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Introduction
Diabetes is a metabolic disorder of multiple etiologies caused 

by defects in insulin secretion, insulin action, or both, resulting in 
chronic hyperglycemia. Initial symptoms such as thirst, polyuria, 
and weight loss are unspecific and often not severe, or even absent. 
Thus, hyperglycemia sufficient to cause pathological associated or 
not to functional changes, may be present for a long time before the 
diagnosis is made. Neuropathy is a common complication of diabetes 
that accounts for a significant high morbidity [1]. Comi and Corbo [2] 
documented that one third of diabetic patients present some degree 
of neuropathy but a recent publication from the Centers for Disease 
Control and Prevention [3] indicated that this percent is much higher 
(up to 70%). Despite recent information about the mechanisms for 
many of the long term complications of diabetes, the exact pathogenesis 
of diabetic neuropathy remains unknown. 

The literature is extensive on investigation of peripheral nervous 
system alterations in experimental models of diabetes (induced or 
genetic) but morphological alterations totally comparable to those 
that occur in the human diabetic neuropathy are not completely 
reproducible [4]. Nevertheless, it is expected that alterations observed 
in experimental models, especially in the early or acute cases, will 
be useful for a better understanding of the neuropathy development 
mechanisms [4]. Among the alterations on the peripheral nervous 

system due to diabetes, the involvement of the autonomic nervous 
system is the least understood. The autonomic diabetic neuropathy is 
often under diagnosed and the most common clinical manifestation 
is sexual dysfunction. Functional alterations of the autonomic 
cardiovascular reflexes have been demonstrated in clinical and animal 
models [5-8] and most of the reports about altered baroreflex sensitivity 
attribute this alteration to the diabetic vagal (efferent) neuropathy. 

The aortic depressor nerve (ADN) is unique in rodents because it 
contains only baroreceptor afferents (sensory) fibers [9,10]. The ADN 
(afferent arm of the baroreflex) ultrastructure was recently explored 
in a long term experimental model of diabetes [11] with important 
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Abstract
Previous results from our laboratory showed myelinated fiber alterations in the aortic depressor nerve (ADN) 

from rats rendered diabetic for 15 days (short term). The ultrastructure and the acute effect of insulin treatment, 
particularly in the unmyelinated fibres of this nerve, were not yet investigated in this experimental model, being the 
aim of this work. Wistar rats received a single intravenous injection of streptozotocin (STZ – 40 mg/Kg) 15 days (N=7) 
before the experiments. Control animals (N=7) received vehicle (citrate buffer) and treated animals (n=6) received 
a subcutaneous injection of insulin (10 IU/Kg) on a daily basis beginning 3 days after the STZ injection. Under 
pentobarbital anaesthesia the ADNs were isolated and had their spontaneous activity recorded. Afterwards, proximal 
and distal segments of the nerves were prepared for transmission electron microscopy studies. Morphometry of 
the myelinated and unmyelinated fibres was carried out with the aid of computer software. Nerves from diabetic 
animals showed some unmyelinated fiber enlargement with signs of swelling and degeneration, and the Schwann 
cells mitochondria presented enlargement and clustering formation. On treated animals, an important thickening of 
the Schwann cells’ basement membrane was present and some myelinated fibers showed thin myelin sheaths. The 
endoneural blood vessels ultrastrucutre was preserved in all nerves from the three experimental groups. Myelinated 
axon area and diameter was significantly larger on insulin treated animals, compared to both, controls and acute 
diabetic groups, on both segments. No other differences were observed between groups for the myelinated or 
unmyelinated fibers morphometric parameters. Investigation of experimental models of diabetes in early or acute 
stage of the disease provide relevant information on the physiopathological mechanisms involved in the alterations 
present in patients with chronic diabetes and its complications. We suggest that insulin treatment alone might have 
a role on the morphological alterations present in diabetic neuropathy. 
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morphological alterations being demonstrated. Nevertheless, the 
ultrastructure investigation of the ADN in acute diabetes was not 
previously reported, being the purpose of this study. 

Materials and Methods
All described experimental procedures adhered to the Guide for 

the Care and Use of Laboratory Animals prepared by the National 
Academy of Sciences and published by the National Institutes of Health 
(Copyright©1996 by the National Academy of Sciences), and were 
approved by the Institutional Ethics Committee for Animal Research 
(CETEA–Comitê de Ética em Experimentacão Animal, protocol 
number 220/2005). All effort was made to minimize the number of 
animals used. 

Male Wistar rats, from the animal care facility of the Campus of 
Ribeirão Preto (University of São Paulo), were housed in plastic cages 
with free access to tap water and rat chow throughout the experiment. 
Diabetes induction was performed through a single injection of 
streptozotocin (STZ) (40 mg/kg, Sigma Chemical Co., St. Louis, MO, 
USA) into the penile vein 15 days (N=7) before the experiments. 
Nonfasting blood glucose (mg/dL) was determined by means of a 
glucose analyzer (Beckman Instruments Inc., Brea, CA, USA) on 
the third day after STZ injection and at the time of the experiments. 
Animals with glucose levels higher than 350 mg/dL, observed on the 
3rd day after the STZ injection, were considered diabetic and included 
in the study. Insulin treated animals (N=6) received a subcutaneous 
injection of 9 IU/kg of NPH (highly purified mixed) insulin (Biolin 
U-100, Biobrás) in the evening, at the beginning of the dark cycle, from 
the 3rd day after STZ injection throughout the experiment. The animals 
were weighed every 3 days and, when necessary, the insulin dose was 
adjusted. Control animals (N=7) received a single injection of vehicle 
(citrate buffer, pH 5.2) into the penile vein 15 days (N=7) before the 
experiments.

Under pentobarbital anesthesia, the ADNs were isolated and 
had their spontaneous activity recorded as previously described [12]. 
The pulsatile arterial pressure was recorded simultaneously with 
the ADN activity, to ensure that the nerves studied were the ADN. 
Proximal and distal segments of the left ADN were prepared for light 
and transmission electron microscopy studies as reported previously 
[11,13,14]. Morphometry was performed with the aid of the KS 400 
software (Kontron 2.0, Eching Bei Muchen, Germany). The investigator 
was blinded to group identity throughout the morphometric process. 
Sample morphometry was not used and 100% of the fascicle area was 
studied.

All nerve samples were processed at once to assure that the 
alterations observed were not due to artifacts introduced by the 
histological procedures. The light microscopy study was performed 
to validate the quality of the histological preparation of the nerves 
and to perform the light microscopy studies. Only nerves with good 
histological preservation were used. The fascicle images were collected 
from semithin transverse sections, stained with 1%toluidine blue, using 
a digital camera (Axiocam MR5, Carl Zeiss) connected to an IBM PC. 
With the aid of KS 400 software, the total number of myelinated fibers 
and the total number of Schwann cells nuclei present in each fascicle 
was identified by visual inspection and counted. The fascicular area 
was measured and the myelinated fiber density (fiber/mm2) and the 
Schwann cell nuclei density (nucleus/mm2) were calculated. Myelinated 
fiber morphometry was performed as described previously [15,16] 
and the parameters obtained were axonal area and diameter and total 
fiber area and diameter. Also, the ratio between the axonal diameter 

and total fiber diameter (which indicates the degree of myelination), 
described as G ratio [17,18], was obtained. Finally, myelin sheath area 
was calculated for each myelinated fiber measured. 

For the ultrastructural studies, thin transverse sections were 
mounted on Formvar coated 2×1 slot grids, stained with lead citrate 
and uranyl acetate, and observed with a JEM-1230 transmission 
electron microscope (JEOL-USA, Inc., Peabody, MA, USA) equipped 
with a digital camera. Using the image analysis software, the total 
number of the unmyelinated fibers was counted, and their diameter 
measured as described [11,19-21]. The density of the unmyelinated 
fiber was calculated and the ratio between unmyelinated/myelinated 
fibers was determined. A histogram of the unmyelinated fiber diameter 
was constructed and separated into class intervals increasing by 0.1 μm. 
Data are presented as mean ± standard error of mean (SEM). 

For the statistical analysis, the Kolmogorov-Smirnov test was 
applied to verify the normal distribution for weight, biochemical, 
physiological and morphometric data, using Sigma Stat software, 
version 3.01 (Jandel Scientific), followed by the Levene test of medians 
for variance equivalence.

Body weight and blood glucose level data were compared between 
the 3rd day of injection and the experimental day by the non-parametric 
test of Wilcoxon for paired samples and among groups by the analysis 
of variance on Ranks, followed by Tukey’s post hoc test, provided that 
these data did not show normal distribution. The mean arterial pressure 
(MAP) and heart rate (HR) data between groups were also compared 
by the analysis of variance on Ranks, followed by Tukey’s post hoc test.

Morphometric data that passed the normality and variance 
equivalence tests were compared by paired Student’s t-test (between 
the proximal and distal segments) and one way ANOVA followed by 
a Holm-Sidak post hoc test (for segments between groups). Otherwise, 
proximal and distal segments were compared using the non-parametric 
test of Wilcoxon for paired samples, while groups were compared by 
the analysis of variance on ranks, followed by Dunn’s post hoc test.

Differences were considered significant when p<0.05.

Results
Biochemical and physiological data

	 At the beginning of the experiments, there was no difference 
in body weight between al groups. At the experimental day, all groups 
showed significant increase in body weight comparing to the beginning 
of the experiments but STZ animals gained less weight compared to 
control and compared to insulin treated groups. Blood glucose level 
was significantly high on both STZ groups (treated and untreated) 
three days after injection compared to controls. This difference was 
also observed on the experimental day, but treated animals showed 
a significant reduction on the blood glucose level compared to the 
beginning of treatment. Mean arterial pressure was significantly 
reduced on STZ animals compared to controls and treated animals, 
with no difference on the heart rate between groups. Numerical data is 
presented on Table 1. 

Morphology

No evident morphological differences were observed between 
the experimental groups in the light microscopy level, except 
that the insulin treated nerves seemed to be smaller compared to 
nerves from the other two experimental groups. The ultrastructural 
qualitative analysis showed that control nerves present morphological 
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characteristics similar to the normal ADN described for rats [12]. 
Nerves from diabetic animals showed some unmyelinated fiber 
enlargement with signs of swelling and degeneration, but the most 
striking alteration was observed on the Schwann cells mitochondria, 
that presented enlargement and clustering formation (Figure 1). For 
the insulin treated animals, an important thickening of the Schwann 
cells’ basement membrane was present and some myelinated fibers 
showed thin myelin sheaths (Figure 1). The endoneural blood vessels 
ultrastrucutre was preserved in all nerves from the three experimental 
groups. 

Fascicle morphometry

	 Table 2 shows the average values for fascicular morphometric 
parameters of the ADN from control, acute diabetic and treated acute 
diabetic rats. There were no differences between proximal and distal 
segments from nerves in the same experimental group. Despite the 
morphological observation that nerves from treated animals tended to 
be smaller compared to controls, no differences on the fascicular area 
were found between groups. Also, there were no differences between 
groups on the Schwann cells nuclei number and density. Myelinated 
fiber number was significantly smaller on insulin treated groups, on 
both segments, compared to controls and to diabetic animals, with no 
corresponding differences on the myelinated fiber density. 

Fiber morphometry

The average area and diameter of the myelinated fibers and 
respective axons as well as the average myelin sheath area and G ratio 
for the ADN form the three experimental groups are shown in Table 3. 
Values from proximal and distal segments are shown. Myelinated axon 
area and diameter was significantly larger on treated animals, compared 
to both, controls and acute diabetic groups, on both segments. No other 
differences were observed between groups for the myelinated fibers 
morphometric parameters. The ADN average values for unmyelinated 
fiber number, density, diameter and the unmyelinated/myelinated fiber 
ratio are shown in Table 4 for proximal and distal segments of nerves 
from the three experimental groups. No significant differences were 
found for all parameters between groups. Also, either for myelinated or 
unmyelinated fibers morphometric parameters, no differences between 
proximal and distal segments were present in nerves from the same 
experimental group.

Distribution histograms

Histograms of size distribution of the unmyelinated fibers showed 
that fibers diameter ranged from 0.1 to 1.2 µm, with a peak at 0.4 µm 
on proximal segments for the three experimental groups (Figure 2). 
On the distal segments, fibers also ranged from 0.1 to 1.2 µm but while 
controls and insulin treated groups showed peaks at 0.4 µm, diabetic 
animals presented the distribution peak at 0.5 µm with a shift of the 
distribution to the right. 

Discussion
Few literature reports deal with transmission electron microscopy 

studies of autonomic nerves in diabetes, particularly in early onset of 
the disease. We investigated the ADN, an important nerve related to 
cardiovascular reflexes known to be altered in diabetes. Important 
results from this study include early Schwann cell involvement in 
diabetes with severe mitochondrial damage. Also, insulin treatment 
resulted in thickening of the Schwann cells basement membrane. 

Alterations on the nerve extracellular matrix in diabetic patients 
have been investigated and include thickening of the microvasculature 

Figure 1: Representative thin cross sections of the aortic depressor nerve 
(ADN) from control (A), acute diabetic (B) and acute diabetic treated with insulin 
(C). No morphological ultrastructural alterations were observed in control 
nerves. Nerves from diabetic animals (B) present enlarged unmyelinated 
fibers (arrow heads) and enlargement and clustering formation on the 
Schwann cells mitochondria (arrow). Note that insulin treated animals (C) 
present an important thickening of the Schwann cells’ basement membrane. 
Some myelinated fibers showed thin myelin sheaths (*). The endoneural blood 
vessels ultrastrucutre was preserved in all nerves from the three experimental 
groups. Bar = 1 µm. 



Citation: Oliveira FS, Amorim MM, Castania JA, Salgado HC, Nessler RA, et al. (2014) Acute Experimental Diabetes and Aortic Depressor Nerve 
Ultrastructural Morphometry: Effects of Insulin Treatment. Anat Physiol 4: 153. doi:10.4172/2161-0940.1000159

Page 4 of 7

Volume 4 • Issue 4 • 1000159
Anat Physiol
ISSN:2161-0940 Physiol, an open access journal 

Body Weight Blood Glucose MAP HR
Control - 3 days 203 ± 14 85 ± 6#†

STZ - 3 days 201 ± 10 533 ± 27*
STZ+Ins - 3 days 205 ± 11 538 ± 52*
Control - 15 days 295 ± 39+ 76 ± 10# 96 ± 8 315 ± 32
STZ - 15 days 232 ± 9*+ 548 ± 61* 69 ± 21* 291 ± 63
STZ+Ins - 15 days 302 ± 20#+ 127 ± 27*+ 87 ± 8 301 ± 15
STZ = diabetic group; STZ+Ins = Diabetic group treated with insulin. * significant difference compared to control group at the same experimental time; # significant 
difference compared to STZ group at the same experimental time; † significant difference compared to STZ + Ins group at the same experimental time; + significant 
difference compared to the same group at 3 days.

Table 1: Body weight and blood glucose level on the 3rd day after streptozotocin (STZ) or vehicle injection, and on the experimental day (15 days after injection), together 
with average mean arterial pressure (MAP) and heart rate (HR) on the experimental day. Data are expressed as mean ± standard error of mean (SEM). 

Control STZ STZ+Ins
Proximal Segments

Fascicular Area (µm2) 869 ± 93 827 ± 112 721 ± 175
Myelinated Fiber Number 74 ± 8 62 ± 10 32 ± 11*#

Myelinated Fiber Density (fiber/mm2) 89790 ± 8763 75462 ± 9057 49558 ± 16999
Schwann Cell Nuclei Number 9 ± 2 9 ± 1 4 ± 1
Schwann Cell Nuclei Density (nucleus/mm2) 9430 ± 1444 11019 ± 1028 7158 ± 500

Distal Segments
Fascicular Area (µm2) 871 ± 59 816 ± 158 868 ± 261
Myelinated Fiber Number 79 ± 8 61 ± 9 32 ± 12*#

Myelinated Fiber Density (fiber/mm2) 86473 ± 6897 77819 ± 5787 55277 ± 17835
Schwann Cell Nuclei Number 10 ± 1 9 ± 2 7 ± 1
Schwann Cell Nuclei Density (nucleus/mm2) 11302 ± 1302 11575 ± 2145 14435 ± 2784
* significant difference compared to control group; # significant difference compared to STZ group.

Table 2: Morphometric parameters of the proximal and distal fascicles of the aortic depressor nerve (ADN) in control, diabetic (STZ) and diabetic treated with insulin 
(STZ+Ins) groups. Data are expressed as mean ± standard error of mean (SEM). 

Control STZ STZ+Ins
Proximal Segments

Myelinated Fiber Area (µm2) 4.24 ± 0.32 4.24 ± 0.38 7.00 ± 1.61
Myelinated Fiber Diameter (µm) 1.92 ± 0.09 1.96 ± 0.09 2.26 ± 0.23
Myelinated Axon Area (µm2) 1.40 ± 0.08 1.34 ± 0.12 2.80 ± 0.52#

Myelinated Axon Diameter (µm) 1.05 ± 0.04 1.05 ± 0.05 1.36 ± 0.09*#

Myelin Sheath Area (µm2) 2.83 ± 0.26 2.91 ± 0.33 4.20 ± 1.14
G Ratio 0.55 ± 0.01 0.53 ± 0.02 0.60 ± 0.02

Distal Segments
Myelinated Fiber Area (µm2) 4.27 ± 0.20 4.23 ± 0.17 5.92 ± 1.00
Myelinated Fiber Diameter (µm) 1.95 ± 0.06 1.99 ± 0.05 2.17 ± 0.12
Myelinated Axon Area (µm2) 1.44 ± 0.10 1.29 ± 0.13 2.22 ± 0.17*#

Myelinated Axon Diameter (µm) 1.08 ± 0.05 1.04 ± 0.13 1.30 ± 0.03*#

Myelin Sheath Area (µm2) 2.83 ± 0.13 2.94 ± 0.252 3.71 ± 0.841
G Ratio 0.55 ± 0.01 0.53 ± 0.03 0.60 ± 0.03
* significant difference compared to control group; # significant difference compared to STZ group

Table 3: Morphometric parameters of the proximal and distal segments of the aortic depressor nerve (ADN) myelinated fibers in control, diabetic (STZ) and diabetic 
treated with insulin (STZ+Ins) groups. Data are expressed as mean ± standard error of mean (SEM). 

basement membrane as well as thickening of the perineural cell 
basement membrane [22-25]. Thickening of the Schwann cells 
basement membrane was less reported, either in humans [25] or in 
experimental diabetes [21]. The extracellular matrix in peripheral 
nerves gives mechanical support to the surrounding cells. It also 
participates on the regulation mechanisms and interactions mediated 
by molecules on the surface of the cells [25]. In this way, any structural 
change on the basement membranes might lead to cellular dysfunction 
in multiple ways. We are showing that thickening of the Schwann 
cells basement membrane occurs associated with the onset of insulin 
treatment. One possible interpretation for this finding is that the 
animals might have undergone through periods of hypoglycaemia 
during the treatment. The effects of insulin-induced hypoglycaemia on 

peripheral nerves were recently revised [26] and no similar findings 
to those in our study were described. Thus, it is more likely that the 
insulin is causing a direct effect on the Schwann cells metabolism and 
synthesis of surface molecules.

Altered or aberrant mitochondrial morphology have been described 
in metabolic diseases including diabetes. Mitochondrial phenotype 
abnormality in sensory neurons, Schwann cells and sympathetic 
ganglia in diabetes was described [27]. Recently, alterations in axonal 
mitochondria were also shown in acute experimental diabetes [21]. 
Hyperglycemia in diabetes triggers nutrient excess in neurons that 
mediates the phenotype changes in mitochondria [27,28]. We are 
demonstrating that, at early stages of diabetes, mitochondria from the 
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Control STZ STZ+Ins
Proximal Segments

Unmyelinated Fiber Number 269 ± 51 330 ± 97 110 ± 63
Unmyelinated Fiber Density (Fiber/mm2) 301x103 ± 49x103 389x103 ± 112x103 183x103 ± 88x103

Unmyelinated Fiber Diameter (µm) 0.44 ± 0.04 0.45 ± 0.03 0.43 ± 0.01
Unmyelinated/Myelinated Fiber Ratio 4 ± 1 7 ± 3 7 ± 3

Distal Segments
Unmyelinated Fiber Number 213 ± 41 261 ± 79 144 ± 65
Unmyelinated Fiber Density (Fiber/mm2) 227x103 ± 55x103 334x103 ± 86x103 196x103 ± 87x103

Unmyelinated Fiber Diameter (µm) 0.43 ± 0.03 0.50 ± 0.03 0.41 ± 0.04
Unmyelinated/Myelinated Fiber Ratio 3 ± 1 4 ± 1 9 ± 5
* significant difference compared to control group; # significant difference compared to STZ group

Table 4: Morphometric parameters of the proximal and distal segments of the aortic depressor nerve (ADN) unmyelinated fibers in control, diabetic (STZ) and diabetic 
treated with insulin (STZ+Ins) groups. Data are expressed as mean ± standard error of mean (SEM). 

Schwann cells are also affected and this might be related to increased 
metabolic demand in these cells. Mitochondrial damage may precede 
axonal degeneration and despite that morphological studies do not 
provide clear insights into mitochondrial function, it seems reasonable 
to venture that function will be compromised in mitochondria which 
are physically different from normal ones [29].

Small fiber neuropathy in diabetic patients is commonly accessed 
by intraepidermal fiber quantification [30] while transmission electron 
microscopy studies are rarely performed. In experimental models, 
a reduction of the myelinated fiber and axon sizes is often described 
for somatic nerves either by light [31,32] or transmission electron 
microscopy studies [33]. For the autonomic nerves, small myelinated 
fibers loss was shown in STZ-model of diabetes [21], suggesting that 
somatic and autonomic nerves might react in distinct ways to diabetes. 
We showed that the onset of insulin treatment caused a reduction of 
the small myelinated fiber number. Since the axon size was significantly 
larger on insulin treated animals, it is suggestive that the remaining 
myelinated fibers are the larger ones that shifted the average size to 
higher values. 

The ultrastructure of the phrenic nerve in chronic experimental 
diabetes [20] showed no differences in number or density of the 
unmyelinated fibers, similar to our study, despite the important 
alterations on the endoneural blood vessels described by those authors. 
It has been suggested that small fiber alterations could be due to a 
poor vascularization of the endoneural space [20,34]. In our study, 
no morphological alterations were present on the endoneural blood 
vessels, pointing to the fact that the small myelinated fiber loss was not 
related to endoneural ischemia. Also, it is suggestive that Schwann cells 
are more sensitive to the insulin treatment and respond readily than 
the blood vessels cells, in thickening the basement membrane. 

Functional alterations of the baroreflex in diabetic rats have been 
demonstrated and our observation of a decrease in the MAP was 
also described by others [35-38]. Several hypotheses for this decrease 
were raised such as reduced cardiac output due to the hypovolemia 
caused by osmotic diuresis [39], reduced myocardial contractility 
leading to myocardial dysfunction [40] or the decrease of peripheral 
resistance [41]. In spite of all morphological alterations in response 
to insulin treatment, it attenuated the observed reduction in the 
MAP. This study explored the morphological alterations of the ADN 
in acute experimental diabetes. One of the limitations of the study is 
that functional correlates for the morphological findings need further 
investigation.

Figure 2: Size distribution histograms of the unmyelinated fibers in the 
aortic depressor nerve (ADN) from proximal (upper panel) and distal (lower 
panel) segments of the aortic depressor nerve (ADN) in control (black circle), 
diabetic (STZ; white circle) and diabetic treated with insulin (STZ + Ins; black 
triangle) groups). Insulin treated animals’ histograms present a narrow base 
and a higher peak compared to control and STZ animals. Also, STZ animals’ 
distribution was slightly shifted towards large fibers. No significant differences 
were observed between groups. Bars represent mean ± SEM.
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Conclusion
Investigation of experimental models of diabetes in early or 

acute stage of the disease provide relevant information on the 
physiopathological mechanisms involved in the alterations present in 
patients with chronic diabetes and its complications. This information 
may lead to a better understanding of the disease itself and provide 
background for the development of new approaches to therapeutics. 
We suggest that insulin treatment alone might have a role on the 
morphological alterations present in diabetic neuropathy. 
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