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ABSTRACT

Background Uremic toxicity may play a role in the elevated risk of developing cognitive impairment found
among patients with CKD. Some uremic toxins, like indoxyl sulfate, are agonists of the transcription factor
aryl hydrocarbon receptor (AhR), which is widely expressed in the central nervous system and which we
previously identified as the receptor of indoxyl sulfate in endothelial cells.

Methods To characterize involvement of uremic toxins in cerebral and neurobehavioral abnormalities in
three rat models of CKD, we induced CKD in rats by an adenine-rich diet or by 5/6 nephrectomy; we also
used AhR™/~ knockout mice overloaded with indoxyl sulfate in drinking water. We assessed neurologic
deficits by neurobehavioral tests and blood-brain barrier disruption by SPECT/CT imaging after injection
of 9™Tc-DTPA, an imaging marker of blood-brain barrier permeability.

Results In CKD rats, we found cognitive impairment in the novel object recognition test, the object loca-
tion task, and social memory tests and an increase of blood-brain barrier permeability associated with renal
dysfunction. We found a significant correlation between “*™Tc-DTPA content in brain and both the dis-
crimination index in the novel object recognition test and indoxyl sulfate concentrations in serum. When
we added indoxyl sulfate to the drinking water of rats fed an adenine-rich diet, we found an increase in
indoxyl sulfate concentrations in serum associated with a stronger impairment in cognition and a higher
permeability of the blood-brain barrier. In addition, non-CKD AhR /" knockout mice were protected
against indoxyl sulfate—induced blood-brain barrier disruption and cognitive impairment.

Conclusions AhR activation by indoxyl sulfate, a uremic toxin, leads to blood-brain barrier disruption
associated with cognitive impairment in animal models of CKD.

Major adverse cardiovascular events and mortality
are greatly increased in patients with CKD.! Recent
observations highlight that patients with CKD have a
higher risk of developing cognitive impairment.2~7
Cognitive impairment is frequent, appears early with
CKD, and worsens parallel with the decline of the
GFR. These disorders are compared with a form of
early-onset vascular dementia®#~19 but with limited
cerebral structural damage because patients with
CKD have minimal alteration of cerebral volumes
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in magnetic resonance imaging, not correlated to cognitive
impairment.!! There is currently no treatment to improve cog-
nitive disorders during CKD, and these disorders are only
partly reversible after kidney transplantation,!? especially in
frail patients.!® This risk of developing cognitive impairment
is generally explained by the high prevalence of both symptom-
atic and subclinical ischemic cerebrovascular lesions,!4—18
white matter lesions, and microbleeds,!>1° and it could be
worsened by significant alteration in cerebral oxygenation
and blood flow in hemodialysis.2® However, other potential
mechanisms such as direct toxicity of uremic toxins or cerebral
endothelial dysfunction could be involved.

In fact, plasmatic uremic toxin contents can rise from 10 to
100 times higher in patients with CKD than those seen in the
general population. Among the uremic toxins, indole solutes
belong to the family of uremic toxins bound to proteins and
are difficult to purify by dialysis.’* The accumulation of in-
doles is associated with a higher risk of cardiovascular events?!
and may play an important role in abnormalities of cognitive
functions.?>23 Recently, Assem et al.2? implied that indoxyl
sulfate (IS) could be a major player in the neurologic effect
of kidney failure. Moreover, Lin et al.?4 highlighted a correla-
tion between serum IS concentrations and cognitive disorders
in patients on hemodialysis. Our team identified the receptor
of IS in endothelial cells, aryl hydrocarbon receptor (AhR).
AhR modulates many signaling pathways. Activation of AhR
by IS causes endothelial dysfunction leading to a procoagulant
state by inducing endothelial inflammation and an increase in
oxidative stress.212>~27 In addition, AhR is widely expressed
in the central nervous system, and its activation has been
shown to play a detrimental role in both cognitive function?®
and stroke-induced brain injury in mice with normal renal
function.??

Recent work suggests that blood-brain barrier (BBB) dis-
ruption is an important mechanism involved in acute and
chronic neurodegenerative processes.3? Particularly, BBB dis-
ruption may be an early biomarker of human cognitive dys-
function in patients without CKD.3! Surprisingly, the integrity
of BBB in patients with CKD has been poorly explored, and
few reports suggest BBB permeability in animal models.!?
However, to date, no link between BBB disruption, IS accu-
mulation, and cognitive impairment has been made in the
context of CKD.

Thus, we challenged the hypothesis that neurocognitive
disorders may be associated with IS-induced BBB disruption
in rodent models of CKD.

METHODS

All procedures using animals were approved by the insti-
tution’s Animal Care and Use Committee (Project
#15636-2018122710383826 VI, CE14; Aix-Marseille Univer-
sité), and they were conducted according to European Union
Directive 2010/63 and to the National Institutes of Health

Significance Statement

Uremic toxicity may play a role in the elevated risk of developing
cognitive impairment observed in patients with CKD. Some uremic
toxins, such as indoxyl sulfate, are agonists of the transcription
factor aryl hydrocarbon receptor (AhR). The authors found that
cognitive impairment in three models of CKD in rats is correlated
with serum levels of indoxyl sulfate as well as blood-brain barrier
disruption as detected by SPECT/CT imaging. Using AhR™/~
knockout mice, the authors described for the first time that indoxyl
sulfate-induced activation of AhR is responsible for blood-brain
barrier disruption. These findings demonstrate that blood-brain
barrier disruption seems to be an important mechanism involved
in cognitive impairment in the context of CKD and that AhR may be
a promising therapeutic target to prevent cognitive impairment
in CKD.

Guide for the Care and Use of Laboratory Animals. Rat exper-
iments were conducted in 5-week-old male Sprague-Dawley
rats (Envigo). The animals were housed two per cage with
enrichment and free access to food and water. The temperature
and the humidity of the air were controlled and varied between
40% and 60%, respectively; a light cycle of 7-19 hours was
carried out. Several daily passages of competent personnel
were carried out in the animal facility to control the welfare
of the animals and for the identification of the end points. The
study protocol is summarized in Figure 1.

Mouse experiments were conducted with AhR knockout
(AhR™'7) mice (B6.129-Ahr"™"*™/1)32 purchased from Jack-
son Laboratories and maintained as a breeding colony in the
animal care facility at the Faculty of Medicine of Marseille.
C57BL/6] mice were used as experimental controls. Geno-
types were confirmed by PCR analysis of DNA from tail
clippings.

Induction and Assessment of CKD

CKD was induced by subjecting the rats to an adenine-rich
diet (ARD) at 0.25% and 0.5% (Safe Nutrition) for 28 days.
We challenged a separate animal group of 0.5% ARD (0.5%
ARD + IS) rats with IS by adding IS in the drinking water
during day 14 (D14)-D28 (1 g of IS per liter of water).33 IS was
purchased as a potassium salt (Sigma-Aldrich); an equivalent
concentration of KCl in drinking water was used as control.

In another separate animal group, after 4 weeks of 0.5%
ARD diet, oral sorbent 8% AST-120 (Kureha) was added
mixed with standard food following the protocol previously
described?4 for another 4 weeks (D28-D46).

A second model of renal failure was obtained by 5/6 ne-
phrectomy as described in the literature.3> Briefly, ablation of
the upper and lower poles of the left kidney was performed
after subcostal laparotomy and clamping of the renal pedicle,
and total right nephrectomy was performed 4 days later. The
surgery was performed under anesthesia with 100 ul 3% sev-
oflurane. Intraoperative analgesia was provided by 2 mg/ml
ropivacaine subcutaneously, and postoperative analgesia was
by injection of 0.05 mg/kg buprenorphine subcutaneously.3¢
Postoperative pain was assessed using a grid of facial
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Figure 1. Experimental protocol of the study. Description and timing of the experiments conducted in (A) rats and (B) mice. 5/6 Nx, 5/6
nephrectomy; ARR™*, wild type; AhR”", Aryl Hydrocarbon Receptor knock-out; BBB, blood-brain barrier; CSF, cerebro spinal fluid.

expressions validated in the rat.3” In case of pain, another in-
jection of 0.05 mg/kg buprenorphine was given on D1 and D2
postsurgery.

BP of the animals was measured at D28 with a rat-adapted
monitor after a weekly habituation.

In mice, IS overload was given in drinking water (1 g/L) for
the duration of the experiments (14 days). Food and water
were provided ad libitum.

The severity of CKD was assessed using classic biochemical
markers serum urea and creatinine. The serum levels of IS,
indole acetic acid, and paracresyl sulfate were assessed by high
performance liquid chromatography as previously described38
(Shimadzu LC2 device). Blood samples were collected by cath-
eterization of the caudal vein under anesthesia by 3% sevo-
flurane. The serum was extracted after centrifugation (2500X g
for 15 minutes at 21°C). Blood samples were stored at —80°C.

Aryl hydrocarbon receptor activating potential (AhR-AP)
in serum was quantified by reporter-luciferase gene biolumi-
nescence gene and expressed as percentage activation of FICZ
(positive control)3® on human HEPG2 cell culture.

After euthanasia, the kidneys were fixed in 4% formalde-
hyde for 48 hours and then, kept in 70% ethanol to be included

in paraffin. The interstitial lesions were assessed with optic
microscopy (station Ellipse Ni-E; Nikon) after hematoxylin-
eosin staining according to the score described by Wan et al.40
for each kidney by two trained physicians blinded to the in-

terventions. Renal fibrosis was assessed by histochemical

Sirius red staining. Quantification of Sirius red was performed
using ImageJ 1.51 analysis software.

Central Nervous System Evaluation

Indoles and paracresyl sulfate levels in cerebrospinal fluid
(CSF) of 0.5% ARD rats were measured by high performance
liquid chromatography.3® CSF samples were taken by stereo-

taxic puncture of magna cisterna at D28 using a specific ste-

reotaxic device for rats under 3% sevoflurane anesthesia. CSF
samples were stored at —80°C.

Neurobehavioral Tests

The behavioral tests used are all validated tests and widely used
in the literature for the evaluation of neurologic deficits in
rats.4142 In order to avoid any influence of anesthesia,
we had to allow animals to recover from SPECT-CT imaging
for at least 3 days before performing neurobehavioral
assessment.

The novel object recognition (NOR) test was used to eval-
uate exploratory behaviors, learning, and animal memory.43-44
Object recognition was measured by the difference between
the exploration times of familiar objects and new objects in a
given enclosure. In this work, we set up a protocol to charac-
terize the learning performance in the short term and thus, the
potential learning deficit.#> The rats were placed in a
1X1X0.25-m arena. Different objects were used of different
sizes, shapes, and colors. The test was conducted in three pha-
ses. (1) In the habituation phase, the day before the test the
animals were placed in the southeast corner of the empty
arena, and they were able to explore for 30 minutes. The arena
was cleaned after each rat pass. (2) In the learning phase, on
the day of the test two identical objects were placed in specific
places in the arena, and the rats explored the space for 3 min-
utes. This sequence was repeated three times 30 minutes apart.
(3) In the test phase, one of the familiar objects was replaced by
a new object (same location). The animal explored the arena
and the objects. The recognition time of each object was mea-
sured. Exploration is defined as the animal having its head
<<0.05 m around the object while looking at it, sniffing it, or
touching it. Data were collected by video tracking software
(Ethovision XT 8.5; Noldus). The total time of exploration
of each object has been recorded. A discrimination index
has been measured, which corresponds to the time spent ex-
ploring the new object in relation to the total exploration time
[(n—a)/(n+a)].

The object location (OL) task was performed to assess a
rat’s ability to recognize that an object that it had experienced
before had changed location in order to explore a spatial



memory ability.4¢ In the learning phase, the rat was exposed to
objects, which were placed in the far corners of the arena. The
animal was allowed to explore both objects during a sample
phase of 3 minutes, and the amount of time of exploration of
each object was recorded by the experimenter. This sequence
was repeated three times 30 minutes apart. In the test phase,
one object was placed in the same position as it had occupied
in the sample phase; the second object was placed in the corner
adjacent to the original position so that the two objects were in
diagonal corners. Thus, both objects in the test phase were
equally familiar, but one was in a new location. The position
of the moved object was counterbalanced between rats. Intact
OL memory is evidenced by subjects spending more time in-
vestigating the object in the new location.

The social memory test assessed cognition, namely the abil-
ity to recognize novel versus familiar animals, in rodent mod-
els of CNS disorders.*” Over the course of multiple exposures,
rodents will become habituated to intruders and no longer
find them as interesting as a completely novel intruder. During
testing, the subject was given four 1-minute exposures in its
home cage to the same intruder 10 minutes apart. In the fifth
trial, the subject encountered an entirely novel intruder. All
test trials were videotaped and subsequently analyzed for total
body investigation, anogenital investigation, perioral investi-
gation, and body investigation.

The NOR and OL tests were performed in mice as previ-
ously described.*® Briefly, all animals were handled for a week
and then habituated to the empty arena for 25 min the day
prior to the test. Then, the acquisition and test phases were
separated by a 1-hour delay of retention time in both tests.

NOR Task
In the acquisition phase, duplicate objects were placed near

two corners in the arena. Each subject was allowed a total of
either 40 seconds of object investigation or 5 minutes in the
arena. During the test (duration of 5 minutes), the animal was
replaced in the arena and presented with objects in the same
positions as at acquisition: one object was the third copy of the
object used at acquisition, and the other was a novel object.
Object positions and the objects used as novel or familiar were
counterbalanced.

OL Task
In the acquisition phase, the mouse was allowed to investigate

duplicate objects for 5 minutes. During the test (duration of
5 minutes), one object was placed in the same position that it
had occupied at acquisition, whereas an identical object was
placed in the corner diagonally opposite. The position of the
moved object was counterbalanced between mice. Intact OL
memory is evidenced by subjects spending more time inves-
tigating the object in the new location.

Isotopic Imaging
BBB permeability was assessed by SPECT-CT after injection
of *™Tc-coupled diethylene-triamine-penta-acetic acid

(°°™Tc-DTPA) as previously described.*® At D30, rats re-
ceived, under anesthesia by 3% sevoflurane, an intravenous
injection of 100 ul of radioactive tracer (20 MBq) in isotonic
and pyrogen-free solution; 30 minutes after injection, the
SPECT-CT acquisition was done for 25 minutes under anes-
thesia with 3% sevoflurane using a Mediso NanoSpect camera
and the Mediso Nucline 1.02 software. Activity was measured
in the anatomic regions by the Invicro VivoQuant 3.5 and
Invicro InvivoScope 2.00 reconstruction software. The cere-
bral acquisitions were placed on a three-dimensional cerebral
atlas (CERMEP Living Imaging).® A quantitative in-
dex of BBB permeability was defined as the cerebral content
of *™Tc-DTPA, expressed as a percentage of the total amount
of injected activity and corrected per gram of brain tissue. In
mice, brain activity was quantified as percentage of injected
activity by gram of brain using the same process as for rats.
We studied the evolution of BBB permeability between DO
and D7 and expressed the results as a percentage of activities
D7/Do.

Statistical Analyses

Results are expressed in mean = SD. Mean comparisons were
done by Mann—Whitney test and Kruskal-Wallis test (for re-
peated values over time), and calculation of correlation was
by Spearman test and linear regression. All tests were non-
parametric and bilateral. Statistical analysis was done using
Microsoft Excel and GraphPad Prism 7.0 software; a P value
of 0.05 was considered significant.

Ethics

This study was conducted following European Directive
2010/63/EU and the Declaration of Helsinki, and it was ap-
proved by local and national ethics committees and registered
under the number APAFiS #15636.

RESULTS

The 0.5% ARD Induced Uremic Toxins Accumulation
and AhR Activation

We confirmed the induction of CKD after 28 days of 0.5%
ARD in rats by increases in both serum creatinine and urea
(Supplemental Figure 1, Supplemental Material). At DO, the
mean serum IS level was 20.0£6.2 umol/L. There was a sig-
nificant increase in IS over time compared with the control
group occurring since D21 in the 0.25% ARD group (n=3§;
P=0.007) and since D7 in the 0.5% ARD group (n=38;
P=0.001). At D35, IS level was higher in the 0.5% ARD group
(68.4*+22.1 umol/L; n=7) compared with the control and
0.25% ARD group: 15.4*11.1 umol/L (n=8; P=0.00005)
and 44.6*=12.8 umol/L (P=0.04), respectively; the IS level
was higher in the 0.25% ARD group than in the control group
(n=8; P=0.002) (Figure 2A). The serum concentrations of
indole acetic acid and paracresyl sulfate were not different in
the three groups regardless of the time (data not shown).
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At DO, the mean AhR activation by the rats’ serum was
13.7%=*+8.3% FICZ (n=32). Relative serum AhR activation
relative to the JO value as a function of time was significantly
greater in the 0.5% ARD group (n=8) compared with the
control group (n=8; P=0.002) and with the 0.25% ARD
group (n=8; P=0.02) (Figure 2B). At D28, the relative AhR
activation was significantly higher in 0.5% ARD group
(244.0%88.4; n=8) compared with control (92.5%=*37.7%;
n=8; P=0.005) and with 0.25% group (93.6% *50.5%; n=3§;
P=0.002). There was no significant difference between the
control and 0.25% ARD groups (P=0.33) (Figure 2B).

ARD Induced Dose-Dependent Irreversible Tubular
Lesion and Fibrosis

After hematoxylin-eosin staining, average tubular lesion score
was 0.54+0.44 in the control group (n=13) versus 1.86+0.43
in the 0.25% ARD group (n=7; P=0.00003) and 2.93%0.40 in
the 0.5% ARD group (n=7; P=0.00003). In addition, intra-
tubular precipitation of adenine crystals was observed in the
0.5% ARD group (Figure 2, C and D). After Sirius red staining,
average staining percentage per slide was 1.84%*0.75% in the
control group (n=13) versus 7.69%=*1.89% in the 0.25%
ARD group (n=7; P=0.00003) and 29.52%*+4.27% in the
0.5% ARD group (n=7; P=0.00003) (Figure 2, E and F).

H : Control Diet, @:0.25% Adenine Rich Diet,

Renal Failure Induced Neurobehavioral Alteration

The 0.5% ARD rats did not develop any somatosentive or
sensorimotor impairment (Supplemental Figure 2). The dis-
crimination index of the NOR test was lower in the 0.5% ARD
group than in the control group: 0.16+0.28 versus 0.70+0.29
(n=7; P=0.008) (Figure 3A). It was correlated with serum IS
(r=—0.70; P=0.01; R>*=0.62) (Figure 3B). The discrimina-
tion index of the OL test was lower in the 0.5% ARD group
than in the control group: —0.08*0.11 versus 0.42+0.06
(n=6; P=0.003) (Figure 3C). The sniffing time in the social
memory test was higher in 0.5% ARD rats compared with
control rats in trial 3: 18.8*+6.7 and 5.2*+2.2 seconds (n=6;
P=0.004), respectively. It was also higher in trial 4: 15.7£6.9
and 5.0%4.2 seconds, respectively (n=6; P=0.04); however, it
was not different between the two groups in trial 5 with the
new encounter: 17.2*+8.3 and 8.5*5.1 seconds (n=6;
P=0.14) (Figure 3D).

BBB Permeability Was Increased in 0.5% ARD Rats

The cerebral content of > Tc-DTPA, the imaging biomarker
of BBB permeability, was significantly higher in the 0.5% ARD
group compared with the control group: 0.086%=0.030%
and 0.026%*+0.010% IA/g, respectively (n=7; P<<0.001)
(Figure 4A).

A : 0.5% Adenine Rich Diet

A C *kkk E *kkk
%k kk *kk *kkk *kk

:%) 100 S 4 . o 40 A
5 80 o ]
n_ c 3 % o 30 %
>< 60 £ Pl
$¢ 3 2 % 2 20
£3 40 B 5
S o 171 megsw S 10 .
5 20 %) 2
@ 2 S e
2] 0% w0 T T 0 .
B D F
°
=
=
z a {b a
= ** — ety
= T
E) d g -
N
o £
[ } T T . %
B 0 20 40 60

Time (Days)

Figure 2. ARD induced dose-dependent irreversible tubular lesion and fibrosis; the 0.5% ARD induced uremic toxins accumulation
and AhR activation. Biologic and histologic evaluation of control or 0.25% and 0.5% ARD rats. (A) Serum IS over time. (B) Relative AhR
activation by the rats’ serum (by percentage of FICZ). (C) Tubular injury score after hematoxylin-eosin staining. (D) Renal histology in
optical microscopy after hematoxylin-eosin staining in (D, a and d) control rats, (D, b and e) 0.25% ARD rats, and (D, c and ) 0.5% ARD
rats. Original magnification, x20 in D, a—c; x100 in D, d-f. (E) Sirius red staining. (F) Renal histology in optical microscopy after Sirius
red staining on full histologic section in (F, a) control rats, (F, b) 0.25% ARD rats, and (F, c¢) 0.5% ARD rats. **P<0.01; ***P<0.001;

****p<0.0001.
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Figure 3. Renal failure induced neurobehavioral alteration. Neurobehavioral evaluation of control or 0.5% ARD rats. (A) Discrimination
index of the NOR test. (B) Correlation between discrimination index of the NOR test and serum IS levels. (C) Discrimination index of the
OL test. (D) Sniffing time in social recognition test. *P<0.05; **P<0.01.

The 5/6 Nephrectomy Induced Comparable Outcomes
with 0.5% ARD on Kidney Function, Uremic Toxins
Accumulation, AhR Activation, Neurobehavioral
Impairment, and BBB Permeability in Rats

Mean serum creatinine levels were not different in 0.5% ARD
and 5/6 nephrectomy groups at D28: 106.9+18.2 versus
93.5%17.7 umol/L (n=8; P=0.19); however, they were higher
in these groups compared with the control group:
42.3%£9.7 umol/L (n=8; P=0.0001 and P=0.00005, respec-
tively). Serum IS was significantly increased over time in the
5/6 nephrectomy group compared with the control group
(n=8; P<<0.001) but not different from the 0.5% ARD group
(n=8; P=0.17). At D28, serum IS in the 5/6 nephrectomy
group was higher than in the control group: 85.7+31.8 and
25.7%+18.2 umol/L, respectively (n=10; P<<0.001); however, it
was not different from the 0.5% ARD group: 64.8 umol
+28.1 umol/L (n=8; P=0.35) (Figure 4B). The serum con-
centrations of indole acetic acid and paracresyl sulfate were
not different in the three groups regardless of the time. The
relative AhR activation in the 5/6 nephrectomy group was
higher than in the control group: 255.1%*104.2% and
90.4% =*34.1%, respectively (n=8; P=0.001); however, it
was not different from in the 0.5% ARD group: 244.0%
+88.4% (n=8; P>0.99) (Figure 4C). The discrimination in-
dex of the NOR test tended to be decreased in the 5/6 nephrec-
tomy group compared with the control group: 0.24+0.64 and

0.70%£0.29, respectively (n=8; P=0.06); also, it was not dif-
ferent from the 0.5% ARD group (P=0.34) (Figure 4D). Brain
content of **™Tc-DTPA was significantly higher in the 5/6
nephrectomy group than in the control group: 0.066%
+0.012% and 0.026%*0.009% IA/g, respectively (n=38;
P=0.00005) (Figure 4A).

BBB Permeability Was Correlated with Cognitive
Impairment and Serum IS Levels

The cerebral fixation of *™Tc-DTPA was inversely correlated
with the discrimination index of NOR (r=—0.90; P<<0.001;
R*=0.70). This association remains significant in the ARD
group (r=-—0.75; P=0.05; R>=0.56) (Figure 4E). 99mTe_
DTPA content was correlated with serum IS levels (r=0.68;
P=0.006; R*= 0.87); this association remains significant in the
ARD group (r=0.82; P=0.01; R*=0.76) (Figure 4F).

IS Overload Increased Cognitive Impairment and BBB
Disruption in 0.5% ARD Rats

The average weekly water intake per rat was not different be-
tween the two adenine groups (n=8; P>0.99). At D28, serum
creatinine levels were not different between ARD and ARD + IS
groups: 124.5+18.9 and 124.3*=11.1 umol/L, respectively
(n=8; P=0.69). Serum IS over time increased in the 0.5%
ARD + IS group compared with the control group (n=8;
P=0.00003) and with the 0.5% ARD group (n=8; P<<0.001).
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Figure 4. The 5/6 nephrectomy induced comparable outcomes with 0.5% ARD on kidney function, uremic toxins accumulation, AhR
activation, neurobehavioral impairment, and BBB permeability in rats. Evaluation of the effects of CKD induced by 0.5% ARD or 5/6
nephrectomy in rats on (A) brain content of 99mTc-DTPA cerebral scintigraphy in percentage of injected activity per gram of brain
(% IA/g). (B) Serum indoxyl levels at D28. (C) Relative AhR activation by the rats’ serum (by percentage of FICZ) at D28. (D) Discrim-
ination index of the NOR test. (E) Correlation between discrimination index of the NOR test and brain content in 99mTc-DTPA cerebral
scintigraphy expressed as percentage of injected activity per gram of brain (% IA/g). (F) Correlation between serum IS levels and brain
content in 99mTc-DTPA cerebral scintigraphy expressed as percentage of injected activity per gram of brain (% IA/g). **P<0.01;

***P<0.001; ****P<0.0001.

The IS level was higher in the 0.5% ARD + IS group compared
with the control group (424.6+95.4 and 25.7*18.2 umol/L,
respectively; n==8; P=0.0005) and with the 0.5% ARD group
(64.8£28.1 umol/L; n=8; P=0.00005) (Figure 5A). The se-
rum concentrations of indole acetic acid and serum paracresyl
sulfate were not different in the three groups regardless of the
time. The relative AhR activation was higher in the 0.5% ARD
+ IS group than in the control group (1049.0% =*355.5% and
90.4%=*34.1%, respectively; n=8; P<<0.001) and higher than
in the 0.5% ARD group (244.0% *88.4%; n=8; P<<0.001)
(Figure 5B). The discrimination index of the NOR test was
lower in the 0.5% ARD + IS group than in the control group
(—0.65+0.24 and 0.70%+0.29, respectively; n=8; P=0.002)
and lower than in
(Figure 5C). Brain content of *™Tc-DTPA was higher in the
0.5% ARD + IS group than in the control group (0.104%
+0.018% and 0.026%=*=0.009% IA/g, respectively; n=38;
P=0.00005) and higher than in the 0.5% ARD group (n=38;
P=0.05) (Figure 5D).

IS Increased in CSF of 0.5% ARD Rats Challenged

with IS

Compared with the control group, IS levels were not different

in rats’ CSF in the 0.5% ARD group (0.9%1.3 and
3.7+4.5 umol/L, respectively; n=7; P=0.10), but they in-

creased in the 0.5% ARD + IS group (5.1*3.4; n=38;
P=0.001) (Figure 5E). Paracresyl sulfate and indole acetic

acid levels were not detectable in the CSF of the three rat
populations (data not shown).

Oral Sorbent AST-120 Treatment after ARD Decreased
Serum Indoxyl Sulfate but Did Not Reverse BBB
Dysfunction

AST-120 treatment after 0.5% ARD induced a significant de-
crease in serum IS level compared with control 0.5% ARD rats:
7.5%+3.7 versus 39.92+10.5 umol/L (n=7; P=0.04), respec-
tively (Figure 6A). Serum IS level remained higher in 0.5%
ARD rats than in control rats: 5.5*1.4 umol/L (n=7;
P=0.002). There was no difference in brain content of
99MTc_DTPA between 0.5% ARD rats whether they were treat-

the 0.5% ARD group (P=0.00&d with AST-120 or not: 0.054%*0.001% and 0.061%

+0.005% IA/g (n=7; P=0.77), respectively. Interestingly,
brain content in *™Tc-DTPA remained higher in the 0.5%
ARD rats than in the control rats: 0.015%*0.001% IA/g
(n=7-6; P=0.0006) (Figure 6B).

AhR Activation Was Involved in BBB Disruption and
Cognitive Impairment

Compared with control AhR mice, the cerebral content of
the *™Tc-DTPA ratio between D7 and DO (D7/D0) was sig-
nificantly higher after IS administration (236%*56% and
131%=*13%, respectively; n=5; P=0.008) (Figure 7A). There
was no difference in **™Tc-DTPA ratio D7/D0 between
AhR™'™ mice whether they were supplemented with IS or

+/+
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Figure 5. IS overload increased cognitive impairment and BBB disruption in 0.5% ARD rats. Evaluation of ARD rats with IS overload
compared with control or 0.5% ARD rats. (A) Serum indoxyl levels at D28. (B) Relative AhR activation by the rats’ serum (by percentage
of FICZ) at D28. (C) Discrimination index of the NOR test. (D) Brain content of 99mTc-DTPA cerebral scintigraphy in percentage of
injected activity by gram of brain (% IA/g). (E) IS levels in CSF. *P<0.05; **P<<0.01; ***P<0.001; ****P<0.0001.

not (97%=*30% versus 98% *+27%; n=5; P>0.99). In wild-
type mice, serum IS at D7 was higher after IS administration
than in controls (34.6+14.2 versus 19.8£4.7 umol/L; n=5;
P=0.04). In AhR knockout mice, serum IS at D7 was higher
after IS administration than in controls (41.5.0+15.6 versus
15.9+4.2; n=5; P=0.002) (Figure 7B). The discrimination
index in the NOR test was lower in the wild-type mice sub-
mitted to IS challenge than in the control group: —0.14%0.18
and 0.25%0.24, respectively (n=>5; P=0.03). The discrimina-
tion index in the NOR test was not impaired in AhR ™/~ mice
challenged with IS compared with AhR™/~ control mice:
0.22%+0.17 and 0.19%0.27, respectively (n=>5; P>0.99)
(Figure 7C). The discrimination index in the OL test was lower
in the AhR*/* mice submitted to IS challenge than in AhRR™/*
control mice: —0.17*0.38 and 0.41%0.19, respectively (n=>5;
P=0.01). The discrimination index in the OL test was not
impaired in AhR™'~ mice challenged with IS compared with
in AhR™/~ control mice: 0.32+0.22 and 0.25+0.14, respec-
tively (n=5; P=0.84). (Figure 7D).

DISCUSSION

We report cognitive impairment associated with BBB perme-
ability in three models of CKD in rats. We first highlighted
neurobehavioral alterations in both 0.5% ARD and 5/6 neph-
rectomized rats. These animals did not develop sensory-
motor impairment, but we showed impaired short-term
learning performance in the NOR test, impaired spatial mem-
ory in the OL test, and impaired social memory, revealing an
impaired cognitive function. This is consistent with clinical

reports about cognitive function in patients with CKD,38°
without the somatosensorial or sensorimotor impairment,
but to our knowledge, there are very few publications about
cognitive dysfunction in animal models of CKD.>!:52 For ex-
ample, Mazumder et al.>3>4 highlighted a decrease in cognitive
function using a similar NOR paradigm in mice fed with 0.3%
ARD. Interestingly, we showed a strong correlation with a
significant linear regression between *™Tc-DTPA content in
brain and discrimination index in NOR test. This statistical
link suggests that the BBB leakage could contribute to cogni-
tive dysfunction in CKD rats. Interestingly, there is an increas-
ing literature highlighting a link between BBB disruption and
cognitive dysfunction in various conditions, such as aging>>
and diabetes. Recently, Nation et al.3! suggested that BBB dis-
ruption may be a predictive marker of cognitive impairment in
Alzheimer disease.

A few animal models of acute and chronic renal failure have
shown BBB disruption in the setting of uremia,!®>3->¢ but un-
derlying mechanisms remain unclear. In addition to ARD
models, we performed 5/6 nephrectomy in rats in order to
confirm that the BBB dysfunction and cognitive impairment
described in ARD rats were the results of CKD and not of ARD
by itself. Here, we report a strong correlation with a significant
linear regression between IS in serum and **™Tc-DTPA in
brain. This statistical link suggested that IS could contribute
to BBB disruption. Thus, we challenged this hypothesis by an
overload of IS in drinking water of 0.5% ARD rats. This in-
duced a massive accumulation of IS in the serum in rats fol-
lowed by an increase in BBB disruption compared with 0.5%
ARD rats, suggesting a strong involvement of IS in BBB dis-
ruption. We challenged mice without CKD with IS in drinking
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water and confirmed that IS alone is sufficient to induce BBB
disruption. The lack of increased BBB permeability in AhR ™/~
mice challenged with IS validated the role of AhR in response
to IS in BBB. Moreover, these experiments confirmed that IS-
treated mice developed cognitive dysfunction in both the NOR
test and the OL task, and these impairments were prevented in
AhR™'™ mice. These results validate for the first time the in-
volvement of the IS-AhR pathway in cognitive impairment
and BBB dysfunction in the context of CKD.

Then, we confirmed that a 4-week uremic toxin sorbent
AST-120 treatment decreased ARD-induced IS elevation in
serum but did not resolve BBB permeability. These results
suggest that the effect of CKD on BBB permeability impair-
ment is persistent because CKD is established. These findings
may be consistent with clinical outcomes because renal trans-
plantation does not completely improve cognitive disorders in
patients with CKD.!2

Interestingly, we studied the activation of the AhR pathway
by 0.5% ARD rats’ serum ex vivo using AhR-AP, which

evaluates the overall load of AhR agonists in serum. We
showed that 0.5% ARD rats’ serum displayed a significant
elevation of AhR-AP associated with IS elevation in serum,
which is consistent with previous reports in human and
mice.? Furthermore, the addition of IS in drinking water of
0.5% ARD rats increased their serum AhR-AP. These results
are in favor of the involvement of IS-AhR in the vascular hy-
pothesis of the development of cognitive disorders in CKD.3
Published data suggest a direct toxicity of IS in brain paren-
chyma,>” especially oxidative stress, neuroinflammation, and
apoptosis in neuron and astrocytes in vitro and in vivo in non-
CKD mice. Moreover, 0.2% ARD in mice led to an increase in
IS levels in brain,® and the authors suggested that this increase
may be responsible for CKD-related cognitive decline. Unfor-
tunately, cognitive function was not assessed in this model.
Consistently, we demonstrated an increase in CSF levels of IS
in 0.5% ARD rats challenged with IS in drinking water. This
increase was associated with a higher cognitive impairment
compared with 0.5% ARD rats. These results suggest a direct
toxicity mediated by IS in CSE. However, we did not observe
any increase in IS in CSF of ARD rats, which is not in favor of a
potential direct toxicity of IS on brain tissue in this models. It
is important to note that we showed a BBB dysfunction that
was relatively moderate compared with the BBB breakdown
that we previously described in other conditions, such as
stroke*® or subarachnoidal hemorrhage.>® This suggests that
IS could leak through BBB moderately. These results are in
accordance with our hypothesis because BBB permeability is
more impaired in ARD rats challenged with IS compared with
ARD rats. Notwithstanding, we cannot rule out effectiveness
of efflux transporters such as OAT. For example, IS is an OAT3
substrate, and OAT3 is expressed in the brain.®°

Thus, we suggest that IS-mediated BBB dysfunction and
subsequent cognitive dysfunction resulted from endothelial
toxicity through AhR activation. Uremic toxins have been re-
ported to directly alter the integrity of both large- and small-
vessel endothelial cells.®! To date, no data are available about IS
toxicity in BBB models in vitro. However, IS decreased cerebral
endothelial cell viability in vitro associated with a decrease in
NO production and an increase in ROS production,®? high-
lighting an IS-induced oxidant stress on endothelial cells.®3
This is consistent with data reporting an AhR-mediated oxi-
dative stress pathway in human vascular endothelial cells.®* IS
also induced increased TNF-a and IL-6 in mice serum
in vivo>” and in human central nervous system cells,®> and it
induced increased IL-6 expression in human vascular endo-
thelial cells in vitro.%© These results suggest a potential role of
inflammatory cytokines as a mediator of IS effect. In addition,
recent experiments highlight that uremia alters cell-to-cell
junctions, leading to increased endothelial damage. Surpris-
ingly, we did not show any decrease in tight junction proteins’
expression in CKD rats’ brains by western blot (Supplemental
Figure 3). This may be explained by an alteration of phosphor-
ylation and subcellular distribution of occludine, which in-
creases the permeability of tight junctions without decreasing
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protein expression.®” Other junction proteins on BBB may
also be involved. For example, Maciel et al.°® demon-
strated a significant decrease in VE-cadherin gene and
protein expressions in endothelial cells treated with IS
in vitro. Specific studies focusing on the characterization
of the reorganization of junction proteins of BBB during
CKD are needed.

Moreover, we did not find any change in serum indole
acetic acid or paracresyl sulfate in our models. Velenosi
et al.3* reported an increase in serum pCS levels along with
IS levels in rats fed with 0.7% ARD during 5 weeks. It is likely
that our model induced milder CKD, but higher concentra-
tions or duration of ARD would have resulted in severe weight
loss and increased mortality.°®70 These results may not be in-
compatible with the behavioral cognitive assessment consid-
ered in our study with rats. To our knowledge, no other studies
report indole acetic acid concentrations in rat CKD models.
Finally, we did not assess other uremic toxins accumulation,
like guanidino compounds, which may also have a direct
neurotoxicity.”!

In conclusion, we report for the first time in the literature
the existence of a BBB permeability in three models of CKD in
rats. The increased permeability of the BBB in animals with
CKD is inversely correlated with cognitive performance and
correlated with circulating IS levels. IS-induced activation of

AhR is a key phenomenon that may explain BBB disruption in
the context of CKD.
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