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Abstract

Background: Despite the evidence that renal hemodynamics is impaired in experimental diabetes, associated with
glomeruli structural alterations, renal nerves were not yet investigated in experimental models of diabetes and the
contribution of nerve alterations to the diabetic nephropathy remains to be investigated. We aimed to determine if
ultrastructural morphometric parameters of the renal nerves are affected by short term and/or long term
experimental diabetes and if insulin treatment reverses these alterations. Left renal nerves were evaluated 15 days
or 12 weeks (N = 10 in each group) after induction of diabetes, with a single injection of streptozotocin (STZ).
Control rats (N = 10 in each group) were injected with vehicle (citrate buffer). Treated animals (N = 10 in each
group) received a single subcutaneous injection of insulin on a daily basis. Arterial pressure, together with the renal
nerves activity, was recorded 15 days (short-term) or 12 weeks (long-term) after STZ injection. After the recordings,
the renal nerves were dissected, prepared for light and transmission electron microscopy, and fascicle and fibers
morphometry were carried out with computer software.

Results: The major diabetic alteration on the renal nerves was a small myelinated fibers loss since their number
was smaller on chronic diabetic animals, the average morphometric parameters of the myelinated fibers were larger
on chronic diabetic animals and distribution histograms of fiber diameter was significantly shifted to the right on
chronic diabetic animals. These alterations began early, after 15 days of diabetes induction, associated with a severe
mitochondrial damage, and were not prevented by conventional insulin treatment.

Conclusions: The experimental diabetes, induced by a single intravenous injection of STZ, in adult male Wistar rats,
caused small fiber loss in the renal nerves, probably due to the early mitochondrial damage. Conventional
treatment with insulin was able to correct the weight gain and metabolic changes in diabetic animals, without,
however, correcting and / or preventing damage to the thin fibers caused by STZ-induced diabetes. The kidney
innervation is impaired in this diabetic model suggesting that alterations of the renal nerves may play a role in the
development of the diabetic nephropathy.
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Background
Diabetes mellitus is associated with multi-organ complica-
tions being peripheral neuropathy the most common, oc-
curring in up to 45–50% of diabetic patients [1]. Diabetic
neuropathy affects both the somatic nervous system (espe-
cially sensitive nerves) and the autonomic nervous system.
In terms of morbidity and mortality diabetic autonomic
neuropathy is a very important issue, especially when it in-
volves the autonomic cardiovascular control [2-5].
Alterations in the peripheral nervous system of genetic

or experimentally induced models of diabetes have been
extensively investigated. Despite that morphological al-
terations comparable to those that occur in the human
diabetic neuropathy are not completely reproducible [6],
it is expected that alterations observed in experimental
models, especially in the early or acute phases, will be
useful for a better understanding of the neuropathy
development mechanisms [6,7].
Among other complications of diabetes, the prevalence

of diabetic nephropathy is described as only 20% [1,8],
compared to the high percentage of the neuropathy.
Nevertheless, there is evidence that renal hemodynamics
is altered in early diabetes, and this alteration would be
a major contributor to the development of diabetic
nephropathy [9-11]. In experimental conditions, renal
enlargement is present after few days of induced diabetes
[12,13], being the glomeruli of diabetic rats 30% larger in
volume. This increase precedes the glomerular filtration
changes [12]. Chronic alterations of the glomeruli in dia-
betes include enlargement of mesangial cells and matrix
expansion and they correlate with the poor glomerular
function in diabetic patients [14]. Despite the relatively
large amount of literature on renal structure alterations ei-
ther in human [14,15] or experimental diabetes [13,16,17],
the morphology of the renal nerves were not yet investi-
gated in experimental models of diabetes and the contri-
bution of nerve ultrastructural alterations to the diabetic
nephropathy remains to be investigated.
In the present study we described the ultrastructural

morphology and morphometry of the renal nerves in
Table 1 Body weight, blood glucose level, arterial pressure an
acute diabetic group (15 days after STZ injection), acute trea
(12 weeks after STZ injection), chronic treated group and chr

Body weight (g) Blood gl

Acute diabetic 200 ± 4 4

Acute treated 235 ± 10 2

Acute control 309 ± 9*+ 7

Chronic diabetic 257 ± 22† 4

Chronic treated 647 ± 39#+ 1

Chronic control 544 ± 17#†Ѳ 7

MAP =mean arterial pressure; HR = heart rate; Ѳindicates difference compared to ac
+indicates difference compared to acute treated group; #indicates difference compa
treated group.
short term and long term diabetic animals. We also
show the effects of insulin treatment in the renal nerves
ultrastrucutral alterations.

Results
Metabolic and physiological data
Body weight, blood glucose level, MAP and HR values
for all experimental groups are shown in Table 1. Differ-
ences were not observed on body weight between all
groups at the beginning of the experiments. Chronic
controls and chronic treated animals gained weight com-
pared to acute counterparts. Chronic diabetic animals
also gained weight compared to acute animals, but the
difference was not statistically significant. Acute controls
were heavier that both acute diabetic groups on the final
experimental day (One way ANOVA, p < 0.001; F = 28,
DF = 2). For chronic groups, treated animals were heavier
than controls and diabetic while controls were heavier than
diabetic animals (One way ANOVA, p < 0.001; F = 73,
DF = 2). As expected, blood glucose levels were signifi-
cantly higher in diabetic animals, for both acute and
chronic groups. Treated animals from acute group also
showed high blood glucose levels compared to acute
controls, while this was not evident for chronic animals.
Mean arterial pressure (MAP) was significantly lower in
both diabetic groups compared to controls, and also on
acute diabetic group compared to acute treated group
(One way ANOVA, p < 0.001; F = 10, DF = 2). Chronic
controls showed higher MAP than acute controls. Heart
rate (HR) was higher on acute controls compared to both
diabetic groups, while chronic diabetic animals showed
smaller values compared to chronic controls and treated
groups (One way ANOVA, p < 0.001; F = 15, DF = 2). Also,
chronic controls and chronic treated groups showed
higher HR than respective acute groups. This was not
observed between diabetic groups.

Morphological aspects
The renal nerves consisted of one up to three fascicles,
each one enveloped by one or two layers of flattened
d heart rate data from the six experimental groups:
ted group, acute control group, chronic diabetic group
onic control group

ucose (mg/dl) MAP (mmHg) HR (bpm)

07 ± 13 111 ± 2 250 ± 10

18 ± 58 125 ± 1*Ѳ 283 ± 3

9 ± 2*+ 121 ± 2 303 ± 3*+

51 ± 35 124 ± 6 282 ± 11*

90 ± 74 138 ± 6 343 ± 14#

2 ± 3# 145 ± 5#Ѳ 348 ± 6†

ute control group; *indicates difference compared to acute diabetic group;
red to chronic diabetic group; †indicates difference compared to chronic
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cells, which constituted the perineurium (Figure 1). The
endoneural space presented few large and small myelin-
ated fibers, intermingled with a larger number of unmy-
elinated ones (Figures 1 and 2). Longitudinally oriented
collagen fibers occupied much of the endoneural space.
The larger fascicles presented one or two capillary vessels
within the endoneural space. Other structures often seen
in autonomic nerves, such as neuronal cell bodies or para-
ganglia were not observed in the renal nerves. No evident
morphological differences were observed between the
experimental groups in the light microscopy level. The
ultrastructural qualitative analysis showed that control
nerves present morphological characteristics similar to
the normal renal nerves described for rodents [18,19].
Nerves from diabetic animals showed small myelinated
fibers with signs of demyelination, presence of microax-
ons, unmyelinated fiber enlargement with signs of swelling
and degeneration, Schwann cell processes not enveloping
any axon, collagen pocket formation, severe mitochondrial
damage and thickening of the endoneural space with an
increased density of collagen fibers (Figure 2). These
Figure 1 Semithin transverse sections of renal nerves from acute con
(D), acute diabetic treated with insulin (E) and chronic diabetic treate
well defined perineurium (arrowheads) even when more than one fascicle
unmyelinated fibers but few myelinated fibers (arrows) are present. No mo
V = capillary vessels, S = Schwann cell nucleus. Toluidine blue stained, bars =
alteration were present in both acute and chronic groups
but were more severe in the chronic diabetic animals.
Treated animals’ nerves showed severe endoneural blood
vessels damage, associated with basement membrane
thickening of the Schwann cells and unmyelinated axon
atrophy (Figure 2). Very small unmyelinated axons were
also present in these groups, edema of the endoneural
space could be evidenced and unmyelinated fibers with
atrophy were frequent. Myelinated fibers were more
preserved in the treated diabetic groups.
Morphometric aspects
Table 2 shows the mean values for fascicular morphomet-
ric parameters, myelinated and unmyelinated fibers num-
bers and densities and Schwann cells number and density
for all experimental groups. No differences were observed
in the comparisons between the three acute experimental
groups, for all parameters, except to the unmyelinated
fibers density (Table 2), that showed larger values for the
acute treated group compared to the acute diabetic group
trol (A), chronic control (B), acute diabetic (C), chronic diabetic
d with insulin (F) animals. The nerve fascicles are enveloped by a
is present (C). Most of the endoneural space is occupied by
rphological differences were evident between groups at this resolution.
10 μm.



Figure 2 Transmission electron microscopy cross sections of renal nerves from acute control (A), chronic control (B), acute diabetic (C),
chronic diabetic (D), acute diabetic treated with insulin (E) and chronic diabetic treated with insulin (F) animals. No ultrastructural
alterations were evident on the controls that show typical Schwann cell units. Myelinated fibers are indicated by “m”. Acute diabetic nerves
showed mild destruction of axonal mitochondria (arrows) and unmyelinated fiber enlargement with signs of swelling and degeneration (*).
Chronic diabetic nerves presented with severe destruction of axonal mitochondria (arrows), micro-axons formation (arrowheads) and thickening
of the endoneural space with an increased density of collagen fibers. Insulin treated animals showed alterations of the endoneural blood vessels
such as thickening of the basement membrane (*) and lumen reduction at early stages (E). In chronic stages, very small unmyelinated axons were
present (arrowheads), edema of the endoneural space could be evidenced and unmyelinated fibers with atrophy (a) were frequent. Bar = 1 μm
for B, C, D and F. Bar = 2 μm for A and E.
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and acute control group (One way ANOVA, p < 0.001;
F = 41, DF = 2).
Comparison between the three chronic groups showed

that myelinated fiber density on diabetic group is smaller
than controls (One way ANOVA, p < 0.013; F = 73, DF = 2).
Also, for the chronic groups, the unmyelinated fiber density
is smaller on both diabetic groups, treated and untreated,
compared to controls (One way ANOVA, p < 0.001; F = 52,
DF = 2). No differences were observed for all other pa-
rameters investigated.
The comparison of the fascicular parameters between

acute and chronic groups, for controls, diabetic and
treated animals, showed larger average values on chronic
groups, with values reaching statistical significance be-
tween the diabetic groups (p = 0.014). The average number
of myelinated fiber was larger on all chronic groups,



Table 2 Average morphometric data of the renal nerves fascicles from the six experimental groups: acute diabetic
group (15 days after STZ injection), acute treated group, acute control group, chronic diabetic group (12 weeks after
STZ injection), chronic treated group and chronic control group

Acute diabetic Acute treated Acute control Chronic diabetic Chronic treated Chronic control

Fascicular area (μm2) 5030 ± 1200 4470 ± 619 3585 ± 672 7834 ± 1103* 6212 ± 547 5300 ± 1177

Fascicular diameter (μm) 76 ± 9 74 ± 5 64 ± 7 124 ± 19* 88 ± 4 83 ± 12

Myelinated fiber number 6 ± 2 9 ± 2 6 ± 1° 10 ± 3 13 ± 2 19 ± 7

Myelinated fiber density
(number of fiber/μm2)

1470 ± 411 2113 ± 441 1949 ± 759 1333 ± 295° 2105 ± 292 3885 ± 1124

Schwann cell nucleus number 34 ± 4 24 ± 4 32 ± 6 44 ± 8 42 ± 3+ 38 ± 7

Schwann cell nucleus density
(number of nucleus/μm2)

9043 ± 1420 6013 ± 950 10650 ± 1752 5517 ± 544* 6897 ± 662 8424 ± 1606

Unmyelinated fiber number 1821 ± 330 2289 ± 342 1322 ± 230 1481 ± 175 1573 ± 218 1237 ± 98

Unmyelinated fiber density
(number of fiber/μm2)

408219 ± 41358+ 578601 ± 96603 379066 ± 38120+° 211857 ± 31431° 256855 ± 33371+° 288967 ± 31934

*Indicates difference compared to acute diabetic group, +indicates difference compared to acute treated, °indicates difference compared to chronic control.
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reaching statistical significance between control groups
(p = 0.016). Average Schwann cell nucleus density was lar-
ger on both diabetic chronic groups, treated and untreated,
compared to their acute counterparts, reaching statistical
significance between the treated groups (p < 0,001). Also,
both chronic diabetic groups showed larger average
Schwann cell nucleus density compared to the chronic
control group, but with no statistical significance.
Table 3 shows the mean values of the myelinated and

unmyelinated fibers morphometric parameters for all
experimental groups.
For the acute groups, no differences were observer in

all parameters evaluated. The comparison between the
three chronic groups indicated that both treated and
untreated diabetic groups showed larger average values
for the myelinated fibers compared to the controls (One
way ANOVA on Ranks, p < 0.001, for all parameters).
Exception was made for the G ratio that was larger only
on the diabetic group compared to control (One way
ANOVA on Ranks, p < 0.001). The unmyelinated fiber
area was larger on treated animals compared to both,
Table 3 Average morphometric data of the renal nerves’ mye
experimental groups: acute diabetic group (15 days after STZ
chronic diabetic group (12 weeks after STZ injection), chronic

Acute diabetic Acute treated Ac

Myelinated fiber area (μm2) 14.2 ± 1.5 11.8 ± 0.8

Myelinated fiber diameter (μm) 3.9 ± 0.1 3.7 ± 0.1

G ratio 0.56 ± 0.01 0.55 ± 0.01

Myelin sheath area (μm2) 8.9 ± 0.9 7.9 ± 0.51 1

Myelinated axon area (μm2) 5.2 ± 0.7 3.9 ± 0.4

Myelinated axon diameter (μm) 2.3 ± 0.2 2.1 ± 0.1

Unmyelinated axon area (μm2) 0.65 ± 0.07 0.62 ± 0.07

Unmyelinated axon diameter (μm) 0.76 ± 0.04 0.73 ± 0.03
+Indicates difference compared to acute treated, °indicates difference compared to
diabetic and controls (One way ANOVA, p = 0.025; F = 4,
DF = 2), while unmyelinated fiber diameter was larger on
treated animals compared only to the controls (One way
ANOVA, p = 0.033; F = 4, DF = 2).
The comparison between control groups, acute and

chronic, showed larger myelinated fiber size for acute
animals (p < 0.001 for all parameters). Exception is made
for the G ratio that was not different. No differences for
the unmyelinated fibers were found.
No differences were observed on the myelinated and

unmyelinated fibers morphometric parameters between
acute and chronic diabetic groups either treated or
untreated.
Myelinated fibers diameter distributions for acute and

chronic groups are shown on Figure 3. Acute groups
showed fibers diameters ranging from 1.5 to 10 μm, with
a bimodal distribution: the small fibers group with diam-
eters between 1.5 and 6.0 μm and the large fibers group
with diameters between 6.0 and 10 μm. The acute con-
trol group showed an homogeneous distribution of the
small fibers while both treated and untreated diabetic
linated and unmyelinated fibers, from the six
injection), acute treated group, acute control group,
treated group and chronic control group

ute control Chronic diabetic Chronic treated Chronic control

20.8 ± 2.8° 17.8 ± 1.6° 19.6 ± 2.3° 11.1 ± 1.0

4.7 ± 0.3° 4.3 ± 0.2° 4.4 ± 0.3° 3.3 ± 0.1

0.54 ± 0.01 0.56 ± 0.01° 0.55 ± 0.01 0.53 ± 0.01

3.9 ± 1.7+° 11.3 ± 0.9° 12.1 ± 1.3° 7.7 ± 0.6

6.9 ± 1.2° 6.4 ± 0.7° 7.5 ± 1.1° 3.5 ± 0.4

2.6 ± 0.2° 2.5 ± 0.1° 2.5 ± 0.2° 1.8 ± 0.1

0.58 ± 0.03 0.57 ± 0.03 0.80 ± 0.10°# 0.56 ± 0.06

0.73 ± 0.02 0.72 ± 0.02 0.83 ± 0.04° 0.68 ± 0.04

chronic control, #indicates difference compared to chronic diabetic group.



Figure 3 Myelinated fibers diameter distributions on acute (A) and chronic (B) treated and untreated diabetic groups and respective
controls. All fibers from all nerves are represented. For all experimental groups, myelinated fibers distributions are bimodal in shape, with a clear
point of separation between small and large fibers at 6.0 μm. The acute control group shows an homogeneous distribution of the small fibers
while both diabetic groups, treated and untreated showed a larger percentage of small myelinated fibers, shifting the histograms to the left (One
Way ANOVA on Ranks, p < 0.001). The chronic diabetic group also shows a shift of the distribution towards the small fibers, with a disorganization
of the large fibers distribution (One Way ANOVA on Ranks, p < 0.001). The chronic treated group showed a reduced percentage of both small
and large myelinated fibers (One Way ANOVA on Ranks, p < 0.001).
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groups showed a larger percentage of small myelinated
fibers, shifting the histograms to the left, confirmed by
the observation of a higher percentage of large myelin-
ated fibers on the control group (One Way ANOVA on
Ranks, p < 0.001).
On the chronic groups, myelinated fibers diameters

ranged from 1.5 to 12 μm, also with a bimodal distribu-
tion, very similar to that observed for the acute groups.
The small fibers group showed diameters between 1.5
and 5.0 μm and the large fibers group with diameters be-
tween 5.0 and 10 μm. As for the acute diabetic, the
chronic diabetic group also showed a shift of the distri-
bution towards the small fibers, with a disorganization
Figure 4 Myelinated fibers G ratio on acute (A) and chronic (B) treate
from all nerves are represented. For all experimental groups the distributio
there is a slight shif of the distribution towards 1.0, suggestive of demyelin
and untreated (One Way ANOVA on Ranks, p < 0.001).
of the large fibers distribution (One Way ANOVA on
Ranks, p < 0.001). The chronic treated group showed a
reduced percentage of both small and large myelinated
fibers (One Way ANOVA on Ranks, p < 0.001).
Distributions of the myelinated fibers G ratio of all ex-

perimental groups are represented on Figure 4. For acute
and chronic groups, regardless the experimental treat-
ment, G ratio values ranged from 0.3 to 0.9, with uni-
modal distribution. The acute diabetic groups, treated and
untreated, showed a slight shift of the histograms to the
right (One Way ANOVA on Ranks, p < 0.001). This shift
was more evident for the chronic treated and untreated
diabetic groups, compared to controls.
d and untreated diabetic groups and respective controls. All fibers
ns are unimodal, with peaks at 0.6. Note that on acute diabetic group
ation. This shift is more evident on the chronic diabetic groups, treated
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Unmyelinated fibers diameters distributions are shown
on Figure 5. For acute and chronic groups, regardless
the experimental treatment, the values ranged from 0.1 to
1.7 μm, with unimodal distribution. For the acute groups,
a sharp peak at 0.7 μm was observed, with a slight shift to
the left on the treated group. On the chronic groups, the
control group distribution was smooth, with a peak at
0.7 μm while the diabetic groups, treated and untreated,
showed a clear shift to the right (One Way ANOVA on
Ranks, p < 0.001), with peaks reaching 0.9 μm for both.

Discussion
Our study show that the extrinsic renal nerve is affected
by experimental diabetes, with the main morphological,
ultrastructural findings, associated to the morphometric
data, pointing to a small fiber loss. These alterations
begin early, after 15 days of diabetes induction and are
not prevented by conventional insulin treatment.
It is well known that the pathology of diabetic neur-

opathy is characterized by primary progressive nerve fiber
loss [20,21] but somatic and automomic C fibers are not
Figure 5 Unmyelinated fiber distribution on acute (A) and chronic (B)
Average values are represented. The distributions are unimodal in all group
For the chronic diabetic groups, treated and untreated, there is a shift (One
loss of the small fibers.
usually studied in the same region of the body [22] making
the neuropathologic basis of the small fiber loss difficult to
understand. Several investigators accessed the small fiber
neuropathy in diabetes, focusing on the intraepidermal
nerve fibers [23,24] but transmission electron microscopy
studies are still scanty, particularly at early stages of
diabetes. The extrinsic renal nerve provided an unique op-
portunity to investigate the involvement of small and large
nerve fibers at once, since it has not only a large number
of unmyelinated fibers, but also two distinct groups of
myelinated fibers, as shown by the diameter distributions
(Figure 4). Despite that advances on the pathogenesis of
the glomerular lesions in diabetic nephropathy have been
made, there is still a lot to understand. Our results suggest
that lesions of extrinsic renal nerves might play a role on
the glomerular functional alterations that occur very early
in this diabetes model and these alterations could be in-
volved in some degree to the development of the diabetic
nephropathy.
More recently, altered function of mitochondria in

metabolic diseases have been correlated to their aberrant
treated and untreated diabetic groups and respective controls.
s with the peak at 0.7 μm for acute groups and chronic control group.
Way ANOVA on Ranks, p < 0.001) of the peak to 0.9 μm, indicating a
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morphology and growing evidence suggests that mito-
chondrial dynamics play an important role in diabetes
establishment and progression [25]. Mitochondrial
phenotype is abnormal in sensory neurons, Schwann
cells and sympathetic ganglia in diabetes [26] but little
information on nerve mitochondria is available. We
show severe ultrastructural alterations on the mito-
chondria of the renal nerve axons from diabetic rats, as
early as 15 days, and these alterations were delayed but
not prevented by insulin treatment. An early work
reveals that hyperglycemia in diabetes triggers nutrient
excess in neurons, that mediates the phenotype changes in
mitochondria, and the development of axon loss in sen-
sory neuropathy is linked to this nutrient excess [26,27].
We are demonstrating, for the first time, the presence of
mitochondrial damage on myelinated and unmyelinated
fibers of the renal nerves in diabetes that might be con-
tributing to the fiber loss observed in these nerves since
early stages of the disease.
In somatic nerves, different types of sensations travel

along fiber population with different average diameters.
The renal nerves contain efferent post-ganglionic sympa-
thetic fibers, thought to be exclusively unmyelinated. The
myelinated fibers might be the afferent ones that would
transmit sensory information from the kidneys to the
central nervous system [19]. We suggest that the small
myelinated fibers could be those afferent fibers related
to baro- and chemoreflex, based on information from
the aortic depressor nerve myelinated fibers sizes [28].
The chronic diabetic groups, treated and untreated,
presented larger average values of myelinated fiber and
axon area and diameter compared to controls. These
data suggest a loss of thin myelinated fibers, shifting the
average to higher values and also affecting the histogram
distributions. A shift of the size distribution towards larger
fibers observed in both, acute and chronic diabetic groups,
associated with the shift to the right observed for the
unmyelinated fiber size also in acute and chronic dia-
betic animals demonstrates thin fiber loss. This data is
corroborated by the observation of smaller myelinated
and unmyelinated fibers density in chronic diabetic ani-
mals, compared to controls, indicating the increasing
severity of the fiber loss at chronic stages. This thin
fiber loss could cause kidney denervation and also influ-
ence on the autonomic imbalance described in diabetes.
Also, the shift observed on the unmyelinated fiber distri-
bution, although less pronounced than the myelinated
distributions, suggest the possible atrophy of thin axons in
chronic diabetes, which might also contribute to the
nephropathy, since the majority of the afferent renal
nerves are unmyelinated. Patel and Zhang [29] observed
that the volume reflex is reduced in STZ-induced diabetic
rats after 15 days. They also showed that the natriuresis
due to renal sympathoinhibion is blunted in response to
volume expansion and the restoring the glucose levels to
normal by insulin treatment in diabetic rats reversed the
volume receptor reflex back to normal. We showed that
insulin treatment delayed fiber loss in the short term dia-
betes but was not able to prevent it in long term. Yagihashi
and Sima [30] discussed that the characteristic of the
autonomic neuropathy involving both sympathetic and
parasympathetic peripheral nerves is a structural change,
consisting in dystrophic axonal alterations. These authors
[30] affirm that the important morphometric changes such
as fiber atrophy and loss of unmyelinated fibers was pro-
gressive during the course of diabetes, which is compatible
with the results from the present study.
Despite the fact that the literature describes preferably

a reduction of the myelinated fiber and axon sizes in
somatic nerves of STZ-induced diabetic rats [31-33] our
results show, in an essentially autonomic nerve, a small
myelinated fibers loss, accompanied by degeneration and
atrophy of the unmyelinated fibers, in this model of dia-
betes. This is suggestive that somatic and autonomic
nerves react in distinct ways to diabetes. Another inter-
pretation is because somatic nerves have a large number
of myelinated fibers, the small fiber loss observed in auto-
nomic nerves, might not be easily or readily identified in
somatic ones, particularly because most studies used light
microscopy, that has no resolution for the unmyelinated
fibers investigation.
It is well known that Schwann cells are important in

the regeneration processes that follow nerve injury. Nerves
that are experiencing regeneration will have a larger num-
ber of Schwann cells due to their augmented duplication
rate under these circumstances [34]. We showed that
density of Schwann cell is larger in chronic diabetes,
treated and untreated, indicating possible regeneration of
the large myelinated fibers. In fact, this result, together
with the larger average G ratio in chronic diabetes and
the shift to the right on the G ratio distribution, is a
morphological indication that the remaining myelinated
fibers on the chronic diabetic nerves have thinner myelin
sheath, compatible with multiplication of the Schwann
cells in order to accomplish the regeneration process. Re-
generation of fibers is a slow process and this is probably
the reason that these alterations were not present in acute
diabetic animals.
There has been increasing evidence that microvascular

pathological abnormality and ischemia may be involved
in the pathogenesis of diabetic neuropathy [20]. In fact,
Fazan et al. [7] demonstrated severe damage of the
endoneural vessels present on both STZ groups, besides
the insulin treatment, using a similar chronic diabetes
model from this study. We showed that at early stages of
diabetes, vascular damage occurs in the endoneural space
of the renal nerves that increase in severity on chronic
diabetes regardless insulin treatment.
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It is important to mention that the insulin treatment is
demonstrated to prevent or correct the axonal atrophy
caused by STZ-diabetes in the large myelinated fibers
[6,35-37] as well as the axonal diameter and their distri-
butions [33]. The STZ-diabetes model is widely used to
investigate experimental diabetic peripheral neuropathies
[6,36,38,39], but few studies have performed a detailed
assessment of either unmyelinated fibers or capillary
morphology in this animal model, particularly on renal
nerves. Thus, the present study adds useful information
for further investigations on the ultrastructural basis of
nerve function in diabetes and also provides support for
the role of the renal nerve neuropathy on the development
of the diabetic nephropathy.

Conclusions
The experimental diabetes, induced by a single intraven-
ous injection of STZ, in adult male Wistar rats, caused
small fiber loss in the renal nerves, probably due to the
early mitochondrial damage. Conventional treatment
with insulin was able to correct the weight gain and
metabolic changes in diabetic animals, without, however,
correcting and / or preventing damage to the thin fibers
caused by STZ-induced diabetes. The kidney innervation
is impaired in this diabetic model suggesting that alter-
ations of the renal nerves may play a role in the develop-
ment of the diabetic nephropathy.

Methods
Experiments were performed on male adult Wistar rats,
born and raised in a carefully regulated environment
maintained at 21°C - 23°C, 40% - 70% relative air humid-
ity, and 12/12 hr light/dark cycle, receiving tap water and
normal rat chow ad libitum, throughout the experiment.
Six experimental groups were used (N = 10 for each
group): 1) Rats 15 days after STZ injection, without insulin
treatment (acute diabetic group); 2) Rats 15 days after
STZ injection, treated with insulin (acute treated group);
3) Control animals for acute groups, which received only
vehicle (citrate buffer) 15 days before the experiments
(acute control group); 4) Rats 12 weeks after STZ injec-
tion, without insulin treatment (chronic diabetic group);
5) Rats 12 weeks after STZ injection, treated with insulin
(chronic treated group) and 6) Control animals for chronic
groups, which received only vehicle (citrate buffer) 12
weeks before the experiment (chronic control group).
STZ (60 mg/Kg) or citrate buffer injections as well as

insulin treatment (9 IU/Kg on a daily basis, at 7:00 PM)
were performed as described previously [7,33,40]. The
animals were considered diabetic when the blood glucose
levels were higher than 350 mg/dl. On the STZ injected
animals, the onset of diabetes occurred rapidly and was
identified by polydipsia and polyuria. Non-fasting blood
glucose (mg/dl) was determined with a glucose analyzer
(Beckman Instruments, Inc., Brea, CA, USA) 3 days after
STZ injection and immediately before the experiments,
in blood droplets collected from an incision at the tip of
the tail.
On the final experimental day (15 days or 12 weeks after

STZ injection), animals were anesthetized with sodic thio-
pentahl (40 mg/kg, i.p.) and a polyethylene catheter was
inserted into the right carotid artery and connected to a
pressure transducer (Statham PB23Gb) for direct meas-
urement of arterial pressure (AP) and heart rate (HR). Left
extrinsic renal nerves (the major branch from the aortic-
renal plexus entering the kidney) were exposed and their
activity was recorded simultaneously with AP as previ-
ously described [19]. The characteristic recording of the
sympathetic nerve activity during the diastolic phase of
the cardiac cycle was obtained for all nerves studied.
All procedures adhered to “The ARRIVE guidelines:

Animal Research: Reporting In Vivo Experiments, origin-
ally published in PLoS Biology, June 2010” and were ap-
proved by the Institutional Ethics Committee for Animal
Research (CETEA–Comitê de Ética em Experimentacão
Animal, protocol number 001/2004). A conscious effort
was done to minimize the number of animals used.

Fascicles and myelinated fibers study
The methods for identification, dissection and histological
preparation of the nerves were described elsewhere
[18,19]. Before embedding in epoxy resin (EMbed 812®,
Electron Microscopy Sciences, Hatfield, PA, USA), the
nerves were oriented to permit semi-thin (0.5 to 1.0 μm
thick) transverse sections of the fascicles, which were
stained with 1% toluidine blue and observed under the oil
immersion lens of an Axiophot II photo-microscope (Carl
Zeiss, Jena, Germany). The light microscopy study was
carried out for the fascicle morphometry and also in order
to check the quality of the histological preparation of the
nerves to be studied under transmission electron micros-
copy. The fascicle images were transmitted via a digital
camera (TK-1270, JVC, Victor Company of Japan, Ltd.,
Tokyo, Japan) to an IBM PC where they were digitized.
With the aid of an image analysis software (KS 400,
Kontron 2.0, EchingBeiMüchen, Germany) the total
number of myelinated fibers present in each fascicle were
identified by visual inspection and counted. The area and
diameter of the nerve fascicles (excluding the perineur-
ium), as well as the area and diameter of the myelinated
fibers and respective axons present in the endoneural
space were measured and the myelinated fiber density was
calculated. The ratio between the myelinated axon and
respective myelinated fiber diameters, G ratio (a measure
of degree of myelination), was obtained [41,42] and the
myelin sheath area was calculated for each myelinated
fiber measured. Histograms of the population distribution
of the myelinated fibers and respective axons, separated
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into class intervals increasing by 0.5 μm were constructed.
Histograms of the G ratio distribution separated into class
intervals increasing by 0.1 were also constructed.

Unmyelinated fibers study
For the transmission electron microscopy studies, thin
transverse sections were mounted on 2 × 1 slot grids,
covered with formvar 0.5% solution, stained with lead
citrate and uranyl acetate, and observed under the trans-
mission electron microscope (JEM-1230, JEOL-USA, Inc.,
Peabody, MA, USA), equipped with a digital camera. The
endoneural space of the nerves was fully scanned and,
at least 15 digital images were obtained for each nerve,
without overlap of the microscopic fields. Using the
image analysis software (KS 400), the unmyelinated
fibers were counted and their area and diameter were
measured. The density of the unmyelinated fiber was
calculated and the ratio between unmyelinated/myelinated
fibers was determined, as also the percentage of the fasci-
cular area occupied by them (percentage of occupancy).
The number of Schwann cell nuclei present in each
transverse section of the renal nerves was counted and
their density calculated. Histograms of the unmyelinated
fiber population were constructed and separated into class
intervals increasing by 0.1 μm.

Statistical analysis
All data are presented as mean ± standard error of mean
(SEM). The Kolmogorov-Smirnov test was applied to
verify the normal distribution for weight, biochemical
and morphometric data, using Sigma Stat software, ver-
sion 3.01 (Jandel Scientific), followed by the Levene test
of medians for variance equivalence.
Body weight, mean arterial pressure (MAP) and heart

rate (HR) data were compared between the 3rd day after
injection and the final experimental day by the paired
Student’s t-test and among groups by the one-way
ANOVA, followed by Holm-Sidak post-test, provided that
these data showed normal distribution. Blood glucose data
did not show normal distribution and were compared be-
tween the 3rd day of injection and the final experimental
day by the non-parametric test of Wilcoxon for paired
samples, and among groups by the analysis of variance on
Ranks, followed by Dunn’s post-test.
Morphometric data that passed the normality and

variance equivalence tests were compared by unpaired
Student’s t-test (between acute and chronic groups) and
one way ANOVA followed by a Holm-Sidak post-test
between groups in the same experimental time. Data
that did not show normal distribution were compared
using the non-parametric test of Mann–Whitney between
acute and chronic groups, while groups in the same ex-
perimental time were compared by the analysis of variance
on ranks, followed by Dunn’s post-test.
Comparisons between histograms were made by one-
way analysis of variance (ANOVA) on Ranks, provided
that all distributions did not pass on the normality test.
All differences were considered significant when p < 0.05.

Authors’ contributions
KLS was responsible for acquisition, analysis and interpretation of data and
drafting the manuscript; LSS was responsible for acquisition and analysis and
drafting the manuscript; RSF was responsible for acquisition of data and
analysis; MCDBBOM was responsible for acquisition of data and analysis; JAC
carried out the renal nerve isolation and recording; HCS trained the student
on acquisition of physiological data and analysis; RAN trained the students
on the acquisition of transmission electron microscopy data and analysis and
VPSF was responsible for conception and design, training the student on
light microscopy data acquisition, interpretation of all data (physiological and
morphological), revising the manuscript critically and for given final approval
of the version to be published.

Acknowledgements
We thank Mr. Antônio Renato Meirelles e Silva, Experimental Neurology
Laboratory and Ms. Maria Tereza P. Maglia, Electron Microscopy Laboratory,
School of Medicine of Ribeirão Preto, for excellent technical support.
GRANTS: Grant sponsor: FAPESP (Fundação de Amparo à Pesquisa do Estado
de São Paulo); Grant numbers 2004/01390-8, 2009/50389-6, 2009/16748-9,
2010/12518-6 and 2012/00321-0; Grant sponsor: CNPq (Conselho Nacional
de Pesquisa e Tecnologia); Grant number: 300963/2009-2.

Author details
1Departments of Neurosciences and Behavioral Sciences, School of Medicine
of Ribeirão Preto, University of São Paulo, Ribeirão Preto, São Paulo, Brazil.
2Departments of Physiology, School of Medicine of Ribeirão Preto, University
of São Paulo, Ribeirão Preto, São Paulo, Brazil. 3Central Microscopy Research
Facility, The University of Iowa, Iowa City, IA, USA. 4Dept. of Surgery and
Anatomy, School of Medicine of Ribeirão Preto, University of São Paulo,
Ribeirão Preto, São Paulo, Brazil.

Received: 19 July 2013 Accepted: 30 December 2013
Published: 5 January 2014

References
1. Shaw JE, Zimmet PZ: The epidemiology of diabetic neuropathy. Diabetes

Rev 1999, 7:245–252.
2. Eckberg DL, Harkins SW, Frisch JM, Musgrave GE, Gardner DF: Baroreflex

control of plasma norepinephrine and heart rate period in healthy
subjects and diabetic patients. J Clin Invest 1986, 78:366–374.

3. Lishner M, Akserrod S, Divon M, Ravid M: Spectral analysis of heart rate
fluctuation. A non-invasive sensitive method for the early diagnosis of
autonomic neuropathy in diabetes mellitus. J AutonNerv Syst 1987,
19:119–125.

4. Tomilson KC, Gardiner SM, Hebden A, Bennetti T: Functional consequences
of streptozotocin-induced diabetes mellitus, with particular reference to
the cardiovascular system. Pharmacol Rev 1992, 44:103–150.

5. McDowell TS, Hajduczok G, Abboud FM, Chapleau MW: Baroreflex
disfunction in diabetes mellitus. I. Selective impairment of
parasympathetic control of heart rate. Am J Physiol Heart Circ Physiol 1994,
266:H235–H243.

6. Sharma AK, Duguid IG, Blanchard DS, Thomas PK: The effect of insulin
treatment on myelinated nerve fiber maturation and integrity and on
body growth in streptozotocin diabetic rats. J Neurol Sci 1985,
67:285–297.

7. FazanVPS RFOA, Jordão CE, Moore KC: Phrenic nerve diabetic neuropathy
in rats: unmyelinated fibers morphometry. J Peripher Nerv Syst 2009,
14:137–145.

8. Yagihashi S, Yamagishi S, Wada R: Pathology and pathogenetic
mechanisms of diabetic neuropathy: Correlation with clinical signs and
symptoms. Diab Res Clin Pract 2007, 77S:S184–S189.

9. Mogenseng CE, Andresen MJF: Increased kidney size and glomerular
filtration rate in untreated juvenile diabetes: normalization by insulin
treatment. Diabetologia 1975, 11:221–224.



Sato et al. BMC Neuroscience 2014, 15:5 Page 11 of 11
http://www.biomedcentral.com/1471-2202/15/5
10. Mauer SM, Steffes MW, Azar S, Sandberg SK, Brown DM: The effects of
Goldblatt hypertension on development of the glomerular lesion of
diabetes mellitus in the rat. Diabetes 1978, 27:738–744.

11. Steffes MW, Brown DM, Mauer SM: Diabetic glomerulopathy following
unilateral nephrectomy in the rat. Diabetes 1978, 27:35–41.

12. Cortes P, Dumler F, Goldman J, Levin NW: Relationship between renal
function and metabolic alterations in early streptozotocin-induced
diabetes in rats. Diabetes 1987, 36:80–87.

13. Seyer-Hansen K, Hansen J, Gundersen HJG: Renal hypertrophy in
experimental diabetes. A morphometric study. Diabetologia 1980,
18:501–505.

14. Steffes MW, Bilous RW, Sutherland DER, Mauer SM: Cell and matrix
components of the glomerular mesangium in type I diabetes. Diabetes
1992, 41:679–684.

15. Farquhar MG, Hopper J, Moon HD: Diabetic glomerulosclerosis: Electron
and light microscopic studies. Am J Pathol 1959, 25:721–753.

16. Wehner H, Petri M: Glomerular alterations in experimental diabetes of the
rat. Pathol Res Pract 1983, 176:145–157.

17. O’Donnell MP, Kasiske BL, Keane WF: Glomerular hemodynamic and
structural alterations in experimental diabetes mellitus. FASEB J 1988,
2:2339–2347.

18. Fazan VPS, Ma X, Chapleau MW, Barreira AA: Qualitative and quantitative
morphology of renal nerves in C57BL/6 J mice. Anat Rec 2002,
268:399–404.

19. Sato KL, Carmo JM, Fazan VPS: Ultrastructural anatomy of the renal nerves
in rats. Brain Res 2006, 1119:94–100.

20. Dyck PJ, Lais A, Karnes JL, O’Brien P, Rizza R: Fiber loss is primary and
multifocal in sural nerves in diabetes polyneuropathy. Ann Neurol 1986,
19:425–439.

21. Yagihashi S: Pathology and pathogenic mechanisms of diabetic
neuropathy. Diabetes Metab Res Rev 1995, 11:193–225.

22. Singer W, Spies JM, McArthur J, Low J, Griffin JW, Nickander KK, Gordon V,
Low PA: Prospective evaluation of somatic and autonomic small fibers in
selected autonomic neuropathies. Neurology 2004, 62:612–618.

23. Vinik AL, Erbas T, Stansberry KB, Pittenger GL: Small fiber neuropathy and
neurovascular distrurbances in diabetes mellitus. Exp Clin Endocrinol
Diabetes 2001, 109(Suppl 2):S451–S473.

24. Ragé M, Acker NV, Knaapen MWM, Timmers M, Streffer J, Hermans MP,
Sindic C, Meert T, Plaghki L: Asymptomatic small fiber neuropathy in
diabetes mellitus: investigations in intraepidermal nerve fiber density,
quantitative sensory testing and laser-evoked potentials. J Neurol 2011,
258:1852–1864.

25. Galloway CA, Yoon Y: Mitochondrial morphology in metabolic diseases.
Antioxid Redox Signal 2013, 19:415–430.

26. Chowdhury SK, Smith DR, Fernyhough P: The role of aberrant
mitochondrial bioenergetics in diabetic neuropathy. Neurobiol Dis 2013,
51:56–65.

27. Chowdhury SK, Dobrowsky RT, Fernyhough P: Nutrient excess and altered
mitochondrial proteome and function contribute to neurodegeneration
in diabetes. Mitochondrion 2011, 11:845–854.

28. Fazan VPS, Salgado HC, Barreira AA: A descriptive and quantitative light
and electron microscopy study of the aortic depressor nerve in
normotensive rats. Hypertension 1997, 30:693–698.

29. Patel KP, Zhang PL: Reduced renal responses to volume expansion in
streptozotocin-induced diabetic rats. Am J Phys 1989, 257:R672–R679.

30. Yagihashi S, Sima AA: Diabetic autonomic neuropathy. The distribution of
structural changes in sympathetic nerves of the BB rat. Am J Pathol 1985,
121:138–147.

31. Jakobsen J, Lundbaek K: Neuropathy in experimental diabetes: an animal
model. Br Med J 1976, 2:278–279.

32. Jakobsen J: Early and preventable changes of peripheral nerve structure
and function in insulin-deficient diabetic rats. J Neurol Neurosurg Psychiatr
1979, 42:509–518.

33. Rodrigues-Filho OA, Fazan VPS: Streptozotocin induced diabetes as a
model of phrenic nerve neuropathy in rats. J Neurosci Methods 2006,
151:131–138.

34. Thomas GA: Qualitative histology of wallerian degeneration II. Nuclear
population in two different fiber spectrum. J Anat 1948, 82:135–145.

35. Britland ST, Sharma AK, Duguid IG, Thomas PK: Ultrastructural observations
on myelinated fibers in the tibial nerve of streptozotocin-diabetic rats:
effect of insulin treatment. Life Support Syst 1985, 3:524–529.
36. McCallum KN, Sharma AK, Blanchard DS, Stribling D, Mirrlees DJ, Duguid IG,
Thomas PK: The effect of continuous subcutaneous insulin infusion
therapy on morphological and biochemical abnormalities of peripheral
nerves in experimental diabetes. J Neurol Sci 1986, 74:55–67.

37. Bhoyrul S, Sharma AK, Stribling D, Mirrlees DD, Peterson RG, Farl MO,
Thomas PK: Ultrastructural observations on myelinated fibers in
experimental diabetes: effect of the aldose reductase inhibition
ponalrestat given alone or in conjunction with insulin therapy. J Neurol
Sci 1988, 85:131–147.

38. Sharma AK, Thomas PK, De Molina AF: Peripheral nerve fiber size in
experimental diabetes. Diabetes 1977, 26:689–692.

39. Sugimura K, Windebank AJ, Natarajan V, Lambert EH, Schmid EH, Dyck PJ:
Interstitial hyperosmolarity may cause axis cylinder shrinkage in
streptozotocin-diabetic nerve. J Neuropathol Exp Neurol 1980, 39:710–721.

40. Oliveira FS, Nessler RA, Castania JA, Salgado HC, Fazan VPS: Ultrastructural
and morphometric alterations in the aortic depressor nerve of rats due
to long term experimental diabetes: effects of insulin treatment. Brain
Res 2013, 1491:197–203.

41. Rushton WAH: A theory of the effects of fiber size in medullated nerve.
J Physiol 1951, 115:101–122.

42. Smith RS, Koles ZJ: Myelinated nerve fibers: computed effects of myelin
thickness on conduction velocity. Am J Physiol 1970, 219:1256–1258.

doi:10.1186/1471-2202-15-5
Cite this article as: Sato et al.: Renal nerve ultrastructural alterations in
short term and long term experimental diabetes. BMC Neuroscience
2014 15:5.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Metabolic and physiological data
	Morphological aspects
	Morphometric aspects

	Discussion
	Conclusions
	Methods
	Fascicles and myelinated fibers study
	Unmyelinated fibers study
	Statistical analysis

	Authors’ contributions
	Acknowledgements
	Author details
	References

