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Purpose: Previously, we have shown that CyPPA (cyclohexyl-[2-(3,5-dimethyl-pyrazol-
1-y1)-6-methyl-pyrimidin-4-yl]-amine), a pharmacological small-conductance calcium-acti-
vated potassium (SK)-channel positive modulator, antagonizes lipopolysaccharide (LPS)-
induced cytokine expression in microglial cells. Here, we aimed to test its therapeutic
potential for brain-controlled sickness symptoms, brain inflammatory response during LPS-
induced systemic inflammation, and peripheral metabolic pathways in mice.

Methods: Mice were pretreated with CyPPA (15 mg/kg IP) 24 hours before and simultaneously
with LPS stimulation (2.5 mg/kg IP), and the sickness response was recorded by a telemetric
system for 24 hours. A second cohort of mice were euthanized 2 hours after CyPPA or solvent
treatment to assess underlying CyPPA-induced mechanisms. Brain, blood, and liver samples
were analyzed for inflammatory mediators or nucleotide concentrations using immunohisto-
chemistry, real-time PCR and Western blot, or HPLC. Moreover, we investigated CyPPA-
induced changes of UCP1 expression in brown adipose tissue (BAT)—explant cultures.
Results: CyPPA treatment did not affect LPS-induced fever, anorexia, adipsia, or expression
profiles of inflammatory mediators in the hypothalamus or plasma or microglial reactivity to
LPS (CD11b staining and CD68 mRNA expression). However, CyPPA alone induced a rise
in core body temperature linked to heat production via altered metabolic pathways like
reduced levels of adenosine, increased protein content, and increased UCP1 expression in
BAT-explant cultures, but no alteration in ATP/ADP concentrations in the liver. CyPPA
treatment was accompanied by altered pathways, including NFkB signaling, in the hypotha-
lamus and cortex, while circulating cytokines remained unaltered.

Conclusion: Overall, while CyPPA has promise as a treatment strategy, in particular
according to results from in vitro experiments, we did not reveal anti-inflammatory effects
during severe LPS-induced systemic inflammation. Interestingly, we found that CyPPA alters
metabolic pathways inducing short hyperthermia, most likely due to increased energy turn-
over in the liver and heat production in BAT.

Keywords: neuroinflammation, fever, inflammatory markers, small-conductance calcium-

activated potassium channels, locomotor activity, brown adipose tissue

Introduction

Systemic inflammation is accompanied by an inflammatory response in the central
nervous system. Experimentally, this response can be induced by administration of
lipopolysaccharide (LPS), a component of Gram-negative bacteria cell walls.
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Injection of LPS induces severe illness symptoms, includ-
ing fever, anorexia, and reduced activity.' * The proin-
induced by LPS and
considered one of the most important circulating cytokines

flammatory cytokine IL6 is

in the context of fever,’ and its plasma concentration
directly correlates with the magnitude of the febrile
response.® In the brain, sickness symptoms are accompa-
nied by signs of brain inflammation like characteristic
spatiotemporal expression pattern of various inflammatory
mediators including transcription factors, cytokines, and
inducible forms of enzymes (eg, COX2 and, microsomal
prostaglandin E synthase [mPGES]) responsible for
of PGE,.
Moreover, IL6-induced STAT3 translocation in brain

a pronounced brain-intrinsic formation
endothelial cells’ or the vascular organ of lamina termina-
lis (OVLT),® expression of suppressor of cytokine signal-
ing (SOCS)3, a negative regulator and activity marker of
the Janus kinase (JAK)-STAT3 pathway,’ and LPS-
induced IkBa, an inhibitor and activity marker of
NF«B*? contribute to brain inflammatory signaling during
systemic inflammation.’

Microglia are the most important immune-system cells
in the brain.'®'" Their involvement in neuroinflammatory

processes has been well described and broadly discussed,
eg, using models of microglia depletion in organotypic
brain slice cultures or in vivo.'?”'> Increased microglial
reactivity is regarded as an important mechanism in the
pathogenesis of different neurological diseases, such as
multiple sclerosis and stroke.'>'® Upon LPS stimulation,
activated microglial cells have elevated levels of intracel-
lular Ca®" concentrations'’ and produce and release
increased amounts of inflammatory mediators, including
TNFa, IL1B, and IL6.%'® Expression levels of NF-IL6,
CD68, or CD11b can be applied as activity markers of
microglia and macrophages.'*° Moreover, immunoreac-
tivity of CD11b, the complement receptor type 3, has been
used as an indicator for microglial activity or in methods
applied targeting CD11b for microglia isolation from the
brain.?' >

Small-conductance calcium-activated potassium chan-
nels (SK) are expressed as subtypes, namely SK1, SK2,
and SK3, and are present in various areas of the brain,24
including the hippocampus and hypothalamus.*®> These SK
channels have protective effects within the brain by main-
taining Ca®" homeostasis in neurons and microglial cells.*®

In neurons, SK-channel activation prevents excessive

5 I o https:

Dove!

Journal of Inflammation Research 2022:15


https://www.dovepress.com
https://www.dovepress.com

Dove

Bredehoft et al

stimulation of NMDA receptors, which is otherwise accom-
panied by Ca®" influx into the cells. As such, SK-channel
activation has been proposed as an efficient strategy to inhibit
excitotoxic stimulation of NMDA receptors.>’ >° We have
recently shown protection from oxidative stress—induced
neuronal death and promotion of neuronal resilience by
metabolic mechanisms for SK-channel activation.’*!
Furthermore, the LPS-induced inflammatory response of
microglia is reduced through the opening or activation of
SK channels.*?
CyPPA
6-methyl-pyrimidin-4-yl]-amine) is

(cyclohexyl-[2-(3,5-dimethyl-pyrazol-1-yl)-
a well-established
pharmacological activator of SK channels, acting on SK2-
and SK3-channel subtypes.>* SK3-channel mRNA is found

3234 and significantly increased after

in murine microglia
LPS stimulation in rat primary microglial cell cultures.*
Administration of positive modulators of SK channels
reduces ischemic neuronal death in model systems of
focal cerebral ischemia and global ischemia after cardiac
arrest.””* Activation of SK channels in vitro has been
shown to modulate inflammatory processes: SK activation
by CyPPA reduced LPS-induced reactivity of cultured
microglia in a dose-dependent manner,’**° and the LPS-
mediated inflammatory response of murine primary micro-
glial cells was attenuated by CyPPA and resulted in reduced
production and release of TNFa, IL6, and nitric oxide.
Furthermore, LPS-induced morphological alterations of
microglial cells were attenuated by CyPPA.*? Therefore,
SK-channel modulation could represent a promising target
for therapeutic intervention in vivo in pathological condi-
tions involving neuroinflammation.

In vivo brain inflammatory responses can be mimicked
by stimulating rodents with LPS.*”-*® In the present study,
we aimed at translating previously described in vitro anti-
neuroinflammatory properties of CyPPA**>® to such an
in vivo setup. For this purpose, C57B1/6] mice were trea-
ted with CyPPA and with a LPS dose of 2.5 mg/kg, which
induces robust fever and other sickness components like
anorexia and reduced locomotor activity but no
lethality.'”® In order to investigate whether protective
effects of this drug were exerted within the brain or were
rather attributed to modification of the strength of periph-
erally derived afferent pro-inflammatory signaling, we
evaluated the effects of CyPPA on sickness response
including fever, reduced activity and anorexia; as well as
expression profiles of inflammatory mediators in circula-
tion and in the hypothalamus, a pivotal brain structure
involved in regulating food intake, and body temperature.

CD11b staining was utilized to assess microglial reactivity
in the fimbria of hippocampus, a brain region which has
previously shown strong immune-to-brain signaling during
systemic inflammation.’

To investigate underlying mechanisms by which
CyPPA treatment alone unexpectedly increase core body
temperature (T},), we carried out an additional experiment
to further assess CyPPA action versus solvent in vivo, ie, if
this response was fever or hyperthermia, two distinct
pathophysiological responses. Fever is an active brain-
controlled response to fight infection and inflammation
and hyperthermia, a situation where heat-dissipation
mechanisms are overwhelmed by heat production or heat
exposure.*’ We characterized a potential inflammatory
response in plasma and the hypothalamus region of the
brain by CyPPA alone. It was important to evaluate the
effect on the hypothalamus, since it plays a crucial role in
OVLT,
a circumventricular organ with a leaky blood-brain barrier

thermoregulation and also includes the

that is a pivotal brain structure for fever-induction path-
ways and immune-to-brain communication.’”*"**> For
a broader view, the cortex was also assessed for the
inflammatory potential of CyPPA. Additionally, samples
from the liver, which fulfills a large number of important
metabolic tasks and also expresses SK2 and SK3 channels,
were used to analyze nucleotides as markers for changes in
energy turnover related to increased heat generation.*’
Indeed, recent evidence has shown that CyPPA can induce
metabolic changes.>® Moreover, additional experiments
with brown adipose tissue (BAT)—explant cultures were
used to assess the induction of UCP1, another important

metabolic heat-generating mechanism.**

Methods

Animals

Male C57B1/6] mice aged 7-8 weeks were purchased from
Charles River (Sulzfeld, Germany) and used for the
experiments. Animals were housed individually in
a climatic chamber (Typ 10°US/+5 to + 40 DU; Weiss
Umwelttechnik, DU, Germany) in controlled environmen-
tal conditions of 50% humidity, 30°C, and a 12-hour day/
night cycle. Powdered standard laboratory chow (Ssniff
Spezialdidten) and water were available ad libitum. Eight
days before the experiment, an intra-abdominal radio
took
recordings of locomotor activity and T, every 5 minutes,

transmitter was implanted and telemetric

with data displayed in 15-minute increments for better
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visualization (MiniMitter). At 4-5 days after surgery, ani-
mals were moved to special experimental cages equipped
with tunnels to access the powdered laboratory chow and
rodent sipper valves for water access. The powdered
laboratory chow and water bottles were placed on scales
outside the experimental cages to enable accurate mea-
surement of food and water intake over 24 hours without
the risk of spillage.

Injections started 5 days after moving the mice to the
experimental cages for habituation. Surgery was conducted
under general anesthesia induced by intraperitoneal (IP)
administration of xylazine (about 5-12 mg/kg body weight
[BW]; CP-Pharma, Burgdorf, Germany) and ketamine
(about 100 mg/kg BW; Medistar Arzneimittelvertrieb).
Mice received analgesic treatment by oral administration of
meloxicam (about 1 mg/kg BW; Boehringer Ingelheim
Vetmedica) starting 1 day before surgery and lasting up to 2
days postsurgery. For habituation to experimental procedures
and confinement, mice were handled once a day from at least
5 days before injection, involving weighing, inspection of the
abdominal cicatrix, and the whole procedure for injection,
but without actually inserting a needle. All animal procedures
were performed in strict accordance with relevant guidelines
and regulations for the care and use of animals, ie, EU
Directive 2010/63/EU on the protection of animals used for
scientific purposes and were authorized (ethics approval) by
the local government authorities Regierungsprasidium
Giessen (RP Giessen) after review by the animal-welfare
officers of Justus Liebig University Giessen, RP Giessen
and the
(Tierschutzkommission Giessen, project GI 18/2 Nr 28/

Animal Protection Committee Giessen
2013). The animal-welfare officers of Justus Liebig
University Giessen approved the harvesting of BAT for ex

vivo explant cultures (project AZ 679 M).

Treatment and Experimental Protocols

CyPPA 5 mg (C5493-5MG; Sigma-Aldrich) was dissolved
in 175 pL ethanol (Sigma-Aldrich) and 83 uL Kolliphor
EL (synonym Cremophor EL, C5135-500G; Sigma-
Aldrich) and brought to a final volume of 1.67 mL by
adding 0.9% sterile and pyrogen-free saline up to 1 hour
The final
Kolliphor and 10% ethanol, similar to what has been

before injection. solution contained 5%
previously reported (10% Cremophor and 4% ethanol).*’
To increase drug content, ethanol content can be up to 10%
(according to the manufacturer’s instructions). For in vivo
injection of 125 puL in a mouse with BW of 25 g (5 mL/kg)

and the mouse having an approximate total blood volume

of 2 mL (80 mL/kg), the initial ethanol concentration in
plasma may reach 0.0625%. While the solvent was applied
in both PBS and LPS-treated groups, effects of very low
ethanol concentrations cannot be completely excluded.
Indeed, although hard to compare to in vivo application,
previous studies have shown that concentration of ethanol
twice as high on brain-slice cultures evoked modulation of
responsiveness of neurons involved in thermoregulation.*®
Solvent was stored in aliquots at —20°C and defrosted
before administration. Mice were treated IP with 5 mL/
kg BW CyPPA solution or its solvent twice within 24
hours (at —24 and 0 hours). The final dose of 15 mg/kg
BW CyPPA was well tolerated, while higher doses (30 mg/
kg CyPPA) significantly reduced basic explorative activity
in the mice.*’” A third IP injection containing 2.5 mg/kg
BW LPS (E. coli, serotype O111:B4; Sigma-Aldrich) at
a dose previously reported to induce robust fever, changes
in behavior, and brain inflammatory response in mice, but
not death,'* or Dulbecco’s PBS (both at equal volumes of
5 mL/kg BW) was administered together with the second
application of 15 mg/kg CyPPA or its solvent. All injec-
tions were performed between 9:00 and 10:40 am.

Experiments
A time line is presented in Supplementary Figure 1.

Experiment |

Five animals per treatment group (solvent + PBS, solvent
+ LPS, CyPPA + PBS, and CyPPA + LPS) were given
terminal anesthesia with sodium pentobarbital (Merial,
Hallbergmoos, Germany) at a dose of 100 mg/kg BW 24
hours after the last treatment. The time point of terminal
anesthesia (24 hours) was chosen based on previous
experiments investigating increased microglial reactivity
induced by LPS and evidenced by changes in microglia
morphology and cytokine production after LPS stimulation
in vitro, which was blocked by CyPPA treatment.’® To
investigate brain-controlled sickness symptoms, such as
fever and anorexia, we focused on the hypothalamus for
screening mRNA expression of inflammatory marker pro-
teins. To assess LPS-induced morphological changes indi-
cative of microglial reactivity, CD11b immunoreactivity
was investigated in the fimbria of hippocampus, showing
strong CDI11b staining. Indeed, our previous findings
revealed strong inflammatory signaling to the fimbria by
neutrophil recruitment during LPS-induced systemic
inflammation, supporting its role in immune-to-brain
communication.’
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Experiment Il

Six animals per group (CyPPA + PBS and solvent + PBS)
were euthanized 2 hours after the last injection, which was
the peak of CyPPA-induced increase of T, Blood was
collected via cardiac puncture with a heparinized sterile
syringe, and all 32 animals were transcardially perfused
with about 4-6 mL ice-cold 0.9% sodium chloride solu-
tion. Brains and livers were immediately removed, shock-
frozen on powdered dry ice, and stored until further ana-
lysis at —54°C. Here, we investigated hypothalamic (con-
trol centers of thermoregulation and regulation of BW/
food intake) and cortical mRNA expression of inflamma-
tory marker proteins to assess a potential overall inflam-
matory response by CyPPA. Moreover, we focused on the
OVLT, with its pivotal role in fever-induction
pathways,”*'** to further assess if the CyPPA effect
was a fever or hyperthermia. As we did not detect evi-
dence of a fever-inducing effect in the brain, we further
analyzed the potential activation of peripheral effector
organs to contribute to a hyperthermic increase in T,
For this purpose, we investigated nucleotides as indicators
of increased energy turnover in the liver. In addition, we
added a separate series of experiments using ex vivo fat-
explant cultures after organ withdrawal, namely BAT, as it
is an important thermoeffector organ in rodents.**

Tissue Processing
Brain identified
a neuroanatomical atlas*® and sliced at a thickness of 20
um. The OVLT (bregma 0.62 to 0.38), a pivotal brain

structure for fever induction and immune-to-brain commu-
41,49

sections  were according  to

nication pathways, and the fimbria of hippocampus
(bregma —0.34 to —1.22), a brain area that shows increased
numbers of microglia in mouse models of
immunodeficiency® and strong staining for CD11b, were
described poly-

I-lysine (Biochrom)—coated glass slides' and stored at —

prepared  as previously  on
54°C until immunohistochemistry could be performed.
Additional 80 pm sections between bregma 0.38 and
—0.34 were stacked and the hypothalamus and the cortex
identified and dissected out. The hypothalamus and cortex
were then divided into the left and right hemisphere.
Samples were stored at —54°C until Western blot or PCR
processing.

Immunohistochemistry
Brain sections were air-dried and immersion-fixed for 10
minutes in 2% paraformaldehyde (Merck), followed by

washing three times in PBS for 5 minutes. Slices were
incubated for 1 hour in blocking solution containing 0.3%
Triton X-100 (Sigma-Aldrich) and 10% normal donkey
serum (Biozol). Diluted in blocking solution, sections
were incubated with primary antibodies (rat anti-CD11b,
diluted 1:500, 101201, BioLegend; rabbit anti-STAT3,
diluted 1:4,000, sc-482, Santa Cruz Biotechnology; anti-
sheep von Willebrand factor diluted 1:3,000, SARTW-IG;
Affinity Biologicals) for 20-22 hours at 4°C. After three
more washing steps, additional incubations for the STAT3-
antibody protocol were performed using an avidin—biotin
blocking kit (Sp-2001, Vector Laboratories) according to
the manufacturer’s instructions, followed by a biotinylated
antirabbit antibody (diluted 1:200, BA-1000, Vector
Laboratories). For all other primary antibodies, secondary
antibodies were incubated for 2 hours (diluted 1:500,
Alexa A11015; Life
Technologies; 712-165-150;
Jackson ImmunoResearch). For visualization of STAT3

488—conjugated  antisheep,

Cy3-conjugated antirat,
signals, 90 minutes’ incubation with Cy3-conjugated
1:600, 800-367-5296;
ImmunoResearch) was carried out. Sections were counter-
stained for 10 minutes with DAPI diluted in PBS 1:8,000,
(Mobitec), followed by a final three washing steps.

streptavidin  (diluted Jackson

Applied primary antibodies have previously been charac-
terized for specificity of staining in the mouse brain.'>'~>?
All sections were coverslipped with Citifluor and stored at
4°C until microscopic analysis. Unless stated otherwise,

all procedures were carried out at room temperature.

Microscopic Analysis

Images were taken with a black-and-white Spot Insight
camera (Diagnostic Instruments) attached to a light/fluor-
escent Olympus BX50 microscope. Using the software
MetaMorph 7.7.5.0 (Molecular Devices), images for each
staining were taken with equal exposure and individual
photographs merged to RGB images. Brightness, contrast,
and color balance were adjusted equally for comparison
among treatment groups with Photoshop 5.5 (Adobe
Systems). Digital mouse-brain maps were adapted to cor-
responding brain levels as per a brain atlas.*® At least two
brain sections of the OVLT of each animal (perfused at the
2-hour time point, experiment II) were semiquantitatively
evaluated with the help of a five-point scale based on
intensity and quantity of signals, as previously
described.” In pictures taken of the fimbria of hippocam-
pus (four to eight per animal, 20x magnification, perfused

at the 24-hour time point, experiment I), which showed the
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strongest staining after screening for CD11b immunoreac-
tivity, an area of interest, was taken covering the complete
fimbria of hippocampus, but leaving the surrounding mem-
branous tissue out. The area covered by CD11b-positive
tissue was obtained using color cube-based image ana-
lyses (Image Pro Plus) and expressed as a percentage of
the area of interest. Quantitative analysis was performed

based on previously published procedures.>*>°

Protein Extraction and Western Blot
Analysis

For Western blot analysis, cortical tissue samples (10—
25 mg) were suspended in 150 pL lysis buffer (50 mM
Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100) supplemented with protease- and phospha-
tase-inhibitor cocktails (Roche) using a 26 G syringe.
After centrifugation for 10 minutes at 10,000 revolutions
per minute, cell supernatants were collected and the pro-
tein content determined using the Pierce BCA protein
assay kit (Thermo Fisher Scientific). Protein (25 upg)
from each sample was separated on 10% SDS gel, fol-
lowed by transfer onto a PVDF membrane (Millipore).
After blocking with 5% skim milk in TBST (Tween—Tris
base buffer), membranes were incubated with primary
antibodies overnight at 4°C: anti-p65 (1:1,000, rabbit, sc-
372; Santa Cruz Biotechnology), anti—phospho p65
Ser535 (1:1,000, rabbit, sc-33020; Santa Cruz
Biotechnology), anti-IkBa (1:1,000, mouse, 4814; Cell
Signaling Technology), and anti—a-tubulin (1:10.000,
mouse; Sigma-Aldrich). Membranes were incubated with
antimouse and antirabbit peroxidase-conjugated secondary
antibodies (1:1,000; Vector Laboratories) for at least
1 hour at room temperature. Images were acquired with
the ChemiDoc XRS (BioRad
Laboratories) and quantified according to the optical den-
sity of the bands (p65 and phospho p65 65 kDa, IkBa 30
kDa, a-tubulin 50 kDa) in relation to a-tubulin (loading
control, 50 kDa) using ImageLab software (BioRad

Imaging System

Laboratories).

Real-Time PCR

RNA extraction of 7-27 mg hypothalamic and ~40 mg
BAT tissue samples and reverse transcription were con-
ducted as previously described.'>” Applied Biosystems
assay IDs for the genes analyzed are: CD68
MmO03047340 m1, COX2 Mm00478374 ml, GAPDH
4352339E-1009032, IL6 Mm00446190 ml, mPGES

MmO00452105 ml1, NF-IL6 Mm00843434 ml, IxBa
MmO00477798_ml, SOCS3 Mm00545913 s1, UCPI1
Mm01244861 ml, Mm02619580 gl.

GAPDH was chosen as the housekeeping gene from 12

and B-actin
commonly used mouse genes using a Perfect Probe
GeNorm mouse 12-gene kit and GeNorm software (ge-
PP-12.mo; PrimerDesign) on hypothalamic mouse sam-
ples, and B-actin was chosen for BAT samples because of
its higher expression stability between groups of BAT
samples. Therefore, GAPDH and B-actin were used as
a reference and to normalize cDNA amounts between
different reactions. Sample values are depicted as x-fold
differences from a control sample. The 27 method was

calculate
58,59

used to relative expression as reported

previously.

Plasma IL6 and TNFa Measurement

IL6 and TNFa levels were measured in blood-plasma
samples using bioassays. Detection was based on an
IL6-dependent growth effect on B9 hybridoma cells and
a cytotoxic effect of TNFo on WEHI cells. The detection
limit was 3 TU/mL for IL6 and 6 pg/mL for TNFa. Both
bioassays have been previously described.®”

HPLC Analysis of Nucleotides

About 300 mg liver-tissue samples of animals perfused 2
hours after treatment (experiment II, CyPPA + PBS, solvent
+ PBS) were immediately homogenized in 3 mL ice-cold 0.6
N HCIO, (Sigma-Aldrich) per gram wet weight using a mixer
mill (2x15 seconds, 30 Hz) and cooled grinding balls (Retsch).
After centrifugation (20 minutes, 40,000 g, 4°C), supernatants
were adjusted with ice-cold 0.6 N KOH (Merck) to pH 5-6. To
remove KClOy, a second centrifugation was conducted. The
supernatants were lyophilized (0.3 mbar, —55°C, 20 hours;
Martin Christ Gefriertrocknungsanlagen) and stored at
—80°C until the measurements. Unless otherwise noted, all
operations were carried out on ice. Nucleotides were measured
by reverse-phase ion-pair liquid-chromatography using
a Nucleodur C;g gravity column (Macherey-Nagel). In the
mobile phase, a buffer gradient of two base solutions (buffer
A 50 mM KH,PO, [AppliChem] and 2.5 mM tetra-butyl-
ammonium hydrogen sulfate [TBA-HS]; Sigma Aldrich;
pH 6); buffer B 70 mM KH,PO,, 3.5 mM TBA-HS, and
30% v/v methanol (Rotisolv (Roth) was used to separate
nucleotides. Quantification of the nucleotides was carried out
by integration of the peak areas of sample and standard
nucleotides using Clarity Chromatography software (Data
Apex). Nucleotide concentrations were normalized to the
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wet weight of the liver samples. In order to compare protein
concentrations in liver samples of control and CyPPA-treated
mice, the cell pellets of the first centrifugation step were
suspended in PBS, and protein concentrations were deter-
mined using the Bradford protein assay (Sigma-Aldrich)
according to the manufacturer’s specifications.

Brown Adipose Tissue—Explant Culture

Experiments

Interscapular BAT was dissected after skin disinfection (70%
ethanol; Stockmeiern) and explant cultures had been per-
formed as recently described with small modifications to
account for the high energy needs of this highly metabolic
tissue.’' In brief, for each independent experiment, BAT
from eight mice was washed with cold PBS (Capricomn
Scientific), cut into ~40 mg pieces to ensure nutrient supply,
and stored on ice in oxygenated Earle’s balanced salt solution
(Thermo Fisher Scientific) supplemented with penicillin—
streptomycin (100 U/mL, Thermo Fisher Scientific), and 20
mM HEPES (Sigma-Aldrich). For each experiment, eight
wells of BAT were cultured in 12-well plates with DMEM
supplemented with high glucose (GlutaMax Supplement,
Thermo Fisher Scientific) containing 10% FBS (Capricorn),
penicillin—streptomycin (100 U/mL), and 40 mM HEPES for
2 hours at 37°C (95% humidity, 5% CO,, and 95% air).
Afterward, BAT was washed (FBS-free medium) and incu-
bated for 2 hours with 10 pg/mL LPS (E. coli serotype 0111:
B4, lot 043M4104; Sigma-Aldrich) or PBS dissolved in
DMEM (FBS-free) and cotreated with CyPPA (25 uM
according to previous in vitro assessments®”) or solvent
(see above). BAT-explant cultures have been used to inves-
tigate cytokine release into supernatants.®' After collection of
the supernatants, BAT was frozen on dry ice and stored at
—80°C for further analyses of UCP1 expression.

Data Analysis and Statistics

Data were analyzed separately for the 24- and 2-hour time
points (experiments I and II) using paired Student’s
t-tests or two-way ANOVA for treatment 1 (CyPPA or
solvent) and treatment 2 (LPS or PBS) followed by
Bonferroni post hoc tests (Prism 5, GraphPad). One outlier
each on UCPI1 and SOCS3 expression was detected with
Grubbs’s test and excluded from statistical analyses. The
thermal index was calculated for each animal by integration
of the area under the curve using Microsoft Excel based on
average temperature 2 hours before injection (baseline).
The thermal index/fever index has frequently been used to

86265 For statistical ana-

characterize febrile responses.
lyses, T, (at 15-minute intervals) was separated into
2-hour intervals for experiments with an end point after 24
hours (experiment I) and divided into 0.5-hour intervals for
experiments with an end point after 2 hours (experiment II)
and analyzed using three-way repeated-measure ANOVA.
Between-subject factors were treatment 1 (CyPPA or sol-
vent) and 2 (LPS or PBS), the within-subject factor was
time. Bonferroni correction for multiple-comparison analy-
sis was carried out, followed by Tukey’s post hoc test in
cases of positive interactions (Statistica 12, StatSoft). All
data are shown as means = SEM. P<0.05 was considered
statistically significant.

Results

Experiment I: CyPPA-Treated Mice
Showed Increased Core Body
Temperature and Motor Activity Without

an Effect on LPS-Induced Febrile

Response

To investigate whether CyPPA influenced LPS-induced
febrile response or Ty, animals were injected with
CyPPA or the vehicle (solvent) in the presence of
LPS or PBS (Figure 1A). Animals treated with solvent
and PBS exhibited a normal circadian day/night
rhythm, altered only by a stress-induced T, rise as
a consequence of handling and injection. Stimulation
with 2.5 mg/kg LPS induced a short febrile response
(1-3 hours, P=0.012) followed by a dramatic decrease
in T, during the night (7-21 hours, P<0.001) compared
to counterpart controls (solvent + PBS and CyPPA +
PBS). Interestingly, another observation was made
alongside the LPS-mediated effect: CyPPA-treated ani-
(CyPPA + PBS/LPS)
increase in Ty, up to 3 hours after injection compared
to control mice (solvent + PBS/LPS, P<0.001). Mice
stimulated with CyPPA alone (CyPPA + PBS) showed
an increase in Ty, comparable to mice treated with LPS

mals showed a significant

only (solvent + LPS), while animals treated with
CyPPA + LPS (apparently) exhibited the strongest
increase in Ty; however, this effect did not reach sig-
nificance. Mice treated with CyPPA + PBS had signifi-
cantly higher T, than solvent + PBS—treated animals
(Figure 1B, post hoc P<0.05). However, after 24 hours,
this CyPPA-induced Ty, effect was no longer detectable
(Figure 1B). The decrease in Ty, in solvent + PBS-
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treated mice up to 2 hours after injection represents
a normal temperature drop in the circadian rhythm
occurring in the morning after lights have been
turned on.

To clarify the influence of CyPPA on circulating med-
iators involved in immune-to-brain communication, we
analyzed IL6 plasma concentrations. At 24 hours after
LPS/PBS treatment, IL6 showed basal levels in control
groups (CyPPA/solvent + PBS). After LPS stimulation,
IL6 levels increased (Figure 1C, P=0.0108), while TNFa
was not detectable in any plasma samples. Locomotor
activity of PBS-treated mice showed a circadian rhythm
with increased activity during the night. LPS in particular
reduced nocturnal activity (Figure 1D, P<0.001) as pre-
viously found." Comparable to the Tb data, CyPPA +
PBS—treated mice showed increased locomotor activity
compared to the control group (solvent + PBS) for 4
hours following the drug injection, as revealed by cumu-
lative analysis of the first 4 hours of the activity profile
(Figure 1E, post hoc P<0.05). LPS-induced anorexia was
not influenced by CyPPA treatment, and neither was food
or water intake (Figure 1F, treatment 1 [CyPPA], BW
P=0.4497, food intake P=0.7453, water intake P=0.2727;
treatment 2 [LPS], P<0.001).

CyPPA Did Not Alter LPS-Induced Hypothalamic
mRNA Expression of Inflammatory Markers

To obtain data on central inflammatory mediators,
hypothalamic mRNA expression of several cytokines,
transcription factors, and other inflammatory genes were
analyzed with RT-PCR. As expected, 24 hours after
2.5 mg/kg LPS injection, mRNA expression of SOCS3
(P<0.001), COX2 (P<0.001), mPGES (P<0.001), and
IkBa (P<0.01) had increased compared to PBS-treated
mice. mRNA expression of NF-IL6, CD68 (an activity
marker of microglia and macrophages'®*’), and IL6
remained unaltered. However, 24 hours following CyPPA
or solvent administration in the presence or absence of
LPS or PBS, we did not detect any alterations that could
be attributed to CyPPA alone or in combination with the
LPS-induced hypothalamic expression of the inflammatory
markers (Figure 2).

CyPPA Did Not Influence CD1 Ib Signals in the
Fimbria of Hippocampus

Recently, CyPPA has been shown to antagonize LPS-
induced reactivity of cultured microglial cells in
a dose-dependent manner.>? For more detailed charac-
terization of the in vivo effect of CyPPA on increased

microglial reactivity induced by LPS, immunohisto-
chemistry for the detection of CD11b was performed
24 hours following LPS stimulation. Qualitative ana-
lyses of CD11b signals in the fimbria of hippocampus
showed larger cell bodies and less complex processes
than controls, as previously shown for glial morphol-
ogy after LPS stimulation (Figure 3A-D and high
magnifications in a-d).°® However, no obvious morpho-
logical difference was observed following CyPPA treat-
ment. Quantitative analysis of CD11b staining did not
yield differences when all four groups were compared
(Figure 3E).

Further Investigations to Analyze Effects
of CyPPA on Physiological Parameters

In vivo CyPPA treatment resulted in an increase of both
abdominal T and locomotor activity in the first 34 hours
following administration in PBS-control animals. To further
investigate whether this was a specific effect of CyPPA and to
reveal potential mechanisms involved, another set of animals
were treated with either CyPPA + PBS or solvent + PBS and
euthanized 2 hours after treatment (experiment II).

Experiment Il: T, of Mice Had Increased Significantly
2 Hours after CyPPA Treatment Alone

After 1.75 hours, animals that had received CyPPA + PBS
showed a statistically significant rise in T, (Figure 4A,
P=0.016), showing the same overall reaction pattern as in
Figure 1 (see Supplementary Figure 2 for comparison).

Thermal index analyses (2 hours, Figure 4B) did not reach
statistical significance. It is important to note that the room was
entered several times during the 2 hours to inject and perfuse
animals, thus disturbing all animals present. This has to be
taken into account as a confounding factor when comparing
the Ty, response between experiments I and II. IL6 plasma
concentrations remained at basal levels in both treatment
groups at the 2-hour time point (Figure 4C), while bioactive
TNFa was not detectable in any sample. In contrast to T,
measurements, CyPPA did not elevate locomotor activity
(Figure 4D and E). Therefore, this experiment suggests that
the temperature increase was not due to increased activity
detected in experiment I (Figure 1D and E).

Hypothalamic and Cortical mRNA Expression of
Different Inflammatory Markers Had Altered 2
Hours after CyPPA Stimulation

mRNA expression of inflammatory markers was analyzed 2
hours after treatment with CyPPA or its solvent and PBS.
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Figure 2 Comparison of hypothalamic mRNA expression of inflammatory marker proteins 24 hours after injection of PBS or 2.5 mg/kg LPS and 15 mg/kg CyPPA or solvent.
The pro-inflammatory cytokine interleukin (IL)6 (A), the negative regulator and marker for signal transducer and activator of transcription 3 activation, suppressor of
cytokine signaling (SOCS)3 (B), the rate limiting enzymes of prostaglandin synthesis, namely, cyclooxygenase (COX)2 (C), and microsomal prostaglandin synthase (mPGES,
D) are displayed. Moreover, CD68 a marker of microglia activity (E), the transcription factor NF-IL6é (F) and the marker of nuclear factor B activation, inhibitors (I)xBa (G)
are shown. No difference was observed in CyPPA- (15 mg/kg) treated animals compared to solvent treated ones. n=5 for all groups. *Main effect of treatment 2 (PBS vs LPS);
**P<0.01; ***P<0.001.
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Figure 3 Assessment of microglial CD | Ib staining (red) in the fimbria of hippocampus 24 hours after treatment with PBS, or 2.5 mg/kg LPS and solvent, or CyPPA (15 mg/
kg). CDIIb immunoreactivity (red) in the fimbria of hippocampus (overview); nuclear DAPI staining (blue). Representative microphotographs of all four treatment groups
(A-D solvent vs CyPPA and PBS vs LPS) and representative high-magnification insets, which were also derived from the fimbria of hippocampus, are depicted in A=D. The
area covered by CD| Ib-positive tissue (red) was obtained using color cube-based image analyses (Image Pro Plus) and expressed as percentage of the area of interest (E).
Five animals per group, four to eight microphotographs per animal analyzed; scale bar in D represents 100 pm and applies to all overview microphotographs; [0 ym in d for

all inserts.

Interestingly, expression of NF-IL6 (Figure S5F, P=0.0494) and
IxBa (Figure 5G, P=0.0011) had increased in the hypothala-
mus in CyPPA-stimulated mice compared to controls.
Expression of the negative regulator of STAT3 signaling
SOCS3, however, had significantly reduced (Figure 5B,
P=0.0144) in the hypothalamus. As an endogenous regulator,
SOCS3 inhibits JAK®” and thereby regulates the activity of
STAT3. IL6, COX2, mPGES, and CD68 were unaffected by
the treatment (Figure SA P=0.8343, C P=0.8926, D P=0.9034,
E P=0.1258). Cortical and hypothalamic expression of IkBa
was significantly increased by CyPPA (Figure SN, P=0.0045).
In contrast, NF-IL6 expression was only significantly higher in
the hypothalamus, but not the cortex (Figure 5M, P=0.1946).
Moreover, the reduction in SOCS3 expression seen in the
hypothalamus was not detectable in the cortex (Figure 5I,
P=0.8771). Likewise, there were no differences between treat-
ment groups for IL6, COX2, mPGES, or CD68 expression in
the cortex (Figure SH P=0.5864, J P=0.4861, K P=0.4663,
L P=0.5345).

Cortical Expression Patterns of p65 Protein Altered
by CyPPA

The elevated mRNA expression of IkBa in the hypothala-
mus and cortex 2 hours after CyPPA treatment of mice
was indicative of modulatory effects of the SK-channel
agonist on the NF«kB signaling pathway. To further test this
hypothesis, analyses of various specific markers of the
NFxB signaling pathway were conducted by Western
blot (Figure 6A; see Supplementary Figure 3 for corre-

sponding entire Western blot images). It is known that
phosphorylation of p65 (pp65) coincides with the degrada-
tion of IkB and finally leads to activation of p65.°® In the
present study, IkBa and pp65 levels were not affected by
CyPPA treatment (Figure 6C P=0.4566, D P=0.5406). In
contrast, p65 levels were significantly reduced by CyPPA
treatment compared to controls (Figure 6B, P=0.0257).
However, the proportion of phosphorylated to unpho-
sphorylated p65 did not differ between treatment groups
(Figure 6E P=0.2680, F P=0.4373).
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Figure 4 Early CyPPA (15 mg/kg) versus solvent action in vivo 2 hours after treatment. Core body temperature (Tb [°C]) (A), the thermal index (B), IL6 plasma levels (C),
as well as locomotor activity over time (D) and cumulated (E) are displayed. Six animals per group.

CyPPA Did Not Induce STAT3 Immunofluorescence

in the Hypothalamus
PCR results indicated reduced expression of SOCS3 2
hours after CyPPA treatment. To further analyze possible
changes in STAT3 activation at the protein level, immu-
nohistochemical detection of STAT3, which is known to
be activated at 1.5 hours with a peak around 3—4 hours
after induction of inflammation,

systemic was

performed.>’ Sections from both treatment groups
(CyPPA and solvent, Figure 7C and D) revealed few and
weak cytoplasmic STAT3 signals (red) in the region of the
OVLT (overview, Figure 7A), a pivotal brain structure for

induction.*""*

fever von Willebrand factor (green),
a marker protein for endothelial cells, was used to depict
potential endothelial STAT3 activation, which is known to

occur during systemic inflammatory insults.” An LPS-
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Figure 5 Assessment of early CyPPA action on hypothalamic and cortical mRNA expression of inflammatory marker proteins 2 hours after CyPPA (15 mg/kg) treatment
compared to control animals (solvent) (A=N). The proinflammatory cytokine IL6 (A and H), the negative regulator and marker for STAT3 activation, SOCS3 (B and I), the
rate-limiting enzymes of prostaglandin synthesis, namely COX2 (C and J), and microsomal prostaglandin synthase (mPGES; D, K) are displayed. CD68 a marker of microglial
activity (E and L), the transcription factor NF-IL6 (F and M) and marker of NFkB-activation inhibitors (I) kBa (G and N) are shown. Six animals per group; one outlier
discarded for SOCS3 in the CyPPA group (n=5). *P<0.05 and **P<0.0| for solvent vs CyPPA.

treated animal was stained as positive control for nuclear
STAT3 translocation (activation), and is shown in
Figure 7B with specific staining as shown in several pre-
vious studies.*>!>? Semiquantitative evaluation of STAT3
immunoreactivity revealed no visible differences between

the two treatment groups (Figure 7E, P=0.5223).

CyPPA Treatment Changed Hepatic Adenosine
Concentrations and Increased UCP| Expression in
BAT-Explant Cultures

In order to investigate whether the increased Ty, in CyPPA-
treated mice was possibly due to an increased metabolic

rate. Various nucleotides involved in energy metabolism,
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Figure 6 Western blot analyses of early CyPPA action on cortical NF«B signaling 2
hours after CyPPA (15 mg/kg) or solvent treatment. Exemplary protein bands are
shown out of 6 samples P65 (A), pp65 (phospho p65) (B), IkBa (C), and pp65/p65
quotients without (D and E) and with normalization to tubulin (F) are displayed.
Quantification was based on tubulin expression levels. Six per group. *P<0.05 for
solvent vs CyPPA.

were measured (Figure 8A—F). In livers of CyPPA-treated
animals, a significant reduction in adenosine (Figure 8A,
P=0.0273) and a slight but not significant decrease in AMP
(Figure 8B, P=0.1245) were observed. Concentrations of
neither ATP (Figure 8D, P=0.1245) nor GTP (Figure SF,
P=0.5106), nor the ATP:ADP ratio (Figure 8G, P=0.1455),
significantly increased (Figure 8G and H, P=0.1455,
P=0.7132) in the livers of CyPPA-treated mice compared
to untreated controls. Interestingly, we detected a significant
elevation in protein content in liver samples from CyPPA-
treated mice compared to controls (Figure 81, P<0.0001).
Activation of UCPI in BAT induces short circuits in the
respiratory chain, which represents another efficient meta-
bolic heat-producing pathway.** As such, we used ex vivo
BAT-explant cultures in a new set of experiments and found
increased UCP1 expression 2 hours after CyPPA treatment
compared to controls (Figure 9, P<0.005). LPS had not
significantly altered UCP1 mRNA expression at this time
point. These results suggest a contribution of increased BAT
activity to CyPPA-induced hyperthermia in our in vivo

experiments.

Discussion

LPS-treated mice showed adipsia, anorexia, and fever,
followed by hypothermia. These changes were associated
with elevated mRNA levels of several inflammatory mar-
kers. However, no statistically significant effects of the
SK-channel opener CyPPA on LPS-induced sickness
response, brain inflammation, or plasma IL6 were
observed. Expression of all SK channels (SK1-3) by
microglial cells has been demonstrated,> %" and
among these SK3 is the most important for the reactivity
inhibition of SK3
reduces the neurotoxic effect of activated microglia in rat

of microglia.’*® Pharmacological
primary cell cultures.>>=® CyPPA is not only a potent
inhibitor of cytokine secretion by microglial cells but
also affects LPS-induced morphological changes in micro-
glia. Simultaneous application of LPS and CyPPA in cul-
tured murine microglial cells leads to a reduction in LPS-
induced increases in microglia activation, as assessed at
the level of morphological alterations and cytokine
production.*?

In the present study, we detected a robust LPS-
induced qualitative morphological change in microglia
in the fimbria of hippocampus at 24 hours (experiment
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Figure 7 Analyses of CyPPA-mediated induction of hypothalamic nuclear STAT3 translocation 2 hours after treatment with either solvent or CyPPA (15 mg/kg).
Immunohistochemical detection of STAT3 (red) in the vascular organ of the lamina terminalis (OVLT; schematic neuroanatomical overview in A) depicted as nuclear
signals (pink) in an LPS-treated animal as positive control with typical distribution (B). Representative microphotographs of solvent (C) and CyPPA treatment (D) with high-
magnification insets of areas highlighted with dotted squares. For better orientation, von Willebrand factor (green) was used to label endothelial cells. Semiquantitative
evaluation of the immunohistochemistry between solvent and CyPPA groups (at least two brain sections per animal, six animals per group) is shown in E. Bars in B apply to

all overview microphotography and represent 100 pm, 10 pm for inserts.

I, CD11b). CD11b immunoreactivity has previously been
confirmed to stain increased microglia reactivity.’'
Moreover, CD11b deficiency reduced microglial proin-
flammatory activation in a mouse model of Parkinson’s
disease.”! However, CD11b-staining coverage was not
significantly altered by LPS or CyPPA. Similarly,
mRNA expression analyses of the microglial reactivity
marker CD68 did not reveal significant changes. As such,
effects of CyPPA on increased LPS-induced microglia
reactivity that we previously observed in vitro could not
be demonstrated in in vivo experiments where CyPPA
(15 mg/kg) was administered together with LPS.
Potential reasons for this discrepancy might pertain to
the timing of CyPPA treatment and the magnitude of the
robust systemic inflammatory response elicited by LPS
in vivo. In addition, insufficient distribution of CyPPA in
the brain parenchyma could also have contributed to the
differences, but good penetration of CyPPA into brain
tissue was confirmed by the manufacturer (personal com-
munication by Saniona to A Dolga) and has been reported

in a pilot study.”* Nonetheless, we have to acknowledge
that higher doses of CyPPA, which may induce stronger
side effects, could potentially alter brain microglial reac-
tivity in vivo when applied systemically. Additional
microglial reactivity markers should be used in future
studies to assess modulatory effects. We did not find
any obvious changes from CyPPA administration in
brain or peripheral inflammatory markers during robust
LPS-induced
a recent study, IP injection with NS309, another positive
modulator of SK (KCa3.1/KCa2) channels, reduced
levels of the proinflammatory cytokines IL1B, IL6, and
TNFa and chemokines MCP1, MIP2, and RANTES fol-
lowing traumatic brain injury. RT-PCR and Western blot
revealed that NS309 mediated an increase in TSG6
expression and an inhibition of NFkB activation.*> In

systemic inflammation. However, in

SODI19%** high-copy mice, a mouse model for amyo-
trophic lateral sclerosis, early treatment with CyPPA pro-
longed the survival and motor function of SOD mice.
Most effects of

interestingly, long-term beneficial
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Figure 8 HPLC analysis of nucleotides in the liver as markers for changes in energy
turnover induced by CyPPA 2 hours after CyPPA (15 mg/kg) or solvent application
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ADP (C), ATP (D), GDP (E), GTP (F) concentrations and ATP:ADP (G) and GTP:
GDP ratios. Cellular protein levels are displayed in I. n=6 animals per group.
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Figure 9 Comparison of brown adipose tissue (BAT)—explant cultures in experi-
mental and control groups. Mouse BAT was stimulated with LPS or PBS and
cotreated with solvent or CyPPA (25 uM) for 2 hours and mRNA expression of
UCPI was assessed. Results out of four independent experiments, with every well
consisting of one mouse (biological replicate). One well was discarded due to
bacterial contamination, one after outlier testing. PBS eight and LPS seven wells.
*#P<0.005 for solvent vs CyPPA.

CyPPA were associated with modulation of neuroinflam-
mation and mitochondrial function.”?

Application of novel depletion paradigms for microglia in
rats and mice by another lab after our experiments had been
completed revealed that LPS-induced sickness was not altered
in the absence of microglia.”* While the authors did not show
data on LPS-induced fever, they observed an enhanced inflam-
matory response with depletion of macrophage-like cells in
rats and mice. Therefore, even if other markers of increased
microglia reactivity have been altered by CyPPA in vivo, this
may not result in changes in the sickness response. Moreover,
our experiments demonstrated that the inflammatory response
was not exaggerated systemically and only very moderately
altered in the brain by CyPPA. Interestingly, an unexpected
intrinsic effect of CyPPA was seen in vivo. Animals showed
increased locomotor activity 2—4 hours after CyPPA applica-
tion and elevated Ty, up to ~4 hours compared to controls. To
clarify underlying central or peripheral mechanisms, signaling
pathways and brain areas involved, two additional experimen-
tal groups (experiment [l — CyPPA + PBS and solvent + PBS)
were analyzed at the peak of this response 2 hours after
injection of CyPPA. In addition, BAT-explant cultures were
analyzed to reveal potential stimulating effects of CyPPA on
the known heat-generating function of this highly metaboli-
cally active tissue by increased expression of UCPI1 and

uncoupling of the respiratory chain.”>’®
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SOCS3 Expression in the Brain 2 Hours

after CyPPA Injections in Mice

We demonstrated an influence of CyPPA on the hypotha-
lamic expression of SOCS3, an activity marker of the
transcription factor STAT3. However, neither STAT3
immunoreactivity in the OVLT nor SOCS3 expression
was altered in the cortex of these animals. Therefore,
CyPPA does not seem to affect SOCS3 expression by
inhibition of STAT3 activity. In general, SOCS3 cannot
only be influenced by the transcription factor STAT3"” but
also by NF-IL6. Binding of NF-IL6 on the SOCS3 pro-
moter has been shown for several cell types.”® In the
present study, increased NF-IL6 expression 2 hours after
CyPPA treatment was accompanied by reduced SOCS3
expression in the hypothalamus, suggesting that NF-IL6
was not directly involved here. Overall, our data reveal
mixed results for CyPPA modulating STAT3/SOCS3 sig-
naling. An effect of SK2- or SK3-channel activation on
JAK-STATS3 signaling has not been reported so far. Future
studies need to confirm a potential modulating effect, as
STAT3/SOCS3 has been shown to play an important role
in neuroinflammatory processes.”” Whether modulatory
effects on SOCS3 expression in vivo may be involved in
previously described neuroprotective and anti-inflamma-

28,80

tory properties of CyPPA in vitro remains an open

question.

Brain NF«kB Signaling 2 Hours after
CyPPA Injections in Mice

We found increased IkBa mRNA expression in the cortex
and hypothalamus, but reduced p65 protein concentrations
in the cortex. This observation most likely indicates inhi-
bition of the whole NF«B signaling pathway due to an
enhanced inhibitory effect of IkBa on NFkB activation
linked to reduced NF«B protein levels. However, some
caution needs to be taken when using IkBa as an activity
marker for NFkB signaling, as these molecules do not
strictly reflect each other’s activity.*’ We found an
in vivo influence of CyPPA on the NF«B signaling path-
way under noninflammatory conditions at protein and
mRNA levels. The NF«B signaling pathway is well
known to be involved in neuroinflammatory and neurode-
generative processes.®> ®* Therefore, the anti-inflamma-
tory potential of CyPPA as a potent inhibitor of the
NF«kB pathway is of much interest for the treatment of
such conditions and might thereby contribute to protective
effects.

Peripheral Cytokines and Enzymes
Essential for Prostaglandin Synthesis 2

Hours after CyPPA Injection in Mice
that CyPPA
reduces TNFa release from microglial cells in vitro, most

Although we have previously shown
likely via a Ca*'-independent mechanism,*” a significant
effect on TNFa expression was not detected in vivo in the
present study, as TNFa levels remained below the detec-
tion limit of 6 pg/mL. Similarly, CyPPA successfully
reduced the LPS-induced increase in IL6 in microglial
cell cultures.>* Again, this phenomenon was not observed
under in vivo conditions. Neither plasma concentration nor
hypothalamic mRNA expression of IL6 was altered by
CyPPA compared to controls. The lack of systemic and
central effects on expression and release of IL6 and TNFa
by CyPPA in vivo might be attributed to cell type—specific
effects of CyPPA and pharmacokinetic properties,

respectively.

CyPPA Increases T, under
Noninflammatory Conditions 2 Hours

after Injection in Mice

Interestingly, we were able to show that administration of
CyPPA induced several changes in mice, even without any
apparent inflammatory stimulation. Ty, of CyPPA-treated
animals increased about 1 hour after injection and reached
a statistically significant level at the end of the second hour
post injection. This increase in T, was accompanied by
enhanced locomotor activity of these animals, suggesting
that the rise in Ty, might be related to some activity-indu-
cing effects of CyPPA. The second cohort of animals,
which were euthanized 2 hours after CyPPA stimulation
(experiment II), also showed a significant rise in Ty, but
locomotor activity was not significantly increased. This
observation suggests that increased locomotor activity
might not represent the cause of the increase in T, after
CyPPA treatment.

In general, CyPPA and other SK-channel modulators
are known to improve locomotor function in mouse mod-
els. For example, in a model of spinocerebellar ataxia type
3 IP administration of 10 mg/kg of SK-channel agonist
SKA31 improved motor coordination and balance in trans-
genic mice.*> Further, the SK-channel agonist NS13001
and CyPPA enhanced motor performance on a RotaRod
and beamwalk in a transgenic mouse model for spinocer-
ebellar ataxia type 2 after oral administration of 30 mg/kg
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NS13001 or 10 mg/kg CyPPA per day for 3 consecutive
weeks.”? In another mouse model of spinocerebellar ataxia
type 2, the performance of animals receiving a chronic
cerebellar perfusion of 80 ng/hour 1EBIO, another SK-
channel agonist, significantly improved on the RotaRod
compared to controls.*® SK-channel activation prevents
degeneration of Purkinje cells.”” Administration of
15 mg/kg CyPPA leads to significantly reduced distances
covered in open-field tests®’ as well as to reduced methyl-
phenidate-induced hyperactivity and stereotypical beha-
vior in a concentration-dependent manner (3-30 mg/kg
CyPPA).*” Contrary to these previous studies, we observed
induction of locomotor activity in CyPPA-treated animals
in the first experiment, but this effect was not confirmed in
the second study. Previous studies have even described the
development of seizures induced by SK channel-inhibitor
overdoses.®® In our study, no signs of cramping or tremor
were observed in any animal. An overdose of the SK-
channel agonist CyPPA and a resulting paradoxical phar-
maceutical reaction can thus be excluded, which in fact
only occurs when applying much higher doses of CyPPA
(eg, 30 mg/kg*’) than used in the present study
(15 mg/kg).

In order to investigate the potential cause of
increased T, by CyPPA and to distinguish if this
response represents fever or hyperthermia, further ana-
lyses were conducted. Both IL6 plasma concentrations
and hypothalamic IL6 mRNA expression (both time
points, experiment I and II) were unaltered, subsequent
IL6-induced STAT3 activation was not detectable, and
neither COX2 nor mPGES expression was increased. In
general, STAT3 activation is mainly mediated by circu-
lating IL6, which is one of the most important endogen-
ous mediators for manifestation of fever via induction of
the rate-limiting enzymes (COX2 and mPGES) of PGE,
synthesis.”""*%° Therefore, our results do not support
the induction of a classic fever by CyPPA. SOCS3
mRNA expression was even reduced 2 hours after
CyPPA treatment compared to controls. As such, the
observed T, increase most likely represents non—pyro-
gen-induced hyperthermia, rather than pyrogen-induced
PGE,-dependent fever. For instance, locomotor activity
did not seem to contribute to such hyperthermic
responses in the present study. Aside from our study,
other groups have previously shown that locomotor
activity does not contribute to stress-induced hyperther-

mia during cage switch.”!’

Interestingly, NF-IL6 expression was significantly
increased in the hypothalamus, but not in the cortex 2
hours after CyPPA administration under noninflammatory
condition (experiment IT). NF-IL6 is a ubiquitous inflamma-
tory transcription factor that can be used as activation mar-
ker for a variety of brain-cell phenotypes.'?>""* We have
shown that NF-IL6 deficiency in mice reduces motor activ-
ity under basal conditions potentially related to altered endo-
genous corticosterone and proopiomelanocortin levels.' It
remains to be confirmed whether CyPPA influences the
aforementioned systems by induction of NF-IL6 contribut-

ing to changes in locomotor activity.

Hepatic Energy Levels 2 Hours after
Injections in Mice

One potential heat-generating mechanism that could
further contribute to the observed hyperthermic response
to CyPPA might pertain to

Measurement of intracellular nucleotide levels in the

increased metabolism.

liver of CyPPA-treated mice revealed a significant
decrease in adenosine levels within 2 hours after CyPPA
application (15 mg/kg). ATP levels and the ATP:ADP ratio
slightly but not significantly increased in the livers of
CyPPA-treated mice. Notably, measurements of the intra-
cellular protein content pointed to an increased rate of ATP
consumption in protein synthesis. These results indicate
that in mice treated for 2 hours with 15 mg/kg CyPPA, the
metabolism of the liver is able to provide enough ATP to
compensate for ATP-consumption processes. Adding 25
uM CyPPA in vitro to a culture medium of neuronal
HT22 cells induces a slight decrease in basal mitochon-
drial respiration and an increase in glycolysis, thereby

preserving ATP levels.*%%*%3

UCPI Expression 3 Hours after CyPPA

Stimulation in BAT-Explant Cultures
BAT-explant experiments support a contribution of UCP1-
mediated BAT-induced thermogenesis to CyPPA-induced
hyperthermia in vivo.** Interestingly, while UCP1-induced
thermogenesis in BAT contributes to cold-induced heat
generation,** recent evidence suggests that this process
does not contribute to stress-induced hyperthermia or
fever.”®°” Overall, we report that CyPPA alters metabolic
pathways in the liver and BAT, which adds to previous
reports showing CyPPA action on cellular metabolism.*°
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Limitations

Differences among model systems should be considered
when comparing the present observations on CyPPA
action in vivo to previous in vitro data.’* Very likely,
initiation of fever is a peripheral response to LPS,”® but
central effects are mediated by cytokines and other
humoral/cellular pathways independent of LPS, which —
besides endothelial cells and circumventricular organs™*%°
— do not directly affect microglia/neural cell reactivity in
the brain. The effects detected in the brain are then likely
indirect and not necessarily attributable to LPS treatment.
Nonetheless, others have reported that the maintenance of
the inflammatory response to endotoxemia is mediated by
TLR4 in the brain.'"

The use of solvents (DMSO in vitro versus ethanol/
Kolliphor in vivo) should be taken into account when
addressing these discrepancies. This difference is due to
the fact that DMSO is not suitable for in vivo applications

because of its effects on

101

potent  modulatory

inflammation.”~" While hard to compare to in vivo appli-
cations, previous studies have shown that double the con-
centration of ethanol than applied here evoked modulation
of responsiveness of neurons involved in thermoregulation
on brain-slice cultures.*® While some effects of the solvent
cannot be excluded, we observed significant effects of
CyPPA compared to the solvent. Moreover, CyPPA may
need higher concentrations in vivo to reach sufficient con-
centration at the target cells in the brain to inhibit
increased microglial reactivity. With the reproducible
effects we observed in the present study, ie, increased T,
and other parameters reducing basic exploratory activity at
higher doses of CyPPA,*’ the promise of this drug to
modulate neuroinflammation may need more considera-
tion. In addition, while other microglial markers than
CD11b or CD68 like Ibal'%*'® may have been altered
in our in vivo model, recent studies have found heightened
inflammation after microglia depletion in rodents and no
abrogation of inflammation-induced sickness.”* We have
to acknowledge that changes in metabolism in the brain
and in particular hypothalamic brain regions induced by
CyPPA can be taken into account. However, since we did
not find any of the postulated alterations that are charac-
teristic of responses to inflammatory stimuli and fever
regulation in the hypothalamus, our present study focused
on peripheral tissues, ie, BAT as an important thermore-
gulatory effector organ in rodents, and the liver, with its
known function in metabolism.

Conclusion

We observed mixed effects of the SK activator CyPPA in
reducing JAK-STAT and increasing NFkB and NF-IL6
signaling pathways under noninflammatory conditions.
This may be related to modulatory potential in neurologi-
cal pathologies associated with neuroinflammation and
neurodegeneration. In fact, the inflammatory transcription
factors involved are known to contribute to brain inflam-
mation or regulation of serotonin—kynurenine pathway
balance.® No effects of CyPPA on increases in microglial
reactivity induced by LPS and on parameters of sickness
response like fever and anorexia were observed in vivo
after application of a strong LPS stimulus. Overall, while
CyPPA might be suitable to modulate and treat less severe
neuroinflammatory processes than investigated here, the
observed CyPPA-induced hyperthermia was most likely
related to decreased adenosine concentrations and
increased protein contents in the liver, as well as to

increased UCP1-mediated BAT thermogenesis.
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