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Introduction

The relationship, ratios and proportions between three important 
structural variables in myelinated nerve fibers - axon size, myelin 
thickness and intermodal length - have interested and is being 
investigated by neuroscientists for more than a century [1]. The 

evaluation of  the myelin sheath thickness and its relation to the 
axon diameter in the peripheral nerve has gained attention, since 
it allows discriminating the pathological condition of  a peripheral 
nerve myelinated fiber from a morphologically-physiologically 
intact nerve [2-4]. In general, for normal myelinated fibers, linear 
correlation between the myelin cross sectional area and the 
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Abstract

The positive relation between the axon size and its respective myelin sheath has long been known. We tested the hypothesis 
that the expected correlation between myelin sheath area (Mya) and the axonal diameter (Dax) of  myelinated fibers in the 
renal nerves is altered by diabetes, using a regression analysis study. Male Wistar rats were used after 15 days or 12 weeks of  
diabetes induction by a single injection of  streptozotocin (STZ i.v.). Control rats received vehicle. Insulin-treated animals 
received a single subcutaneous injection of  insulin on a daily basis. Then, the left renal nerves were dissected, removed and 
prepared for light microscopy. Morphometry of  the myelinated fibers was carried out with computer software. The Mya and 
the Dax of  all myelinated fibers in each nerve were automatically measured. Regression lines were calculated for all nerves 
in each group. Differences between the regression lines were tested for slope and intercept as well as differences between 
the correlation coefficients. The regression lines were coincident between the three acute groups. Also, there was a coinci-
dence between the regression lines from control and insulin-treated chronic groups. The chronic diabetic group showed a 
significant slope reduction on the regression lines, as well as a reduced correlation coefficient when compared to all other 
experimental groups. These results show that there are morphological alterations on the renal nerve myelinated fibers in 
STZ induced diabetes consisting of  axonal atrophy and/or demyelinating-remyelinating processes. These results may be 
useful in the understanding of  the renal dysfunctions found in diabetic nephropathy.

Keywords: Experimental Diabetes; Renal Nerve; Myelin Sheath; Regression Lines; Diabetic Renal Dysfunction.

Abbreviations: Mya: Myelin Sheath Area; Dax: Axonal Diameter; STZ: Streptozotocin; PAP: Pulsatile Arterial Pressure; 
SEM: Standard Error of  Mean; MAP: Mean Arterial Pressure; HR: Heart Rate.
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circumference of  the axon is expected and described as normal 
[1], despite some reports of  a non-linear ratio of  axon diameter 
to myelin sheath thickness [5].

Generally, axon diameter is thought to be the most important 
parameter of  conduction velocity [6]. Gillespie and Stein [7] 
demonstrated that, in mammalian peripheral nerve fiber atrophy, 
the change in conduction velocity is similar to or somewhat less 
than the change in axon diameter. These authors also showed that 
there was a decrease in the slope of  the fitted lines for axon size 
and total fiber size with increasing time after nerve injury. They 
also showed that conduction velocity was more closely related to 
axon diameter than to total fiber diameter during the course of  
atrophy [7].

Diabetes is a metabolic disease coursing with multiple organs 
damage being the peripheral neuropathy one of  the most 
common complications of  the disease, occurring in up to 45-50% 
of  diabetic patients [8]. Among other complications of  diabetes, 
the prevalence of  diabetic nephropathy is described as only 20% 
[8-10], compared to the high percentage of  the neuropathy.

Since 1960’s it has been clearly established, that an axonal loss 
occurs in the peripheral nerves altered by diabetes [11-13], 
affecting myelinated and unmyelinated axons [14], being more 
evident in the distal segments of  the nerves [15].

Alterations in the peripheral nervous system of  genetic or 
experimentally induced models of  diabetes have been extensively 
investigated and a large amount of  data was obtained from the 
streptozotocin (STZ)-induced diabetic rat model [16]. In addition, 
it is well documented that not only the metabolic alterations but 
also axonal atrophy of  large myelinated fibers can be corrected by 
means of  the insulin treatment [17-19].

Despite the large amount of  literature on renal structure 
alterations experimental diabetes [20-22], the morphology of  the 
renal nerves and its myelinated fibers alterations to the diabetic 
neuropathy remains to be closely investigated. Thus, we tested the 
hypothesis that the renal nerves myelinated fibers from diabetic 
animals do not show the expected relation between the myelin 
sheath area and the axonal diameter by means of  regression 
analysis.

Materials and Methods

Experimental Groups

Diabetes Induction and Insulin Treatment Experiments were 
performed on male adult Wistar rats, from the animal care 
facility of  the Campus of  Ribeirão Preto (University of  São 
Paulo), weighing 190-210g at the beginning of  the experiments, 
housed in plastic cages with free access to tap water and rat chow 
throughout the experiment. The animals were born and raised 
in a carefully regulated environment maintained at 21°C - 23°C, 
40% - 70% relative air humidity, and a 12/12 h light/dark cycle. 
All procedures adhered to “The ARRIVE guidelines: Animal 
Research: Reporting In Vivo Experiments, originally published in 
PLoS Biology, June 2010” and were approved 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.

At the beginning of  the experiments, rats were randomly assigned 
to 6 experimental groups: acute (N=10) and chronic control 
(N=10), acute (N=10) and chronic diabetic (N=10) and acute 
(N=8) and chronic (N=8) treated animals. Diabetic rats received 
a single intravenous (penile vein) injection of  STZ (40mg/kg, 
Sigma Chemical Co., St. Louis, MO, USA) 15 days (acute) or 12 
weeks (chronic) before the nerve biopsy. Control animals received 
vehicle (citrate buffer, pH5.2) and confirmed diabetic animals 
from the treated group received a single subcutaneous injection 
of  9 IU/kg of  NPH (highly purified mixed) insulin (Biolin U-100, 
Biobra´s) in the evening, always at the beginning of  the dark cycle, 
from the 3rd day after STZ injection until the final experimental 
day. The animals were weighed every 3 days and, when necessary, 
the insulin dose was adjusted according to the weight gain. 

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. The 
animals were considered diabetic when the blood glucose levels 
were higher than 350 mg/dl. Details of  this experimental model 
of  diabetes induction and insulin treatment were previously 
described [10, 23-27].

Renal Nerve Identification and Recording

On the final experimental day (15 days or 12 weeks after STZ 
or citrate buffer injection), animals were anesthetized with 
sodium thiopenthal (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 measurement 
of  pulsatile arterial pressure (PAP, expressed as mmHg). Heart 
rate (HR, expressed as beats per minute - bpm) was estimated 
from the acquired PAP track. Left extrinsic renal nerves (the 
major branch from the aortorenal plexus entering the kidney) 
were exposed and their activity was recorded simultaneously with 
PAP as previously described [10, 28]. The characteristic recording 
pattern of  the sympathetic nerve activity throughout the cardiac 
cycle was obtained for all nerves studied.

Nerve Histology and Myelinated Fibers Morphometry

The methods for dissection [10, 28] and histological preparation 
of  the nerves were described elsewhere [27, 29, 30]. Briefly, 
approximately 0.5 cm of  the nerve was removed and fixed 
overnight in a 2.5% glutaraldehyde solution in 0.1 M cacodilate 
buffer, pH 7.4. Nerve segments were postfixed in 1% OsO4 in 
cacodilate buffer solution for two hours in room temperature, 
washed in cacodilate buffer and dehydrated in graded ethanol 
(from 25 to 100% concentrated solutions, 5 minutes in each 
solution). Before embedding in epoxy resin (EMbed 812®, 
Electron Microscopy Sciences, Hatfield, PA, USA), the nerves 
were oriented in silicone molds to permit semi-thin (0.5 μm thick) 
transverse sections of  the fascicles and fibers, which were stained 
with 1% toluidine blue and observed under the oil immersion lens 
of  an Axiophot II photo-microscope (Carl Zeiss, Jena, Germany).
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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  image analysis 
software (KS 400, Kontron 2.0, Eching Bei Müchen, Germany) 
the total numbers of  myelinated fibers present in each fascicle 
were identified by visual inspection and counted. For each 
myelinated axon present in the digitized images, both axonal 
diameters (defined by the inner limit of  the myelin lamellae) and 
total fiber diameters (defined by the outer limit of  the myelin 
lamellae) were automatically measured and the myelin sheath area 
was calculated for each myelinated fiber measured. The total area 
of  the endoneurial space of  each nerve fascicle was investigated 
thus including 100% of  myelinated fibers from each nerve in this 
study.

Data Analysis and Statistical Analysis

Metabolic and physiological 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 physiological data, using Sigma Stat software, version 3.01 
(Jandel Scientific), followed by the Levene test of  medians for 
variance equivalence. Body weight, blood glucose level, mean 
arterial pressure (MAP - obtained from the PAP recordings, 
using the LabChart® software, AD Instruments, USA) and heart 
rate (HR) data were compared between the injection day, 3rd day 
after injection and the final experimental day by the unpaired 
Student’s t-test and among groups by the one-way ANOVA, 
followed by Holm-Sidak post-test, between experimental times 
in the same group, when a normal distribution was found. 
Otherwise, parameters in different groups were compared by the 
nonparametric Mann-Whitney test and by the one-way ANOVA 
on Ranks, followed by Dunn’s post-test between experimental 
times. 

The relationship between axonal diameter (Dax) and myelin 
sheath area (Mya) was investigated by plotting the data on scatter 
diagrams (y=Dax and x=Mya), using the Sigma Plot® 13 (Systat 
Software Inc. (SSI), San Jose, California, USA). A regression line 
was fitted by the least squares method for the plotted data of  each 
nerve segment for each experimental group as described [31]. The 
equation of  the straight line relating these two variables was: y = 
mx+b, where b is the intercept (linear coefficient) and m is the 
slope (angular coefficient). All linear regression lines were tested 
for normality using the Shapiro-Wilk test. A constant variance test 
was also applied to each regression.

The regression lines were tested for both slope and intercept. The 
slope (m in the equation y = mx+b) represents the change in the 
mean of  the distribution of  y produced by a unit change in x. If  
y is a linear function of  x, then the coefficient of  x is the slope of  
the line created by plotting the function. 

The Pearson product moment correlation (r, to measure the 
degree of  association between the two investigated variables) and 
the coefficient of  determination (r2, to measure the proportion of  
the variance in the dependent variable that is predictable from the 
independent variable) were calculated for each scatter diagrams 
[32].

The comparison between the slopes (sum of  squares method) of  
the obtained regressions was used together with the comparison 

between the intercept to test the hypothesis of  the regression 
lines being coincident between nerve segments from different 
experimental groups.

Results

Metabolic and Physiological Data

Body weight and blood glucose level for acute and chronic 
experimental groups are shown in Figures 1 and 2 respectively. 
No differences were observed either on body weight or blood 
glucose level on the injection day between animals allocated for 
different experimental times. Three days after the injections, body 
weight was not different between experimental groups but STZ-
injected animals showed high blood glucose level compared to 
vehicle injected animals on acute and chronic groups. Body weight 
increased significantly on acute (Figure 1) and chronic (Figure 2) 
animals throughout the experiments and was higher compared 
to injection day and 3 days after injection on acute (15 days) and 
chronic (12 weeks) diabetic animals. Chronic diabetic animals 
showed smaller body weight compared to controls and insulin-
treated animals 12 weeks after STZ injection (Figure 2). Blood 
glucose level on insulin-treated animals was lower compared 
to diabetic animals and similar to control values on both acute 
(Figure 1) and chronic (Figure 2) groups on the final experimental 
day (15 days or 12 weeks).

Mean arterial pressure (MAP) on the experimental day was 
significantly lower in both diabetic groups (70 ± 7 mmHg 
versus 111 ± 3 mmHg for acute and chronic diabetic groups, 
respectively) compared to controls (96 ± 2 mmHg versus 140 ± 
6 mmHg for acute and chronic diabetic groups, respectively) and 
to treated (87 ± 3 versus 116 ± 6 mmHg for acute and chronic, 
respectively) animals (One-way ANOVA, p < 0.001), and also 
on acute compared to chronic diabetic groups (Mann-Whitney 
test, p<0.001). Chronic controls showed higher MAP than acute 
controls (unpaired student’s t-test, p<0.001). 

Heart rate (HR) was lower on acute (291 ± 20 bpm) and chronic 
(299 ± 7bpm) diabetic groups, compared to controls (315 ± 10 
bpm versus 338 ± 7 bpm for acute and chronic diabetic groups, 
respectively) and treated (307 ± 5 bpm versus 327 ± 4 bpm for 
acute and chronic groups, respectively) groups (One=way 
ANOVA on Ranks, p = 0.007). Also, chronic controls and chronic 
treated groups showed higher HR than chronic diabetic animals 
but this was not observed between acute groups.

Myelinated Fibers Counting and Axon and Myelin Sheath 
Morphometry

The histological analysis of  the myelinated fibers of  the renal 
nerves in rats did not differ from those described previously [10, 
28]. Differences between groups, when present, were not visually 
identified. The total numbers of  myelinated fibers present in all 
nerves from all experimental groups are shown in Figure 3. This 
was a significant decrease of  this number in the chronic diabetic 
group when compared to all other groups. The average myelinated 
axon diameter was slightly increased in the acute diabetic animals 
(2.23 ± 0.11 µm) compared to acute controls (1.88 ± 0.07 µm) 
and acute treated (2.18 ± 0.15 µm) animals. Data for myelin 
sheath area followed this trend and reached significant difference 
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(One-way ANOVA, p = 0.016) being larger on acute diabetic 
(10.67 ± 1.00 µm2) compared to controls (8.06 ± 0.64 µm2) and 
to insulin-treated (9.90 ± 1.02 µm2) acute groups. For chronic 
diabetic groups, a reduction on both, myelinated axon diameter 
(2.06 ± 0.09 µm) and myelin sheath area (7.94 ± 0.50 µm2) was 
observed compared to control (2.60 ± 0.23 µm for axon diameter 
and 13.90 ± 1.69 µm2 for myelin sheath area) and insulin-treated 
(2.60 ± 0.27 µm for axon diameter and 15.01 ± 3.76 µm2 for 
myelin sheath area) animals (One-way ANOVA, p = 0.017 for 
axon diameter and p < 0.001 for myelin sheath area).

Relationship between Axonal Diameter and Myelin Sheath 
Area

The scatter diagrams for Dax and Mya, together with the regression 
lines (Figure 3), showed that, as Mya increased in value, there was 
an increase the Dax values, indicating that this variable pair tends 
to increase together, independently of  the experimental group or 
time. 

Figure 3 shows that the chronic diabetic line increases more 
gradually in slope, start at a higher point and terminate at a lower 

Figure 1. Body weight (upper panel) and blood glucose level (lower panel) average data from acute diabetic group (15 days after STZ 
injection), acute treated group and acute control group on the injection day (black bars, 3 days (light gray bars) and 15 days (dark gray 

bars) after STZ or vehicle injection. * indicates difference compared to injection day on the same group, @ indicates difference compared 
to 3 days on the same group, # indicates difference compared to 15 days on the same group, + indicates difference compared to control.
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Figure 2. Body weight (upper panel) and blood glucose level (lower panel) average data from chronic diabetic group (4 months after STZ 
injection), acute treated group and acute control group on the injection day (black bars, 3 days (light gray bars) and 15 days (dark gray 

bars) after STZ or vehicle injection. * indicates difference compared to injection day on the same group, @ indicates difference compared 
to 3 days on the same group, # indicates difference compared to 15 days on the same group, + indicates difference compared to control, $ 
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level, indicating that some smaller myelinated fibers have thick 
myelin sheath (characteristic of  axonal atrophy) while larger fibers 
have thin sheaths (characteristic of  a demyelinating-remyelinating 
process). 

The comparison of  the slope between the three acute groups 
showed no significant difference as the comparison between the 
curves intercept. Hence, the regression lines for the renal nerves 
of  these groups were coincident, showing a constant relationship 
between the myelin sheath area and the axonal diameter. 

The comparison of  the slope between the three chronic groups 
showed a significant difference between the regressions, so that 
they were not parallel and, by definition, not coincident. 

As shown in Figure 3, the chronic diabetic renal nerves scatter 
plot showed a concentration of  the Mya values around 10 µm with 
Dax values between 1-4 µm. It is known that the disposition of  the 
x values plays an important role in the least squares fit, and the 
slope is more strongly influenced by the remote values of  x [33]. 
Since there are almost no remote values for Mya in the chronic 
diabetic scatter plot, the slope is smaller than that for the chronic 
control and chronic treated animal’s regression line. 

The Pearson product moment correlation (r) and the coefficient 
of  determination (r2) are also shown for each regression in Figure 

3. Both values are smaller on the chronic diabetic group compared 
to all other acute and chronic groups.

Discussion

This study confirms that chronic experimental diabetes alters 
morphometric parameters of  renal nerves myelinated fibers, 
particularly those related to these fibers conduction velocity. We 
suggest that the renal nerve neuropathy may play a role in the 
development of  diabetic nephropathy.

The experimental model used in this study has been used in our 
laboratory for decades [19, 23-27] and has proven to be a good 
experimental model of  acute and chronic diabetes mellitus, not 
only for describing the morphological alterations on several 
peripheral nerves due to diabetes mellitus [16], but also to 
investigate physiological alterations on nerve function and 
cardiovascular regulation deficits in diabetes mellitus [26, 27]. 

In this model, high blood glucose levels were associated with 
weight loss, polydipsia and polyuria. These signs and symptoms 
confirmed the efficacy of  a single injection of  STZ in inducing 
diabetes mellitus in rats. Also, the reduced MAP in diabetic rats 
was observed, confirming previous results from our laboratory 
[23, 26] and others [34, 35]. 

Figure 3. Scatter diagrams of  the axon diameter (Dax) versus myelin sheath area (Mya) of  the renal nerves from acute control group (15 
days after STZ injection), acute diabetic group and acute treated group (left panels) and from chronic control group (4 months after STZ 
injection), chronic diabetic group and chronic treated group (right panels). N = number of  fibers measured, r = correlation coefficient of  
the regression line (plain line) and r2 = coefficient of  determination. P values below 0.05 indicate that variables have a positive correlation 

and tend to increase together.
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The decrease in MAP in acute and chronic diabetic rats, as 
described in this study and others [10, 23, 24, 26, 27], could be 
related to a decreased cardiac output due to the hypovolemia caused 
by osmotic diuresis and negative sodium balance [36], or even a 
myocardial dysfunction in consequence of  a reduced myocardial 
contractility [37]. A peripheral resistance decrease might also be 
a part of  the reduced MAP [38]. Nevertheless, the possibility of  
changes in MAP due to poor baroreceptor information reaching 
the central nervous system cannot be excluded since baroreceptor 
dysfunction was previously described in this experimental model 
of  diabetes [26, 27].

Nerve morphometry is used to describe biological regularities and 
point out their dependence. Even small deviation from normal 
can indicate developmental tendencies or reveal pathological 
processes [39]. The determination of  the myelin sheath-axon 
ratios can be used not only for describing pathological processes 
in peripheral nerves but also as a measure of  the nerve damage 
progression [39]. 

We performed an automatic evaluation of  axon diameter and 
myelin sheath area. This technique has the advantage of  eliminating 
the subjective analysis and interpretation of  the examiner and 
allows a precise determination of  both these parameters. 

In experimental models of  nerve fiber regeneration [2] it was 
shown a deviation of  the regression line for the ratio between 
axon diameter and myelin sheath thickness as compared to the 
normal regression lines, even when there is a considerable scatter 
in individual fibers in normal nerves. After the crush injury, 
those authors showed that axons had grown thick whereas the 
myelin sheaths of  the largest nerve fibers remained relatively thin. 
On the other hand, a large proportion of  nerve fibers had an 
extremely thin axon and the myelin sheath was relatively thick. 
Previous findings from our laboratory [31] showed that a systemic 
disease (hypertension) caused an alteration of  the axon-myelin 
sheath relation in autonomic nerves. Hypertensive animals’ 
nerves showed a change on the slope of  the calculated regression, 
showing that the regression line rose more gradually than the 
normal nerve lines. This is similar to observations in regenerated 
nerve fibers [2] and is now being described for the renal nerve 
fibers for the first time in an experimental model of  diabetes. 

Schröder [2] calculated regression lines for myelin sheath thickness 
versus axon diameter and observed that the slope of  the calculated 
regression lines for the rose more gradually than did the slope of  
the line for the normal fibers. Due to a proportion of  thin axons 
with relatively thick myelin sheaths the regression line started at a 
higher point, and due to a reduction of  the myelin sheath thickness 
of  the thicker axons it terminated at a lower level. The correlation 
coefficients (r) observed by Schröder [2] for the regenerated nerve 
fibers tended to be smaller than for the normal nerves and this 
was the case for our results on chronic diabetic rats.

Sanders [40] showed that in regenerating nerve fibers the decrease 
in fiber diameter in the proximal nerve segment is accompanied 
by an absolute increase in their myelin sheath thickness. This 
takes place first of  all without any alteration in the total diameter 
of  the fibers concerned, the increase in thickness of  the myelin 
compensating for the decrease in axon diameter. This agrees 
with the observations of  Gillespie and Stein [7] on the relation 

between conduction velocity impairment and reduction in fiber 
diameter. In our morphometric observations of  the renal nerves, 
fibers with small axons and thick myelin sheaths were observed. 
The renal nerve moprhometry for diabetic nerve fibers evidenced 
here agree with our previous results of  a shift on the G-ratio 
distribution towards the axon atrophy values [10] associated with 
the shift on the myelinated fibers distribution toward smaller vales. 

Despite advances on the pathogenesis of  the glomerular lesions 
in diabetic nephropathy, there is still a lot to be understood. Our 
results indicate that a neuropathy of  the extrinsic renal nerve could 
impair glomerular function very early in this diabetes and could be 
involved, at least in part, in some degree to the development of  
the diabetic nephropathy.

Finally, it is important to mention that several authors demonstrated 
that insulin treatment prevents or corrects the axonal atrophy 
caused by STZ-diabetes in the large myelinated fibers [18, 41-43] 
as well as the axonal diameter and their distributions [19]. Our 
results confirmed these previous findings, hence the regression 
line from diabetic animals are coincident to those of  controls. 

Thus, the present study adds useful information for further 
investigations on morphological basis of  nerve function in 
diabetes and also supports the possible role of  the renal nerve 
neuropathy on the development of  the diabetic nephropathy.
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