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Increased Sympathetic Renal Innervation in Hemodialysis Patients Is
the Anatomical Substrate of Sympathetic Hyperactivity in End-Stage
Renal Disease

Alessandro Mauriello, MD; Valentina Rovella, MD; Lucia Anemona, MD; Francesca Servadei, MD; Elena Giannini, MD; Pierluigi Bove, MD;
Alessandro Anselmo, MD; Gerry Melino, MD; Nicola Di Daniele, MD

Background—Renal denervation represents an emerging treatment for resistant hypertension in patients with end-stage renal
disease, but data about the anatomic substrate of this treatment are lacking. Therefore, the aim of this study was to investigate the
morphological basis of sympathetic hyperactivity in the setting of hemodialysis patients to identify an anatomical substrate that
could warrant the use of this new therapeutic approach.

Methods and Results—The distribution of sympathetic nerves was evaluated in the adventitia of 38 renal arteries that were
collected at autopsy or during surgery from 25 patients: 9 with end-stage renal disease on dialysis (DIAL group) and 16 age-
matched control nondialysis patients (CTRL group). Patients in the DIAL group showed a significant increase in nerve density in the
internal area of the peri-adventitial tissue (within the first 0.5 mm of the beginning of the adventitia) compared with the CTRL group
(4.0140.30 versus 2.87+0.28 xmm?, P=0.01). Regardless of dialysis, hypertensive patients with signs of severe arteriolar damage
had a greater number of nerve endings in the most internal adventitia, and this number was significantly higher than in patients
without hypertensive arteriolar damage (3.9040.36 versus 2.87+0.41xmm?, P=0.04), showing a correlation with hypertensive
arteriolar damage rather than with hypertensive clinical history.

Conclusions—The findings from this study provide a morphological basis underlying sympathetic hyperactivity in patients with
end-stage renal disease and might offer useful information to improve the use of renal denervation in this group of patients. (J Am
Heart Assoc. 2015;4:€002426 doi: 10.1161/JAHA.115.002426)
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ympathetic nerve activity associated with hypertension

and cardiovascular events is markedly increased in
patients with chronic kidney failure."™ Hypertension is
observed in >80% of patients with end-stage renal disease
(ESRD).>” Several studies have demonstrated that current
hemodialysis procedures and antihypertensive drugs normal-
ize blood pressure in only a small percentage of these
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patients.® Although hypertension in hemodialysis patients has
traditionally been thought of as being volume dependent, the
results from different studies suggest that it should be
considered a “neurogenic” hypertension that is sustained by
overactivity of the sympathetic nervous system.?"'°

Using microelectrodes to record action potentials from
postganglionic sympathetic nerves in patients undergoing
long-term hemodialysis, Converse first documented evidence
of sympathetic hyperactivity in hemodialyzed patients.'
Additional studies have shown an exponential increase in
sympathetic activity during the various stages of chronic renal
failure, which suggested significant nervous hyperactivity in
patients with hemodialysis that was greater than that
observed in essential hypertension.'' The contribution of
the sympathetic nervous system to the development of
hypertension is well known; however, the exact mechanisms
underlying the heightened sympathetic tone in patients with
chronic kidney disease remain unclear. Several indirect pieces
of evidence have demonstrated that the sympathetic overac-
tivity in patients with ESRD is caused by neurogenic signals
originating in the damaged kidneys.'?
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Currently, renal denervation represents an emerging treat-
ment for resistant hypertension in patients with preserved
renal function, as demonstrated by most randomized con-
trolled trials.”®>'” Recent promising studies have reported a
significant reduction in blood pressure in patients with chronic
kidney disease at different stages of chronic kidney disease up
to ESRD after renal denervation,2°2* pbut data about the
anatomic substrate of this surgical procedure are lacking.

The significance and variability of the distribution and
density of the renal sympathetic nervous system in humans
have been investigated in several cases of normotensive and
hypertensive patients®>?® but not in patients with ESRD who
are on hemodialysis. Therefore, the aim of our study was to
investigate the morphological basis of the sympathetic
hyperactivity in hemodialysis patients and thereby to identify
an anatomical substrate that could warrant the use of renal
denervation in these patients.

Materials and Methods

Patient Selection

Thirty-eight renal arteries with peri-adventitial tissue from 25
patients were studied. These patients were divided into 2

Table 1. Patients’ Characteristics

treatment groups: the first group consisted of 9 patients with
end-stage renal disease (ESRD) who underwent hemodialysis
(DIAL group), and 16 age-matched control, nondialysis
patients (CTRL group) formed the second group (Table 1).
Autopsies and surgical nephrectomies were performed at Tor
Vergata University Hospital (PTV) in Rome between January
2012 and July 2014. The CTRL group was obtained from the
tissue bank (autopsy and surgical specimens) of the Depart-
ment of Pathology of the PTV selecting the first renal artery
samples, according to the following criteria: absence of
dialysis, matched for age and sex, length of the renal artery
of at least 2.5 cm, at least 5 cases with chronic kidney
diseases.

The renal arteries were collected from 13 subjects at
autopsy (5 in the DIAL group and 8 in the CTRL group) and 12
surgical nephrectomies that were performed for therapeutic
purposes (4 in the DIAL group and 8 in the CTRL group).
Because both renal arteries were examined in autopsy cases,
a total of 14 renal arteries from the DIAL patients and 24 from
the CTRL group were analyzed.

This study was approved by and conducted in accordance
with the guidelines of the Human Research Committee of
our Institution and all surgical patients provided informed
consent.

Autopsy Cases Surgery Samples

Parameters DIAL Group (5 Cases) CTRL Group (8 Cases) DIAL Group (4 Cases) CTRL Group (8 Cases)
Age, y 72.4410.7 65.8+16.4 61.2+5.8 53.8+13.0
Sex, F/IM 2/3 2/5 31 3/5
History of hypertension, Yes/No 3/2 5/3 31 5/3
Grade of renal arterioles >4 4 0 3 3
CKD, Yes/No 5/0 2/5 4/0 3/5
Coronary artery disease, Yes/No 3/2 5/3 2/2 0/8
Arrhythmias, Yes/No 2/3 1/7 0/4 1/7
Type 2 diabetes, Yes/No 1/4 3/5 1/3 2/6
Dyslipidemia, Yes/No 0/5 2/6 2/2 0/8
Cause of death

Acute myocardial infarction 0 4

Congestive heart failure 3 0

Bronchopneumonia 2 2

Pulmonary embolism 0 2
Histological changes of kidneys

Glomerulosclerosis with interstitial fibrosis 5 0 2 0

Polycystic kidney disease 0 0 2 2

Chronic pyelonephritis 0 8 0 0

Tumors 0 0 0 6

CKD indicates chronic kidney diseases; CTRL, control; DIAL, dialysis.
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Histological Protocol

All autopsies were performed within 12 to 24 hours of death.
Arteries, after sampling, to avoid folding and kinking were set
without making any traction on a tablet and immediately fixed
in buffered formalin. For renal arteries collected during the
course of autopsies, at least 6 tissue specimens were
sampled at distances of 5 mm from each other. Each artery,
with the surrounding peri-adventitial tissue, was equally
divided into proximal and distal segments. The arteries
harvested from the surgical nephrectomy specimens had a
length of ~2.5 cm; therefore, 4 tissue specimens were
collected at distances of 5 mm from each other. Each
segment was serially cut into 5-mm-thick sections. Two
sections were stained with hematoxylin and eosin and Weigert
stain. The other 3 sections were used for the immunohisto-
chemistry analyses.

Moreover, in each patient, a sample of kidney tissue,
including both cortex and medulla, was collected to evaluate
the histological changes associated with hemodialysis and
hypertension. A sample of the wall from the left ventricle of
the heart was also biopsied in the autopsy cases to evaluate
histological lesions and the sympathetic innervation of the
pericardium.

Determination of Hypertensive Status by
Histological Evaluation of the Renal Arterioles

To obtain an objective evaluation of the patients’ hypertensive
status, 20 arterioles with a diameter ranging between 150 and
500 um were evaluated from each kidney section according
to the score system of Burke et al.?” A median score equal to
4 (concentric intimal thickening greater than the thickness of
the media without concentric elastic duplication) or 5
(concentric intimal thickening greater than the thickness of
the media with concentric elastic duplication in 3 or more
vessels examined) was considered to be an objective marker
of hypertensive nephropathy, independent of clinical history
and therapy.

Immunohistochemistry

Nerves were identified in tissue sections using the methods
and antibodies reported by Sakakura et al.?® To obtain
accurate nerve contour for nerve size measurements,
immunostaining for neurofilament protein (Ventana Medical
Systems, Inc, Tucson, AZ) and S100 (Ventana Medical
Systems, Inc) was performed in all cases. Anti-tyrosine
hydroxylase antibody (EMD Millipore, Billerica, MA) has been
used to identify efferent nerves, and a rabbit anti-calcitonin
gene-related peptide antibody (Sigma-Aldrich, St. Louis, MO)
to identify afferent nerves.

Morphometric Analysis of Renal Nerves

The morphometric analysis of nerves in the peri-adventitial
tissue was performed in sections that were stained for
neurofilament protein and S100 and evaluated using the
Hamamatsu NanoZoomer Digital Pathology Virtual Slide Viewer
software (Hamamatsu City, Shizouka, Japan). The following
parameters were assessed: (1) number of nerves per unit area,
(2) size of the nerve endings, and (3) distance of the nerves
from the vascular lumen.

The measurements were related both to the entire area of
the peri-adventitial tissue and to 2 concentric rings that were
located within 0.5 mm (called “internal area”) and between
0.5 to 1 mm (defined as “intermediate area”) from the
beginning of the adventitia (Figure 1). All the remaining peri-
adventitial tissue, beyond 1 mm from the beginning of the
adventitia, was defined as “external area.”

Statistical Analysis

Data were analyzed using the SPSS 16.0 (Statistical Package
for the Social Sciences, SPSI Inc. Chicago, IL) software. The

Figure 1. Morphometric analysis of renal nerves. Measure-
ments were related both to the entire area of the peri-adventitial
tissue and to 2 concentric rings that were located within 0.5 mm
(called the “internal area”) and between 0.5 and 1 mm (defined as
the “intermediate area”) from the beginning of adventitia (A, x2).
B, A higher magnification of (A) (x10).
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Shapiro—-Wilk test was used to statistically assess the normal
distribution of the data. Continuous variables with normal
distribution were expressed as the mean+SE, while those
with skewed distribution as median and range.

Data corresponding to the left and right renal arteries
and those regarding internal area versus intermediate and
external area, respectively, of adventitia were analyzed
using the Wilcoxon ranks test for matched comparison.
Because in our autopsy cases no significant differences
were observed between the right and the left renal artery,
for the further statistical analyses 1 artery per individual (by
averaging the values of the left and right artery) was
considered.

Differences between subjects undergoing dialysis and the
control group were analyzed using the Mann—Whitney and
Wilcoxon test for comparison of independent samples. The
same test was used to correlate density and size of nerves
with gender.

Categorical data were analyzed using the y? test or the
Fisher exact test. The Spearman correlation coefficient was
calculated to assess the correlations between nerve counts
identified by neurofilament protein and S100 immunostains
and the correlation between nerve density and age. All P
values were determined by 2-sided analysis, and P<0.05 were
considered statistically significant.

Results

Histological Findings

In 10 of the 14 renal arteries from DIAL patients (71.4% of
cases), the degree of stenosis was <30%, whereas it was
between 60% and 75% in the remaining 4 cases (28.6%). In 9
cases (64.3%), the renal arteries showed a fibromuscular
dysplasia that was associated with calcification of the tunica
media in 2 cases. In the remaining 5 cases (35.7%), a
fibrocalcified plague was observed (Figure 2). Nineteen of the
24 renal arteries (79.2%) from patients in the CTRL group had
a percentage of stenosis <30% and showed a fibromuscular
dysplasia. The remaining 5 arteries (28.8%) had a fibroathero-
matous plaque with between 60% and 75% of stenosis
(Table 2). The thickness of the renal arterial wall ranged from
760 to 1920 pm.

Seven of the 9 patients in the DIAL group (4 of the 5
autopsy samples, with similar lesions in both kidneys, and 3 of
the 4 surgical specimens) showed signs of arteriolar damage
due to hypertension (Table 2), although a clinical history of
hypertension had been established for only 6 of them
(Table 1). In particular, in 11 of the 14 kidneys examined in
the DIAL group (78.6%), the arteriolar score was >4, whereas
it was equal to 3 in 3 cases (21.4%) (Figure 2). Conversely, in
the control group, 10 of the 16 patients (61.2%) had a history

of hypertension but only 3 showed evidence of severe
arteriolar damage (with a score=4) (Table 2).

Distribution of Peri-Adventitial Nerves: General
Findings

The overall nerve density in the peri-adventitial tissue was
1.14+0.13/mm?. The nerve density was significantly greater
in the internal area (3.27+0.23/mm?) than in the interme-
diate (1.1540.12/mm?) and external areas (1.12+0.44/
mm?) of the adventitia (P=0.001).

The mean diameter of the nerves measured
74.88+54.29 pum. The diameter of the nerves in the adven-
titial internal area was 48.2+16.6 um, which was less than
that of the nerves in the intermediate and external areas
(105.084+64.02 um, P=0.001). In the external area at a
distance of at least 3.8 mm from the beginning of adventitia,
few very large nerves, with a diameter >3 mm, were observed
in both the autopsy and surgical samples.

No significant differences were found between the nerve
measurements performed using neurofilament protein or
S100 immunostains (P=0.98).

The density and size of nerves were not correlated with the
sex and age of patients. In the 13 cases in which both renal
arteries were evaluated at autopsy, no significant differences
were found in the density of nerves from the left and right
sides (2.63+1.27 versus 2.84i0.99/mm2, P=0.54).

In the autopsy cases, no significant differences were
observed between the nerve density in the proximal segment
of the renal artery (up to 2 cm from the aortic origin) and that
in the distal segment (between 2 cm from the aortic origin
and the hilum of the kidney) measuring 2.72+1.08 and
2.8241.10 mm?, respectively (P=0.22). Based on these
results, it can be assumed that the specimens from the
autopsy series, in which each renal artery was analyzed from
the aorta to the renal hilum, were comparable to the surgical
specimens, in which sampling of the renal arteries was limited
to the distal segment. Since the aortorenal paravertebral
ganglia are located near the ostia of the renal arteries and
were probably not included in the surgical specimens, their
numbers were very low and thus did not influence the
statistical significance of the results.

Distribution of Peri-Adventitial Nerves in
Hemodialysis Patients

Patients in the DIAL group showed a significant increase in
nerve density in the internal area of the peri-adventitial tissue
(within the first 0.5 mm from the beginning of adventitia)
compared with the CTRL group (4.01+0.30 versus
2.87+0.28 mm?, P=0.01) (Figures 3A and 4A through 4C).
On the contrary, the nerve density observed in these groups
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Figure 2. Histological findings of renal arteries and arterioles in patients of the DIAL group. Renal arteries
with a fibromuscular dysplasia (A, H-E—x2, and B, Weigert stain—x 10), associated with a calcification of
the tunica media (C, H-E—x2) and with a fibrocalcified plaque (D and E, H-E—x2). Renal arterioles with a
score equal to 3 (F, Weigert stain—x10) and to 4 (G, Weigert stain—x 10). DIAL indicates dialysis; H-E,

hematoxylin and eosin.

was not different in the intermediate and external areas. The
nerve density was independent of underlying causes of ESRD
in the 9 DIAL patients.

In the CTRL group, 5 patients (2 autopsy and 3 surgical
cases) suffered from chronic kidney diseases at an early stage
of the disease. This subgroup of patients showed a minor
number of nerve endings in the internal area of the adventitia
compared with the dialysis patients with ESRD (3.07£0.45
versus 4.01+0.30 mmz, P=0.03), with no significant differ-
ences compared with the CTRL patients with normal renal
function (P=0.93) (Figure 3B).

In each group, the patients were divided into 2 subgroups:
those with a clinical history of hypertension and those who
were normotensive. No significant differences were detected
within each group between the normotensive and hyperten-
sive patients. However, as shown in Figure 3C, if we
considered all cases, regardless of hemodialysis, the hyper-
tensive patients with signs of severe arteriolar damage
showed a nerve density in the internal area of the adventitia
that was significantly higher than that of hypertensive patients
with  minimal arteriolar damage (3.90+0.36 versus
2.8740.41 mm?, P=0.04). In this last group, the nerve
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Table 2. Histological Findings of Renal Arteries and
Arterioles

DIAL Group CTRL Group

(n=9 Pts, 14 (n=16 Pts, 24

Renal Arteries Renal Arteries

and Kidneys) and Kidneys) P Value

Stenosis of renal arteries, N (%)

<30% 10 (71.4) 19 (79.2) 0.59
30 to 59% 0 0

60 to 75% 4 (28.6) 5 (28.8)

>75% 0 0

Histological findings of renal arteries, N (%)

Fibromuscular dysplasia | 9 (64.3) 19 (79.2) 0.31

Fibrocalcified plague 5 (35.7) 5 (28.8)
Arteriolar damage score *, N kidneys (%)
2 0 9 (37.5) 0.001
3 3(21.4) 12 (50.0)
4 10 (71.4) 3 (12.5)
5 1(7.2) 0

CTRL indicates control; DIAL, dialysis.
*According to Burke et al (Ref. 27).

density was similar to that of normotensive patients. If the
analysis was limited to the DIAL group, patients with severe
arteriolar damage also had a greater number of nerve
endings in the most internal adventitia than did the patients
without severe arteriolar damage (4.44+0.27 versus.
3.79+0.42 mm?), although it was not possible to verify the
statistical significance of this finding given that only 2 of the 9
dialysis patients had no severe damage to the renal arterioles.

The efferent nerve fibers (immunopositive for tyrosine
hydroxylase) were more numerous than afferent fibers
(immunopositive  for calcitonin  gene-related  peptide)
(Figures 4D through 4F). In the DIAL group, as compared to
CTRL group, a significative increase of both efferent and
afferent sympathetic nerves density in the internal area of the
adventitia of renal arteries was observed. In the DIAL group,
efferent fibers showed an increase of ~40% compared to the
CTRL group (3.80+0.28 versus 2.89+0.26 xmm?, P=0.01). A
similar increase was observed for afferent fibers (0.16+£0.01
versus 0.1140.01, P=0.04), although the percentage of the
afferent fibers remained constant in both groups (represent-
ing 3.5% of all fibers).

Distribution of Nerves in the Pericardium

Patients from the DIAL group showed a significant increase in
nerves in the pericardium compared with the CTRL group
(0.7740.12 versus 0.32+0.11 mm?, P=0.03) (Figure 3D). No
significant correlation was observed between nerve density

and heart weight (R*=0.22, P=0.20), probably due to the
limited sample numbers.

Discussion

Our study provides evidence that in patients with ESRD on
hemodialysis, there is a significant increase in nerve endings
in the internal area of the adventitia compared with patients
who had less chronic kidney disease or normal renal function.
Moreover, regardless of hemodialysis, hypertensive patients
with histological signs of arteriolar damage had a significantly
higher nerve density in the internal area of the adventitia than
did hypertensive patients without arteriolar damage.

To our knowledge, our work is the first to use morpholog-
ical methods to demonstrate an increase in the density of
sympathetic fibers in patients with ESRD. Previously,
increased activity of the sympathetic system in these patients
had been demonstrated only by physiological methods. '?

Activation of the sympathetic nervous system is consid-
ered to be an important mechanism of disease progression in
patients with chronic renal failure."™* Nevertheless, a signif-
icant increase in the density of nerves in the internal
periadventitial area was observed only in patients with ESRD
who underwent hemodialysis. These patients had twice the
number of nerve endings in the internal area of the adventitia
compared with patients who had less severe renal failure, with
a significative increase in both efferent and afferent sympa-
thetic nerves.

Although this was not the primary purpose of our work, the
results showed that hypertensive patients with severe renal
insufficiency and signs of arteriolar damage had a signifi-
cantly higher density of nerves in the internal area of the
adventitia than did hypertensive patients without arteriolar
damage or normotensive patients. Based on our results, it is
not possible to determine whether these changes are due to
the duration and degree of renal disease. It is likely that
lesions of the renal arterioles occur in patients with a long-
term hypertension not responding to treatment (“malignant”
hypertension). Moreover, as shown in Table 1, because 7 of
the 10 patients with arteriolar damage were subjected to
hemodialysis, it was not possible to exclude the effect of this
treatment as a potential explanation for this difference. These
data are consistent with previous studies' that used muscle
sympathetic nerve activity (MSNA) to show an exponential
increase in sympathetic activity at various stages of chronic
renal failure and a remarkable level of hyperactivity in
patients with ESRD who were on hemodialysis that was
greater than that observed in essential hypertension. Con-
verse et al' showed that sympathetic activity was normalized
in hemodialysis patients who underwent bilateral nephrec-
tomy, which resulted in a significant reduction in blood pres-
sure and supported the hypothesis that signals originating
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Figure 3. Distribution of peri-adventitial and pericardial nerves. A, Patients in the DIAL group showed a
significant increase in nerve density in the internal area of the peri-adventitial tissue compared with the
CTRL group (P=0.01). No significant differences were observed in the intermediate and external areas. B,
Patients in the CTRL group with chronic kidney diseases in an earlier stage of the disease showed a smaller
number of nerve endings in the internal area of the adventitia compared with dialysis patients with ESRD
(P=0.03) and no significant differences compared with CTRL patients with normal renal function (P=0.93).
No significant differences were observed in the intermediate and external area. C, Regardless of dialysis,
hypertensive patients with signs of severe arteriolar damage showed a nerve density in the internal area of
the adventitia that was significantly higher than that of hypertensive patients with minimal arteriolar
damage (P=0.04). In this last group, the nerve density was similar to that of normotensive patients. D,
Patients of the DIAL group showed a significant increase in nerve density in the pericardium compared with
the CTRL group (P=0.03). CKD indicates chronic kidney disease; CTRL, control; DIAL, dialysis; ESRD, end
stage renal disease.

within the damaged kidneys were responsible for the
increased activity of the sympathetic central nuclei.

In contrast to our findings, Sakakura et al*® recently
reported that renal nerve anatomy in hypertensive patients
was not different from that of normotensive patients. Some
observations can be made to account for the different results.
If the measurement area used in our study included all areas
of the perirenal adipose tissue, no significant differences in
the density of nerves were observed. A significant difference
was observed only in the most internal area of the adventitia
(within the first 500 pum). In addition, our results showed that
hypertensive patients without arteriolar damage had the same
number of nerve endings in the internal area of the adventitia
as did normotensive patients. Differences were observed only

in hypertensive patients with arteriolar damage. The work of
Sakakura et al?® does not specifically address this subgroup
of patients.

The increase in the density of the small nerves in the
internal adventitia is compatible with the mechanism of nerve
sprouting®® that has been well characterized and demon-
strated in previous studies in the damaged ventricular wall of
human and experimental infarcted hearts.>>*' In the case of
nerve injury, the Wallerian degeneration of the nerves is
followed by neurilemma cell proliferation and axonal regen-
eration (nerve sprouting). Excessive sympathetic nerve
sprouting has also been demonstrated in humans after heart
transplantation, which increases the inotropic response.®?
These findings support the idea that the release of some
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Figure 4. Morphological findings of peri-adventitial nerves. In patients in the DIAL group, a significant
increase in nerve density in the internal area of the peri-adventitial tissue (within the first 0.5 mm from the
beginning of adventitia) was observed (A, NF stain—x2 and B, x4) compared with the CTRL group (C, NF
stain—x2). The efferent nerve fibers (D, tyrosine hydroxylase stain—x20) were more numerous than
afferent fibers (E, calcitonin gene—related peptide stain—x20; F, Detail of area delimited by the rectangle in
D, x40). CTRL indicates control; DIAL, dialysis; NF, neurofilament protein.

metabolites in chronic renal failure could promote the release
of nerve growth factor by activated Schwann cells in the peri-
adventitial tissue.

Data obtained from autopsy cases have demonstrated that
in hemodialysis patients there was also a significant increase

in the density of sympathetic nerves in the pericardium
compared with controls. Although it was observed in a small
series, this result confirms and provides a morphological basis
for previous clinical studies that found a significant associ-
ation between sympathetic nervous activity and increased
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cardiovascular risk and poor clinical outcome in hemodialysis
patients with chronic heart failure.>'*? Since there is strong
evidence that sympathetic efferent neuronal activity is
increased in congestive heart failure and can also trigger
malignant arrhythmias leading to sudden cardiac death,®* it
could be hypothesized that in the 3 autopsy cases of the DIAL
group in which the cause of death was congestive heart
failure (see Table 1), the latter may be correlated with
the increase of the density of sympathetic nerves in the
pericardium.

Moreover, our results could provide useful information
regarding renal sympathetic denervation procedures in
patients with chronic kidney disease on hemodialysis. The
observation of an increase in sympathetic endings only in the
internal area of the adventitia could influence the amount of
energy required to achieve catheter-based renal denervation.
It is noteworthy that the maximum density of nerves was
observed in the area closest to the vessel wall, as also
demonstrated in previous work.?%?°

The majority of patients with ESRD also have hypertension,
which is often difficult to control using conventional therapy.
To this end, the use of catheter-based renal denervation might
be effective in reducing blood pressure and improving
cardiovascular function, as demonstrated by recent trials.'®
1% Nevertheless, few data on the safety and efficacy of renal
denervation in patients with ESRD and uncontrolled hyper-
tension have been reported.?°?* Renal denervation also
appears to reduce left ventricular hypertrophy in patients with
ESRD who are on hemodialysis.?*

The most important limitation of our study was that
although we investigated a large number of renal nerves, the
number of cases in some subgroups was limited. In particular,
we were unable to examine the renal arteries of a larger group
of patients with ESRD and hemodialysis without arteriolar
damage. Moreover, a clinical instrumental study was not
conducted to confirm the hyperactivity of the sympathetic
nervous system in our patients, although numerous studies in
the literature have shown the existence of sympathetic
hyperactivity in patients with ESRD.'* Although we measured
statistically significant differences in nerve densities, the sam-
ple size of our study on the nerve density of the pericardium
was limited in that it was carried out only in the 13 autopsy
cases (5 of the DIAL group and 8 CTRL). Further studies will
be needed to confirm these results.

Our results could have a substantial clinical impact on the
refinement of strategies of renal denervation in patients with
ESRD. The results of our study demonstrated a significant
increase in the density of the sympathetic fibers only in the
most internal area of the adventitia in patients with ESRD who
were on hemodialysis. The increase in the nerve ending
density was correlated with hypertensive damage to the
arterioles, but not the hypertensive clinical history. The

findings from this morphological study lend support to the
morphological basis of sympathetic hyperactivity in patients
with ESRD and might provide useful information to improve
the use of renal denervation in this group of patients.
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