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Introduction: During acute inflammation, immune-to-brain signaling plays a

pivotal role in the generation of sickness responses such as fever or hypothermia.

Neutrophil granulocytes (NG) are a crucial component of the immune system

and modulate inflammation. Moreover, neutropenic fever is a severe condition

for immunocompromised patients that can be life threatening. Using a mouse

model of partial NG depletion, we aimed to investigate how neutropenia alters

immune-to-brain signaling and the development of sickness responses during

high-dose-LPS-induced inflammation.

Methods: To deplete NGs, mice were injected intraperitoneally (IP) with

heterologous anti-polymorphonuclear leukocyte serum at 1:4 ratio in PBS

(PMN, 1.82 mg/kg IgG) or normal rabbit serum (NRS, 1 mg/kg IgG) as a control.

To induce inflammation, mice were injected IP with lipopolysaccharide (LPS, 2.5

mg/kg) or PBS as a control 24 h after PMN or NRS. Physiological parameters were

documented using a telemetric system that continuously recorded: food and

water intake, locomotor activity, and core body temperature. At 4 h or 24 h after

LPS-stimulation, brain and serum samples were collected and analyzed for

peripheral and brain inflammatory markers.

Results: After stimulation with LPS, PMN-pretreated mice showed neutropenia

(significantly by ~25% of the control value) and attenuated NG recruitment to the
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brain in a structure dependent manner. LPS-induced hypothermia was more

severe in PMN-pretreatedmicewhile other physiological parameters were only

altered by LPS alone. Additional analyses in NG depleted mice revealed

that corticosterone levels showed an early reduced but late increased

magnitude, and circulating cytokines like interleukin-10 were exacerbated

during LPS-induced inflammation. Despite a weak overall impact on the

brain, the hypothalamus of neutropenic mice presented exacerbated LPS-

induced levels of IL-6, a key mediator of inflammation, compared to

immunocompetent control mice.

Discussion: Overall, we found that partial NG depletion exaggerates the

peripheral inflammatory response and this strong peripheral reaction

may contribute to the exacerbation of sickness symptoms most likely

involving circulating IL-10 with strong implications for clinical cases of

neutropenic patients.
KEYWORDS

neutrophil granulocytes, neutropenia, inflammation, hypothermia, sickness response,
immune-to-brain signaling
1 Introduction

Sepsis is a serious condition accompanied by an extreme

systemic inflammatory response to an infection and is one of the

leading causes of mortality in the intensive care unit (1, 2).

The host response to sepsis includes the development of

both, pro-inflammatory responses and anti-inflammatory

immune suppression (3, 4). Patients who have undergone

myelosuppressive chemotherapy treatments are susceptible to

infections and have a high risk of developing sepsis (3, 5).

Additionally, these patients have also been observed to develop

febrile neutropenia, an intense and persistent fever. Current

treatments for sepsis rely heavily on infection management,

aggressive fluid administration, and organ support to increase

survival rates. Despite advances in the treatment of sepsis,

survivors often have severe long-term impairments (2, 6–8).

The exact origin of fever associated with neutropenia remains

unknown in part due to the poorly understood functions of

neutrophil granulocytes (NG) (3, 5, 9). However, neutropenic

fever, characterized by an elevated body temperature in

individuals with low NG counts (9, 10), is a significant clinical

concern and is associated with increased mortality during septic

inflammation (11). Since reduced NGs compromise the body’s

ability to mount an appropriate immune response, neutropenic

fever could signal a potentially life-threatening infection and is

often considered a medical emergency (11, 12). Even today, it is

challenging to treat neutropenic fever and patients still require

careful monitoring (12, 13). Understanding the mechanisms

underlying neutropenic fever is crucial for developing effective

therapeutic strategies.
02
As the most abundant cell type of the innate immune system in

humans and rodents, NGs are of particular importance during

sepsis (14). The dysregulation of NGs can lead to their

accumulation in the circulation, impaired bacterial clearance, and

increased production of interleukin (IL)-10 (15). The increase in IL-

10 can subsequently exacerbate disease progression by promoting

the development of lymphopenia and the reduction of T-cell

propagation (15, 16). Additionally, the release of neutrophil

extracellular traps (NETs) by NGs, which normally serve to

capture and clear pathogens, is elevated in septic patients and

promote a hypercoagulable state increasing the risk for

thrombosis and hemorrhage (17–21). However, in contrast to

these pro-inflammatory actions, the anti-inflammatory properties

of NGs have also been documented. Indeed, studies have previously

shown that NGs can release the anti-inflammatory immune-

mediator IL-1 receptor antagonist (human) and inducible nitric

oxide synthase (mouse) in response to lipopolysaccharide (LPS)-

stimulation in vitro and during a model of ischemic brain injury

(22, 23). The paradoxical pro- and anti-inflammatory nature of

NGs highlights the importance of increasing our understanding of

the role of NGs during sepsis. For example, the capacity of NGs to

exert dual functions may contribute to the resolution of the sickness

response during infection or inflammation.

Over the course of septic inflammation, various brain

pathologies and brain-mediated sickness responses, including

lethargy, anorexia, and fever/hypothermia can occur (24–26).

Indeed, encephalopathy can develop during sepsis and it is a

severe neuroinflammatory condition that impacts cognitive

functions, causes altered mental states, and is associated with

increased mortality (27–31). It is well established that immune-
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to-brain communication transmits information from the periphery

to the brain and plays an important role in brain functions in

addition to regulating the immune response (32, 33). In particular,

interactions at brain structures, which lack a tight blood-brain

barrier, such as the circumventricular organs (CVOs), are able to

detect cytokine signals and transmit information to the brain (34–

36). While many studies have focused on the humoral route of

immune-to-brain communication to transmit the majority of

information, there is also evidence of peripheral immune cells

infiltrating the brain and influencing the inflammatory process

including modulating brain functions (28, 32, 33, 37). During

systemic inflammation, both monocytes and NGs have been

observed in the brain. In a mouse model of cerebral ischemia

induced by LPS administration, brain pathology associated with

inflammation has been shown to be exacerbated via NG-dependent

mechanisms (38–40). We have previously shown, using a mouse

model of severe systemic inflammation, that NG recruitment to the

brain occurs in a time-dependent and region-specific manner (41).

Moreover, Aguilar-Valles and colleagues (2014) demonstrated that

NG depletion inhibited depression-like behaviors in surviving mice

during septic-like inflammation (28). Despite the existing evidence

of NG infiltration into the brain and impacts on brain-controlled

sickness responses during severe systemic inflammation, little is

known about the effects of NGs on the central nervous system (28,

41, 42).

Thus, in the present study, we tested the hypothesis that NGs

play a protective role by modulating circulating cytokines, such as

IL-10, as well as participating in immune-to-brain communication

and contributing to the brain-controlled sickness responses

associated with severe systemic inflammation. We tested our

hypothesis in a mouse model of sepsis using antibody-targeted

depletion of NGs followed by an intraperitoneal (IP) injection of a

high LPS dose and examined markers of peripheral and brain

inflammation. To assess sickness responses, locomotor activity

and core body temperature (Tb) were continuously recorded and

food and water intake were monitored over the course of the

experiment us ing telemetr ic systems. Improving our

understanding of the role played by NGs during severe systemic

inflammation, may lead to innovative therapeutic options and

improved quality of life for patients with chemotherapy-induced

neutropenia or febrile neutropenia.
2 Materials and methods

2.1 Animals

All mice were obtained through in-house breeding in groups

and maintained under specific pathogen-free conditions on a 12 h

light/dark cycle at 22°C ± 1°C and 50% ± 5% humidity with food

and water available ad libitum. Original C57BL/6J breeding pairs

were obtained from Charles River Laboratories (Sulzfeld,

Germany). Male mice aged 6–8 weeks, weighing approximately

25–30 g, were used for experiments. Intra-abdominal radio

transmitters to record Tb and locomotor activity (TA-F10, Data
Frontiers in Immunology 03
Sciences International, St. Paul, MN, USA) were surgically

implanted about one week prior to the start of the experiments.

Surgical implantation of the transmitters was performed using an

antagonizable IP anesthetic composed of fentanyl (10 ml/kg; Dechra

Veterinary Products, Aulendorf, Germany), midazolam (10 ml/kg;

Henry Schein Dental, Hamburg, Germany), and medetomidine (10

ml/kg; Henry Schein Dental, Hamburg, Germany). An antagonist

comprised of atipamezol (10 ml/kg; Henry Schein Dental,

Hamburg, Germany) and flumazenil (10 ml/kg; Henry Schein

Dental, Hamburg, Germany) was administered subcutaneously to

reverse the anesthesia. Meloxicam (1 mg/kg body weight;

Boehringer Ingelheim, Ingelheim, Germany) was administered

orally for surgical analgesic treatment. Experimental cages were

positioned on receiver plates (DSI PhysioTel™ RPC-1, Data

Sciences International, St. Paul, MN, USA) and Ponemah® P3P

software was used to continuously record Tb and locomotor activity

(Data Sciences International, St. Paul, MN, USA). Food and water

were located on scales outside the cage to continuously record

consumption. Mice had access to the food and water by a tunnel or

rodent sipper tip. The animal experiments were approved by local

authorities (Regierungspräsidium Giessen: GI 18/2 Nr. G 72/2017)

and performed in accordance with the German Animal Welfare Act

and international legislation.
2.2 Treatment and experimental protocol

About four to five days after surgery, mice were switched from

group housing in conventional cages to individual housing in

experimental cages where they continued to recover for an

additional three to five days. Once individually housed in

experimental cages, food and water intake was recorded daily.

Two days prior to the start of the experiment, recordings for Tb

and locomotor activity were recorded to establish baseline values.

To deplete NGs in the circulation, an IP injection of heterologous

anti-polymorphonuclear leukocyte serum (PMN, at a dose of 5 ml/

kg corresponding to 1.82 mg/kg total IgG; No.: WAK-AIA31140

supplied by WAK-Chemie Medical GmbH, Germany with the

original US catalog number AIA31140, lot: 6326, Accurate

Chemical and Scientific, Westbury, NY, USA) diluted in sterile

pyrogen free 0.9% phosphate buffered saline (PBS; PAA, Pasching,

Austria) was administered according to a well-established model

(28, 43–47). Controls were injected with an identical dilution and

equal volume of normal rabbit serum (NRS; at a dose of 5 ml/kg

corresponding to 1.0 mg/kg total IgG, No.: WAK-AIS403, lot: 0925,

Accurate Chemical and Scientific, Westbury, NY, USA). To induce

severe systemic inflammation, mice were injected IP with LPS (2.5

mg/kg; derived from Escherichia coli, serotype 0111:B4, lot:

078M4039V, Sigma-Aldrich, Munich, Germany), diluted in PBS,

24 h after the initial injection with PMN or NRS. Indeed, we have

previously shown that this LPS-dose induces severe systemic

inflammation in mice (48–50). Controls were injected with an

equal volume of PBS.

A dose-finding trial identified the anti-serum amount that

effectively reduced NGs. To find an effective dilution of PMN that
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sufficiently depleted NGs without causing lethality, three different

IgG doses diluted in PBS were tested: 1:4 dilution ratio at 1.82 mg/

kg, 1:1.5 dilution ratio 3.64 mg/kg, and 9.1 mg/kg (undiluted).

Inoculation with LPS caused an increase in circulating levels of NGs

and recruitment of NGs to the brain, effects that were significantly

attenuated (~20-25%) by pre-treatment with PMN at 1.82 mg/kg

IgG and 3.64 mg/kg IgG dilutions (Supplementary Figures 1, 2).

The undiluted dose of PMN proved to be too severe and was lethal

in combination with LPS and thus not tested further. The only dose

of PMN that did not cause any fatalities during these preliminary

experiments was the 1.82 mg/kg IgG dilution and therefore, selected

for the experiments. However, over the course of our experiments,

two mice pre-treated with PMN (1.82 mg/kg IgG dilution) died as a

result of LPS-induced inflammation.

All injections were administered at a total injection volume of 5

ml/kg between 9:00 am and 11:30 am. At 4 h or 24 h post

inoculation (p.i.) with LPS or PBS, the mice were killed during

terminal anesthesia induced with an IP injection of pentobarbital

(160 mg/kg, Boehringer Ingelheim, Ingelheim, Germany).

Thereafter, the mice were transcardially perfused with ice-cold

0.9% saline. A sterile heparinized syringe was used to collect

blood samples via cardiac puncture prior to the perfusion and

afterwards, brains were quickly removed and frozen on powdered

dry ice. All samples were stored at -80°C until analyses

were completed.
2.3 Determination of total IgG from NRS
and PMN serum in a sandwich ELISA

The samples were pre-diluted 1:20 in PBS with Tween (PBSt)

before starting the test procedure. This pre-diluted stock was

applied to generate a 10-fold dilution row in PBSt ranging from

1:20 to 1:208. goat-anti-rabbit IgG (SBA-4050-01; Biozol, Hamburg,

Germany) was dissolved in ELISA coating buffer (0.1 M sodium

carbonate, pH 9.5) and diluted to a final concentration of 10 µg/ml.

ELISA 96-well plates (Nunc MaxiSorp; Life Technologies,

Darmstadt, Germany) were coated with 100 µl of capture

antibody overnight and blocked using a commercial blocking

reagent (ROTI-Block; Carl Roth, Karlsruhe, Germany) for 1 h at

room temperature (RT). The microwells were washed twice with

approximately 300 mL PBSt per well with thorough aspiration of

microwell contents between washes. The buffer was allowed to sit in

the wells for about 20 seconds before aspiration. Then, the diluted

samples, blanks, and a rabbit IgG-standard dilution row (ranging

from 50 µg/ml to 5 pg/ml) were pipetted in the microwells in

triplicates. After an incubation period of 1 h at RT, the microwells

were washed as described above. After an additional wash step, the

wells were emptied and tapped on absorbent paper towel to remove

excess PBSt. 50 mL of diluted HRP-goat-anti-rabbit conjugate was

added to all wells (1 mg/ml diluted 1:5,000 in PBSt). The microwells

were covered with an adhesive film and incubated at RT for 1 h.

Then, the microwells were washed 4 times with PBSt and 1 time

with PBS. Immediately after washing, 100 mL of TMB substrate
Frontiers in Immunology 04
solution was pipetted to all wells. The microwell plate was incubated

at RT for 15 min, before the substrate reaction was stopped by

quickly pipetting 100 mL of ELISA-stop solution (1N sulfuric acid)

into each well. Results were read immediately after the stop solution

was added using an ELISA-reader at 450 nm as the primary wave

length and 620 nm as the reference wavelength (Spark; Tecan,

Männedorf, Schweiz).
2.4 Tissue processing

Coronal 20 mm brain sections of multiple brain structures

including the vascular organ of the lamina terminalis (OVLT,

bregma 0.62-0.38 mm), the median preoptic nucleus (MnPO,

bregma 0.62-0.14 mm), the subfornical organ (SFO, bregma -0.1-

-0.82 mm), and the paraventricular nucleus (PVN, bregma -0.58-

-1.22 mm) were cut using a cryostat (CryoStar NX50; Thermo

Fisher Scientific, Dreieich, Germany). Sections were thaw-mounted

on poly-L-lysine coated glass slides and stored at -80°C for

immunohistochemistry. Additional sections (bregma 0.38 mm-

-1.50mm) were stacked on glass slides so the hypothalamus could

be dissected, divided in two (left and right hemisphere), and stored

at -80°C for RNA-extraction or protein isolation.
2.5 Leukocyte analysis

2.5.1 Hematological analysis
Complete leukocyte analysis was performed on whole blood

samples from preliminary experiments, immediately following the

perfusion, using an ADVIA 2120 automated hematology analyzer

with the veterinary software version 5.3.1-MS and the mouse setting

(Siemens Healthcare, Erlangen, Germany). Hemoglobin

concentrations and red blood cell volume were determined using

an established combination method of cyanide-free photometric

measurements and flow cytometry (51). For white blood cell and

differential count, the analyzer used laser light scatter at a

wavelength of 670 nm, cytochemical myeloperoxidase staining,

and differential white blood cell lysis in two separate channels,

the peroxidase and baso/lobularity channel. Based on cell size,

myeloperoxidase staining intensity, and nuclear lobularity, a six-

part leukocyte differential count was obtained including NGs,

lymphocytes, monocytes, eosinophils, basophils, and large

myeloperoxidase-negative cells (large unstained cells, LUC) such

as reactive lymphocytes or plasma cells (data not shown). Internal

quality controls were performed daily using three concentrations of

quality control materials. Annual calibrations of the hematology

instrument were carried out by the manufacturer. Hematological

analysis confirmed that PMN significantly reduced the amount of

circulating NG (Supplementary Figures 1, 2).

During the experiments, total leukocyte populations were

determined for each animal using the Leuko-Tic® kit

(B ioana ly t i c , Umkirch , Germany) accord ing to the

manufacturer’s instructions.
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2.5.2 Peripheral blood smears
Blood smears were analyzed for leukocyte differential count

using a May-Gruenwald-Giemsa staining technique. Samples were

incubated in 100% May-Gruenwald (Merck, Darmstadt, Germany)

solution for 3 min, washed in double distilled water for 1 min,

incubated in 12% Giemsa solution (Merck, Darmstadt, Germany)

for 15 min, washed in double distilled water for 1 min, and allowed

to air dry. All blood smears were protected from light and stored

at RT.
2.6 Magnetic luminex assay

2.6.1 Serum
A custom-made mouse magnetic bead-based assay obtained

from Bio-Techne (Bio-Techne, Abingdon, Oxon, UK) was used to

analyze serum levels of the following selected inflammatory

mediators: granulocyte colony-stimulating factor (G-CSF), CCL5

(RANTES), CXCL1, CXCL2, tumor necrosis factor (TNF)a, IL-10,
and IL-6. Serum samples were diluted at a 1:1 dilution ratio and

measurements were performed according to the manufacturer’s

instructions. The assay was performed with the Luminex

MAGPIX® system (Luminex, Austin, TX, USA).

2.6.2 Hypothalamus
Tissue samples from the hypothalamus (~18.4 mg per sample)

were homogenized in 300 ml of sonication buffer (100mM amino-n-

caproic acid, 10mM EDTA, 5mM benzamidine, and 200mM
phenylmethyl sulfonyl fluoride) in Tris buffered saline (Carl Roth,

Karlsruhe, Germany). All reagents were purchased from Sigma-

Aldrich unless otherwise stated. Samples were sonicated for 20 sec

followed by a centrifugation step at 13,200 rpm at 4°C for 10 min.

Supernatants were collected and total protein levels per sample were

determined using a BCA protein assay (Thermo Fisher Scientific,

Waltham, MA, USA). The following selected inflammatory

mediators: CCL2, CCL5, CXCL1, CXCL2, CXCL5, granulocyte-

macrophage colony-stimulating factor (GM-CSF), interferon

(IFN)g, IL-1b, IL-2, IL-6, IL-10, IL-17, and TNFa were analyzed

via custom-made mouse magnetic bead-based assays from Bio-

Techne (Bio-Techne, Abingdon, Oxon, UK) or Thermo Fisher

(CXCL2, CXCL5; Thermo Fisher Scientific, Waltham, MA, USA).

Samples were diluted at a 1:1 dilution ratio and measurements were

performed according to the manufacturer’s instructions. The assay

was performed with the Luminex™ 200™ system (Thermo Fisher

Scientific, Waltham, MA, USA) and analyzed with xPONENT®

Software from Thermo Fisher Scientific (Waltham, MA, USA).
2.7 Corticosterone ELISA

Corticosterone levels in serum were measured using a specific

mouse ELISA (Arbor Assays; Arbor Assays, Ann Arbor, MI, USA)

according to the manufacturer’s instructions with a minimum

detection limit of 18.6 pg/ml.
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2.8 Immunohistochemistry

For the NG marker myeloperoxidase (MPO) and signal

transducer and activator of transcription 3 (STAT3) staining,

frozen brain sections were air-dried for 10 min (5 min for

STAT3) and fixed in 2% paraformaldehyde (Sigma-Aldrich,

Munich, Germany) diluted in PBS for 10 min. After washing

three times with PBS, the sections were incubated at RT for 1 h

using blocking solution containing 10% normal donkey serum

(NDS; Biozol, Eching, Germany) and 0.3% (MPO) or 0.1%

(STAT3) Triton X-100 (Sigma-Aldrich, Munich, Germany) in

PBS. The immunofluorescent primary antibodies used included:

rabbit anti-MPO (dilution 1:600; A0398, Dako, Glostrup,

Denmark), rabbit anti-mouse STAT3 (dilution 1:2000; sc-482,

Santa Cruz Biotechnology, Dallas, TX, USA), and sheep anti-von

Willebrand factor (vWF, dilution 1:2000; SARTW-IG, Affinity

Biologicals, Ancaster, Canada). Primary antibodies were diluted in

the blocking solution and sections were incubated overnight at 4°C.

After washing three times, the sections were incubated with the

secondary antibodies diluted in the blocking solution for 2 h at RT.

The secondary antibodies used included: Alexa 488-conjugated

donkey anti-sheep IgG (dilut ion 1:500; A11015, Life

Technologies, Carlsbad, CA, USA) and Cy3-conjugated donkey

anti-rabbit IgG (dilution 1:600; 711-165-152, Jackson Immuno

Research Europe, Newmarket, UK). After additional three washes

with PBS, the cell nuclei were stained with 4.6-diamidino-2-

phenylindole (DAPI, dilution 1:5000 in PBS, MoBiTec, Göttingen,

Germany) for 10 min followed by a final set of three washes with

PBS. Once the staining was completed, sections were cover slipped

using Citifluor (Citifluor, London, UK) and stored at 4°C until they

could be imaged. MPO images were collected within three days but

images for STAT3 were collected the same day.

2.8.1 Assessment of neutrophil granulocyte
recruitment

Images were acquired using a light/fluorescent Olympus BX50

microscope (Olympus Optical, Hamburg, Germany; x40 objective

lens, UPlanFI; numeric aperture, NA ¼ 0.75; x20 objective lens,

UPlanFI; numeric aperture, NA 0.50) with a black and white Spot

Insight camera (Diagnostic Instruments, Visitron Systems,

Puchheim, Germany). Microphotographs were taken consecutively

for each staining with the same exposure times using MetaMorph

7.7.5.0 software (Molecular Devices, Downingtown, PA, USA).

Individual images were combined with RGB color images using

MetaMorph 5.05 software and optimized for contrast and

brightness (all images were processed the same way) using Adobe

Photoshop 6.0 (Adobe Systems Incorporated, San Jose, CA, USA).

For preliminary experiments assessing the effects of different

PMN doses, stained with MPO and vWF, images were taken of the

OVLT, SFO, Plexus, and PVN and a semi quantitative evaluation

using a 5-level scale (-, no signals detectable; ±, single signal in some

cases; +, low density; ++, moderate density; +++, high density of

signals) was used to evaluate MPO expression. At each structure, 1–

3 mice with 1–12 sections per mouse were analyzed and
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subsequently averaged for each animal. The overall effect of pre-

treatment with PMN vs. NRS on NG recruitment to the brain was

evaluated by pooling the means of each group regardless of

brain structure.

NG recruitment to the SFO and PVN was assessed by counting

MPO+ cells at each structure. Between 4–8 mice with 1–4 sections

per mouse were analyzed and subsequently averaged for

each animal.

2.8.2 Assessment of STAT3 immunofluorescence
Images were acquired using a Leica THUNDER Imager 3D

Tissue System with a K5Microscope camera (x40 objective lens, HC

PL APO; numeric aperture 0.95 CORR). Microphotographs were

taken consecutively for each staining with the same exposure times.

Individual images went through Computational Clearing using

THUNDER Imaging and optimized for contrast and brightness

(all images were processed the same way) using Adobe Photoshop

6.0 (Adobe Systems Incorporated). All systems used were obtained

from Leica Microsystems in Wetzlar, Germany unless

otherwise stated.

Images were taken of the OVLT at the 4 h time point and a semi

quantitative evaluation, using the same 5-level scale as previously

mentioned, was used to evaluate STAT3 immunoreactivity. For

each group, 3 mice with 3–5 sections per mouse were analyzed and

subsequently averaged for each animal.

2.8.3 NET staining and assessment
For staining the NET markers, DNA/histone complex (DNA/

His) and citrullinated histone H3 (H3Cit), frozen brain sections

were shortly fixed in 2% paraformaldehyde (Sigma-Aldrich,

Munich, Germany). After washing three times with PBS and

blocking 1 h in blocking buffer (1% BSA, 5% goat serum, 2% cold

water fish gelatine, 0.05% Tween 20 and 0.05% Triton X100 in TBS)

samples were stained overnight with mouse monoclonal anti DNA/

Histone (Millipore MAB3864, 2.2 mg/ml, 1:300) and rabbit anti-

H3Cit (ABCAM ab5103, 1 mg/ml; 1:50). Respective isotype staining

was performed with IgG2a from murine myeloma (Sigma M5409,

0.2 mg/ml; 1:27) and rabbit IgG, whole molecule (Sigma I5006, 1,16

mg/ml; 1:58) in blocking buffer. After washing three times with PBS,

second antibody staining was performed with goat anti-mouse IgG

Alexa fluor plus 488 (Invitrogen A32723, 2 mg/ml; 1:500) and goat

anti-rabbit IgG Alexa fluor 633 (Thermo Scientific, A21070, 2 mg/

ml) 1:500). DNA counterstaining was done after three washing

steps in PBS by mounting the samples with Dapi containing

Prolong Gold (Molecular Probes, P36931). Images were taken

with a Leica TCS SP5 AOBS confocal inverted-base fluorescence

microscope with HCX PL APO 40× 0.75–1.25 and HCX PL APO

lambda blue 63× 1.40 oil immersion objectives. The settings were

adjusted according to the isotype controls.
2.9 Quantitative RT-qPCR

Total RNA was extracted from hypothalamic tissue samples

(~18.4 mg per sample) using Trizol (Thermo Fisher, Waltham, MA,
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USA) according to the manufacturer’s instructions. Quality of RNA

showed a purity ratio OD260/280 between 1.9-2.1. Reverse

transcription of 1 mg total RNA was carried out using 50 U

murine leukemia virus (MULV) reverse transcriptase, 10 mM

dNTP mix, and 50 mM random hexamer (Sigma-Aldrich,

Munich, Germany) in a 20 ml reaction volume. Afterwards,

reverse transcription real-time PCR (RT-qPCR) was performed in

duplicate using a preoptimized primer/probe mixture and TaqMan

Gene Expression Master Mix (Thermo Fisher, Waltham, MA,

USA). Based on a previous assessment of 12 commonly used

housekeeping genes (48), GAPDH (4352339E-1009032; Applied

Biosystems, Waltham, MA, USA) was selected as the best and was

used to normalize quantities of cDNA. Values were calculated as an

x-fold difference in expression from the control sample determined

as 1 (NRS+PBS 4 h or 24 h) using the DDCT-method. Assay IDs for

the analyzed genes are as follows: CD68 (Mm03047340_m1),

CD163 (Mm00474091_m1), COX-2 (Mm00478374_m1), CXCL1

(Mm04207460_m1), ELANE (Mm00469310_m1), IL-6

(Mm00446190_m1), IL-10 (Mm00439614_m1), mPGES

(Mm00452105_m1), NF-IL6 (Mm00843434_s1), NFkBia
(Mm00477798_m1), SOCS3 (Mm00545913_s1), and TNFa
(Mm00443258_m1). All primers were purchased from Thermo

Fisher Scientific unless otherwise stated.
2.10 Data analysis

Telemetry data for Tb and locomotor activity were analyzed

with IBM SPSS Statistics 26 or 29 software (IBM Corporation,

Armonk, New York, USA) using two-way repeated measures

analysis of variance (ANOVA; factors: condition [NRS or PMN]

and treatment [PBS or LPS] over time). Data were divided into 1 h-

intervals (1 h-4 h p.i.) or 2 h-intervals (4 h-24 h p.i.) for analysis and

a Holm-Bonferroni post-hoc test was performed to correct for

multiple testing and to evaluate main effects and interactions.

Analysis of baseline measurements from -48 h- -24 h p.i. and -24

h-0 h p.i. were also analyzed in 2 h-intervals using the same method.

When Tb was inconsistent with those previously observed within

the same treatment groups and the inflammatory cytokine profile in

the serum was also absent, indicating a failure of the LPS-injection,

mice were excluded from analysis. In total four mice were excluded:

2 PMN+LPS (24 h), 1 PMN+LPS (4 h), and 1 NRS+LPS (24 h).

Activity counts/min > 29 most likely represent artifacts and were

also excluded and replaced with an average of the activity counts

directly preceding and after it.

Preliminary data for circulating and brain levels of NGs were

analyzed by unpaired t-test (GraphPad Prism 5 and 9 Software, San

Diego, CA, USA). All other data were analyzed separately at either 4 h

or 24 h p.i. using a two-way ANOVA (factors: condition [NRS or

PMN] and treatment [PBS or LPS]) followed by a Tukey post-hoc test

(GraphPad Prism 7 and 9 Software, San Diego, CA, USA). Only for

the NET markers H3Cit and DNA/His we included an additional

analysis with the factors treatment and time. Analyses using the

ROUT method were applied to identify and exclude outliers (52), in

these instances, exclusions are specified in Supplementary Table 1.
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3 Results

3.1 Circulating lymphocyte and monocyte
populations were not altered by neutrophil
granulocyte depletion

Further analyses of leukocyte populations in circulation confirmed

that at 4 h p.i. PMN was efficient in reducing plasma NGs without

significantly altering other cellular populations (Supplementary

Figure 3). At 4 h p.i. leukocyte populations, overall, were reduced in

an LPS-dependent (p < 0.001) and PMN-dependent (p < 0.01) manner

(Supplementary Figure 3A). In assessing populations of NGs,

lymphocytes, and monocytes at 4 h p.i., we found that LPS did not

affect NGs but decreased lymphocyte (p < 0.001) and increased

monocyte (p < 0.001) populations regardless of NRS or PMN pre-

treatment (Supplementary Figures 3B–D). Overall, pre-treatment with

PMN was able to reduce circulating NG counts at 4 h p.i. (p < 0.001).

While lymphocytes were unaffected by PMN pre-treatment, a PMN

effect on monocytes was detected that indicated a minor increase in

percentage (p < 0.01). Raw cell counts of NGs, lymphocytes, and

monocytes are shown as descriptive data (Supplementary Figures 3E-H).

By 24 h p.i. the LPS-dependent (p < 0.01) and PMN-dependent

(p < 0.05) reductions in leukocytes were still present, indicating that

both treatments may have a prolonged effect to decrease cell levels

(Supplementary Figures 3I-L). In assessing populations of NGs,

lymphocytes, and monocytes at 24 h p.i., we found that LPS

significantly increased NGs (p < 0.001) and monocytes (p <

0.001) but decreased lymphocyte (p < 0.001) populations

regardless of NRS or PMN pre-treatment (Supplementary

Figures 3J-L). Pre-treatment with PMN continued to have an

effect on NG levels (p < 0.01) indicating an overall reduction.

Lymphocytes remained unaffected by PMN but the minor increase

in monocyte percentages for PMN pre-treated mice compared to

the NRS pre-treated controls was still detectable (p < 0.05). Raw cell

counts of NGs, lymphocytes, and monocytes were shown as

descriptive data (Supplementary Figures 3M-P).
3.2 Hypothermia was exacerbated in
neutrophil granulocyte depleted mice after
high-dose-LPS-stimulation

Figure 1 shows the development of sickness responses in mice

after 2.5 mg/kg LPS. The Tb of both, NRS and PMN pre-treated

control mice, showed a typical circadian day-night rhythm as well as

a short-lasting peak due to the stress of handling and the injection

after PBS, while groups treated with LPS became hypothermic

(Figure 1A). Immediately following treatment, both NRS and PMN

groups developed a short-lasting fever (main effect of LPS) for

approximately 2 h (1 h: p < 0.01, 2 h: p < 0.001) after which their

Tb began to drop. By 6 h p.i. with LPS, Tb for both NRS (p < 0.05)

and PMN (p < 0.001) groups was significantly lower compared to

their respective PBS treated controls. In comparison to these controls,

NRS pre-treated mice remained hypothermic from 10 h p.i. - 22 h p.i.

(p < 0.001) and by 23 h p.i. their Tb had completely returned to values
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of PBS-injected controls. However, PMN pre-treated mice

maintained a hypothermic status for the duration of the

experiment from 10 h p.i.-24 h p.i. (p < 0.001) compared to the

PBS treated counterparts. Pre-treatment with PMN exacerbated the

hypothermia and the initial drop in Tb at 6 h p.i. was more severe

compared to their NRS+LPS counterparts (p < 0.01). Indeed, from 10

h p.i.-24 h p.i. Tb of PMN+LPS treated mice remained lower than

NRS+LPS mice with the difference in Tb increasing over time (range:

p < 0.01- p < 0.001). Baseline recordings did not show differences

between groups except for a small increase in Tb following the

inoculation with PMN lasting for approximately 2 h (p < 0.001)

before returning to normal (Supplementary Figures 4A, C). The small

increase in Tb was most likely caused by a brief inflammatory event

associated with the initial break down of NGs.

Locomotor activity of both NRS and PMN pre-treated, PBS

injected control mice showed a typical circadian day-night rhythm

with low activity in the day and increased activity at night as well as

a short-lasting peak due to the stress of handling and the injection

while groups treated with LPS had almost completely depressed

locomotor activity (Figure 1B). Immediately following treatment,

both NRS and PMN groups had a main effect of LPS and showed a

dramatic decrease in locomotor activity extending from 1 h p.i.-22 h

p.i. (1 h, 3 h-22 h: p < 0.001; 2 h: p < 0.05). A fleeting impact of PMN

did occur between 2 h p.i.-4 h p.i. (2 h: p < 0.01, 3 h: p < 0.05)

regardless of LPS treatment where mice treated with PMN may

have had increased locomotor activity but significant differences

between NRS and PMN pre-treated groups were not detected.

Baseline recordings did not show differences between groups

except for a brief reduction in locomotor activity following the

inoculation with PMN (p < 0.05) before returning to counterpart

control levels (Supplementary Figures 4B, D).

Treatment with LPS had a strong effect on food and water intake at

24 h p.i. (Figures 1C, D). Both NRS and PMN pre-treated mice

consumed negligible amounts of food (p < 0.001) and water (p < 0.001)

regardless of pre-treatment with NRS or PMN. As a result, there was

an LPS-induced decrease in body weight that was observed as early as 4

h p.i. for both LPS groups (p < 0.001). By 24 h p.i., the NRS (p < 0.001)

and PMN (p < 0.001) pre-treated mice that received LPS weighed

significantly less than their PBS treated counterparts (Supplementary

Figures 4E, F). No differences were detected between the mice pre-

treated with NRS or PMN in either the PBS or LPS groups.
3.3 Peripheral inflammatory mediators
were exacerbated in neutrophil
granulocyte depleted mice after high-
dose-LPS-stimulation

The influence of NGs on inflammation in the periphery and the

humoral pathway of immune-to-brain communication was assessed

via circulating mediators indicative of the peripheral inflammatory

response (Figure 2). NRS and PMN pre-treatment did not induce

differences in circulating cytokine levels in PBS-inoculated control

mice. The cytokines: IL-6, TNFa, IL-10; NG chemoattractants:

CXCL1, CXCL2, CCL5; and corticosterone were, for the most part,
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increased at both time points after 2.5 mg/kg LPS treatment. As early

as 4 h p.i., an exacerbated production of IL-10 (p < 0.01) was detectable

in PMN pre-treated mice that received LPS compared to their NRS

counterparts (Figure 2C). The IL-10:TNFa ratio, which served as

another indicator of the inflammatory status (53), also showed a main

effect of PMN that indicates an increase in the ratio for PMN pre-
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treated groups (p < 0.05) (Figure 2D). Moreover, also at 4 h p.i.,

circulating levels of corticosterone were lower in PMN pre-treated

mice that received LPS (p < 0.01) compared to NRS pre-treated LPS

stimulated counterparts (Figure 2O). Exacerbation of LPS-induced

inflammatory mediators was more prevalent at 24 h p.i. at which time

IL-6 (p < 0.001), TNFa (p < 0.001), IL-10 (p < 0.01), CXCL1 (p <
FIGURE 1

Neutrophil granulocyte depletion exacerbated LPS-induced hypothermia but not other physiological parameters. An intra-abdominal transmitter
continuously recorded the physiological parameters of mice pre-treated with anti-polymorphonuclear serum (PMN) or normal rabbit serum (NRS) by
intraperitoneal (IP) injection and subsequently challenged with IP lipopolysaccharide (LPS, 2.5 mg/kg) or phosphate buffered saline (PBS) as indicated
by an arrow. (A) Core body temperature (T abd.). (B) Activity counts per minute. Data are presented as line graphs over time, grey boxes indicate the
dark or night cycle, with mean ± SEM (n=23–24 [-2–4 h p.i.] / n=14 [4–24 h p.i.]). (C) Total food intake at 24 h p.i. with LPS. (D) Total water intake at
24 h p.i. with LPS. Data are presented as dotplots with mean ± SEM (n=11-13). (A, B) Statistical analysis were performed by Two-way repeated
measures ANOVA and a Holm-Bonferroni post-hoc test with the effects: &PMN, §LPS; $NRS+PBS vs. NRS+LPS, *PMN+PBS vs. PMN+LPS, #NRS+LPS
vs. PMN+LPS. (C, D) Statistical analysis were performed by Two-way ANOVA with the main effect $LPS (§p<0.05, §§p<0.01, §§§p<0.001, &p<0.05,
&&p<0.01, &&&p<0.001, $p<0.05, $$$p<0.001, ##p<0.01, ###p<0.001, ***p<0.001).
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0.001), CXCL2 (p < 0.001), and corticosterone (p < 0.05) were all

elevated in those mice pre-treated with PMN compared to their NRS

counterparts (Figured 2H-N,P).
3.4 Neutrophil granulocyte recruitment to
the brain was depressed in a structure
dependent manner by anti-
polymorphonuclear serum

Immunofluorescence staining of MPO at the level of the SFO

and PVN was used to investigate NGs role in cellular
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communication within brain structures where recruitment has

previously been shown (Figure 3) (33, 48). NG recruitment was

overall absent or only one NG was present in both NRS and PMN

pre-treated groups after PBS inoculation. However, following 2.5

mg/kg LPS treatment, NG recruitment to the SFO was increased in

NRS mice at 4 h p.i. (p < 0.001) but not 24 h p.i. (Figures 3A, B).

Pre-treatment with PMN effectively depleted NG recruitment to the

SFO 4 h p.i. (p < 0.01) and a main effect of PMN at 24 h p.i. may

indicate overall reduced NG recruitment (p < 0.05) (Figured 3C, D).

At the level of the PVN, there was a strong effect of LPS that

increased NG recruitment, regardless of pre-treatment with NRS or

PMN, at both time points (4 h & 24 h: p < 0.001) (Figures 3E-H).
FIGURE 2

Peripheral inflammation was enhanced and corticosterone production altered by neutrophil granulocyte depletion during LPS-induced
inflammation. Circulating levels of inflammatory mediators in the serum were compared between PMN or NRS pre-treated mice after PBS or LPS IP
injection (2.5 mg/kg) 4 h and 24 h after stimulation. (A, H) Interleukin (IL)-6. (B, I) Tumor necrosis factor (TNF)a. (C, J) IL-10. (D, K) Ratio of IL-10:
TNFa. (E, L) CXCL1. (F, M) CXCL2. (G, N) CCL5. (O, P) Corticosterone. Data are presented as dotplots with mean ± SEM (n=5–7 [4 h p.i.] / n=10–14
[24 h p.i.]). Statistical analysis was performed by Two-way ANOVA and Tukey post-hoc test with the main effects: &PMN, $LPS (*p< 0.05, **p< 0.01,
***p< 0.001, & p< 0.05, $$$ p< 0.001).
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The PMN-effect observed at the SFO was absent at the PVN. In

summary, PMN was able to attenuate NG recruitment to the brain

after LPS-stimulation in a structure-dependent manner.
3.5 Hypothalamic inflammation was
exacerbated after high-dose-LPS-
stimulation

To investigate how peripheral inflammation could induce

inflammation in the brain and the generation of sickness

responses, we evaluated the expression of inflammatory target

genes in the hypothalamus (Figure 4). Hypothalamic mRNA
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expression of the cytokines IL-6, TNFa, and IL-10 were assessed.

There was, once again, a strong effect of LPS treatment at 4 h p.i.

that increased the expression of all cytokines regardless of pre-

treatment with NRS or PMN (IL-6: p < 0.001, TNFa: p < 0.001, IL-

10: p < 0.01); no effects of PMN were observed (Figures 4A-C). By

24 h p.i. the LPS-induced increase in cytokine expression was no

longer present and no effects of PMN were observed (Figures 4G-I).

Markers for different signaling pathways including the STAT3

activation marker suppressor of cytokine signaling 3 (SOCS3) (32,

48), the nuclear factor (NF) kB activation marker NFkB inhibitor a
(-ia), and nuclear factor IL-6 (NF-IL6) (48, 54) were also assessed.

The mRNA-expression for SOCS3 (p < 0.001), NFkBia (p < 0.001),

and NF-IL6 (p < 0.001) were increased by treatment with 2.5 mg/kg
FIGURE 3

LPS-induced neutrophil granulocyte recruitment to the brain was attenuated in a structure dependent manner by pre-treatment with PMN but not
NRS. (A, C) Immunofluorescence staining of neutrophil granulocytes (green) at the level of the subfornical organ (SFO) 4 h or 24 h after stimulation
(scale bar = 50 mm). (B, D) The number of neutrophil granulocytes in the SFO were counted and compared between PMN or NRS pre-treated mice
after PBS or LPS IP injection 4 h or 24 h after stimulation. Data are presented as dotplots with mean ± SEM (n=4-7). (E, G) Immunofluorescence
staining of neutrophil granulocytes (green) at the level of the paraventricular nucleus (PVN) for the indicated time point (scale bar = 100 mm).
(F, H) The number of neutrophil granulocytes in the PVN were counted and compared between PMN or NRS pre-treated mice after PBS or LPS IP
injection 4 h or 24 h after stimulation. Data are presented as dotplots with mean ± SEM (n=3-8). The corpus callosum (cc) and 1/2/3 ventricle (v) are
shown as structural reference points. Dapi (blue) visualizes the surrounding tissue. Statistical analysis were performed by Two-way ANOVA and
Tukey post-hoc test with the main effects: &PMN, $LPS (**p< 0.01, ***p< 0.001, &p< 0.05, $$$p< 0.001).
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LPS at 4 h p.i. regardless of pre-treatment with NRS or PMN; no

effects of PMN were observed (Figures 4D-F). By 24 h p.i. the LPS-

induced increase in expression was no longer present for any of the

signaling markers but SOCS3 (p < 0.05) and NFkBia (p < 0.05) did

show a main effect of PMN that indicated an increased expression

regardless of LPS treatment (Figures 4J-L). However, further

analysis of STAT3 signaling by immunohistochemical staining at

the level of the OVLT failed to detect any differences between

groups pre-treated with NRS or PMN (Supplementary Figure 5).

Cellular immune-to-brain communication was further

evaluated for NGs using the chemoattractant, CXCL1 and

neutrophil elastase (ELANE), as well as the activated microglial
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and perivascular macrophage markers CD68 and CD163,

respectively (Supplementary Figure 6). Fitting with the

immunofluorescence staining, which showed increased NG

recruitment to the brain (Figure 3), CXCL1 (p < 0.001) and

ELANE (p < 0.001) were both elevated in an LPS-dependent

manner with no observed effects of PMN (Supplementary

Figures 6A, B). By 24 h p.i. the LPS-induced increase in both NG

markers expression was no longer present for either group

(Supplementary Figures 6E, F). In contrast, CD68 and CD163

were not increased by LPS treatment at either time point and

were also unaffected by pre-treatment with PMN (Supplementary

Figures 6C, D, G, H).
FIGURE 4

LPS-induced expression of inflammatory signaling pathways in the hypothalamus was altered by neutrophil granulocyte depletion 24 h after LPS-
stimulation. RT-qPCR analysis of hypothalamic inflammation was compared between PMN or NRS pre-treated mice after PBS or LPS IP injection 4 h
or 24 h after stimulation. (A, G) IL-6. (B, H) TNFa. (C, I) IL-10. (D, J) Suppressor of cytokine signaling 3 (SOCS3). (E, K) Nuclear factor kB inhibitor a
(NFkBia). (F, L) Nuclear factor (NF)-IL6. Data are presented as dotplots with mean ± SEM (n=4-7). Statistical analysis were performed by Two-way
ANOVA with the main effects: &PMN, $LPS (&p< 0.05, $$p< 0.01, $$$p< 0.001).
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3.6 Prostaglandin E2 synthesis in the
hypothalamus was exacerbated after high-
dose-LPS-stimulation

Prostaglandin E2 (PGE2) is an important mediator of

inflammation that can also act as an endogenous pyrogen and

contribute to fever generation or other thermoregulatory processes

(55, 56). Therefore, mechanisms of PGE2-synthesis could be used as

indicators in the development of sickness responses (33, 48, 56).

Using the rate-limiting enzymes cyclooxygenase 2 (COX2) and

microsomal prostaglandin E synthase (mPGES) we assessed

mRNA-expression levels in the hypothalamus (Figure 5). The

expression for COX2 (p < 0.001) and mPGES (p < 0.001) were

increased by treatment with 2.5 mg/kg LPS at 4 h p.i. regardless of

pre-treatment with NRS or PMN; no effects of PMN were observed

(Figures 5A, B). By 24 h p.i. the LPS-induced increase in

expression was no longer present for either COX2 or mPGES

but, as was observed for inflammatory signaling (Figure 4), a

main effect of PMN did indicate an increase in expression

regardless of LPS treatment for each enzyme (p < 0.05)

(Figures 4C, D). Exacerbated PGE2-synthesis in PMN pre-treated

mice could contribute to the altered thermoregulatory response

during high-dose-LPS-stimulation but, overall, mechanisms of

PGE2 synthesis were not significantly affected by PMN

pre-treatment.
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3.7 IL-6, CXLC2, and CCL5 were
exacerbated in the hypothalamus of
neutrophil granulocyte depleted mice after
high-dose-LPS-stimulation

To further investigate indicators that mRNA expression of

inflammatory mediators in the hypothalamus may have been

enhanced in neutrophil depleted mice, we used a magnetic

Luminex assay to confirm these results on the protein level

(Figure 6). Indeed, we saw that several cytokines were not only

increased by treatment with 2.5 mg/kg LPS at 4 h p.i. but were

exacerbated in the PMN pre-treated mice. Of the cytokines

measured, IL-6 levels were significantly increased by LPS-induced

inflammation in NRS (p < 0.001) and PMN (p < 0.001) pre-treated

mice (Figure 6A). TNFa (p < 0.05), CXCL1 (p < 0.001), CXCL2 (p <

0.001), CXCL5 (p < 0.05), and CCL5 (p < 0.001) all had main effects

of LPS that indicated increased overall cytokine levels regardless of

pre-treatment with NRS or PMN (Figures 6B, D–G); no effects of

PMN were observed. For IL-6, the LPS-induced increase was

intensified in those mice pre-treated with PMN (p < 0.05)

(Figure 6A). Though moderate, the enhanced cytokine production

does suggest that PMN pre-treated mice were experiencing a higher

degree of inflammation in the brain at this time point.

As most cytokine levels dropped or returned to basal levels, by

24 h p.i. fewer PMN-dependent differences could be detected
FIGURE 5

Expression of prostaglandin E2 catalyzing enzymes was altered by neutrophil granulocyte depletion 24 h after PBS- or LPS-stimulation. RT-qPCR
analysis of hypothalamic prostaglandin E2 enzymes were compared between PMN or NRS pre-treated mice after PBS or LPS IP injection 4 h or 24 h
after stimulation. (A, C) Cyclooxygenase 2 (COX2). (B, D) Microsomal prostaglandin E synthase (mPGES). Data are presented as dotplots with mean ±
SEM (n=6-7). Statistical analysis were performed by Two-way ANOVA with the main effects: &PMN, $LPS (&p< 0.05, $$$p< 0.001).
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(Figure 6H-N). TNFa (p < 0.05) still had a minor LPS effect

indicating a decrease in cytokine levels overall but had returned

to approximately basal levels (Figure 6I). The values for CXCL1 (p <

0.001) meanwhile, remained elevated in an LPS-dependent manner

regardless of pre-treatment with NRS or PMN (Figure 6K). Finally,

the LPS-induced increase in CXCL2 and CCL5 (NRS: p < 0.01,

PMN: p < 0.001) was now significantly intensified in those mice pre-

treated with PMN (p < 0.01) (Figures 6L, N).
3.8 NET formation in the hypothalamus
may contribute to the sickness response
after high-dose-LPS-stimulation

Since NET formation in the brain has been associated with

exacerbated inflammation in a model of LPS-induced inflammation

(57), we investigated if NETosis in the hypothalamus could be a

contributing factor for the exacerbated sickness responses observed

in neutrophil-depleted mice after treatment with 2.5 mg/kg LPS.

Looking at the level of the MnPO, a hypothalamic structure known
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to contribute to fever induction pathways (58, 59), we analyzed the

ratios of our two NET markers H3Cit or DNA/His to nuclear Dapi

stain (Figure 7). At 4 h p.i. (Figures 7A, C, D) and 24 h p.i.

(Figures 7B, E, F) there were no effects of LPS or PMN. Though,

when compared overtime (Figures 7G, H), the H3Cit: Dapi ratio

was significantly increased at 24 h p.i. regardless of treatment group

(Figure 7G). Together, these data suggest that during LPS-induced

inflammation NET formation may increase overtime but is

unaffected by pre-treatment with NRS or PMN.
4 Discussion

Our investigation into the role of NGs during high-dose-LPS-

stimulation is a novel examination of the potential anti-inflammatory

properties of NGs in modulating peripheral inflammation, brain

inflammation, and sickness behavior. We showed that partial NG

depletion not only enhanced inflammation but also exaggerated the

brain-controlled hypothermic response. Indeed, peripheral cytokine

profiles were enhanced by PMN during inflammation and attenuated
FIGURE 6

LPS-induced IL-6, CXCL2, and CCL5 levels in the hypothalamus were exacerbated by neutrophil granulocyte depletion. Hypothalamic levels of
inflammatory mediators were compared between PMN or NRS pre-treated mice after PBS or LPS IP injection 4 h or 24 h after stimulation. (A, H) IL-
6. (B, I) TNFa. (C, J) IL-10. (D, K) CXCL1. (E, L) CXCL2. (F, M) CXCL5. (G, N) CCL5. Data are presented as dotplots with mean ± SEM (n=6-7).
Statistical analysis were performed by Two-way ANOVA and Tukey post-hoc test with the main effect: $LPS (*p< 0.05, **p< 0.01, ***p< 0.001, $p<
0.05, $$$p< 0.001).
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LPS-induced NG recruitment to the SFO was accompanied by

exacerbated hypothalamic IL-6, CXCL2, and CCL5 in neutropenic

mice. These mice also experienced impaired activation of the

hypothalamic-pituitary-adrenal (HPA) axis that resulted in a
Frontiers in Immunology 14
dampened but prolonged response. Together, these results indicate

that during severe inflammation NGs, directly or indirectly,

contribute to an anti-inflammatory profile and are significant

mediators of sickness responses.
FIGURE 7

Neutrophil extracellular trap (NET) formation in the brain was not affected by neutrophil granulocyte depletion. (A, B) Immunofluorescence staining
of the NET markers citrullinated histone H3 (H3cit; red) and DNA/histone complex (DNA/His; green) at the level of the median preoptic nucleus
(MnPO) 4 h or 24 h after stimulation (overview scale bar = 25 mm, insert scale bar = 10 mm). The arcuate nucleus (ac) is shown as a structural
reference point. Dapi (blue) visualizes the surrounding tissue. (C, E) Raw integrated density (Raw IntDen) for H3Cit in relation to Dapi were compared
between PMN or NRS pre-treated mice after PBS or LPS IP injection 4 h or 24 h after stimulation. (D, F) Raw IntDen for DNA/His in relation to Dapi
were compared between PMN or NRS pre-treated mice after PBS or LPS IP injection 4 h or 24 h after stimulation. (G) Raw IntDen for H3Cit in
relation to Dapi were compared over time. (H) Raw IntDen for DNA/His in relation to Dapi were compared over time. Data are presented as dotplots
with mean ± SEM (n=4-5). Statistical analysis were performed by Two-way ANOVA with the main effects: §Time (§p< 0.05).
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Previous studies have reported associations between diminished

NG activity, as experienced by neutropenic mice, and the severity of

inflammation (9, 60–62). In our own experimental model, we saw a

clear exacerbation of sickness responses in neutropenic mice in the

absence of an infection with live bacteria. While both groups

became hypothermic after treatment with LPS, the drop in the Tb

of immunocompetent mice (pre-treated with NRS) was consistent

with the existing literature (50, 63, 64), whereas the drop in Tb of

neutropenic mice was more pronounced. Hypothermia associated

with inflammation may represent a host defense mechanism (65)

and indeed, inhibition of hypothermia during severe systemic

inflammation in mice and rats has even been shown to increase

mortality (66–70). Romanovsky and colleagues have shown that

hypothermia like fever is a defense mechanism, which is induced in

the brain (66). Indeed, findings suggest that neurons in the DMH/

ventromedial hypothalamic nucleus are important for induction of

LPS-induced hypothermia by cold-seeking behavior (71, 72).

However, ineffective thermoregulation is a strong indicator of

disease severity where hypothermic patients notoriously suffer

from higher mortality rates in comparison to patients that

develop fever (73–76). One possible driving force in the

development of hypothermia is an exaggerated peripheral

inflammatory response. It has been shown that, through

interactions at CVOs or at the BBB via endothelial cells, LPS, IL-

6, and TNFa (77–80) are able to activate glial cells, signaling

pathways, and promote the local production of inflammatory

mediators at thermosensitive regions of the hypothalamus (81–

85). Indeed, overproduction of circulating levels of IL-6, TNFa, and
IL-10 were accompanied by the development of hypothermia

during different animal models of sepsis (63, 86–88). Significant

alterations to peripheral cytokines could have broad implications

for the humoral pathway of immune-to-brain communication, in

particular, during septic-like inflammation due to increased

permeability of the BBB (89, 90). In accordance with previous

studies, IL-6, TNFa, and IL-10 were elevated in both groups by LPS

treatment (26, 91) but circulating levels were exacerbated in

neutropenic mice in the absence of enhanced bacterial growth.

Important markers of sepsis severity include IL-6 and TNFa.
Both cytokines can promote excessive inflammation (92, 93) and, in

the case of TNFa, have been associated with increased mortality (94,

95). Circulating levels of IL-6 are commonly elevated in neutropenic

patients with sepsis, as we observed in our experiment, and are

associated with more severe outcomes (93, 96). In comparison,

despite associations linking high levels of TNFa with increased

mortality, its exact role remains elusive as no direct connection

between TNFa and sepsis severity has been made (95, 97). The

more complex peripheral role of TNFa, as with IL-6, can nevertheless
also serve as a humoral mediator in immune-to-brain

communication and regulate sickness behavior through pro-

inflammatory actions (85). During severe LPS-induced

inflammation, IL-6 and TNFa disrupt tight junctions and promote

a loss of endothelial cell integrity, which contribute to the BBB

breakdown (98, 99). A consequence of the weakened BBB is an

increased interaction of circulating cytokines with the brain (89, 90).

In fact, by acting through TNF receptor 1 (TNFR1), TNFa in the
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brain can significantly influence the development of sepsis associated

encephalopathy (SAE) and mediate certain NG functions (100). An

enhanced expression of TNFa and TNFR1 has already been

documented in the preoptic area of mice during septic

inflammation by Mul Fedele and colleagues (2020). They found

that severe hypothermia was associated with higher circulating levels

of TNFa and knocking-out TNFR1 improved survival rates in mice

(88). Despite improved survival rates, the persistence of hypothermia

in TNFR1-deficient mice indicates that additional signaling is also

necessary for development of the thermoregulatory response. Indeed,

there is compelling evidence that interactions between TNFa and IL-

6 can shift TNFa from a pyrogen to a cryogen (101, 102). Together,

the existing literature, as well as the present experiment, suggests that

the inflammatory mediators TNFa and IL-6 can exacerbate

hypothermia in neutropenic mice.

In addition to the elevated levels of TNFa and IL-6, we also

observed that IL-10 was enhanced by neutropenia during LPS-

induced inflammation at both time points investigated. As an anti-

inflammatory cytokine, IL-10 modulates inflammation but, during

sepsis, this effect can be detrimental since a dampened immune

response can exacerbate disease progression (103). Increased IL-10

levels have been previously detected in neutropenic patients, and

could be the consequence of insufficient NG actions as the first line

of defense that contribute to an overall weakened inflammatory

response (104). Alterations to other immune cells can also induce a

cytokine shift and monocytes, a major source of IL-10, can undergo

leukocyte reprogramming or develop monocyte anergy during sepsis

leading to elevated levels of this important cytokine (105). Together,

these alterations contribute to an immunosuppressive status during

sepsis. While the known anti-inflammatory capacity of IL-10 in

neutropenic mice reflects pro-inflammatory potential of NGs,

enhanced circulating IL-10 levels during the course of

inflammation may as well reflect the course of a preceding

exacerbated inflammatory response. Indeed, whether due to an

exacerbation of septic symptoms and shift in cell function or

merely a neutralization of the stronger pro-inflammatory response,

the fact that neutropenic mice maintained elevated levels of IL-10 at

both time points served as an indicator of immunosuppression and

disease severity after the systemic LPS-challenge (103, 106–108).

Interestingly, we were previously able to show that acute

neutralization of circulation IL-10 by an antiserum inhibited LPS-

induced hypothermia in severely inflamed rats (109) suggesting that

IL-10 may actually convey exacerbation of hypothermia in

neutropenic mice observed in our present study. Moreover, Steiner

and colleagues (2013) revealed evidence for a potential peripheral

action of LPS to induce hypothermia. When LPS was injected into

the ventricles of mouse brains (intracerebroventricularly), it evoked

fever, whereas LPS doses of a similar magnitude injected i.p. induced

a hypothermic response (110). Such data overall supports a

peripheral action of neutropenia to elicit enhanced systemic

inflammation and IL-10 mediated (109) exacerbated hypothermia.

Dysregulation of immune responses during septic-like

inflammation can also include the generation of glucocorticoids via

the HPA-axis. Under typical circumstances, glucocorticoids

(corticosterone rodents; cortisol humans) perform modulatory
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functions that suppress the immune response and contribute to

restored homeostasis (111–113). The disruption of these functions

and reduced glucocorticoid metabolism can increase circulating levels,

as has been shown in the plasma of critically ill ICU patients (114).

Our findings were consistent with those of the existing literature as we

found that circulating corticosterone levels were increased by LPS-

induced inflammation in neutropenic mice. However, additional

comparisons revealed that neutropenic mice experienced dampened

but prolonged activation of their HPA-axis. Reduced corticosterone

levels could represent an insufficient response during early

inflammation (4 h), possibly due to an inadequate number of NGs

that may contribute to the increase in circulating inflammatory

mediators. These cytokines could subsequently signal cells of the

CVOs or reach other brain structures, due to disruption of the BBB,

to boost HPA activation as has been previously described (115, 116).

Although initially beneficial, excessive corticosterone production has

been associated with death in rats after induction of sepsis using a

model of cecal ligation and puncture (CLP). Indeed, high

corticosterone/cortisol levels can be a predictor of mortality in rats

and humans diagnosed with septic shock (117, 118). Ultimately,

disruption of the HPA-axis experienced by neutropenic mice could

be another indicator, cause or consequence of the severe inflammation

induced by a high dose of LPS.

Since we were particularly interested in the role that NGs could

play in the development of brain inflammation and SAE, we also

assessed NG recruitment to the brain using the SFO, a sensory

CVO, and the PVN, a pivotal brain structure for HPA-axis

activation. Having already seen enhanced circulating levels of

CXCL1 and CXCL2 in neutropenic mice in comparison to the

immunocompetent counterparts dur ing LPS- induced

inflammation, we were interested if chemokine production in the

brain was also altered in neutropenic mice. If, as we hypothesize,

NG-to-brain communication modulates inflammatory mediators,

then local production of chemoattractants in the hypothalamus

could be indicators of recruitment. For instance, by producing

CXCL1, brain endothelial cells enhance intercellular adhesion

molecule (ICAM)1 mediated NG binding and ELANE eases

passage through the endothelium (119–121). In the present

experiment, the expression of CXCL1 and ELANE were both

increased in the hypothalamus during LPS-induced inflammation

regardless of neutropenic status but only at the early time point (4

h). These observations match our immunofluorescent data, which

also revealed a significant recruitment of NGs at 4 h p.i. to the SFO

and the PVN. Although pre-treatment with PMN only reduced

recruitment to the SFO, neuronal projections to the PVN from the

SFO (122) could be activated by NGs and may support a potential

pathway for NG modulation of the HPA-axis and a possible reason

why neutropenic mice experienced dysregulation of this axis.

In addition, damage to the BBB by an exaggerated immune

response can augment interactions between the brain, circulating

immune cells, and inflammatory mediators. Together, these

interactions can increase cytokine generation in the brain, which

seems to be particularly important for the development of SAE (30, 89,

90, 123). Further analysis of the hypothalamus was used to determine

if neutropenia could alter cellular activation. The early increases in
Frontiers in Immunology 16
expression of IL-6, TNFa, and IL-10 could be explained by a

combined action of peripheral and locally produced cytokines in

immunocompetent and neutropenic mice. By analyzing the STAT3,

NFkB, and NF-IL6 signaling pathways, we were able to assess the

severity of inflammation in the brain, as has previously been shown

(48, 124, 125). All three signaling pathways have some capacity for

immune cell regulation and recruitment, specifically for NGs, e.g.

through the expression andmodulation of ICAM1 (126, 127). Though

the strong LPS effect indicated increased expression for all signaling

pathways at 4 h p.i., consistent with what has been previously shown

(32, 48, 124, 125), the minor effects of pre-treatment with PMN at 24 h

p.i. for SOCS3 and NFkBia may indicate exacerbated pro-

inflammatory signaling in the neutropenic mice. As a known

activator of STAT3-signaling in the brain (128, 129), exacerbated

LPS-induced hypothalamic levels of IL-6 in neutropenic mice further

supports enhanced activation of the STAT3 pathway. In previous

studies, IL-6 protein levels in the brain have also been shown to

increase 4 h after i.p. injection of 10 mg/g LPS (130, 131), a dose that is
in a similar range ~1mg/kg as to the one used by us 2.5 mg/kg. Indeed,

brain IL-6 is necessary to induce fever as previously revealed using

cytokine deficient animals (132). During LPS-induced inflammation,

IL-6 dependent signaling has been linked to the febrile response by

way of STAT3-induced COX2 synthesis in, for example, brain

endothelial cells (129, 133, 134). While we didn’t detect a difference

in the immunoreactivity of STAT3 at the level of the OVLT between

immunocompetent and neutropenic mice, we did find indications that

hypothalamic synthesis of PGE2 may be enhanced by neutropenia at

24 h p.i. using the precursors COX2 and mPGES. Increased

production of brain PGE2 is associated with severe inflammation,

increased permeability of the BBB, and sickness responses (135, 136).

Perivascular macrophages have also been identified as sources of

PGE2 and stimulating PGE2 release from brain endothelial cells (137,

138). However, we were unable to detect increased expression of a

marker protein for perivascular macrophages (CD163) suggesting that

they did not significantly contribute to the altered expression in the

enzymes for PGE2 synthesis. If IL-6-induced COX2 expression leads

to an upregulation of hypothalamic PGE2 it may indicate a latent

modulatory impact of NGs on PGE2 production and signaling during

high-dose-LPS-induced inflammation.

Interestingly, besides IL-6, we also revealed significant

exacerbation of CXCL2 levels in the hypothalamus of neutropenic

mice 24 h but not 4 h after LPS-stimulation. Indeed, CXCL2 also

known as macrophage inflammatory protein-2, has previously been

shown to act as an endogenous circulating pyrogen during early

LPS-induced fever (139). Miñano and colleagues (2004) revealed

that acute depletion of CXCL2 by a polyclonal antibody inhibited

the early phase of LPS-induced fever but not the prolonged fever

response in cyclophosphamide-induced leukopenic rats. Our results

for CXCL2 in plasma and the hypothalamus support some potential

contribution to an enhanced prolonged inflammatory response in

the brain but not in plasma of neutropenic mice.

Moreover, there is evidence that LPS-induced depression-like

behaviors can be altered by NGs via NET formation (140) or direct

NG-to-brain signaling (28). Since septic-like inflammation can

increase NG recruitment to the brain (28, 41) and inhibition of
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NETs can attenuate SAE symptoms related to memory impairment,

BBB integrity, and glial activation (141), the role of NETs in the

development of SAE could be significant and warranted further

investigation. Using the NG migration enzyme ELANE, which is

also released during NETosis (120, 121), we already observed

increased hypothalamic levels during LPS-induced inflammation.

However, ELANE alone is not sufficient to evaluate NETosis so we

also included immunofluorescent detection of the markers H3Cit

and DNA/Histone at the MnPO. Despite a recent study that found

increased NETs in the hippocampus of mice during a model of CLP

(141), we did not detect any differences between groups. Since

H3Cit density seemed to increase over time during severe

inflammation in our study, NETs could contribute to time-

dependent generation of sickness responses overall. In addition,

while we have chosen the MnPO as a pivotal hypothalamic brain

structure for thermoregulation during inflammation, other brain

structures should be considered for assessments of NETs in future

studies. We have previously detected NET markers for DNA-

histone complexes at the level of the brain stem in rats during

severe systemic inflammation (1 mg/kg, 8 h) (49), but a more

comprehensive analysis of hypothalamic structures is still necessary

to understand the extent by which NETs in the brain can modulate

inflammation during septic-like inflammation.

Limitations for the present study include that the established

model of neutropenia (24 h) using an anti-serum only partially

depleted NGs by ~25%. While we did not detect any significant

alterations for other leukocyte populations (eosinophil granulocytes,

basophil granulocytes, monocytes, and lymphocytes) in

hematological analyses of preliminary experiments at the dose of

PMN applied in the present study, higher PMN doses did also

significantly deplete basophil granulocytes. Moreover, there was a

trend for additional non-selective effects at high doses of PMN. More

comprehensive characterization was not feasible for the entire

experimental cohort due to sample volume constraints and

experimental design. In addition, although monocyte percentages

were not significantly altered, high variability amongst the LPS-

treated groups could suggest functional or compositional shifts in

monocyte populations and, therefore, cannot be excluded as potential

contributing factors to the observed effects in our present study and

should be further investigated in the future. Attempts to more

drastically deplete NGs were accompanied by increased mortality

during LPS-induced severe systemic inflammation highlighting the

functional significance of NG during systemic inflammation. To

more robustly deplete NGs, an alternative approach would be

genetic modified neutropenic mice (Csf3r-/-, https://www.jax.org/

strain/017838). However, such chronic genetic modified models can

be accompanied by long-term alterations and may involve

compensatory mechanisms. Moreover, partial depletion of NGs as

performed in the present manuscript may even be of higher clinical

relevance. In our study, we did not functionally test a potential

contribution of BBB integrity and signaling or the causal effect of

NG migration on the brain. To expand on the present findings,

future studies could investigate the impact of NG migration to the

brain through inhibition of the NG recruitment receptor CXCR2,

which metabolic pathways are altered by neutropenia during septic-
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like inflammation, and further assess humoral interactions with

brain endothelial cells and CVOs. The contributions of NETs in the

periphery and brain to sickness responses should also be analyzed in

a more dynamic manner i.e. at different time points and brain

structures. Here, we identified a significant modulatory role of NGs

on peripheral inflammation and thermoregulation. The present

data are meaningful and recognize the beneficial role of NGs

during septic-like inflammation with strong implications for

animals and patients suffering from neutropenia.

In summary, during high-dose-LPS-induced inflammation,

partial NG depletion reduced NG recruitment to the brain in a

structure dependent manner and exacerbated sickness responses.

We confirm that partial NG depletion amplifies peripheral

inflammatory responses, dysregulates the HPA-axis, and

exacerbates hypothermia. Moderate differences in hypothalamic

activation markers between neutropenic and immunocompetent

mice (i.e. IL-6, CXCL2, and CCL5) suggest that a peripheral effect

was more important than a direct effect on the brain in regulating

sickness response severity, at least in the model and circumstances

investigated here. In particular, elevated levels of IL-10 but

potentially also IL-6 and TNFa interacting at the BBB and CVOs

and in the periphery most likely contribute to severe hypothermia.

These data indicate a direct or indirect anti-inflammatory role of

NGs and could partially explain the high mortality documented in

clinical cases of neutropenic fever even independent of bacterial

growth. Though treatment strategies for patients with or without

neutropenia are largely the same, tailored therapies for neutropenic

patients could help improve overall outcomes in the future and

should be further explored.
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