible
significance of the pathological changes reported
here in specific relation to diabetic neuropathy and
peripheral vascular disease is not known. Degenera-
tive lesions of peripheral nerves occur frequently in
diabetics [37] and are also sometimes seen in non-
diabetics {12] with peripheral vascular disease. Previ-
ous morphological studies have shown that in dia-
betic peripheral nerves the basal lamina of the vasa
nervorum are frequently extemely replicated and the
vessel walls may be thickened, in some cases resulting
in complete occulsion [5, 17, 21, 29, 36,-39). Similar
pathological findings have been reported in the vasa
nervorum of non-diabetics with peripheral vascular
disease, but these abnormalities are less frequent and
less severe (8, 15].

It has been postulated, however that in diabetics
partlal or complete denervation of the blood vessel
wall by ‘autosympathectomy’ might frequently occur
[27, 35], and the present study offers morphometric
evidence which supports this contention. It has
further been suggested that diabetic autosympathec-
tomy might result in the development of lesions in
the vessel wall itself [6].

Experimental studies on the trophic influence of
nerve on smooth muscle are as yet inconclusive, buit
some studies have shown that-smooth muscle cell
proliferation can be modified by an alteration in ves-
sel nerve supply [2, 7] and that long term denervation
can cause functional changes in an artery as well as
structural changes [4].

The results of the present study have demon-
strated specific differences, identifiable morphomet-
rically, in the pattern of innervation of epineurial ves-
sels of diabetics. The significantly reduced number of
axons at less than 7 um in diabetics would appear to
be influenced by some factor or factors which tend to
make axon appearance at distances closer than 7 um
rarer in the diabetic than in the non-diabetic patient.
Whether this reflects a degeneration of autonomic
nerves as a direct result of diabetic neuropathy or
merely displacement or shrinkage of vasomotor
axons from the proximity of vascular smooth muscle
cells is not known. The greater degree of hetero-
geneity from patient to patient in the number of these
near axons in diabetics may be related to other vari-
ables, such as the length of time the patients suffered
from diabetes which is often very difficult to deter-
mine. In conclusion, it is possible that alterations in
the innervation of blood vessels in diabetes such as
have been demonstrated here might be a factor
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related to the predisposition of diabetic vessels to
pathological alteration.
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Note added in proof. Since the submission of this manuscript a
seventh pair of cases has been analysed. This new data reveals that,
in- addition to the previous findings, the mean.total number of
axons surrounding the sural nerve arterioles is also significantly
reduced in diabetics compared with non-diabetics with end-Stage
lower limb peripheral arterial disease (p < 0.05).
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