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ABSTRACT

Background. Patients with chronic kidney disease (CKD) ex-
hibit a high prevalence of neuropsychiatric alterations, including
depression and behavioural changes. CKD is also associated with
decreased physical activity not fully explained by co-morbidities.
In patients without CKD, the brain-derived neurotropic factor
(BDNF) as well as the endogenous NOS inhibitor asymmetric
dimethylarginine (ADMA) had been suspected to be involved
in major depression. The aim of our study was to examine the
role of ADMA and BDNF in the behaviour of haemodialysis
patients (CKD5D) as well as in a rat model of 5/6 nephrectomy
and chronic ADMA infusion alone.
Methods. Eleven (5F/6M) CKD5D patients underwent Beck
Depression Inventory (BDI) testing along with analysis of
ADMA and BDNF. Male Sprague–Dawley rats were randomly
assigned to four groups: (i) saline infusion; (ii) ADMA (250 µg/
kg/day) infusion via osmotic mini pumps; (iii) 5/6 nephrec-
tomy; (iv) untreated controls. After 28 days, the animals under-
went behavioural tests measuring anxiety, locomotion and
investigative behaviour. Animals were sacrificed, blood samples
were drawn and analysed and hippocampal immunohistology
for BDNF was performed.
Results. In CKD5D patients, decreased BDNF levels correlated
with higher scores of depression (Pearson r = −0.8156, P =
0.002). ADMA infusion led to a significant decrease of BDNF

while the decrease of BDNF in 5/6 nephrectomywas not signifi-
cant. However, an attenuated hippocampal BDNF expression
could be detected in 5/6 nephrecomized animals. Decreased
spontaneous locomotor activity was shown in ADMA-infused
rats [15.9 (13.5–26.1) lines crossed/min] and 5/6 nephrectomy
[14.6 (6.1–20.2) lines crossed/min] when compared with controls
[32.5 (15.3–42.4) lines crossed/min]. Anxiety-like behaviour
tested by hole investigation time was significantly more pro-
nounced in 5/6 nephrectomy [24 (6–44) s] when compared
with ADMA infusion [64 (28–93) s] and controls [33 (26–65) s].
Conclusions. Progressive renal failure in rats is accompanied by
amarked increase of ADMA and a decrease in BDNF. 5/6 neph-
rectomy leads to significantly decreased exploratory behaviour
and locomotion. Both behaviours could be reproduced by
ADMA infusion alone. Indicators of anxiety were more pro-
nounced in ADMA-infused animals when compared with 5/6
nephrectomized rats. Furthermore, an inverse relationship of
BDNF and BDI in 11 CKD5D patients was shown.

Keywords: ADMA, BDNF, behaviour, chronic kidney disease,
depression

INTRODUCTION

The prevalence of chronic kidney disease (CKD) is increasing
worldwide. About 14% of the population in industrialized
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countries is thought to suffer from some degree of renal impair-
ment [1]. In the USA, 62.2% of subjects ≥80 years have an es-
timated glomerular filtration rate (eGFR) < 60 mL/min [2].
This number will increase in the next decades as the underlying
illnesses (diabetes and hypertension) become more prevalent.
Aside from cardiovascular disease, patients with CKD suffer
from an excess risk of incident dementia [3] and depression.
A recent cross-sectional study in 5800 patients revealed a
2-fold higher risk of depressive symptoms in patients with
eGFR≤ 29 mL/min/1.73 m2 in comparison to the population
with normal renal function [4]. It is unclear whether depression
itself is also responsible for the reduction of physical activity
that has been documented in CKD [5]. The mechanism under-
lying both, diminished spontaneous physical activity and de-
pression is poorly understood. Even though it is very likely
that both processes are the result of various structural and func-
tional changes, one uraemic toxin represents an interesting can-
didate for playing a role in this scenario—the endogenous NOS
inhibitor asymmetric dimethylarginine (ADMA). Selley [6] was
the first to point out the link between major depression and
ADMA almost 10 years ago in 25 patients with major depres-
sion. Since then, ADMAhas been shown to be increased in Alz-
heimers patients [7] and inherited forms of cerebral
arteriopathy leading to subcortical infarcts and leucoencepha-
lopathy [8]. Recently, a large prospective cohort study showed
that ADMA was independently associated with incident de-
pression at 6-years follow-up [9]. While there are only epi-
demiological data pointing to a potential role of ADMA in
neuropsychiatric disease, both epidemiological and experimen-
tal data on brain-derived neurotrophic factor (BDNF) suggest
that it plays an important role in depression [10]. BDNF,
which orchestrates growth and maintenance of the neuronal
system as well as neuronal plasticity like long-term potentiation
of learning [11], has been shown to be decreased in major de-
pressive disorders [12]. Severity of depression corresponds to
the magnitude of BDNF decrease in the plasma [13]. Interest-
ingly, the decrease of serum or plasma BDNF seems to be re-
lated to mechanisms of BDNF release from platelets [13],
which appear to bind, store and release BDNF upon activation
at the site of traumatic injury [14]. Further supporting the role
of BDNF in major depressive disorders is the fact that BDNF
increases after anti-depressive therapy [12], a finding in line
with an autopsy study showing an increased expression of
BDNF in hippocampal regions in patients treated with antide-
pressants compared with patients without treatment [15].

The aim of our study was to investigate the potential role of
ADMA and BDNF in behavioural changes and depression
of chronic kidney disease in a cross-sectional clinical study of
CKD5D patients as well as in a 4-week preclinical model of 5/6
nephrectomy and infusion of AMDA in otherwise healthy rats.

MATERIALS AND METHODS

Patients

The study was approved by the local Ethics Committee (ref-
erence # 2012–30). All patients gave written informed consent.
The Beck Depression Inventory (BDI) [15, 16] was used to

assess the severity of a mood disorder in 11 haemodialysis pa-
tients immediately before a dialysis session after a short dialysis
interval. The patient characteristics are presented in Table 1.
The BDI is a self-assessment questionnaire consisting of 21
multiple choice items related to affective, cognitive and somatic
symptoms of depression such as hopelessness and sadness, guilt
and punishment, weight loss, sleep disturbance and fatigue.
Each item can be scored on a 4-point Likert-type scale
indicating the severity of the symptom. A total sum score is
computed and compared with cut-off values to indicate a clin-
ical relevant amount of depressive symptoms. CKD patients
scoring ≥15 are considered as at least mildly depressed [17].

Animals

All research and animal care procedures had been approved
by the Lower Saxony district government (registration # 10/
0229EEC) and followed the guidelines set by the European
Communities Council Directive of 24 November 1986. Male
Sprague–Dawley rats (n = 23) were obtained from Charles Riv-
erGmbH, Sulzfeld, Germany. The rats were held in cages of up
to five rats for the first 3 days covered with standard cage bed-
ding. They were then placed in plastic single cages bedded in
cellulose in an air-conditioned facility under a 14-h light and
10-h dark cycle (lights on at 07:00 a.m.) at an ambient tempera-
ture of 24°C. Standard carbohydrate chow (50% carbohydrate,
19% protein, 12% water, 4% fat and 2.1 kcal/g; Altromin, Lage,
Germany) and water were available ad libitum.

Experimental design

Twenty-three rats were randomly divided into four groups.
OnDay 1,Alzet-pumps (model 2ML4with aflow rate of 2.5 µL/h)
(Durect Corporation, Cupertino, CA) were subcutaneously
implanted in rats of Group 1 and 2 under inhalation anaesthesia
(isoflurane) as described previously [18]. Group 1 (n = 5) received
0.9%NaCl infusion and was used as control, Group 2 (n = 10) re-
ceived 250 µmol/kg/day ADMA (Alexis Biochemicals, Lausen,
Switzerland)whichwas dispensed in 0.9%NaCl and subsequently

Table 1. Laboratory data of study population

CKD5D patients
(n = 11)

M ± SD

Age (years) (M ± SD) 52.6 ± 10.5
Gender (female/male) 5/6
Weight (kg) 76.7 ± 19.4
Laboratory results Reference rangea

Haemoglobin (g/dL) 9.96 ± 1.25 12.0–16.0 | >10.0 − <11.5a

Leukocytes (Tsd/µL) 7.96 ± 5.83 4.4–11.3
Albumin (g/dL) 34.33 ± 7.57 35–52
MCV (fl) 93.16 ± 8.39 80–100
MCHC(g/dL) 33.33 ± 0.99 31–37
PTH (ng/L) 188.50 ± 2.12 15–65 | 150–300a

TSH (mU/L) 1.45 ± 1.18 0.27–4.2
K+ (mmol/L) 5.62 ± 0.83 3.6–5.4
Na+ (mmol/L) 138.2 ± 4.4 135–145
Ca2+ (mmol/L) 2.23 ± 0.28 2.15–2.60
Phosphate (mmol/L) 1.54 ± 0.53 0.83–1.67
Creatinine (µmol/L) 624.7 ± 241.8 59–104
Urea (mmol/L) 13.90 ± 5.07 2.8–7.2

aKDIGO (Kidney Disease: Improving Global Outcomes) recommendation if applicable.
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sterile filtered. Rats in Group 3 (n = 5) underwent 5/6 nephrec-
tomy (Nx) as previously described [19]. Group 4 (n = 3) were
untreated control rats for the immunohistochemical staining.
In brief, we performed selective ligation of the extrarenal artery
branches of the left renal artery under ketamine and xylazine
anaesthesia to obtain a two-thirds renal infarction. The opposite
kidney was then removed. Behavioural tests were performed
after 4 weeks of ADMA infusion or 5/6 nephrectomy. All animals
were sacrificed on Day 28.

Holeboard

The apparatus used in this study was a combination of hole-
board and open-field apparatus and therefore a capable tool of
measuring locomotor activity, anxiety and directed and undir-
ected investigative behaviours. The arena (60 × 60 cm) con-
sisted of a quadratic wooden board, which was divided by
white lines into 25 square fields. It was enclosed by wooden
walls (40 cm high) that hindered the rat from leaving the appar-
atus. At each intersection of two lines, a circular hole (2.5 cm in
diameter) was drilled into the board (16 holes in the board in
total). The dimension of each field was 12 × 12 cm. The 16
fields adjacent to the boundary walls were defined as perimeter
fields, whereas the nine fields in the middle were defined as
centre fields. Each rat was placed in a definite corner of the hole-
board and supervised closely by two experienced experimenters
for 8 min. The following parameters were measured: hole-
pocking (directed investigative behaviour); rearing (undirected
investigative behaviour); lines crossed (locomotor activity);
time spent in centre and time until first hole investigation oc-
curred (anxiety-like behaviour). Holeboard tests were carried
out in the light cycle (04:00–07:00 p.m.)

Laboratory measurements

Blood samples for measurement of plasma ADMA, SDMA,
BDNF and routine chemistry were drawn before sacrifice,
immediately cooled on ice, centrifuged at 1500 g and 4°C for
10 min. Supernatants were stored in 500 µL aliquots at −80°C
until further use. Plasma concentrations of ADMA and SDMA
were measured applying a liquid chromatography-mass spec-
trometry method described elsewhere [20]. Since recently, a di-
urnal BDNF rhythm was demonstrated in healthy humans
where plasma BDNF displayed highest concentrations in the
morning, followed by a substantial decrease throughout the
day and the lowest values at midnight [21]. Blood samples
from dialysis patients were collected between 7 and 8 AM.
BDNF serum levels in the rat study were measured using an
Elisa (IBL, Minneapolis, MN). Human BDNF serum levels in
the dialysis patients were measured using an Elisa Kit from
Ray Biotech (Norcross, GA). All other measurements were per-
formed with routine laboratory tests using certified assay
methods.

Immunohistochemistry of rat brains

Brains of both, the control and the Nx group were coronally
cut into seven series of 30 µm-thick sections using a freezing
microtome and stored in antifreezer-solution (160 mL PBS,
120 mL ethyleneglycol, 120 mL glycerol) at −20°C until stain-
ing. Using a commercially available rabbit polyclonal antibody

(ab101752) (1:1000 Abcam, Cambridge, UK), free-floating sec-
tions of the hippocampal area were stained for BDNF according
to themanufacturer’s instructions. Colour reaction for light mi-
croscopy was performed using ABC solution [VectaStain Elite
Kit, PK-6101 (anti-rabbit), Vector Laboratories Inc., Burlin-
game, CA], followed by the DAB kit (Peroxidase Subtrate Kit,
SK-4100, Vector Laboratories Inc., Burlingame, CA) according
to the manufacturer’s instructions. Sections were semi-
quantitatively analysed with a Biozero 8100E Keyence micro-
scope in a ×40 resolution.

Statistics

GraphPad Prism 5 (Informer Technologies, Inc., Dominica,
CA) was used for statistical analysis. Data are expressed as me-
dian [interquartile range (IQR)] unless otherwise stated. To
compare groups at different time points, ANOVA and Tukey’s
multiple comparison tests were used. The significance level was
set at P < 0.05.

RESULTS

Depressed dialysis patients have decreased BDNF serum
levels

In our cohort of CKD5D patients, there was a significant in-
verse correlation between the sum score BDI (Beck Depression
Inventory) and BDNF (Figure 1). There was neither a relation-
ship between BDNF and the L-arginine/ADMA ratio (Pearson
r = 0.4891, NS; data not shown) nor between BDI and ADMA
(Pearson r = 0.1709, NS).

Sole ADMA infusion leads to decreased BDNF serum
levels

ADMA infusion increased plasma ADMA levels to 1.2 [1.08–
1.47] µmol/L as compared to 0.7 [0.54–0.73] µmol/L in the con-
trol group. ADMA infusion significantly decreased BDNF levels
compared with controls (Figure 2).

5/6 nephrectomy led to a significant increase in urea [21.8
(17.79–29.59) mmol/L] when compared with controls [8.1
(7.74–8.52) mmol/L] and resulted in an increased ADMA
level of 0.8 [0.72–0.90] µmol/L. The increased ADMA levels

F IGURE 1 : Inverse relationship of BDNF and Beck Depression In-
ventory (BDI) in 11 chronic haemodialysis patients (Pearson r
−0.8156, P = 0.002).
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in 5/6 nephrectomy only tended to be associated with decreased
BDNF levels. The effect of ADMA infusion as well as 5/6 neph-
rectomy are given in Table 2.

Significantly decreased locomotor activity
and investigative behaviour after 5/6 nephrectomy
and chronic ADMA infusion

The lines crossed by the animal in a given time are a measure
of spontaneous locomotor activity. In contrast to controls, both
rats with 5/6 nephrectomy and rats in the ADMA infusion
group showed significantly decreased spontaneous locomotor
activity (Figure 3). The direct exploratory behaviour, assessed
by the number of holes visited in a given time, was less in the
5/6 nephrectomy group when compared with the ADMA group
(Figure 4). Both, ADMA infusion and 5/6 nephrectomy, led to a
decrease in the time spent rearing compared with the control
group, indicating a decrease in undirected investigative behav-
iour (Figure 4). Hole investigation time, a marker of anxiety like
behaviour, was significantly decreased in 5/6 nephrectomy
when compared with animals in the ADMA infusion group
(Figure 5). Centre time and self-grooming were neither affected
by 5/6 nephrectomy nor by ADMA infusion (Supplementary
data, Figure).

Decreased BDNF expression in 5/6 nephrectomized rats

Semi-quantitative assessment of hippocampal BDNF ex-
pression performed by an experienced examiner blinded to

the treatment group showed a significant lower BDNF staining
intensity (relative units) in the hippocampi from 5/6 nephrec-
tomized rats when compared with control animals (1.5 ± 0.2
versus 2.3 ± 0.3, P < 0.05). Representative sections are shown
in Figure 6.

DISCUSSION

The key findings of our study in CKD5D patients were that
BDNF levels were inversely related to the degree of depression
measured by BDI. In rats, ADMA infusion led to significantly
decreased BDNF levels.Within 4 weeks, 5/6 nephrectomy led to
(i) decreased spontaneous locomotion, (ii) increased anxiety
and (iii) decreased exploratory behaviour. All of these effects
can be induced by long-term, i.e. 4-week continuous infusion
of ADMA to rats with normal renal function.

Depression and BDNF

Our study shows for the first time a marked significant in-
verse correlation between BDNF and intensity of depression
in CKD5D patients, i.e. lower BDNF levels implicate higher de-
pression scores in these patients. Karege et al. [22] described a
correlation between serum and cortical BDNF levels [13]. As
BDNF is able to cross the blood–brain barrier, alterations in
serum BDNF levels may have an impact of BDNF levels in

F IGURE 2 : Effect of ADMA infusion (28 days) and 5/6 nephrectomy
(28 days after surgical intervention; Nx) on serum BDNF levels in
Sprague–Dawley rats. Data are compared with BDNF levels of saline
injected control rats. Data presented as median (interquartile ranges);
comparison between groups using ANOVA and Tukey’s multiple
comparison test, *P < 0.05.

F IGURE 3 : Effect of ADMA infusion (28 days) and 5/6 nephrectomy
(28 days after surgical intervention; Nx) on locomotion of rats mea-
sured by the lines crossed in the holeboard test. Data are compared
with locomotion of saline-injected control rats. Data presented as
median (interquartile ranges); comparison between groups using
ANOVA and Tukey’s multiple comparison test, *P < 0.05.

Table 2. Dimethylarginine levels and parameters of renal function of animals in the different groups [28 days after start of infusion or nephrectomy (Nx)]

NaCl (Control) ADMA 5/6 Nx

Serum creatinine (µmol/L) 37.4 [35.0–39.6] 38.8 [36.8–40.5] 84.6* [65.2–119.3]
Urea (mmol/L) 8.08 [7.74–8.52] 8.19 [7.52–9.09] 21.78* [17.79–29.59]
SDMA (µmol/L) 0.22 [0.19–0.28] 0.37 [0.32–0.43] 0.99*§ [0.74–1.43]
L-Arginine/ADMA 302 [271–336] 145*# [135–163] 208* [189–254]
ADMA (µmol/L) 0.66 [0.54–0.72] 1.21*# [1.08–1.47] 0.81 [0.72–0.90]
BDNF (pg/mL) 6550 [6260–6600] 4214* [3550–6093] 6327 [4561–6400]

Data are presented as median [interquartile range].
*P < 0.05 versus control; analysis of variance confirmed by Tukey’s multiple comparison test.
§P < 0.05 versus ADMA; analysis of variance confirmed by Tukey’s multiple comparison test.
#P < 0.05 versus 5/6 Nx; analysis of variance confirmed by Tukey’s multiple comparison test.

O
R
IG

IN
A
L
A
R
T
IC

L
E

1702 H. Kielstein et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/30/10/1699/2337174 by guest on 09 April 2024

http://ndt.oxfordjournals.org/lookup/suppl/doi:10.1093/ndt/gfv253/-/DC1
http://ndt.oxfordjournals.org/lookup/suppl/doi:10.1093/ndt/gfv253/-/DC1


the brain while altered brain BDNF might be reflected in lower
serum BDNF. This might be an approach to understand the im-
portance of BDNF in the pathophysiology in major depressive
disorder. Several cross-sectional studies showed a tight correl-
ation between low BDNFand the severity of depression [12, 13].
Serum BDNF levels of antidepressant-naïve patients with de-
pression were reduced compared with those in treated patients
and healthy controls [12, 23]. The magnitude of the difference
in BDNF levels corresponds to themagnitude of the depression.
After treatment with antidepressants, BDNF levels increased to
those of healthy controls [23]. This is further supported by a
study by Chen et al. [15] who found increased hippocampal
BDNF immunoreactivity in patients with depression that
were treated when compared with untreated patients. So far
only one study explored BDNF levels in CKD5D patients.
This study solely investigated the effect of a single haemodialy-
sis session on BDNF levels [24]. This study also showed that
basal BDNF levels in haemodialysis patients were significantly
lower than in healthy individuals, which is in line with our
findings.

CKD and behavioural changes

Up to 27% of urban haemodialysis patients have been re-
ported to suffer amajor anxiety disorder [25], a finding not uni-
versally found in smaller sample sizes [26]. The signs of anxiety

we found in our animal model were in line with previous pre-
clinical studies usingmodels of renal impairment [27]. Interest-
ingly, ADMA infusion alone was able to reproduce the effect of
chronic renal impairment on almost all investigated parameters
of behaviour. ADMA is an endogenous NOS inhibitor known
to accumulate in renal failure [28]. Experimental data on the ef-
fect of NOS inhibition on anxiety are controversially discussed.
While Volke et al. [29] showed that L-NAME, a synthetic NOS
inhibitor had an anxiolytic effect in the elevated plus maze test,
de Oliveira et al. [30] demonstrated increased anxiety by NOS
inhibition with L-NOARG in rats using the elevated plus maze
test. The increase in anxiety could be overcome by administra-
tion of L-arginine, i.e. increasing NO production [30]. Further
supporting the importance of NO for anxiolysis is the study by
Caton et al. [31] who reported that the anxiolytic effect of NO
was significantly attenuated by inhibition of nNOS production.
Given these preclinical data, it is very well conceivable that
ADMA administration alone has the potential to induce anx-
iety like behaviour. Our data point to the fact that ADMA
alone is powerful enough to replicate the behavioural changes
seen in 5/6 nephrectomy.

CKD and NOS inhibition decreases spontaneous
locomotion

Although distinct movement disorders such as tremor and
myoclonus have been described in dialysis patients [32], a gen-
eral assessment of spontaneous motor activity in patients with
CKD has so far not been reported. Even a lack of physical activ-
ity could be attributed to several factors such as advanced age
and underlying diseases as well as co-morbidities such as
amputation.

The decreased spontaneous locomotion seen in our CKD
model is in line with data from Topczewska-Bruns et al. [27].
These authors found a decrease in line crossings of more than
50% and in rearings a decrease of 83%. However, these effects be-
came evident only after 8 weeks of 5/6 nephrectomy, while we
saw significant changes already after 28 days in thismodel. Inter-
estingly, a 4-week infusion of ADMA alone was able to induce
the effects on spontaneous locomotion as seen in 5/6 nephrec-
tomy. This effect on locomotion might also explain why
ADMA infused animals investigated more of holes (direct ex-
ploratory behaviour) but showed less rearing (indirect explora-
tory behaviour) when compared with controls. The later

F IGURE 4 : Direct (number of holes) and indirect (rearing) exploratory behaviour of rats in holeboard testing after 28 days of infusion of ADMA
or 5/6 nephrectomy (Nx) compared with saline-injected controls. Data presented as median (interquartile ranges); comparison between groups
using ANOVA and Tukey’s multiple comparison test, *P < 0.05.

F IGURE 5 : Anxiety measured by the hole investigation time in the
holeboard test after 28 days of infusion of ADMA or 5/6 nephrectomy
(5/6 Nx) compared with saline-injected controls. Data presented as
median (interquartile ranges); comparison between groups using
ANOVA and Tukey’s multiple comparison test, *P < 0.05.
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activity requires strength and coordination whichmight be ham-
pered by ADMA infusion. Several lines of evidence support the
notion that NO plays an important role in the control of motor
behaviour. Mice mutant for the neuronal NOS isoform have al-
tered locomotor abilities [33]. Rats and mice treated with various
NOS inhibitors show problems with fine motor control [34].
Moreover, NOS inhibitor compounds reduce spontaneous loco-
motor activity [35]. The nNOS-specific NOS inhibitor 7NI de-
creased locomotion in the open field-test [36]. Araki et al. [36]
showed that motor-deficits caused by L-NAME and 7-NI were
noted in doses higher than 160 mg/kg. The motor deficit caused
by nNOS specific inhibitor 7-NI was more pronounced than the
deficit caused by L-NAME, which inhibits all three NOS iso-
forms. This is in line with the findings concerning the potent in-
hibitory effect of ADMA on nNOS when compared with eNOS.
The IC50 of ADMA for nNOS in one study was 1.5 µM while it
was almost an order of magnitude higher (12 µM) for eNOS, i.e.
at a given ADMA concentration, the inhibitory effect of ADMA
on nNOS is higher than on eNOS [37]. Behavioural changes and
effects on spontaneous locomotion caused in our study were just
due to ADMA infusion in otherwise healthy rats. Thus, even
without co-morbidities seen in CKD, rats exhibited less spontan-
eous locomotion, which sheds new light in this problem in CKD
patients.

We wish to point out important limitations of our study. The
number of patients includedwas limited, as this was not themain
focus of our work. This limited number could, however, be re-
sponsible for the partial discordance of animal and human
data, i.e. for the relationship of decreased BDNF levels and
increased ADMA in animals, which could not be found in pa-
tients. An additional problem could arise from the measurement
of BDNF in serum only. Although it has been described that
serum BDNF levels were 14-fold higher than plasma BDNF le-
vels [38], this might be different in rats. Furthermore, a potential
variation of ADMA effects would have warranted a larger num-
ber of animals, yet the number was based on previous animal
studies investigating the long-term effect of ADMA. Moreover,
we compared different stages of renal impairment in the animals
and humans. Our chronic renal failure model was limited to 28
days as the continuous infusion using an osmotic mini pump is
limited to 28 days. Extension of the experiments would have re-
quired a second surgical procedure with anaesthesia, While

ADMA infusion led to a significant decrease in BDNF levels in
rats, therewas no such relationship in humans. This could be due
to the fact that several other risk factors increase ADMA thus
potentially masking an existing relationship. The most unfortu-
nate limitation is the absence of brain histology from the
ADMA-infused animals, that were lost in freezer accident.

In conclusion, we show for the first time that the marked be-
havioural changes of CKD in an animal model of 5/6 nephrec-
tomy can be reproduced by ADMA infusion alone, pointing to a
new role of this uraemic toxin. Furthermore, our clinical and pre-
clinical data suggest that BDNF plays a role in depression found
in patients with CKD. For the first time, ADMA infusion was
shown to induce a marked reduction in BDNF levels, known
to be inversely correlated with depressive behavioural changes.
Lastly, both, experimental uraemia as well as ADMA infusion
led to decreased spontaneous locomotion, indicating that co-
morbidities of CKD alone do not lead to physical inactivity.

SUPPLEMENTARY DATA

Supplementary data are available online at http://ndt.oxford
journals.org.
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F IGURE 6 : Immunohistochemical staining (anti-BDNF ab101752; 1:1000; Abcam, Cambridge, UK) of hippocampal BDNF in a control and 5/6
nephrectomized (5/6 Nx) rat; magnification: ×40. The arrow depicts positive BDNF immunoreactivity.

O
R
IG

IN
A
L
A
R
T
IC

L
E

1704 H. Kielstein et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/30/10/1699/2337174 by guest on 09 April 2024

http://ndt.oxfordjournals.org/lookup/suppl/doi:10.1093/ndt/gfv253/-/DC1
http://ndt.oxfordjournals.org/lookup/suppl/doi:10.1093/ndt/gfv253/-/DC1
http://ndt.oxfordjournals.org/lookup/suppl/doi:10.1093/ndt/gfv253/-/DC1
www.adma.com
www.adma.com
www.adma.com


REFERENCES

1. Coresh J, Selvin E, Stevens LA et al. Prevalence of chronic kidney disease in
the United States. JAMA 2007; 298: 2038–2047

2. GramsME, Juraschek SP, Selvin E et al. Trends in the prevalence of reduced
GFR in the United States: a comparison of creatinine- and cystatin c-based
estimates. Am J Kidney Dis 2013; 62: 253–260

3. Seliger SL, Siscovick DS, Stehman-Breen CO et al. Moderate renal impair-
ment and risk of dementia among older adults: the Cardiovascular Health
Cognition Study. J Am Soc Nephrol 2004; 15: 1904–1911

4. Campbell KH, Huang ES, DaleW et al. Association between estimated GFR,
health-related quality of life, and depression among older adults with dia-
betes: the Diabetes and Aging Study. Am J Kidney Dis 2013; 62: 541–548

5. Akber A, Portale AA, Johansen KL. Pedometer-assessed physical activity in
children and young adults with CKD. Clin J Am Soc Nephrol 2012; 7:
720–726

6. Selley ML. Increased (E)-4-hydroxy-2-nonenal and asymmetric dimethy-
larginine concentrations and decreased nitric oxide concentrations in the
plasma of patients withmajor depression. J Affect Disord 2004; 80: 249–256

7. Arlt S, Schulze F, Eichenlaub M et al. Asymmetrical dimethylarginine is
increased in plasma and decreased in cerebrospinal fluid of patients with
Alzheimer’s disease. Dement Geriatr Cogn Disord 2008; 26: 58–64

8. Rufa A, Blardi P, de LA, et al. Plasma levels of asymmetric dimethylarginine
in cerebral autosomal dominant arteriopathy with subcortical infarct and
leukoencephalopathy. Cerebrovasc Dis 2008; 26: 636–640

9. McEvoyMA, Schofield P, SmithWet al. Serummethylarginines and incident
depression in a cohort of older adults. J Affect Disord 2013; 151: 493–499

10. MolendijkML, Spinhoven P, PolakM et al. Serum BDNF concentrations as
peripheral manifestations of depression: evidence from a systematic review
and meta-analyses on 179 associations (N=9484). Mol Psychiatry 2014; 19:
791–800

11. Gartner A, Staiger V. Neurotrophin secretion from hippocampal neurons
evoked by long-term-potentiation-inducing electrical stimulation patterns.
Proc Natl Acad Sci USA 2002; 99: 6386–6391

12. Shimizu E, Hashimoto K, Okamura N et al. Alterations of serum levels of
brain-derived neurotrophic factor (BDNF) in depressed patients with or
without antidepressants. Biol Psychiatry 2003; 54: 70–75

13. Karege F, Bondolfi G, Gervasoni N et al. Low brain-derived neurotrophic
factor (BDNF) levels in serum of depressed patients probably results
from lowered platelet BDNF release unrelated to platelet reactivity. Biol
Psychiatry 2005; 57: 1068–1072

14. Fujimura H, Altar CA, Chen R et al. Brain-derived neurotrophic factor is
stored in human platelets and released by agonist stimulation. Thromb
Haemost 2002; 87: 728–734

15. Chen B, Dowlatshahi D, MacQueen GM et al. Increased hippocampal
BDNF immunoreactivity in subjects treated with antidepressant medica-
tion. Biol Psychiatry 2001; 50: 260–265

16. Beck AT, Ward CH, Mendelson M et al. An inventory for measuring de-
pression. Arch Gen Psychiatry 1961; 4: 561–571

17. Craven JL, Rodin GM, Littlefield C. The Beck Depression Inventory as a
screening device for major depression in renal dialysis patients. Int J Psych-
iatry Med 1988; 18: 365–374

18. Kielstein JT, SuntharalingamM, Perthel R et al. Asymmetric dimethylargi-
nine may mediate increased heat pain threshold in experimental chronic
kidney disease. Nephrol Dial Transplant 2012; 27: 899–902

19. Bahlmann FH, Song R, Boehm SM et al. Low-dose therapy with the long-
acting erythropoietin analogue darbepoetin alpha persistently activates

endothelial Akt and attenuates progressive organ failure. Circulation
2004; 110: 1006–1012

20. Martens-Lobenhoffer J, Bode-Boger SM. Fast and efficient determination of
arginine, symmetric dimethylarginine, and asymmetric dimethylarginine in
biological fluids by hydrophilic-interaction liquid chromatography-electro-
spray tandem mass spectrometry. Clin Chem 2006; 52: 488–493

21. Begliuomini S, Lenzi E, Ninni F et al. Plasma brain-derived neurotrophic
factor daily variations in men: correlation with cortisol circadian rhythm.
J Endocrinol 2008; 197: 429–435

22. Pan W, Banks WA, Kastin AJ. Permeability of the blood-brain barrier to
neurotrophins. Brain Res 1998; 788: 87–94

23. Gonul AS, Akdeniz F, Taneli F et al. Effect of treatment on serum brain-
derived neurotrophic factor levels in depressed patients. Eur Arch Psych-
iatry Clin Neurosci 2005; 255: 381–386

24. Zoladz JA, Smigielski M, Majerczak J et al. Hemodialysis decreases serum
brain-derived neurotrophic factor concentration in humans. Neurochem
Res 2012; 37: 2715–2724

25. Cukor D, Coplan J, Brown C et al. Depression and anxiety in urban hemo-
dialysis patients. Clin J Am Soc Nephrol 2007; 2: 484–490

26. Montinaro V, Iaffaldano GP, Granata S et al. Emotional symptoms, quality
of life and cytokine profile in hemodialysis patients. Clin Nephrol 2010; 73:
36–43

27. Topczewska-Bruns J, Tankiewicz A, Pawlak D et al. Behavioral changes in
the course of chronic renal insufficiency in rats. Pol J Pharmacol 2001; 53:
263–269

28. Schepers E, Speer T, Bode-Boger SM et al. Dimethylarginines ADMA and
SDMA: the real water-soluble small toxins? Semin Nephrol 2014; 34:
97–105

29. Volke V, Koks S, Vasar E et al. Inhibition of nitric oxide synthase causes
anxiolytic-like behaviour in an elevated plus-maze. Neuroreport 1995; 6:
1413–1416

30. De Oliveira CL, Del Bel EA, Guimaraes FS. Effects of L-NOARG on
plus-maze performance in rats. Pharmacol Biochem Behav 1997; 56:
55–59

31. Caton PW, Tousman SA, Quock RM. Involvement of nitric oxide in nitrous
oxide anxiolysis in the elevated plus-maze. Pharmacol Biochem Behav
1994; 48: 689–692

32. Chui HC, Damasio AR. Progressive dialysis encephalopathy (“dialysis de-
mentia”). J Neurol 1980; 222: 145–157

33. Kriegsfeld LJ, Eliasson MJ, Demas GE et al. Nocturnal motor coordination
deficits in neuronal nitric oxide synthase knock-out mice. Neuroscience
1999; 89: 311–315

34. Starr MS, Starr BS. Do NMDA receptor-mediated changes in motor behav-
iour involve nitric oxide? Eur J Pharmacol 1995; 272: 211–217

35. Sandi C, Venero C, Guaza C. Decreased spontaneous motor activity and
startle response in nitric oxide synthase inhibitor-treated rats. Eur J Phar-
macol 1995; 277: 89–97

36. Araki T, Mizutani H, Matsubara M et al. Nitric oxide synthase inhibitors
cause motor deficits in mice. Eur Neuropsychopharmacol 2001; 11:
125–133

37. Tsikas D, Sandmann J, Savva A et al. Assessment of nitric oxide synthase
activity in vitro and in vivo by gas chromatography-mass spectrometry.
J Chromatogr B Biomed Sci Appl 2000; 742: 143–153

38. Yoshimura R, Sugita-Ikenouchi A, Hori H et al. A close correlation between
plasma and serum levels of brain-derived neurotrophic factor (BDNF) in
healthy volunteers. Int J Psychiatry Clin Pract 2010; 14: 220–222

Received for publication: 14.1.2015; Accepted in revised form: 21.5.2015

O
R
IG

IN
A
L
A
R
T
IC

L
E

A D M A a l t e r s b e h a v i o u r a n d s p o n t a n e o u s p h y s i c a l a c t i v i t y 1705

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/30/10/1699/2337174 by guest on 09 April 2024



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


