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Chronic kidney disease leads to microglial
potassium efflux and inflammasome
activation in the brain
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Cognitive impairment is common in extracerebral diseases
such as chronic kidney disease (CKD). Kidney
transplantation reverses cognitive impairment, indicating
that cognitive impairment driven by CKD is therapeutically
amendable. However, we lack mechanistic insights
allowing development of targeted therapies. Using a
combination of mouse models (including mice with
neuron-specific IL-1R1 deficiency), single cell analyses
(single-nuclei RNA-sequencing and single-cell thallium
autometallography), human samples and in vitro
experiments we demonstrate that microglia activation
impairs neuronal potassium homeostasis and cognition in
CKD. CKD disrupts the barrier of brain endothelial cells

in vitro and the blood-brain barrier in vivo, establishing that
the uremic state modifies vascular permeability in the
brain. Exposure to uremic conditions impairs calcium
homeostasis in microglia, enhances microglial potassium
efflux via the calcium-dependent channel Kc,3.1, and
induces p38-MAPK associated IL-1 maturation in
microglia. Restoring potassium homeostasis in microglia
using a K¢,3.1-specific inhibitor (TRAM34) improves CKD-
triggered cognitive impairment. Likewise, inhibition of the
IL-1B receptor 1 (IL-1R1) using anakinra or genetically
abolishing neuronal IL-1R1 expression in neurons prevent
CKD-mediated reduced neuronal potassium turnover and
CKD-induced impaired cognition. Accordingly, in CKD mice,
impaired cognition can be ameliorated by either
preventing microglia activation or inhibiting IL-1R-
signaling in neurons. Thus, our data suggest that
potassium efflux from microglia triggers their activation,
which promotes microglia IL-1p release and IL-1R1-
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mediated neuronal dysfunction in CKD. Hence, our study
provides new mechanistic insight into cognitive
impairment in association with CKD and identifies possible
new therapeutic approaches.
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Translational Statement

Chronic kidney disease (CKD) impairs cognition through
poorly defined mechanisms. As kidney transplantation
restores cognition, cognitive impairment in CKD is
reversible. Here we identify a new pathway disrupting glia-
neuron crosstalk in CKD. We use mouse models, single-cell
analyses, human samples, and in vitro models to demon-
strate that CKD triggers potassium efflux from microglia,
resulting in microglia interleukin (IL)-1P release and IL-1§
receptor 1 (IL-1R1)-mediated neuronal dysfunction. The
potassium channel Kc,3.1 inhibitor senicapoc (clinically
tested in patients with Alzheimer disease) reduces micro-
glia activation and improves cognition. Likewise, the IL-1R
antagonist anakinra improves cognition. These studies
identify a pathway impairing cognition in CKD, which is
possibly therapeutically amendable.

hile cognitive impairment is common in peripheral
W diseases such as chronic kidney disease (CKD),
mechanistic insights and effective therapies are
lacking."”” The frequency of cognitive impairment and de-

mentia is increased in patients at all stages of CKD.’ Kidney
transplantation reverses cognitive impairment, indicating that
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cognitive impairment driven by CKD is therapeutically
amendable.” ® Yet mechanisms underlying microglia-neuron
communication remain largely elusive. Microglia are in close
proximity to neurons and modulate their function.” Thus,
brain-derived neurotrophic factor conveys neuroprotective ef-
fects,”” while cytokines, such as interleukin-1f3 (IL-1B), are
generally thought to convey detrimental effects,'”'” given for
example the association of single nucleotide polymorphisms in
the promotor of IL-1 and tumor necrosis factor-o. (associated
with increased expression of respective cytokines) with
neurodegenerative diseases such as Alzheimer’s disease and
Parkinson’s disease.'” Yet, also neuroprotective effects of cy-
tokines have been proposed.”” These differences may stem
from different cell models used, cell-specific effects of cytokines
in the central nervous system, or different cytokine concen-
trations and kinetics.'* Previous reports demonstrated a
function of IL-1B receptor 1 (IL-1R1) in neuronal cells
ex vivo'> or impaired cognition in association with an exag-
gerated inflammatory response of microglia with increased IL-
1B secretion.'® Yet, the role of IL-1f and its receptor IL-1R1 for
CKD-induced cognitive impairment remains unknown.

Inflammation in the brain on acute kidney injury is asso-
ciated with a disruption of the blood-brain barrier (BBB).'”'®
We speculated that chronic low-grade inflammation, as present
in CKD, may likewise disrupt BBB function, allow uremic
toxins to reach brain cells, and consecutively impair cognitive
functions.'” " Considering the abundance of accumulated
toxins in CKD, targeting individual toxins is not a feasible
approach.”” One commonality of peripheral diseases associated
with cognitive impairment (e.g., liver or kidney failure) is
sterile inflammation.”” > A known inducer of sterile inflam-
mation is potassium efflux.”® Hence, we speculated that
modulation of potassium efflux from microglia may be an
important step in microglia activation and CKD-induced
cognitive impairment. However, whether potassium turnover
in microglia is altered in CKD, which potassium channels are
involved, and whether restoring microglia function protects
from impaired cognition in CKD remain unknown.

METHODS
Additional details for
Supplementary Methods.

methods are provided in the

Mice

Wild-type mice (C57BL/6, 8 weeks old) were obtained from
Janvier Labs. NLRP3 '~ mice have been described before.””**
Mice had been backcrossed onto the C57BL/6 background for
at least 9 generations. All animal experiments were conducted
according to standards and procedures approved by the local
Animal Care and Use Committee (Landesverwaltungsamt
Halle and Landesverwaltungsamt Leipzig). Animal care and
treatment were conducted in conformity with institutional
guidelines that are in compliance with international laws and
politics. The permission of the animal protection commission
was given.
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We generated new mouse models. In detail, we obtained
embryonic stem cells from Eucomm containing mutant IL-
IR1 with the potential to generate conditional knockout
mice using the Cre-LoxP approach. These embryonic stem
cells were successfully injected into oocytes, giving rise to
several founder mouse lines. Founder mice were identified
using complimentary polymerase chain reaction (PCR) stra-
tegies analysing the 5'-, 3’-, and middle region of the targeted
gene locus (representative PCRs shown in Supplementary
Figure S4, tail DNA was used for genotyping by PCR; for
primers, see Supplementary Table S3). Confirmed founder
mice were crossed with ubiquitously expressing flippase
mice—ubiquitously expressing an enhanced variant of
Saccharomyces cerevisiae FLiPase recombinase under the
control of the human f-actin promoter (transgenic B6.Cg-Tg
[ACTFIpE]9205Dym/] mice obtained from Jackson Labora-
tories)—to delete the LacZ-stop sequence. After genetic
deletion of the LacZ-stop sequence (which conveys a com-
plete knockout), we obtained conditional knockout mice for
IL-1R (IL-1R"*"), which were again identified by PCR. These
mice were crossed with Emx“™ (neuronal Cre-expression)
mice.

CKD mouse model (5/6 nephrectomy model)

5/6 nephrectomy was induced in a 2-step surgical procedure:
(i) ablation of 2 of 3 of the kidney parenchyma of the right
kidney in 6- to 8-week-old mice, (ii) followed 7 days later by
complete nephrectomy of the contralateral kidney.””

Cell culture

Immortalized murine microglia cells (SIM-A9, ATCC CRL-
3265) and murine neuronal cells (Neuro-2, Cell Lines Ser-
vice, 400394) were maintained at 37 °C in cell culture media
(microglia: DMEM/F-12, Fisher Scientific, 10% heat inacti-
vated fetal bovine serum, 5% heat inactivated horse serum;
neurons: EMEM, ATCC, 10% fetal bovine serum). For ex-
periments, Neuro-2a cells were differentiated to neuronal cells
by serum-starvation (2% fetal bovine serum) for 5 days prior
to the experiment.’’ Cell lines routinely tested negative for
mycoplasma. Cells were cultured in 10-cm? dishes and treated
as follows: microglia were incubated for 6 hours with stimuli
(10% control plasma or 10% CKD plasma, and in some ex-
periments, cells were pre-stimulated for 1 hour with
triarylmethane-34 (TRAM34; 100 nmol/L) or anakinra (10
mmol/L), followed by removal of medium, adding of fresh
medium and further incubation for 12 hours to generate
conditioned medium (CM). The CM was harvested, centri-
fuged at 300¢ for 5 minutes, and the supernatant added to the
neuronal cells for a period of 24 hours. For detection of
calcium dyshomeostasis, microglia were preloaded with Cal-
520 (Abcam; 5 pmol/L) prior to incubation with control or
CKD plasma.

Statistical analysis
Mice were grouped according to genotype and randomly

assigned to different interventions (sham, nephrectomy,
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Figure 1| Chronic kidney disease (CKD) impairs cognition in association with increased microglial potassium efflux. (a) Scheme of
experimental approach (5/6 nephrectomy [5/6 Nx]) to induce CKD in mice. (b-d) Cognition, as determined by nonspatial object recognition
(NSOR; the results are reported as the percentage of time spent with the new unknown object) (b) and radial arm maze (RAM; the results are
reported as working memory errors [WMEs]) (c) tests in wild-type sham-operated control (sham) and CKD mice. (d) Bar graph showing activity
of the mice (in cm/s) in the NSOR. (e,f) Pathway analyses (Kyoto Encyclopedia of Genes and Genomes [KEGG] analysis, logqo of P values [P <
0.05] obtained after correcting for multiple testing by Benjamini-Hochberg) (e) and heatmap (f) of Alzheimer’s disease-associated differentially
expressed genes (DEGs) in neurons of brains of CKD versus sham mice (single-nuclei RNA-sequencing analyses, n = 3 per condition). (g) Top
enriched terms obtained from Gene Ontology (GO) terms of biological process pathway analyses based on DEGs within the neuronal cluster of
CKD mice compared to sham-operated mice (n = 3). The log;o of P values (P < 0.05) obtained after correcting for multiple testing (Benjamini-
Hochberg correction) are shown. Red bars: biological process associated with learning and synaptic formation or neuron and axon biology. (h)
Example images (left) and bar graph (mean + SEM, each dot represents number of positive cells in 1 field of view; data from 4 different mice
per group) with dot plot (right) summarizing thallium-positive (TI™) cells in ex vivo thallium autometallography. (b-d,h) P values were
determined using 2-tailed Student’s t test. (h) bar = 500 um. Arrows depict microglia (white) or neurons (red). LT, long-term; NAFLD,
nonalcoholic fatty liver disease; NS, not significant. To optimize viewing of this image, please see the online version of this article at www.

kidney-international.org.
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Figure 2| Blood-brain barrier disruption in chronic kidney disease (CKD). (a) Scheme of the in vitro blood-brain barrier model: Boyden
chamber with brain endothelial cells (b.End3, cell-type 1) seeded on the insert surface. Dextran (4.4 kDa tetramethyl rhodamine
isothiocyanate-conjugated) was added to the upper chamber. (b) Bar graph (mean 4+ SEM) summarizing the amount of dextran in the lower
chamber of the Boyden chamber. P values determined using 2-tailed Student’s t test. (c) Representative immunofluorescence images of
murine brain endothelial cells (b.End3) stained for phalloidin (PHA, green) prior to the experiment or following exposure to plasma from
healthy controls (C PI) or plasma from patients with CKD (CKD PI); 4’,6-diamidino-2-phenylindole (DAPI) was used as the nuclear counterstain.
Bar = 100 pum. (d) Experimental scheme and timeline of Evans blue (EB) extravasation test. (e) Bar graph (mean + SEM) summarizing the
relative absorbance of EB in brain tissue of sham or CKD mice. P values determined 2-tailed Student’s t test. 5/6 Nx, 5/6 nephrectomy. To
optimize viewing of this image, please see the online version of this article at www.kidney-international.org.

TRAM34). Data are summarized as the mean + SEM. Sta-
tistical analyses were performed with Student’s t test or 1-
way analysis of variance (ANOVA), as appropriate, and
indicated in the figure legends. Post hoc comparisons of
ANOVA were corrected with the method of Dunnett mul-
tiple comparison. The Kolmogorov—Smirnov test or D’Ag-
ostino—Pearson normality test was used to determine

1104

whether the data were consistent with a Gaussian distribu-
tion. Prism 8 (GraphPad Software; www.graphpad.com)
software was used for statistical analyses. Values of P < 0.05
were considered statistically significant. Statistical analyses
are mentioned in the Data Supplement for analyses of RNA-
sequencing (RNA-seq) data and in the corresponding figure
legends.
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Figure 3| Microglia activation in chronic kidney disease (CKD). (a-c) Representative images of murine microglia exposed to control
plasma (C Pl) or CKD plasma (CKD PI) and stained for ionized calcium-binding adapter molecule 1 (Iba1; 4’,6-diamidino-2-phenylindole [DAPI]
nuclear counterstain, blue) (@) and bar graphs with dot plot summarizing the corrected total cell IBA1 fluorescence (CTCF) (b) and soma width
(c). Bar = 50 pm; dots summarize mean + SEM; each dot represents the analysis of 1 field of view of in total 3 biological replicates.

P values determined by 1-way analysis of variance with Dunnett post hoc comparison. (d-g) Representative images of Iba1
immunohistochemistry in the brains of control and CKD mice (d) (bar = 50 im) and (d-g) bar graphs (mean + SEM, each dot represents analysis
of 1 field of view of in total 3 independent experiments) representing normalized process length (e) and soma width (f) and CTCF (continued)

Kidney International (2024) 106, 1101-1116 1105



basic research

S Zimmermann et al.: Cerebral inflammation in chronic kidney disease

RESULTS

CKD impairs cognition in association with potassium efflux in
microglia and neurons

To gain insights into the cell-specific molecular pathways in
CKD-triggered cognitive impairment, we subjected C57Bl/6
mice to 5/6 nephrectomy. The 5/6 nephrectomy model mimics
CKD (mice referred to as CKD mice; Figure 1a; Supplementary
Figure S1A).”"”* Kidney retention parameters (urea and creat-
inine) were increased in CKD mice, confirming impaired kidney
function (Supplementary Figure S1B and C). To avoid an impact
of increased blood pressure, the impact of CKD on cognition
and the brain was determined within 8 weeks post 5/6 ne-
phrectomy, because mice have been reported to maintain
normal blood pressure during this period.”” To screen for
possible behavior changes in CKD mice we used the nonspatial
object recognition test (NSOR) and the radial arm maze (RAM),
established assays for impaired learning and memory
(Figure 1a).”>”* In both assays, CKD mice performed worse
than age- and sex-matched control mice, as reflected by a lesser
interaction with a novel object and more working memory er-
rors in the NSOR and RAM, respectively (Figure 1b and c).
Spontaneous activity was comparable in control and CKD mice,
indicating that the impaired cognitive performance does not
result from reduced mobility in CKD mice (Figure 1d).

To determine cell-specific alterations associated with
impaired cognition in CKD mice, we conducted single-nuclei
RNA-sequencing  (snRNA-seq)  analysis of  cortices
(Supplementary Figures S1D-F and S2; Supplementary
Table S1). KEGG (Kyoto Encyclopedia of Genes and Ge-
nomes) pathway analyses revealed that among the 4 most
induced pathways in neuronal cell clusters from CKD mice 3
were related to Alzheimer’s disease, Huntington’s disease, and
Parkinson’s disease, congruent with neurodegenerative processes
in CKD mice (Figure le and f). GO (Gene Ontology) term
enrichment identified among the 15 most-regulated biological
processes 7 that were associated with learning and synaptic
formation in CKD mice or were related to neuron and axon
biology (Figure 1g, red [biological process associated with
learning and synaptic formation or neuron and axon biology]),
corroborating the idea that CKD impairs neuronal function
(Figure 1g).

To determine whether neuronal function is altered in CKD
mice, we applied thallium autometallography (TIAMG), which
enables visualization of potassium turnover and hence reflects
neuronal function at the single-cell level (Supplementary
Figure $3).”> TIAMG staining of neurons was reduced in CKD
mice compared to controls (Figure 1h), reflecting reduced

d

neuronal potassium turnover and impaired neuronal function.
Intriguingly, reduced neuronal TIAMG staining was associated
with a marked increased TIAMG staining in microglia. The
increased TIAMG staining in microglia implies increased
microglial potassium efflux, which may reflect microglia activa-
tion (Figure 1h).

BBB disruption in CKD
The altered gene expression and neuronal and microglia acti-
vation (as indicated by TIAMG) raises the question as to
whether the BBB is impaired in CKD. To determine the impact
of CKD on BBB integrity, we first used an in vitro BBB model.
Brain endothelial cells (b.End3) were seeded onto a Boyden
chamber (Figure 2a) until they formed a tight monolayer (after 4
days). Cells were then exposed to plasma from healthy controls
or patients with CKD and dextran (4.4 kDa tetramethyl
rhodamine isothiocyanate-conjugated) permeability was
determined. Uremic plasma increased the dextran permeation
into the lower chamber (Figure 2b). Loss of a tight monolayer
was also visible on immunofluorescence staining (Figure 2c¢).
To validate our findings in vivo, we used the 5/6 ne-
phrectomy model (CKD mice) and assessed Evans blue
extravasation into the brain to determine BBB leakage
(Figure 2d).”® Evans blue extravasation into the brain pa-
renchyma, reflecting impaired BBB-function, was increased in
CKD mice as compared to sham control mice in the absence
of additional stimuli (Figure 2e). The impaired BBB function
in CKD mice indicates that uremic toxins may cross the BBB
and affect the function of brain cells.

Microglia activation in CKD

To scrutinize microglial activation in uremic conditions
in vitro, we exposed microglia to the plasma of human pa-
tients with CKD or controls with normal kidney function
(Supplementary Table S2). CKD plasma induced ionized
calcium-binding adapter molecule 1 (Ibal) expression
(Figure 3a and b; Supplementary Figure S4A) and enlarged
microglial somata (Figure 3c), both indicating microglia
activation. Likewise, Ibal immunohistochemistry revealed
shorter processes, larger somata of microglia and increased
Ibal fluorescence in CKD mice (Figure 3d—g; Supplementary
Figure S4B), indicating microglia activation.””’® snRNA-seq
analysis showed upregulation of Ibal, Clqa, and Ctss in
microglia, corroborating microglia activation in CKD
(Supplementary Figure S4C). Not surprisingly, the snRNA-
seq analyses suggest possible involvement of other cells in
addition to microglia. For example, based on snRNA-seq

|

Figure 3 | (continued) of Iba1 fluorescence (g) of murine microglia. Two-tailed Student’s t test was used. (h-j) Representative images of IBA1-
immunofluorescence in brains of controls and patients with CKD (h) and bar graphs summarizing results of microglia process length (i) and
soma size (j). Each dot represents 1 field of view of in 4 patients. (k-n) Representative immunoblots of caspase-1 (Casp1) (k) and inter-
leukin-1B (IL-1P) (1) in brain lysates (prefrontal cortex) from sham and CKD mice. Total (T) and cleaved (Cl.) forms are shown. Bar graphs (mean
=+ SEM, each dot represents 1 brain) summarizing immunoblot results of cleaved caspase 1 (Cl. Casp1) (m) and IL-1f (Cl. IL-1B) (n) in brain
lysates of sham and CKD mice. Two-tailed Student's t test was used. (o,p) Representative immunoblot of IL-1B (o) and bar graph summarizing
results (each dot represents 1 biological sample) (p) in SIM-A9 cells treated with control medium (C), C PI, or CKD PI. P values were determined
using Mann-Whitney test. NS, not significant. To optimize viewing of this image, please see the online version of this article at www.kidney-

international.org.
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Figure 4| Priming of microglia in chronic kidney disease (CKD) depends on potassium efflux. (a,b) Representative images (a) and bar
graph with dot plot summarizing the corrected total cell density (CTCD) (b) of thallium autometallographically stained murine microglia (SIM-A9)
exposed to control plasma or CKD plasma with or without pretreatment with triarylmethane-34 ([TRAM34, T34]; control: vehicle dimethylsulfoxide
[DMSO, DS]). Bar = 50 pum; P values were determined using 1-way analysis of variance (ANOVA) with Dunnett post hoc comparison. (c) Kc,3.1
expression levels in in single-nuclei RNA-sequencing data of murine brain (n = 3). (d,e) Exemplary immunofluorescence images of (continued)
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comparison. To optimize viewing of this image, please see the online version of this article at www kidney-international.org.

data, astrocytes increased in number (Supplementary  B), which is congruent with endothelial dysfunction and an

Figure S4D). Increased expression of the hemoglobin scav-
enger CD163 by various brain cells is a marker of severe
impaired blood brain integrity (e.g., in diseases associated
with intracranial hemorrhage).” On CD163 immunohisto-
chemistry, we observed punctured staining of CD163 in the
brain (Supplementary Figure S4E), which contrasts with
published data, showing a more even staining of cells.*’

In endothelial cells, KEGG pathway analyses revealed that
top pathways differentially regulated are related to basic

impairment of the BBB. Of note, in endothelial cells and
microglia, pathways related to neurodegeneration were highly
represented (Supplementary Figure S5A and B, 6 of the top 20
pathways in each cell type), supporting the notion that CKD
impairs the BBB and triggers an interaction of activated
microglia and neurons, which promotes a neurodegenerative
process. Given the close interaction of microglia and neu-
rons, "> we focused on the interaction of these cells.

To scrutinize microglial activation in vivo, we used intra-

cellular functions, such as oxidative phosphorylation, RNA-
processing or proteostasis (Supplementary Figure S5A and

vital microscopy in transgenic mice expressing enhanced
green fluorescent protein under the CXC3R1 (C-X3-C motif

o
.

Figure 4 | (continued) microglia stained with (d) Cal-520 (yellow), 4’,6-diamidino-2-phenylindole (DAPI, nuclear counterstain, blue), and phal-
loidin (PHA, purple), and bar graphs with dot plot (mean + SEM, each dot represents the analysis of 1 field of view of 3 independent exper-
iments) summarizing microglia calcium content (represented as AU) (e). Microglia were cultured with control plasma (C PI) or CKD plasma (CKD
Pl) following preloading with Cal-520 for 45 minutes. Bar = 50 um. P values were determined using 2-tailed Student’s t test. (f-h) Exemplary
immunofluorescence images of microglia stained with (f) ionized calcium-binding adapter molecule 1 (IBA1, red), DAPI (nuclear counterstain,
blue), and PHA (white), and bar graphs with dot plot (mean + SEM, each dot represents the analysis of 1 field of view of 3 independent ex-
periments) summarizing microglia cell soma width (g) and IBA1 staining intensity (represented as corrected total cell fluorescence [CTCF]) (h).
Microglia were cultured with C Pl or CKD PI without (vehicle control, DS) or with T34 pretreatment. Bar = 50 um. P values were determined
using 1-way ANOVA with Dunnett post hoc comparison. (i,j) Example images (i) and bar graph with dot plot summarizing the CTCD (j) of
thallium-autometallographically stained murine microglial (SIM-A9) exposed to C Pl or CKD Pl with or without pretreatment with T34 (control:
vehicle DS). Bar = 50 um. P values were determined using 1-way ANOVA with Dunnett post hoc comparison. AC, astrocytes; MC, microglia cell;
N, neurons; OC, oligodendrocytes; VC, vascular cells. To optimize viewing of this image, please see the online version of this article at www.
kidney-international.org.
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Figure 6| Triarylmethane-34 (TRAM34, T34) ameliorates microglial potassium efflux and behavior in chronic kidney disease (CKD).
(@) Scheme summarizing experimental in vivo approach. Post CKD induction, a subgroup of mice received TRAM34 for further 6 weeks,
followed by nonspatial object recognition (NSOR) and radial arm maze (RAM) test and tissue harvest. (b-d) Example images (b) and bar graph
(mean + SEM, each dot represents number of positive cells in 1 field of view; data from 4 different mice per group) with dot plot (c,d)
summarizing thallium-positive (TI") cells in ex vivo thallium autometallography from sham-operated control and CKD mice treated with vehicle
dimethylsulfoxide (DMSO, DS) or T34. Each dot represents the count of the respective cell type in 1 field of view. P values were determined
using 1-way analysis of variance (ANOVA) with Dunnett post hoc comparison; bar = 500 um (b). Arrows depict microglia (yellow) or neurons
(red). (e-g) Cognition, as determined by NSOR (the results are reported as the percentage of time spent with the new unknown (continued)
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chemokine receptor 1) promoter, allowing in vivo imaging of
microglia. Using this model we observed more microglial
phagocytic cups, larger somata, and increased process motility
(Supplementary Figure S6A-D) in brains of CKD mice,
reflecting increased activation of microglia.”’ Likewise, we
detected microglia activation in patients with CKD using
IBA1 immunohistochemistry, which showed an increase of
morphologically activated microglia in brain sections of pa-
tients with CKD compared to individuals without CKD
(Figure 3h—j; Supplementary Table S3). Taken together, these
results demonstrate that CKD is associated with microglia
activation.

Microglia control sterile inflammation, including that
related to NOD-, LRR- and pyrin domain-containing protein
3 (NLRP3) inflammasome activation.***” Indeed, activated
(cleaved) caspase-1 and IL-1B levels were increased in the
cortices of CKD versus control mice (Figure 3k-n). To
determine whether CKD-related mediators induce IL-1f
release from microglia, we treated microglia (murine SIM-A9
cell line) in vitro with control or CKD plasma for 6 hours,
followed by media change and incubation for 12 hours with
normal media. IL-1f levels in the supernatant obtained from
the last 12 hours were increased in cells exposed to CKD
plasma as compared to plasma of healthy controls (Figure 30
and p). These results indicate activation of microglia, as
determined by IL-1 secretion in CKD conditions, which may
contribute to cognitive impairment.

Priming of microglia in CKD depends on potassium efflux and
its restoration improves cognition in CKD
An important step of inflammasome activation in profes-
sional inflammatory cells, including microglia, is the priming
of gene expression of relevant genes. This priming step has
been linked to potassium efflux. As (i) potassium dysho-
meostasis in microglia is linked to p38 activation,’® (ii) as
activation of the p38 pathways increases IL-1 mRNA and
pro-IL-1B in monocy‘[es,47 and (iii) as TIAMG revealed
microglial potassium efflux (Figure 1h), we hypothesized that
microglial potassium efflux from microglia is required for
p38-mediated priming and subsequent IL-1f activation.
In vitro, CKD plasma induced a strong accumulation of TI* in
microglial as compared to cells exposed to control plasma,
indicating an increased potassium efflux (Figure 4a and b),
analogously to the ex vivo results (Figure 1h). This raises the
question as to whether the CKD plasma-induced potassium
efflux triggers IL-1P expression, possibly via mitogen-
activated protein kinase signaling.

To corroborate a role of potassium efflux for mitogen-
activated protein kinase signaling and IL-1f induction in
microglia we targeted the calcium-dependent potassium

d

channel K¢,3.1, which has been linked with microglia acti-
vation.*#>° Corroborating the data of Kaushal et al,’° the
calcium-dependent potassium channel Kg,3.1 is predomi-
nantly expressed in microglia but is not or only at low levels
expressed in other brain cells (Figure 4c). Because the Kc,3.1
channel is a Ca®"-dependent potassium gate, its activation
requires an increase of intracellular Ca®* concentration. CKD
plasma increases intracellular Ca®" levels in microglia
(Figure 4d and e), which is consistent with activation of the
calcium-dependent Kc,3.1 channel in CKD conditions.

To inhibit Kc,3.1, we used TRAM34, which crosses the
BBB,” ”* and thus enabled us to evaluate a possible role of
potassium efflux in CKD-induced microglia activation
(Figure 4f—j). First, we confirmed that TRAM34 prevents
CKD plasma-induced potassium efflux in microglia
(Figure 4f-j; Supplementary Figure S7). Uremic (CKD)
plasma induced p38 immunofluorescence (Figure 5a), but the
inhibition of potassium efflux by TRAM34 reduced p38
phosphorylation, pro-IL-1B expression, and cleaved IL-1f
levels in microglia stimulated with CKD plasma in vitro
(Figure 5b—e). These data indicate that CKD induces potas-
sium efflux from microglia, activating mitogen-activated
protein kinase signaling and priming IL-1B induction.

TRAM34 ameliorates potassium efflux and behavior in CKD
Given the efficacy of TRAM34 in preventing microglia acti-
vation in vitro and its in vivo efﬁcacy,s‘s"%/l we next addressed
whether preventing microglia potassium efflux by TRAM34
prevents microglia activation in vivo and preserves cognition
in CKD mice. To this end, we treated 7-week-old CKD (5/6
nephrectomized) wild-type mice for a 6-week post CKD in-
duction with TRAM34 (Figure 6a). TRAM34 reduced
microglial thallium uptake (Figure 6b and c), indicating that
it prevented CKD-induced potassium efflux. Remarkably, this
was associated with improved neuronal thallium uptake
(Figure 6b and d) and memory function in CKD mice
(Figure 6e and f), suggesting that preventing microglia po-
tassium efflux prevents impaired cognition in CKD mice. The
activity between treated and untreated mice was comparable
(Figure 6g).

Uremia-induced reduced neuronal potassium turnover
depends on microglia-neuron crosstalk via IL-1R1

The above observations support a model in which Kg,3.1
promotes potassium efflux from microglial, priming micro-
glial for IL-1P maturation and release, thus impairing
neuronal function and cognition in CKD. To further validate
this model, we exposed neurons to plasma from healthy
controls of patients with CKD and determined TI" uptake as
a measure of neuronal activation. Neither plasma altered TI"

|

Figure 6 | (continued) object) (e) and RAM (the results are reported as working memory errors [WMEs]) (f) tests in sham-operated control
(sham) and CKD mice treated with vehicle (DS) or T34, while the overall activity in the NSOR test was comparable (g). The results are repre-
sented as bar graphs, with each dot representing 1 mouse. P values were determined using 1-way ANOVA with Dunnett post hoc comparison.
NS, not significant. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Figure 7| Uremia-induced reduced neuronal potassium turnover depends on microglia-neuron crosstalk via interleukin-13
receptor 1. (a,b) Representative images (a) and bar graph with dot plot (each dot presents the corrected total cell density [CTCD] of stained
cells in 1 field of view) (b) summarizing the results of thallium autometallography in neuronal cells. Cells were exposed to control plasma (C
PI) or chronic kidney disease plasma (CKD PI). Bars = 50 pm. P values were determined using 1-way analysis of variance (ANOVA) (continued)
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uptake in neurons (Figure 7a and b), suggesting that neuronal
cells are not directly activated by uremia-dependent
mediators.

Next, to determine whether altered T1* uptake in neurons
depends on a microglia-released mediator, we stimulated
microglia with plasma from healthy controls or patients with
CKD for 6 hours and replaced patients’ plasma by fresh
medium to obtain microglia-conditioned medium (mCM;
Figure 7c). Exposing neuronal cells to mCM obtained from
microglia pre-exposed to plasma of patients with CKD
(mCM“*P) reduced neuronal TI" uptake, reflecting reduced
potassium uptake, while CM from microglia pre-exposed to
plasma from healthy controls (mCM®) had no effect
(Figure 7c—e). These observations suggest that in uremic
conditions neuronal dysfunction depends on a factor released
from activated microglia.

Considering the increased IL-1f generation in microglia
exposed to CKD plasma, we hypothesized that IL-1P causes
neuronal dysfunction. To this end, we stimulated neurons
(Neuro-2a) with mCM® or mCM“¥P without or with pre-
exposure to the IL-1R antagonist anakinra (Ankr;
mCM“®P4Ankr). In  the presence of  Ankr
(mCMCKDJrAnkr), mCMKP failed to reduce neuronal TI*
uptake. Additionally, while mCM“*" induced phosphoryla-
tion of Ca2+/calmodulin-dependent protein kinase II
(reflecting disturbed synaptic plasticity) and nuclear factor of
Kk light polypeptide gene enhancer in B-cell inhibitor-o
(reflecting nuclear factor-kB activation; Figure 7d-h), these
effects were not observed in the presence of Ankr, suggesting
that IL-1B released from microglia induces neuronal
dysfunction via IL-1R signaling.

To scrutinize the role of IL-1R1 signaling in neuronal
dysfunction in vivo, we generated mice lacking IL-1R1
expression specifically in neurons (Emx“" x IL1R1M*Lox?
mice, referred to as ILIRAN mice; Figure 8a and b;
Supplementary Figure S8A-D; Supplementary Table S4). On
induction of CKD, neuronal thallium uptake was normalized
in ILIRN mice, while thallium uptake in microglia of ILIRAN
CKD mice remained elevated (Figure 8c—e). This suggests that
despite persistent microglia cell activation neurons lacking IL-
IR1 remain unaffected, corroborating that IL-1B released
from microglia acts on neurons via IL-1R1. Concurrently,
despite persistently activated microglia, cognition was

o

markedly improved in ILIRAN CKD mice (Figure 8f and g).
These data support a model in which IL-1B release from
microglia drives IL-1R1-induced neuronal dysfunction and
impaired cognition in CKD conditions.

To scrutinize whether the therapeutical application of the
IL-1R inhibitor Ankr can rescue the impaired cognition
observed in CKD mice, we treated sham or CKD mice with
Ankr post induction of CKD (Supplementary Figure SSE). On
induction of CKD, cognition was markedly improved in
Ankr-treated mice (Figure 8h and i).

DISCUSSION

The mechanisms impairing cognition in patients with CKD
remain largely elusive. Using a combination of mouse models,
single-cell analyses, human samples, and in vitro experiments,
we demonstrate impairment of the BBB, increased potassium
efflux from microglia, and reduced neuronal potassium
turnover, reflecting pathological activation of these brain cells
in CKD. Our data suggest that potassium efflux from
microglia triggers their activation, which results in release of
IL-1B and IL-1R1-mediated neuronal dysfunction (as re-
flected by reduced neuronal potassium turnover). Impor-
tantly, inhibiting IL-1R signaling using Ankr prevented
impairment of cognition in mice, suggesting that the pathway
identified within this study can be pharmaceutically targeted.
Thus, this study provides new mechanistic insight into
cognitive impairment in association with CKD and identifies
possible new therapeutic approaches.

The observed protection from impaired cognition in CKD
mice lacking neuronal IL-1R1 is in agreement with previous
reports showing a function of IL-1R1 in neuronal cells
in vitro'> or impaired cognition in association with an exag-
gerated inflammatory response of microglia with increased
IL-1PB secretion.'® The protection from cognitive impairment
in mice lacking neuronal IL-1R1 demonstrates that—at least
in the model tested—neuronal dysfunction depends on
neuronal IL-1R1 expression and paracrine (microglial) IL-1f
secretion. Hence, blocking IL-1R1 may be a new therapeutic
approach to mitigate CKD-induced cognitive impairment.
However, long-term IL-1R1 inhibition may be detrimental, as
full-body IL-1R1—deficient mice have cognitive deficits.”> The
latter illustrates that IL-1R1 has physiological effects in the
brain, which may include functions of IL-1R1 for

.

Figure 7 | (continued) with Dunnett post hoc comparison. (c) Scheme summarizing the in vitro experimental approach: conditioned medium
(CM) is generated by culture of microglia with C Pl or CKD PI followed by washing the cells with phosphate-buffered saline (PBS) and adding
standard medium. This medium is obtained after 12 hours and used as CM from controls (CM) or patients with CKD (CMKP) for further ex-
periments with neuronal cells. (d,e) Representative images (d) and bar graph with dot plot (each dot presents the CTCD of stained cells in 1
field of view) (e) summarizing the results of thallium autometallography in neuronal cells. Cells were exposed to CM from microglial (mCM)
pretreated with C Pl or CKD Pl with or without anakinra ([Ankr]; control: PBS solvent). Bar = 50 pum. P values were determined using 1-way
ANOVA with Dunnett post hoc comparison. (f) Representative immunoblot images of neuronal cells incubated with CM from microglia treated
with normal medium (C), C Pl, or CKD Pl without Ankr (CKD PI 4 PBS) or with Ankr (CKD Pl + Ankr). Inmunoblots for phospho-Ca?"/calmodulin-
dependent protein kinase Il (P-CamKIl) and phospho-nuclear factor of k light polypeptide gene enhancer in B-cell inhibitor (P-IxBa) and respec-
tive total proteins are shown. (g,h) Quantification of immunoblots (bar graph, mean 4 SEM; each dot represents 1 biological replicate) showing
expression of P-CamKIl (g) and P-lIkBa. (h) in neuronal cells. P values were determined using 1-way ANOVA with Dunnett post hoc comparison.
NS, not significant; T-CamKIl, total CamKIl; T- IkBa, total IkBa; WT, wild type. To optimize viewing of this image, please see the online version of
this article at www.kidney-international.org.
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Figure 8| Neuronal interleukin-1f receptor (IL-1R)-expression is required for uremia-induced cognitive impairment. (a) Scheme of
conditional knock out of IL-1p receptor 1 (IL-1R1) in neuronal cells in vivo by crossing I11R1->* mice to Emx1<" mice, yielding 111 RN mice. (b)
Experimental scheme showing 5-day injection period of tamoxifen, followed by 2-step 5/6 nephrectomy (5/6 Nx) surgery, (continued)
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neurotransmission and synaptic plasticity.”” Whether detri-
mental effects also occur if IL-1R1 is inhibited therapeutically
in adulthood, possibly for a limited time or intermittently,
remains to be shown. Yet, as systemic IL-1R1 inhibition may
have unwanted side effects, caution is warranted and alter-
native therapeutic strategies may be needed.

Modulation of potassium efflux, a known inducer
(primer) of inflammasome activation,”® from microglia may
constitute an alternative approach to restrict CKD-induced
cognitive impairment, as suggested in the current study.
The current data support a crucial role of the Kc,3.1 channel
for CKD-associated microglial potassium efflux and activa-
tion. Activation of the Kc,3.1 channel induces microglial
oxidative burst and nitric oxide production, reflecting
microglia activation.”” Thus, inhibition of Kc,3.1, which is
primarily expressed by microglia,””’ may constitute a
possible new therapeutic approach to combat CKD-induced
cognitive impairment. Kc,3.1-knockout mice display mild
volume dysregulation in erythrocytes, T cells, and mast cells
but are healthy and have a normal life expectancy. Kc,3.1 has
been proposed as a drug target; its inhibition is safe in clinical
studies,””” and the K,3.1 inhibitor senicapoc is currently
evaluated in patients with Alzheimer’s disease.”” Inhibition of
Kca3.1 reduces neuroinflammation in animal models of
ischemic stroke, experimental autoimmune encephalomy-
elitis, and Alzheimer’s disease,”™® but the underlying
mechanisms remained unknown. The current study identifies
a mechanism—inhibition of microglial IL-1B release and
ensuing IL-1B-IL-1R1-triggered neuronal dysfunction—by
which Kc,3.1 inhibitors may maintain cognitive function.
Providing that the use of senicapoc is safe in patients with
CKD, further studies evaluating this new approach are
warranted.

In the current study we demonstrate that the BBB is
impaired in CKD mice, which may be an important patho-
genetic step for CKD-induced impaired cognition. Increased
vascular permeability in the brain, suggesting disruption of
BBB, has been demonstrated after acute kidney injury, which
was likewise associated with inflammation in the brain.'”'®
Breakdown of the BBB may be required for CKD-associated
mediators to reach and activate microglia. Therefore, ap-
proaches to stabilize the BBB may constitute an additional
therapeutic approach to combat cognitive impairment in
CKD.

Like any study, the current study has limitations. We
focused on microglia and neurons, because these cells

d

depicted in situ potassium dyshomeostasis as detected by
TIAMG. The release of IL-1B from microglia and the pro-
tection of neurons lacking IL-1R1 indicates a direct interac-
tion of microglia and neurons via microglia IL-1B and
neuronal IL-1R1. However, the snRNA-seq analyses suggest
an increase of astrocytes, and hence we cannot exclude that
other cell types, such as glia cells or astrocytes, contribute to
IL-1R1-dependent signaling in neurons. Additionally, not
only microglia but also oligodendrocytes and neurons express
the hemoglobin scavenger CD163 following BBB disruption
associated with intracranial hemorrhage.”” Whether CD163
can be detected intracranially in chronic diseases associated
with microvascular damage but without intracranial hemor-
rhage, such as in CKD, is not known so far. We did not detect
the typical expression pattern of CD163 in the brain. Because
CKD as a chronic disease is not—to the best of our knowl-
edge—associated with bleeding into the brain parenchyma,
we conclude that CD163 is not a suitable marker to detect
impaired BBB function in CKD.

While we demonstrate that potassium efflux is required
and may induce priming of inflammasome activation, which
is congruent with the current paradigm of a 2-step inflam-
masome activation in immune cells,”” we did not fully
characterize the mechanism of IL-1f3 maturation in microglia.
As others demonstrated that mice lacking inflammasome
regulators such as NLRP3 are protected from neurodegener-
ative diseases,””"' it is tempting to speculate that the NLRP3
inflammasome is required for the second step of IL-1B
maturation via caspase-1 cleavage. Yet, this needs to be
formally tested in future studies.

In the current study we focused on CKD-induced
impaired cognition by considering its clinical relevance.
Additionally, we chose this model, because the cognitive
impairment is independent of a primary defect in the central
nervous system, such as in Alzheimer’s disease, aiming to
identify mechanisms in the absence of disease driving pri-
mary alterations within the brain itself. Yet, we acknowledge
that the current results cannot be generalized to other pe-
ripheral diseases associated with cognitive impairment.

Additionally, while we show a pivotal role of the K¢,3.1
channel for CKD-induced microglia activation and impaired
cognition, other potassium channels may contribute to the
potassium dyshomeostasis.>*’ Yet, the current data demon-
strate that—at least in mice—inhibiting the Kc,3.1 channel is
sufficient to protect from cognitive decline. Hence, in addi-
tion to targeting IL-1R signaling, it may be feasible to prevent

|

Figure 8 | (continued) followed by ex vivo analysis or behavioral tests. (c-e) Example images (c) and bar graph (mean + SEM, each dot
represents number of positive cells in 1 field of view; data from 4 different mice per group) with dot plot (d,e) summarizing thallium-
positive (TI+) cells in ex vivo thallium autometallography in the brains of IL-1R1 control (ILTR<°™) and IL1 RAN CKD sham-operated control (sham)
and CKD mice. Each dot represents the count of the respective cell type in 1 field of view. P values were determined using 1-way analysis of
variance with Dunnett post hoc comparison; bar = 500 pum (c). Arrows depict microglia (yellow) or neurons (red). (f,g) Cognition, as determined
by nonspatial object recognition ([NSOR]; the results are reported as the percentage of time spent with the new unknown object) (f) and radial
arm maze ([RAM]; the results are reported as working memory errors [WMEs]) (g) tests summarized as bar graphs with dot plot (each dot re-
presenting 1 mouse) in ILTR®™ and IL1 RAN CKD sham-operated control and CKD mice. The data shown represent the mean + SEM. (h,i) Cogni-
tion, as determined by NSOR (left; the results are reported as the percentage of time spent with the new unknown object) and RAM (right; the
results are reported as WMEs) tests, in wild-type sham-operated control and CKD mice with or without treatment with anakinra (Ankr). NS, not
significant. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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CKD-associated impaired cognition by inhibiting the K¢,3.1
channel and thus preventing microglia activation.

Lastly, in the current study we did not aim to identify a
single uremic toxin impairing cognition in CKD. Considering
the abundance of uremic toxins, we hypothesized that a rather
larger number of uremic toxins impairs cognition. Hence,
targeting a single uremic toxin is unlikely to solve the prob-
lem. Rather, we aimed to identify a “unifying” mechanism in
the brain impairing cognition. We assumed that targeting
such mechanism would be sufficient to ameliorate CKD-
induced impaired cognition irrespective of the number of
uremic toxins involved. This aim was achieved at least in the
mouse model used.

In the current study we propose that a potassium efflux
from microglia triggers IL-1 B release from microglia. We
cannot exclude that the release of potassium from microglia
modulates neuronal function.”**” Other cells, such as astro-
cytes, may buffer electrolytes, rendering the analyses of
dynamically altered electrolytes in the brain in the presence of
CKD more complex. Importantly, we demonstrate that
neuronal IL-1R1 deficiency is sufficient to ameliorate CKD-
induced impaired cognition. The improvement of cognition
in neuronal IL-1R1-deficient mice despite CKD provides
strong evidence for a pivotal role neuronal IL-1B-IL-1R1
signaling irrespective of possible concomitant alterations in
intercellular  electrolytes in  CKD-induced cognitive
impairment.

In summary, the current study unravels a role of potassium
dyshomeostasis in IL-1f release from microglia and identifies
a crucial function of neuronal IL-1R1 for impairing cognition
in CKD. These data provide new insights into CKD-
associated impaired cognition and are expected to spur
studies (i) addressing the relevance of this mechanism in
other neurodegenerative diseases, (ii) identifying further
mechanistic details, and (iii) evaluating therapeutic ap-
proaches combating CKD-associated impaired cognition.
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