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Abstract

Anatomical and physiological aspects involving rats and mice have shown similarities and differences between
these experimental animal models. In cardiovascular physiology research, rats are being substituted by mice since
mice are more susceptible to genetic manipulation. Nevertheless, little is known about mice normal anatomy and/or
physiology to allow the correct interpretation of altered responses on genetically manipulated animals. We compared
morphometric ultrastructural parameters of the aortic depressor nerve (ADN) and extrinsic renal nerve (SRN)
between Wistar rats and C57BL/6J mice. After spontaneous activity recordings together with the arterial pressure
pulse, ADN and SRN were dissected and prepared for light and transmission electron microscopy. Morphometry
was performed with an image analysis software and took into consideration the fascicle area and diameter,
myelinated and unmyelinated fiber number, density, area and diameter, myelin sheath area and the g-ratio.
Comparisons were made for the same nerve between mice and rats and differences were considered significant
when p<0.05. Both nerves were large in rats compared to mice, as were the myelinated fibers. On the other hand,
unmyelinated fibers density, size and distributions were not different between species. These results suggest
physiological differences on the fast conduction fibers between species, with possible different functional role.
Morphological comparisons of the quantitative composition of peripheral nerves in different species and strains are
very rare. Our study contributes to a morphological understanding of important nerves related to cardiovascular
reflexes in two animal models. It also presents, for the first time, ultrastructural morphometric characteristics of the
ADN in mice. This data provide a morphological basis for further studies involving functional investigations for reflex
regulation of circulation in experimental model of hypertension and to improved cardiovascular system knowledge.
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Introduction

Reflex regulation of the circulation involving afferent nerves within
the cardiovascular system has been widely investigated. The aortic
depressor nerves (ADN) and extrinsic renal nerves (SRN) role in these
reflexes have been stimulated and/or recorded in diverse experimental
models [1-4]. The ADN are important baroreceptor afferences
responsible for cardiovascular regulation, contributing for
maintenance of the rapid changes in blood pressure, cardiovascular
variability as well as modulation of central sympathetic outflow [5-7].
The ADN morphology has been studied extensively in rats [8-10], cats
[11,12] and rabbits [13,14], but information on the structure of this
nerve has not been reported in mice.

The SRN are constituted by afferent and efferent sympathetic nerve
fibers that play a role on maintenance of renal function. An adequate
renal function in turn, contributes to control of cardiovascular
homeostasis in the longer term. In addition, the renal nerves play an
important role in renal reflexes, being involved not only in renal

regulation but also in cardiovascular regulation [15-17]. Sustained
changes in renal sensory receptors and conducted via renal afferent
nerves modify efferent sympathetic nerve activity with consequences
for arterial pressure [18,19]. Despite this functional importance, there
are few morphological studies on extrinsic renal nerves in different
species [20-24].

In addition, anatomical comparisons between rats and mouse have
shown important differences between these experimental animal
models in peripheral nerves [25]. The introduction of the genetically
manipulated mice brought up the need for a throughout
understanding of this species normal morphology and function, to
allow the correct interpretation of findings regarding the genetic
alterations. Much of the normal physiology, as well as morphological
aspects well established for other species, remain unknown for the
mouse.

This study describes the normal ultrastructure and morphometry of
the ADN and the SRN in rats and mice, and compare the findings
between the two species, discussing their physiological role.
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Materials and Methods

This study was approved by the Institutional Ethics Committee for
Animal Research (CETEA-Comité de Etica em Experimentacao
Animal, protocol number 001/2004)., following the Guidelines for the
Care and Use of Laboratory Animals prepared by the National
Academy of Sciences and published by the National Institute of Health
(Copyright © 2011 by the National Academy of Sciences). Every effort
was made to minimize the suffering and the number of the animals
used. All animals had ad /ibitum access to pelleted food for rodents
and tap water throughout the experiments.

Experiments were performed on male adult Wistar rats (N=7) and
male adult C57BL/6] mice (N=6). Animals were weighed, anesthetized
with sodium pentobarbital (Nembutal, Abbott Laboratories, Illinois;
40 mg/Kg, i.p.), and placed on a surgical table in dorsal decubitus. The
animals were submitted to a cervicotomy and the left aortic depressor
nerve (ADN), when present as an isolated strand, was placed on a
bipolar steel electrode for its spontaneous activity recording,
simultaneously with the arterial pressure pulse. A catheter was inserted
into the right carotid artery and connected to a pressure transducer
(Statham PB23Gb) for direct measurement of arterial pressure (AP)
(for details, see refs. 8 and 9). After this first step, animals were
carefully turned to a right lateral decubitus and the left extrinsic renal
nerve (SRN) was identified and exposed by a left flank incision using a
retroperitoneal approach. The main branch originating from the
aorticorenal ganglion leading to the kidney was carefully isolated using
a dissecting microscope. Likewise for the ADN, renal nerve activity
and blood pressure recordings were performed synchronously to
confirm the presence of characteristics renal sympathetic nerve
activity, allowing the correct identification of the SRN before
morphological studies [22,23].

After the recordings, the ADN (N=7 for rats and N=6 for mice)
and SRN (N=6 for rats and N=5 for mice) were removed and prepared
for histological studies as previously described [8,9,22,23]. During the
dissection process, two renal nerves (one from rat and one from
mouse) were damaged and withdrawn from the study. All the nerve
segments were processed at once so that they were submitted to
absolutely the same experimental conditions throughout the
histological procedures.

For the light microscopy study, both nerves were oriented to permit
semi-thin (0.5 to 1.0 um) transverse sections of the fascicles, which
were stained with 1% toluidine blue and observed under the oil
immersion lens of an Axiophot photomicroscope (Carl Zeiss, Jena,
Germany). With an image analysis software (KS400, Kontron 2.0,
Eching Bei Miichen, Germany), morphometric parameters of the
fascicles, myelinated fibers and respective axons of all nerves were
obtained [26,27]. The area and diameter were measured for each
fascicle (excluding perineurium) and for each myelinated fiber visible
on the endoneural space. For each nerve with two or more fascicles,
the total fascicular area was obtained by summing the areas of the two
individual fascicles. Hereafter, the term fascicular area will be used as a
synonym of total fascicular area. All myelinated fibers present in the
endoneural space were counted and the myelinated fiber density was
calculated. For the myelinated axons, both axonal diameter (defined
by the inner limit of the myelin lamellae) and fiber diameter (defined
by the outer limit of the myelin lamellae) were measured and the
myelin sheath area (defined by the inner and outer limit of the myelin
lamellae) was automatically calculated for each myelinated fiber
[26,27]. The ratio between the axon diameter and the fiber diameter,
the g-ratio (an index of axonal axonal atrophy), was obtained [28,29]

for each myelinated fiber. Also, the percentage of the total fascicular
area occupied by the myelinated fibers was calculated and hereafter
will be referred as myelinated fiber percentage of occupancy.

For the transmission electron microscopy studies, transversal ultra-
thin sections (40 nm thick) were mounted on 2 x 1 slot grids, covered
with formvar 0.5% solution, stained with lead citrate and uranyl
acetate, and visualized using the transmission electron microscope
(JEM-1230, JEOL-USA, Inc., Peabody, MA, USA), equipped with a
digital camera. The endoneural space of all nerves was fully scanned
without overlap of the microscopic fields [30,31,32] and images were
digitalized to an IBM-PC hard drive. Sample morphometry was not
used and 100% of the fascicle area was studied. Using the image
analysis software (KS-400), the total number of the unmyelinated
fibers was counted, and their area and diameter were measured. The
density of the unmyelinated fiber was calculated and the ratio between
myelinated/unmyelinated fibers was determined. The percentage of
the fascicular area occupied by the unmyelinated fibers (unmyelinated
fiber percentage of occupancy) was also calculated.

Histograms of diameter distribution of unmyelinated fibers and
myelinated fibers, respective axons were constructed. Histograms were
also constructed for the g-ratio distributions of the myelinated fibers.
For mice myelinated fibers, one histogram of all fibers present in all
nerves studied was used due a relatively smaller number of myelinated
fibers. Histograms for the myelinated fibers and axons distributions
were separated into class intervals increasing by 0.5 um while for the g-
ratio histograms they were separated into class intervals increasing by
0.1 um. Unmyelinated fiber distribution histograms were constructed
into class intervals increasing by 0.1 pum.

For the statistical analysis, mice and rat data from the same nerve
(ADN or SRN) were compared. Data were tested for normal
distribution by the Kolmogorov-Smirnov test followed by the Levene
test for variance equivalence. Differences between nerves were
evaluated by unpaired t-test for normally distributed data.
Nonparametric data were compared by the Mann-Whitney test.
Histograms were compared by the One Way ANOVA on ranks,
followed by the post-hoc test of Dunn, provided that all data were
nonparametric. Differences were considered significant if p<0.05. Data
are expressed as mean + SEM (standard error of mean).

Results

Adult rats were heavier (295 + 13 g) than adult mice (25 + 0.6 g),
with a difference about 12 times between them (p<0.001).

A single fascicle was observed on all aortic depressor nerves from
rats and in 83% of mice (1 out of 6) (Figure 1) being the epineurium
constituted by loose longitudinally oriented collagen fibers, blood
vessels and fat tissue in both species. The perineurium is characterized
by lamellae of flattened cells separated by thin layers of collagen fibers,
and the endoneural space presents myelinated and unmyelinated
axons, intermingled with fibroblasts, collagen fibers, blood vessels and
Schwann cells. Endoneural blood vessels were not found in all ADN,
being present in 67% of mice and 43% of rats.

All SRN of mice consisted of a single fascicle, while in rats, one
nerve with two fascicles was found (Figure 1). Renal nerves from both
species presented similar features of the ADN epi-and perineurium.
The endoneural space of the renal nerves was filled mostly by
unmyelinated axons but the other elements present in the ADN
endoneural space were also present in the SRN. Endoneural blood
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vessels were not found in all SRN from mice while 67 % of these nerves
in rats showed one single endoneural capillary vessel. One interesting
morphological feature that was found only in the SRN either in rats or
in mice was the presence of a neuronal cell body in the endoneural
space (Figure 1). This was not seen in the ADN.

Figure 1: Representative thin cross sections of the aortic depressor
nerve (ADN) (A and B) and the sympathetic renal nerve (C and D)
from mice (A and C) and rats (B and D). All nerves shown are
monofasciculated. ADN present a larger number of myelinated
fibers (arrows) than the SRN. Some mice nerves presented a
neuronal cell body (N) in the endoneural space. This was not
observed in rats. Endoneural blood vessels (V) and Schwann cell
nuclei (arrowheads) are indicated in the endoneural space. Bar=>5
pm

Fascicle Morphometry

Table 1 shows the average values for fascicular morphometric
parameters of the ADN from rats and mice. Mice ADN contained on
average 1131 + 101 fibers (range of 779 to 1377; 2% myelinated and
98% unmyelinated), while rat nerves contained 356 + 76 fibers (range
of 145 to 567; 23% myelinated and 77% unmyelinated). As expected,
the fascicular area and diameter were larger in rats compared to mice
(p=0.001). Similarly, the myelinated fiber number was higher in rats
than mice (p=0.001). In contrast, the unmyelinated fiber number in
mice was larger than rats (p=0.001). Myelinated and unmyelinated
fiber densities were larger in mice compared to rats (p=0.03 and
p=0.001, respectively). The unmyelinated to myelinated fibers ratios
were also higher in mice (p=0.001).

Table 2 shows the average values for fascicular morphometric
parameters for the SRN in rats and mice. Mice SRN contained on
average 670 + 200 fibers (range of 380 to 832; 0.6% myelinated and
99.4% unmyelinated), while rat nerves contained 1258 + 280 fibers
(range of 939 to 1706; 1.7% myelinated and 98.3% unmyelinated). As
for the ADN, rats showed larger fascicles and number of fibers
compared to mice (p<0.05), except for the myelinated and

unmyelinated fibers densities, that showed similar values. Also, the
statistical analysis did not show differences between the unmyelinated/
myelinated fibers ratio in the SRN between species.

Fascicle parameter C57BL/6J mouse | Wistar rats
Fascicular area (um2) 159 £ 16 1024 + 101"
Fascicular diameter (um) 1309 30+2
Myelinated fiber number 24+4 81+9"
Unmyelinated fiber number 1106 + 102 275+ 65
Myelinated fiber density (fiber/mm?) 0.16 + 0.03 0.08 +0.01"
Unmyelinated fiber density (fiber/um?) 71206 03+0.1
Unmyelinated/myelinated ratio 66 + 25 4109

Table 1: Average fascicular parameters from the aortic depressor
nerves (ADN) in adult C57BL/6] mice and Wistar rats. * indicates
significant difference between groups

Fascicle parameter C57BL/6J mouse Wistar rats
Fascicular area (um?) 781 + 106 5027 + 1484"
Fascicular diameter (um) 37+4 85+ 18"
Myelinated fiber number 4+2 2210
Unmyelinated fiber number 666 + 89 1236 + 115"
Myelinated fiber density (fiber/mm?) | 4969 + 1772 4677 + 1829
Unmyelinated fiber density (fiber/| 0.9 +0.1 0.7+0.1
pm?)

Unmyelinated/myelinated ratio 306 + 130 109 £ 26

Table 2: Average fascicular parameters from the sympathetic renal
nerves (SRN) in adult C57BL/6] mice and Wistar rats. * indicates
significant difference between groups

Fiber Morphometry

The average areas of the myelinated fibers and respective axons
and myelin sheaths for depressor and renal nerves are shown in Figure
2. All values were higher in rats compared to mice for both nerves,
without attaining statistical significance on the myelinated axon area
on the renal nerves. Myelinated fiber diameter of the ADN showed an
average of 1.5 = 0.1 um for mice (range of 1.2-1.7 um) and 2.0 + 0.1
pum (range of 1.6-2.4 um) for rats, being significantly larger in rats
(p=0.001), with a difference of 26.6% between them. For the SRN, the
values were 3.2 + 0.4 um (range of 1.4-7.4 um) for mice and 3.4 + 0.2
pum (range of 1.6-10.5 pum) for rats, with no significant difference.
Myelinated axons average diameter was 0.85 £+ 0.05 pum (range of
0.61-0.97 pum) for mice and 1.10 + 0.05 um (range of 0.90-1.34 um) for
rats in ADN with a difference of 23% between the two species
(p=0.007). For the SRN, averages were 2.19 + 0.29 um (range of 0.8-5.7
pum) for mice and 1.85 + 0.10 pm (range of 0.9-7.1 um) for rats, with
no statistical difference.
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Figure 2: Average area of the myelinated fibers and respective axons
and myelin sheath in the aortic depressor nerve (ADN) and
sympathetic renal nerve (SRN) from Wistar rats (grey filled bars)
and C57BL/6] mice (black filled bars). Average values are larger in
rats compared to mice. ‘indicates significant difference between
animal species.

The average values for unmyelinated fiber area of ADN was 0.39
+ 0.02 um? for mice (range of 0.32-0.45 pm?) and 0.31 + 0.04 pm? for
rats (range of 0.24-0.52 um?), with no differences between them. For
the SRN, unmyelinated fibers average area was 0.41 + 0.01 um? (range
0f 0.39-0.43 pum?) for mice and 0.49 + 0.08 um? (range of 0.27-0.79) for
rats, also with no significant difference.

Histograms of size distribution of the myelinated fibers showed
that mice fiber distributions were shifted to the left compared to rats in
both, depressor and renal nerves (Figure 3). The histograms of g-ratio
distribution were unimodal, with peaks between 0.6-0.7 in both nerves
from both animal species. The g-ratio values for mice ADN ranged
from at 0.4-0.8 while in rats it ranged from 0.3-0.9. For the SRN g-ratio
values ranged from 0.5-0.8 in mice and 0.4-0.9 in rats. The g-ratio
distributions showed no differences between species for both nerves.

Figure 4 shows the size distributions histograms for unmyelinated
fibers for depressor and renal nerves in rats and mice. In mice, ADN
unmyelinated fiber distribution ranged from 0.1 to 1.9 um, with a peak
at 0.5 um. In rats, the unmyelinated fibers of the ADN ranged from 0.1
to 1.1 um, also with a peak at 0.5 pm. The SRN unmyelinated fibers
diameter in mice ranged from 0.2 to 1.8 um, with a peak at 0.8 pm
while in rats the diameters ranged from 0.1 to 1.6 um, with a flat
plateau between 0.5-0.7 um. No differences were found on the
unmyelinated fibers distributions between species for both nerves.

Discussion

Our study contributes to a morphological understanding of
important nerves related to cardiovascular reflexes in two animal
models. It also presents, for the first time, ultrastructural
morphometric characteristics of the ADN in mice.

Aortic depressor nerve in rats and mice

The comparison between mice and rat ADN size showed that these
nerves are much smaller in mice. This would be expected due to a

proportional difference on the animals’ size. This difference was also
present on the myelinated fiber numbers. Interestingly, the
proportions between animals’ sizes, nerves sizes and myelinated fiber
numbers were decrescent since rats were 12 times heavier than mice
while ADN from rats were 7 times larger than mice but had only 3
times more myelinated fibers. In line with these results the ADN
myelinated fibers sizes (area and diameter) were smaller in mice.
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Figure 3: Size distribution histograms of the myelinated fibers and
respective g-ratio in the aortic depressor nerve (ADN) and
sympathetic renal nerve (SRN) from Wistar rats (grey filled bars)
and C57BL/6] mice (black filled bars). For the ADN, average values
from each nerve studied are shown, with standard error of means
(SEM). For mice, the total number of fibers from all nerves is
shown. No morphometric differences were observed between
animal species.

The ADN myelinated fibers are the fast conducting fibers of the
baroreflex, and their normal electrophysiological characteristics were
well described in rats more than three decades ago [33]. The normal
baroreflex in mice was recently investigated [34]. It is widely known
that conduction velocity of a myelinated fiber can be estimated taking
into consideration their morphometric parameters, particularly fiber
diameter and axon diameter [35]. In the present study, we did not
measure the conduction velocity of the nerves but, using the scaling
factor of Boyd and Kalu [36] for computing the corresponding value
for small myelinated fibers (4.6 times total fiber diameter), we may
speculate that the ADN myelinated axons in rats conduct at 7.3 to 11.0
m/s and those in mice at 5.5 to 7.8 m/s. Despite little overlap between
values, there is no indication that mice would have a poor baroreflex
control of the arterial pressure compared to rats. These differences are
probably due to the animal size because in mice the distance from the
receptors to the central nervous system is smaller than in rats. Thus, it
is not necessary for mice to have large faster conduction myelinated
fibers, confirming that the neural systems adapt to requirements of
animal size [37]. This hypothesis is confirmed by the g-ratio average
values and distributions where there were no different between
species. Rushton [28] found that when g-ratio equals 0.6, the
relationship is theoretically optimal for the spread of current from one
node of Ranvier to the next, being the myelinated fiber able to conduct
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at maximum speed and average g-ratio values for both species were
0.6.

Aortic Depressor Nerves

35
0 I
28
= I I
= 20
=)
=
o
é’. 15
£~
=
10 _
5 _
i S
0.0 0.2 0.4 0.6 0.8 1.0 2 1.4 16
Diameter (pm)
. C57BL/6) mouse
=0 Wistar rats
Extrinsic Renal Nerves
30 1
a5
E.\: 20
-
o
=15
-
=
= _
o
=10
a _
0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Diameter (um)

Figure 4: Size distribution histograms of the unmyelinated fibers in
the aortic depressor nerve (ADN) and sympathetic renal nerve
(SRN) from Wistar rats (grey filled bars) and C57BL/6] mice (black
filled bars). No morphometric differences were observed between
animal species. Bars represent mean + SEM.

The unmyelinated fiber number of the ADN was larger (4 times)
in mice compared to rats. The ratio between unmyelinated and
myelinated fibers is considered ideal when it is equal to a minimum of
3:1 [38,39]. The unmyelinated-to-myelinated fiber ratio was 4:1 for
rats and 66:1 for mice. Unmyelinated fibers in the ADN of rats were
described to contribute significantly to the inhibition of the vasomotor
medullary centers [40] and their discharges during normotension are
sparse, especially from those fibers with irregular activity [40]. When
these baroreceptor unmyelinated fibers are stimulated electrically,
powerful depressor reflexes are evoked for control blood pressure [40].
Also, electrical stimulation of these unmyelinated fibers (type C)
promotes a sympatho-inhibitory action on renal and cardiac nerve

activities, having the unmyelinated fibers a greater depressor effect
[41]. Thus, they are considered as baroreceptor fibers and it is a
literature consensus that rat ADN present very few chemoreceptos
fibers, if any [42,43]. No information about number, size,
electrophysiological characteristics or function of mice ADN
unmyelinated fibers is available. The carotid sinus nerves in rats (a
nerve well known to contain chemoreceptor fibers) contain 83% of
unmyelinated fibers distributed unimodaly, with diameters ranging
from 0.2 to 1.7 pm (average of 0.78 pum) [44]. This is very similar to the
observations in our study for mice ADN and might be a suggestion
that some of these unmyelinated fibers have a chemoreceptor role.
Despite the number differences, unmyelinated fibers sizes and
distributions did not differ between species, suggesting no differences
in the conduction velocity of these fibers. Morphometric data shown
in this study are similar to previous ones for the rat ADN [8] but are
being described for the first time in mice.

Sympathetic renal nerve in rats and mice

Similarly to the ADN, the SRN is smaller in mice, as are the
myelinated fiber number and sizes. This is in line with differences in
animals sizes already discussed for the ADN. The SRN myelinated
fibers are considered to be sensory afferents [18,20] and they transmit
afferent impulses from intra-renal mechanoreceptors and
chemoreceptors to the central nervous system [45-48]. Differences in
fiber numbers can also be related to the animal size; since mice
kidneys are smaller, the sensory area to be covered by afferent fibers is
smaller and fewer fibers are necessary. Again, larger myelinated fiber
sizes (area and diameter) in rats indicate that a higher conduction
velocity is necessary in these animals so the impulse will reach the
central nervous system on a timely way for the necessary information.
Nevertheless, g-ratio average and distributions are in accordance to
the optimal values described for the maximum conduction velocity
[28] in both rats and mice.

For the unmyelinated fibers, despite differences in numbers (larger
in rats), no differences were found on their density (fiber number per
nerve area), average size (area and diameter) and size distributions.
This is a morphological indication that unmyelinated fibers in the SRN
of rats and mice might present a similar physiological role. Although
the majority of unmyelinated fibers are sympathetic efferents, the
afferent innervation is also primarily unmyelinated [18,49-52]. Barajas
and Wang [53] suggested that unmyelinated fibers are primary
efferent and act directly on regulation of renal function [54].

For the renal nerves, morphometric results presented here are quite
similar those described in literature [22,23] for rats and mice.
Nevertheless, the systematic comparison between the two is being
present for the first time.

Conclusion

The understanding of morphologic and morphometric parameters
is important because of the direct relations between them and nerve
function, particularly the conduction velocity. This study provides the
morphological basis for further studies involving ADN and SRN
functions, especially when animal models of diseases are under
investigation.
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