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Previously, we have shown that the transcription factor nuear factor interleukin (NF-1L)6
can be used as an activation marker for in ammatory lipopolyaccharide (LPS)-induced
and psychological novel environment stress (NES) in the rddrain. Here, we aimed
to investigate age dependent changes of hypothalamic and piitary responses to
NES (cage switch) or LPS (100mg/kg) in 2 and 24 months old rats. Animals were
sacriced at specic time points, blood and brains withdrawn and analyzed using
immunohistochemistry, RT-PCR and bioassays. In the old raf telemetric recording
revealed that NES-induced hyperthermia was enhanced and ptonged compared to
the young group. Plasma IL-6 levels remained unchanged andypothalamic IL-6 mMRNA
expression was increased in the old rats. Interestingly, th response was accompanied
by a signi cant upregulation of corticotropin-releasing ormone mRNA expression only in
young rats after NES and overall higher plasma corticosten® levels in all aged animals.
Immunohistochemical analysis revealed a signi cant upragation of NF-IL6-positive
cells in the pituitary after NES or LPS-injection. In anothemportant brain structure
implicated in immune-to-brain communication, namely, intte median eminence (ME),
NF-IL6-immunoreactivity was increased in aged animals, wie the young group showed
just minor activation after LPS-stimulation. Interesting we found a higher amount
of NF-IL6-CD68-positive cells in the posterior pituitary oold rats compared to the
young counterparts. Moreover, aging affected the reguladin of cytokine interaction in
the anterior pituitary lobe. LPS-treatment signi cantly ehanced the secretion of the
cytokines IL-6 and TNR into supernatants of primary cell cultures of the anterior
pituitary. Furthermore, in the young rats, incubation with_-6 and IL-10 antibodies before
LPS-stimulation led to a robust decrease of IL-6 productiorand an increase of TNR
production by the pituitary cells. In the old rats, this speicc cytokine interaction could
not be detected. Overall, the present results revealed stryg differences in the activation
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patterns and pathways between old and young rats after both sessors. The prolonged

hyperthermic and in ammatory response seen in aged animalseems to be linked

to dysregulated pituitary cytokine interactions and braircell activation (NF-IL6) in the
hypothalamus-pituitary-adrenal axis.

Keywords: novel environment stress, lipopolysaccharide, fe ver, hyperthermia, cage switch, NF-IL6,
immune-to-brain communication, aging

INTRODUCTION activate adrenocorticotropic (ACT) cells in the anterior pitury
. . . . . . lobe. These, in turn release ACT hormone (ACTH) into the
Stress is an omnipresent stimulus in animals and humansaie., circulation, which increases plasma levels of glucocodioi

alarm reaction as rst outlined by Hans Selye in 198®(hette  derived from the adrenal cortexP@padimitriou and Priftis,
and Vergely, 207)7 Evolutionary conserved mechanisms arezp09.

known to orchestrate the stress response via the autonomic Previously, we used a model of novel environment stress

nervous system and the hypothalamus pituitary adrenal (HPAJNES i.e., cage switch) in rats and have shown that nuclear
axis leading to adjustments in e ector organs and preparingactor interleukin 6 (NF-IL6), a pivotal transcription fagto
the “ght and ight” reaction. Interestingly, this stresesponse during in ammation in the central nervous systentjarque-
also includes an increase in body core temperature, whichyrtiz et al., 2007; Damm et al., 2011; Pulido-Salgado et al.,
as well seems to be a common bene cial mode of action t@015: Schneiders et al., 2)/1i§ also activated in brain structures
ght the stressor. Indeed, humans and a variety of animabf the HPA-axis including the anterior lobe of the pituitary
species including baboons, pigs, rabbits, squirrels, ratse m (Damm et al., 2011; Fuchs et al., 2DI8F-IL6 not only serves
(Bouwknecht et al., 2007r wild living impala (Meyer et al., as spatiotemporal activation marker during in ammatory and
2009 show such an increase in core body temperature, namelysychological stress but as well appears to be involved in the
stress-induced hyperthermia. Again, a variety of stressars modulation of the stress responseimmel, 2015 Indeed, NF-
elicitthis hallmark of stress reaching from so-called stiaghtor |6 was activated in ACT cells and seemed to contribute to tumo
in German literally translated “lamp fever;” when givingmesch  necrosis factor (TNR) expression accompanied by inhibition of
in front of a big audience or before examinations in humansaCTH release uchs et al., 20)3However, NF-IL6 de cient
(Marazziti et al., 1992to novel environment, restraint, capture, mice were capable of mounting a normal HPA-axis response,
or social defeat in animal)fa et al., 2001; Bouwknecht et al.,while the circadian rhythm of circulating glucocorticoidviels
2007; Meyer et al., 2008; Nakamura, 20Iriterestingly, such an \yas disturbed$chneiders, 20)5
increase in body core temperature can persist for weeks to even |n the aging population of the western world, changes in
years when the psychological stress is exposed repeatedly andfge stress and HPA-axes are prone to occur; distinct patterns
is of high intensity; a scenario like this is termed “psychdge of diurnal cortisol and a lack of social support and emotional
fever” (Timmerman et al., 1992; Oka et al., 2001; Nakamuraegulation capacities might contribute to a disappearing
2019. In a previous clinical study up to half of cases of high bodyesilience for coping with psychological stress and infertio
temperature that were not related to any common abnormalitie diseases in older adultsGé ey et al., 2015 In a previous
were diagnosed as psychogemio¢u and Uehara, 20Q3nrats,  study, we revealed that fever, the actively controllednhealk
for example, social defeat stress induces chronic hypertiaermof systemic lipopolysaccharide (LPS)-induced in ammatiés,
|aSting at least 8 dayS after cessation of the Stremdshida pr0|onged in aged ratsK(oenig et a|_’ 20])4 Moreover, using
etal., 201 the cage switch paradigm of NES (unpublished observation),
Recently, Nakamura and colleagues have revealed importag observed a prolonged hyperthermic response in 24 months
insights into the neural circuit for psychological stresshiced  aged rats compared to their young 2 months old counterparts,
hyperthermia using experimental animal studiesakamura, although previous reports revealed no age dependent di erence
2019. For example, the medial prefrontal cortex seems tqFoster et al., 1992r even a smaller response to psychological
be one higher brain structure that can activate the dorsadtress inthe agedachulec et al., 1997
portion of the dorsomedial hypothalamus (DMH), which in Here, we aimed to further investigate the cage switch-ieduc
turn, direCtIy stimulates Sympathetic premOtOl' neurons ireth hyperthermic response in aged Compared to young rats and to
rostral medullary raphe region to increase thermogenesis ifeveal more insights into age dependent LPS-induced changes
brown adipose tissue and to decrease heat dissipation Vig NF-IL6 activation in components of the HPA-axes, namely,
vasoconstrictionllakamura, 201p Thus, this process ultimately the PVN, the ME and the pituitary. Plasma IL-6 levels were
leads to an increase in body core temperature i.e., hyperti2erm analyzed as potential circulating mediator, which was preslpu
Moreover, the ventral portion of the DMH drives activation reported to increase with NES.¢May et al., 1990; Soszynski
of the paraventricular nucleus (PVN), the rst step in HPA et 3., 199Fand is involved in NF-IL6-activationAkira et al.,
axis action. In more detail, corticotropin releasing horngon 1990: Damm et al., 20.1The mRNA expression of IL-6,
(CRH) is secreted from parVOCG”UlaI’ neurons of the PVN Vla\]F_”_G and suppressor of Cytokines signa”ng (SOCS)3 were
the median eminence (ME) into the portal circulatory system toysed as in ammatory markers in the brain. SOCS3 acts as a
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negative regulator of IL-6-signaling, and with some lintidas, to animal facility housing cages and novel for the animals),
can be used as indirect marker of its action on the braiel{el whereas control animals stayed in their original surrourgs.

et al., 2000; Rummel, 2016Previous reports suggested thatAll cages enabled the rats to smell and see their conspeci cs in
prostaglandin E2 (PGE2), a crucial terminal mediator in theother cages within the climatic chamber. Additional phys@gtal
induction of the febrile response, might as well be involved i data were gained by recording body temperature and motor
cage stress-induced increase in body core temperatCiteggér  activity of the undisturbed animals on the day preceding the
et al.,, 1987; Morimoto et al., 19p1Therefore, the mRNA experiment, thereby collecting supplementary control data fo
expression of the rate-limiting enzymes of the prostaglandimnalysis without sacri cing additional animals. After 90 min,
synthesis pathway, namely, cyclooxygenase 2 (COX2) amats were deeply anesthetized with sodium pentobarbital [160
microsomal prostaglandin E synthase (MPGES) were analyzaedg/kg, intraperitoneally (i.p.), Narcoren; Merial, Hallbengs,

In order to detect changes in the mechanisms of HPA-Germany], blood samples were collected via cardiac puncture
axis activation, we investigated CRH and proopiomelanocortimnd rats were transcardially perfused with 200-300ml ice-
(POMC), two important factors implicated in the formation of cold 0.9% saline. The time point was chosen according to a
ACTH and the nal release of corticosterone. To further gainpreviously demonstrated peak of NF-IL6-activation in PVN and
more information about age related changes of the cytokinéhe pituitary in young rats fuchs et al., 20)3 Brains and
network in the pituitary we applied cytokine speci ¢ antisera in pituitaries were quickly removed, frozen in powdered dry ind a
LPS-stimulated primary cell cultures of the anterior pitujtéobe  stored at 55 C until analysis. All experimental procedures were
of aged compared to young rats. performed between 08:30 and 12:30.

MATERIALS AND METHODS Experiment 2: Age-Dependent Differences in
Animals LPS-Induced HPA-AXis Activation

. On the day of the experiment, rats were injected i.p. with LPS
The study was performed in young (2 months) and old (zs_zzkloorrg/kg BW; derived fronEscherichia cokerotype 0128:B12;

mo.ntr:ls)Brcvale fvz\/(i)sotarzsrgtsrattus norvlegicus d)s%\f’g;g b°d|3('j Sigma-Aldrich, Deisenhofen, Germany). Control animals were
weight (BW) o 2509 (young male), an 59 (0 injected with an equivalent volume of sterile pyrogen-fre@%o

male). For measuring core body temperature and motor agtjvit PBS (1 ml/kg; Dulbecco's phosphate-bu ered saline; PAA, D-

biote_lemetry transmitters (\./M'FR TR-3000; Mini-Mitter, Colbe). All injections were performed between 11:00 and 13:00
Sunriver, OR) were implanted in the abdominal cawtyofthesratEfter 24h, rats were perfused and sampling of brains and

atleast 1we;]ek_pr|;r to_the g)(()perln7'fnt.k8efor_(e SuLngy’ ?}'f'm;‘ ituitaries was performed as described above. We previously
were anesthetized using mg/kg ketamine ‘hydrochloridg, ,y that NF-IL6-activation in the pituitary peaked 8h after

(AISrleD(;]ht, Aulandc(;rf,l Germli';m;tq) ?tnd ml;aHdetgmid;n ?'25 mg/kg PS-stimulation and returned to baseline at the 24 h time point
I(VIC loxi armall:) ar;kesgtka)setsc aft Gm ,B uLg. orl, ?e;nany Fuchs et al., 20)3while LPS-induced fever was maintained over
eloxicam [5 mg/kg, subcutaneous (s.c.), Boehringer gl 5, 1, iy 4564 but not young rats using the same dose and serotype

Ingelheim, Germany] was administered for analgesic treatme of LPS Koenig et al., 2074 Here, we chose this time point to

pre- and post-surgery. A data acquisition system (Vital V'eWinvestigate if activation patterns of NF-IL6 in brains stuies
Mini Mitter) ensured automatic control of data collection and

. o f the HPA-axis may be prolonged in aged rats compared to the
analysis. Body temperature and motor activity were recordea

at 5-min intervals. During the total duration of the experinte oung counterparts.

(3 days before surgery, during the recovery period and for the

experimental procedures) rats were housed individually in Aissue processing for

temperature- and humidity-controlled climatic chamber (We . .

Umwelttechnik GmbH, Typ 1S/C5 to C40 DU, Germany) Immunph|StOChem|Stry (lHC_) and .

adjusted to 26C and 50% humidity, with constant access toR€al-Time Polymerase Chain Reaction

water and powdered lab chow. Arti cial lights were on from@:0 (RT-PCR)

to 19:00. Animals were accustomed to the handling proceduré=or IHC, coronal 26mm brain and pituitary sections were cut

at least 3 days prior to the experiment. Animal care, breedimy a on a cryostat (HM 500, Microm, Walldorf, Germany), thaw-

experimental procedures were conducted in accordance wiéh thmounted on poly-L-lysine-coated glass slides and stored at

German animal protection law and the local Ethics committee 55 C. Sections encompassed hypothalamic brain structures

“Regional Council Giessen” (ethics approval numbers Gl 18/&nplicated in the HPA-axis including the PVN and the ME,

Nr. 1/2011, GI 18/2 Nr. 51/2008 and V54-19, c20/15c G118/2). as well as the pituitary anterior lobe (AL), intermediate dob
(IL) and posterior lobe (PL) and were prepared using the

Treatment and Experimental Protocols stereotaxic rat brain atlas dPaxinos and Watson (199&s
Experiment 1: Age-Dependent Differences in reference Paxinos and Watson, 19R8For RT-PCR analysis,
Response to Novel Environment Stress another 10-15 consecutive frozenrf sections containing the

Acute psychological stress was induced by use of the NES mod&ypothalamus (bregma 0.50 t@.5 mm) were stapled on glass
Single housed rats were removed from their home cage arslides; the hypothalamus was dissected and storedbatC for
quickly placed into a new experimental Plexiglas cage (di erenRNA-extraction.
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Real-Time PCR respectively, MoBiTec GmbH, Géttingen, Germany) after a 2-h
Total RNA from the collected hypothalamic tissue sectionsncubation at RT. Sections were counterstained with thelearc
was extracted with Trizol (Invitrogen, Carlsbad, CA) acdngd  4.6-diamidino-2-phenylindole (DAPI, 1:1000 dilution in PBS
to the manufacturer's protocol. Reverse transcription ofnd  stain (Mobitec GmbH, Gottingen, Germany) to demonstrate
of total RNA was performed using 50U murine leukemianuclear localization of NF-IL6 immunoreactivity (IR). In der
virus (MULV) reverse transcriptase, 6@ random hexamers to prevent distracting signals from auto uorescent lysosomal
and 10mM dNTP mix in a total reaction volume of 20 storage bodies that accumulate in many tissues during aging
m (Applied Biosystems, Foster City, CA). Following reverseections from old animals were additionally treated for \imi
transcription, quantitative real-time PCR was carried ont i with Auto uorescence Eliminator ReageRt (Merck Millipore,
duplicate using a preoptimized primer/probe mixture (TagMan Schwalbach, Germany), followed by two consecutive washes in
Gene Expression Assay) and TagMan universal PCR Mast&b% ETOH (Merck, Darmstadt, Germany) diluted in PBS and
Mix (Applied Biosystems) on a StepOnePlus Real-Time PCRvo nal washes in PBS. Finally, all sections were coateld it
System (Applied Biosystems). For normalization of cDNAglycerol/PBS solution (Citi uor, LTD, London, UK), coveigped
guantities between dierent reactions, house-keeping gengglass cover slips) and stored atG4until microscopic analysis
b-actin (catalog No. 4352340E; Applied Biosystems) wasas performed. For control experiments, primary ABs were
measured as a reference, as its stability during aging amdplaced by species-speci ¢ antisera to detect any cross ractiv
in ammation in the brain had been conrmed in previous or unspecic binding. Speci city of the signals of all primary
experiments iKoenig et al., 204 The relative expression is ABs has been con rmed in previous experimenfsa(mm et al.,
presented using the 2t{ Ct) method as previously used 201).

(Koenig et al., 20)4and described in more detaiD@ngarembizi Further information with regard to primary ABs: “NF-IL6:
et al.,, 2018 The sample values represent x-fold di erencesSpeci city of the NF-IL6 AB was previously conrmed by
from a control sample (given as a designated value of 1) withipreabsorption with the respective blocking peptide (sc-150 P,
the same experiment. Assay IDs for the analyzed genes &anta Cruz) and staining is absent in NF-IL6-de cient anisna
as follows: IL-6 (Rn01410330_m1); COX-2 (Rn00568225 ml(Ejarque-Ortiz et al., 2007; Schneiders et al., Y0Sfaining
CRH (Rn01462137_m1l); POMC (Rn00595020_m1); NF-ILfatterns con rm previous studies usirig situ hybridization of

(Rn00824635_s1); SOCS3 (RN00585674_s1). NF-IL6 mRNA expression in the mouse braiflgdeau et al.,
_ _ 2005. The AB was raised against the C-terminus of the protein
Immunohistochemistry and recognizes the appropriate bands by western Bgtr(ue-

Frozen brain and pituitary sections were briey air-dried at Ortiz etal., 2007; Damm et al., 2011

room temperature (RT) for 7min and then immersion- xed  Von Willebrand factor: The AB is typically applied to
in 2% paraformaldehyde (Merck, Darmstadt, Germany) dilutedstain endothelial cells with a characteristic morphologyd an
in PBS for 10min at RT. After three consecutive washes idistribution and has been previously used in mice, guinea
PBS, the sections were incubated at RT for 1 h with a blockingigs, and rats Yamamoto et al., 1998; Konsman et al., 2004;
solution consisting of PBS, containing 10% normal donkeyrummel et al., 2005, 200&gain, patterns visualized by situ
serum (NDS; Biozol, Eching, Germany) and 0.1% triton X-ybridization of VW mRNA expression con rm speci city of
100 (Sigma-Aldrich). Double IHC was performed in order tolabeling Yfamamoto et al., 1998

determine NF-IL6 immunoreactivity in speci ¢ cell populations  Glial brillary acidic protein: The cytoplasmatic class I
The primary antibody (AB) rabbit anti NF-IL6 polyclonal IgG intermediate lament GFAP is broadly used to stain astrocytes
(1:5000; cat. Sc-150; Santa Cruz Biotechnology, CA, USA) wseveral species including the rat [eogbus et al., 1983; Rummel
applied in conjunction with an additional AB to detect speci c et al., 200b A single band is detected at 51 kDa by Western blot
cell marker proteins. As such, the rabbit anti NF-IL6 polya@bn in total brain lysates (manufacturer's data sheet).

IgG was either combined with sheep anti von Willebrand (vW) Cluster of di erentiation 68 (CD68/ED1): This monoclonal
polyclonal 1gG (1:3000; cat. SARTW-IG; A nity Biologicals, mouse AB is raised against rat spleen cells and is commonly
Ancaster, Canada) to stain for endothelial cells or with theapplied to detect activated microgliBguer et al., 1994; Wuchert
mouse anti glial brillary acidic protein (GFAP) polyclona)G et al., 200} perivascular cellsGraeber et al., 19%%nd/or
(1:2000; cat. MAB3402; Millipore, Billerica, MA, USA) to deteciphagocytosing macrophage3zuer et al., 1994n rat or mouse
astrocytes or pituicytes. In additional sets of sectiongpita brain sections as well as primary glial cultures, which shiew
anti NF-IL6 polyclonal IgG was used together with mouse antnovosynthesis of the CD6&8@uer et al., 1994; Damoiseaux et al.,
cluster of di erentiation (CD) 68 monoclonal IgG (1:500; cat 1999.

MCA341R; AbD Serotec; Oxford, UK) to determine potential

colocalization of NF-IL6 signals in brain immune cells.@@es ~ Microscopical Analysis

were incubated with a combination of these ABs for 20-22 A conventional light/ uorescent Olympus BX50 microscope
at 4 C, followed by three consecutive washes in PBS an@lympus Optical, Hamburg, Germany) with a black and white
visualization with Cy3-conjugated anti-rabbit 1IgG (1:5Qfat.  Spot Insight camera (Diagnostic Instruments, Visitron systems,
711-165-152; Jackson Immuno Research, West Grove, PA, USA)chheim, Germany) was used for analyzing the sections and
for NF-IL6 and Alexa-488-conjugated anti-sheep or antitme  taking images. By means of image editing software (MetaMorph
IgG for cell type markers (1:500; cat. AZA11015 or AZA21203.05) the individual images were combined into red/greéugb
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color gure plates, brightness and contrast were adjusted an(DMEM; Invitrogen, Darmstadt, Germany) supplemented with
the images stored as TIFF les (Adobe Photoshop 5.05). AlL0% Fetal calf serum (FCS, PAA Laboratories GmbH, Coelbe,
sections were processed the same way to enable comparis@grmany), penicillin (100 U/ml) streptomycin (0.1 mg/ml) and
Semiquantitative or quantitative evaluation of the tasget 4mM L-glutamine (Biochrom AG, Berlin, Germany). By repeated
sections was performed directly for each experiment either birituration with a 1 ml Eppendorf pipette tip, the tissue was
estimates of density or by counting respective signals.lerst  mechanically dissociated in 2ml complete medium. The cell
method, a ve-point scale was used for rating: —(1) no signalsnumber was determined using an improved Neubauer C-Chip

(2) single signals in some cas€s,(3) low density;CC (4) (NonoEnTek, Seoul, Korea) and, after dilution t®50,000 cells
moderate densitycCC (5) high density. 2—3 sections per animal per ml, the cells were plated onto prewarmed glass coverslips
and brain or pituitary structure were evaluated and averageMAGV GmbH, Rabenau, Germany) coated with poly-L-lysine
for each animal and subsequently for each group (means of tH@.1 mg/ml; Biochrom AG, Berlin, Germany), which formed the
means). The second method consisted in counting all nucledrottom of a reusable Flexiperm-micro-12 well (6 mm diameter,
NF-IL6 signals and the total number of DAPI-positive cellshed  Greiner Bio-One GmbH, Solingen, Germany) in order to ensure
analyzed brain or pituitary structure (3 — 16 sections per aal)m su cient cell density despite limited absolute cell numberlis
After averaging these data for each animal, the percentalyé-of were cultured in a humidi ed atmosphere of 5% G@nd 95%
IL6 positive cells out of DAPI-positive cells was calculated f room air at 37C. The next day, the medium was exchanged to
each group. remove cellular debris. In order to prevent potential stimolgt

e ects of the FCS, the medium was exchanged with serum-

. . free culture medium after 2 days and experimental treatment
Primary Cell Culture of the Anterior Lobe of procedures were carried out the next day. Cells were incdbate
the Pituitary with LPS (10@ng/ml) or PBS in serum-free culture medium
As previously describedr(ichs et al., 20)3primary cell cultures for 6 h. In addition, cells were pretreated with ABs againg th
of the anterior lobe of the rat pituitary were establishednfro cytokines IL-6 or IL-10 (28.%/ml) (NIBSC, Potters Bar, UK)
young and old male rats. In more detail, previous publication®r solvent (serum-free culture medium) for 30 min before LPS
dealing with primary cell cultures of the anterior pituitary or control stimulation. Bulk ion exchange was used to purify
lobe (Crack et al., 1997; Carretero et al., 2003; Lee et asheep IgG from the crude sheep IL-6 and IL-10 antisera and
2009 were used to establish the present protocol. Moreovexyere a gift by GN Luheshi (Douglas Mental Health University
cell culture conditions were adjusted to primary neuro-glia Institute, McGill University, Canada). Application as coafin
cell cultures of the circumventricular organs [e.gatt(et al., ABs for ELISA enabled to check cross reactivity and spewi cit
2010]. The present culture contains 5% ACTH immunoreactivefor these ABs Rees et al., 1999; Rummel et al., 2006; Pohl
cells and S100 immunoreactive folliculostellate cellsioake et al., 2009; Harden et al., 2014; Koenig et al., R0The
expected for a cell culture of the anterior pituitary lodeu¢hs  supernatants were collected and stored &5 C for cytokine
et al., 201p For each experiment, the relative cell densityanalysis. Cell culture conditions and treatment protocols (6 h
was checked to conrm that even when plating the samdime interval and LPS-dosage) were chosen according to the
amount of cells conditions were stable in between sets oksults of prior experiments performed in-house, which have
experiments. Although these cultures have been extensigely previously shown to induce a robust increase in IL-6 and
in the past and are well established, a full characterizatiomNFa in the supernatant\(Vuchert et al., 2008; Fuchs et al.,
of all present cell phenotypes is dicult and has not been2013.
performed representing also a limitation of the present study. )
Two to three animals were sacri ced, quickly decapitatechwit Measurement of Cytokines and
a guillotine for each preparation, and the heads were immerse@orticosterone
in ice-cold 0.1 M phosphate-bu ered saline, pH 7.4 (PBS; PAACytokine analysis was performed on blood plasma samples and
Laboratories GmbH, Coelbe, Germany). The pituitaries wergupernatants from pituitary anterior lobe cell cultures. Ila6d
quickly removed under aseptic conditions and transferredin TNFa levels were determined by means of bioassays based on a
Petri dish containing ice-cold oxygenated Earle's BalarSall dose-dependent growth stimulation of IL-6 on the B9 hybridam
Solution (EBSS; Invitrogen, Darmstadt, Germany). Theeeaf cell line and on a cytotoxic e ect of TNE on the mouse
the anterior lobe of the pituitary was dissected and placed inbrosarcoma cell line WEHI 164 subclone 13 as previously
a Petri dish with ice-cold, oxygenated Hanks Balanced Salgported Damm et al., 2012 The bioassays showed detection
Solution (HBSS) devoid of a and Mg (Biochrom, Berlin,  |imits of 3 1U IL-6/ml and 6 pg TNE/mI. Corticosterone levels
Germany) and supplemented with 20mM HEPES (Sigmawere analyzed in blood plasma samples using a commercial
Aldrich), pH 7.4. The tissue was treated for 90 min at@in a  ELISAkit (ELISA; DRG Instruments GmbH, Marburg, Germany;
solution of 2 mg/ml dispase-1 (Roche Diagnostics, Mannheimg|A-4164) according to the manufacturer's instructions.€eTh
Germany) in oxygenated HBSS with 20mM HEPES, pH 7.4etection range was 1.13 —415.75 ng corticosterone/ml.
After enzymatic treatment, the pituitary fragments were e
once with HBSS containing 1.0 mM EDTA (Sigma-Aldrich) to Data Analysis
inactivate the enzyme, followed by three washes with completeor analysis of abdominal temperature, delta TT) was
medium, composed of Dulbecco's Modied Eagle Mediumcalculated as temperature of each time point subtracted by

Frontiers in Behavioral Neuroscience | www.frontiersintg 5 March 2018 | Volume 12 | Article 55


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Koenig et al. Age Dependent Response to Stress in Rats

the mean temperature from the time interval120 to O min
before onset of the novel environment experiment. Abdominal 1.0 - control young * *
temperatures were analyzed using a three-way repeated nesasur -o- control old

ANOVA with the between subjects factor age and treatment :I::z: zlc’d”"g

>

and the within subjects factor time. Data were divided into
30 min-intervals for analysis and Bonferroni-correctioor f
multiple comparisons was performed, followed—in case of a
signi cant interaction—by a Tukeyost hodest (Statistica 12,
StatSoft Europe, Hamburg, Germany). Cumulative data on motg
activity, relative expression of IL-6, COX2, POMC, CRH, NBsIL
and SOCS3 in the hypothalamus, blood plasma concentration of
cytokines and corticosterone, were analyzed by two-way XNO 20 90 60  -30 0 30 60 20
with age (young vs. old) and treatment (stress vs. control) time [min]

as between-subject factors (Prism 5 software; GraphPad, S
Diego, CA). Given a signi cant interaction, Bonferromost
hoctests were conducted. The cytokine measurements of ce
culture supernatants were analyzed separately for each age gr
by ANOVA followed by Newman-Keuls multiple comparison
post hoctests. NF-IL6 positive cells counts were compare
separately for each group by parameffigest.P values< 0.05
were deemed statistically signi cant. Data within the shinalt ! ; .
highly controlled sample size showed moderate homogenous 0 15 30 45 60 75 90
distribution as expected for a biological system of this eatt time [min]

D'Agostino & Pearson omnibus normality test (omnibus K2,
Prism) was applied and revealed that temperature data for ea
time point were overall normally distributed as well as cuativie
motor activity. Homogeneity of variance in primary cell aulés

of the anterior pituitary lobe was lower. Due to the rather low
n-number D'Agostino & Pearson omnibus normality test was
not applicable in other cases. In our hands, the aim of the stud

‘h’? 1500- . [ control 700-

r _':## B stress 6004

1000 T 5001
was to detect rather large e ect sizes. Overall, we believe ev;
with this limitation, our clear and strong e ects that became

’—#‘
signi cant are biologically meaningful and supported by the Ll [young]

literature. Outlier testing was applied to exclude any datat th ) . -

id f bl . hical). Al d FIGURE 1 | (A) Novel environment stress (beginning of stress indicated by
was outside of an accepta € variance (grap Ica ) &a g black arrow) over 90 min induced a rise in abdominal temperate in both age
presented as mean SEM. groups, which was strongly enhanced in old male rats compare to young

male counterparts.(B,C) On the contrary, the stress-induced rise in motor
activity, present in both age groups, was signi cantly highein the young rats.

o
3
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Q
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150 1 stress young
= stress old

= ©
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3
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cumulative motor activ
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RESU LTS (D) Plasma interleukin 6 (IL-6) levels were not affected by treaent or age.C
main effect of treatment (not indicated fol(C); * main effect of age;* post hoc
In uence of Agmg on Stress-Induced stress different from control; #, P < 0.05, CC P<0.01, CCC,## p<
. . 0.001. Control youngn D 12 (6 in D), stress youngn D 12 (4 inD), control old
Hyperthermia and on the Expression of nD 13 (12inB,C, 5 in D), stress oldn D 14 (13 inB,C, 5 in D).

In ammatory and Stress Mediators
NES induced a rise in abdominal temperature in both age

groups Figure 1A). While young rats showed a maximal peakinteractionF 45)D 6,725P < 0.05] Figures 1B,G. Plasma IL-

in temperature of 0.47 0.12C at 20min, old rats reached a 6 levels showed no stress-dependent regulation at this tirire,po
considerably higher peak of 0.750.08 C at a later time point independent of age~{gure 1D).

of 50min. Overall, hyperthermia was clearly enhanced in the Next, we analyzed a range of relevantin ammatory mediators
old rats from 35 to 90 min P < 0.05) compared to the young and markers of HPA-axis activation in order to further intiggate
group and was still present at the end of the experiment irthe inuence of psychological stress on central signaling
the old animals, while the temperature in the young rats hagathways involved in the manifestation of the febrile resmgons
returned to baseline levels at this time point. FurthermE&S as well as potential age-related di erenc&sgre 2). Analysis
induced an increase in motor activity in both age groups [mainof hypothalamic tissue via RT-PCR showed an age-dependent
e ect of treatmentF1, 45)D 42.54,P < 0.0001], but this e ect di erence in the expression of the in ammatory cytokine IL-6
was signi cantly more pronounced in the young raggost-hoc [main e ect of ageF(; 14y D 13.02,P < 0.01; main e ect of

P < 0.001) compared to the old groupdgst-hoc P< 0.05) treatmentF 14D 6.833,P < 0.05], revealing that NES led to
[main e ect of ageF(1, 45)D 6.372,P < 0.05; age treatment an upregulated IL-6 expression only in the old refEsgure 2A).
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FIGURE 2 | mRNA expression in the hypothalamus of pro-in ammatory

mediators and markers of HPA axis activation 90 min after ingttion of novel

environment stress or in unstressed controls in young and dimale rats.

(A) Stress induced an enhanced expression of interleukin (IL)-@nly in the

aged rats. (F) The expression of CRH (corticotropin releasing hormone)nothe
(Continued

FIGURE 2 | contrary, was signi cantly increased after psychological sess
only in the young rats while remaining unchanged in the agedrgup. B-E,G)
The other investigated parameters NF-IL6 (nuclear factorterleukin 6), SOCS3
(suppressor of cytokine signaling 3), COX2 (cyclooxygenas?), mPGES
(microsomal prostaglandin E synthase) and POMC (proopiorfenocortin) were
not affected by treatment or age. Main effect of treatment nbindicated; *main
effect of age;# post-hoc stress different from control; *# P < 0.05. Control
young n D 4, stress youngn D 4, control oldn D 5, stress oldn D 5.

With regard to inammatory transcription factors, we
analyzed the expression of NF-IL6 and of SOCS3 as negative
regulator and activation marker for the transcription facto
STAT3 (ebel et al., 2000(Figures 2B,G. In the present
experimental paradigm, neither treatment nor aging a ected th
expression of these factors.

The rate-limiting enzymes of the prostaglandin synthesis
pathway COX2 and mPGES remained unaected by the
experimental procedures-igures 2D,B suggesting that brain
derived PGE2 was not involved in stress-induced hypertharmi
in our study.

Regulation of hypothalamic CRH expression by psychological
stress showed age-dependent di erences [main e ect of age
Fa, 14) D 8.469,P < 0.05; main e ect of treatmenE;, 14) D
6.905,P < 0.05; age x treatment interaction;F4) D 4.683,

P < 0.05] Figure 2P. While the expression of CRH remained
unchanged in old ratspost-hoc P> 0.05), young rats showed
a signi cant upregulation of CRH expression after NE®4t-
hoc P< 0.05). No signi cant changes were detected in POMC
expressionKigure 2G).

Additionally to the hypothalamic expression of these two
factors, corticosterone plasma levels were analyzed as a
complementary terminal readout of HPA-axis activity. Comyra
to the previous results for hypothalamic CRH expression,
aging upregulated the stress-induced secretion of plasma
corticosterone [main e ect of ag&, 17y D 6.819,P < 0.05]

(Figure 3).

NF-IL6 IR Is Upregulated in the Pituitary

After Psychological Stress in Old Rats

Novel environment stress upregulated NF-IL6 IR in both
the anterior and posterior pituitary lobe in old male rats
(Figures 4B,B. A low basal NF-IL6 activation was already
present in unstressed controlBigures 4A,D). These qualitative
observations were veried by NF-IL6 cell count (represented
as percentage of NF-IL6 positive cells out of all DAPI-
positive cells), which clearly conrmed that stressed rats
showed signicantly increased numbers of NF-IL6 positive
cells in the anterior P < 0.05) and posterior B < 0.01)
lobes Figures4C,f. In the ME and the PVN, unstressed
control rats showed a high basal activation of NF-IL6 IR
(Figures 4G,). Novel environment stress did not lead to any
further signi cant upregulation of NF-IL6 positive cells in tioéd
rats (Figures 4H,K), which was also a rmed by cell count$(>
0.05) Figures 4l,1).
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CD68 were performed in order to investigate if increased NF-

250 —*—___ IL6 activation is connected to a speci ¢ cell population, namely
pituicytes or CD68 positive immune cells. While no NF-IL-6
200- activated pituicytes could be detected (Supplementary Fégure

2A-D), NF-IL6 signals were seen in CD68 positive cells in all
groups (Supplementary Figures 2E-H). Closer analysis of CD68
1504 cells revealed that aged rats showed an increased number of
CD68 positive immune cells compared to young rats under basal

Corticosterone [ng/ml]

conditions Figures 6G,H, which was signi cantly upregulated
100' after LPS-treatment in the aged groupidures 61,J seeTable 2
for semi-quantitative analysis).
504
Aging Affects the Regulation of Cytokine
Interaction in the Anterior Pituitary Lobe
young| I old LPS _treatment signi cantly enhanced the secretion _of the
cytokines IL-6 P < 0.001) and TNER (P < 0.05) into
1 control supernatants by pituitary cells in the young rasgures 7A,Q,
B stress while in the old rats, the increased secretion, although gmgs
was no longer signi cant for these cytokineBigures 7B,D.
FIGURE 3 | Plasma corticosterone levels after 90 min in stressed and Furthermore, in the young rats, the incubation with IL-6 and
unstressed young and old male rats. Aged rats displayed ineased IL-10 ABs before LPS stimulation led to a robust decrease of
corticosterone levels after psychological stress, whilehte plasma levels of IL-6 production (P < 0.001 for IL-6 AB andP < 0.01 for IL-

young rats remained unchanged. *main effect of age;® < 0.05. Control
young n D 7, stress youngn D 4, control oldn D 5, stress oldn D 5.

10 AB) and an increase of TNFproduction (P < 0.05 for
IL-6 AB and P < 0.001 for IL-10 AB) by the pituitary cells.
In the old rats, this speci c cytokine interaction could not be
detected.

Age-Dependent Differences in
LPS-Induced NF-IL6 IR and CD68 IR in the DISCUSSION

Hypothalamus and Pituitary
Based on previous research ndingsuchs et al., 20)3we In the present study, we are the rst to show that NES-
aimed to perform a closer investigation of potential agetegla induced hyperthermia is prolonged in aged rats when kept
di erences in LPS-induced activation of NF-IL6 in the brain at thermoneutral ambient temperature. This response was
and HPA-axis. Immunohistochemical analysis of NF-IL6 wasiccompanied by higher IL-6-expression in the hypothalamus
performed in the PVN and the ME, because they represerds well as circulating corticosterone in aged rats while plasma
important brain structures implicated in the signal transferlL-6 levels did not show any age dependent changes. CRH
within the HPA-axis. In the PVN, LPS-injection induced ordy mRNA expression was increased by NES only in young
slight increase in NF-IL6 IR irrespective of adgégures 5A-D. but not old rats. Similar to our previous study in young
In the ME, a high upregulation of NF-IL6 IR was detected inrats (Fuchs et al., 20)3 cage switch also enhanced NF-IL6-
the old LPS-injected ratd~{gures 5F,H, while the young group activation in the pituitary of aged rats. Moreover, nuclear
showed only a minor activationHigures 5E,G. An additional NF-IL6 immunoreactivity slightly or robustly increased in
semi-quantitative ve-point scale evaluation was perfornfied both age groups 24h after LPS-injection in the PVN and
each group and brain structure and con rmed these qualitativ the ME, respectively. Interestingly, ME NF-IL6-activation was
observationsTable 1). signi cantly higher in the old LPS-stimulated rats than in the
Analysis of the complete pituitary structure (anterior, young counterparts. In addition, pituitary NF-IL6-activati
intermediate and posterior lob&jgures 6A,B revealed that NF- was higher in LPS-stimulated young and old rats; however,
IL6 IR was increased in both age groups after LPS treatment & signi cant basal activity was only detected in the posterior
the posterior lobe and remained unchanged in the intermegliatpituitary lobe of old animals. The higher NF-IL6-activity
lobe (Supplementary Figure 1). In contrast, inspection of thén both the control and LPS-injected aged groups in the
posterior lobe evidenced an increased NF-IL6 upregulation iposterior pituitary lobe was partly occurring in and was
the aged group (Supplementary Figure 1B). Closer examinaticassociated with increased numbers of CD68-positive immune
of the posterior lobe revealed that aging did not only inceeascells.
LPS-induced NF-IL6 IR, but even in the PBS-treated agedabnt  Earlier studies revealed reduced/gchulec et al., 1997r
group a higher basal NF-IL6 prole compared to the youngunchanged oster et al., 1992NES-induced hyperthermia in
counterpart was detected-igures 6C—F. These results were aged compared to young rats. Here, we were able to show
supported by further semi-quantitative evaluatioable 2. prolonged NES induced hyperthermia by cage switch in the aged
Based on these ndings, co-localization studies with GFAR a most likely related to the thermoneutral ambient temperatur
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FIGURE 4 | Novel environment stress induced enhanced NF-IL6 (nucleaadtor interleukin 6) immunoreactivity (IR, red) in the anter (AL) and posterior (PL) pituitary
lobe (B,E) in aged male rats, which was con rmed by further quantitativeevaluation (counting of NF-IL6 positive cells) of the immuhétochemistry (C,F). In the
median eminence (ME)JG) and paraventricular nucleus (PVN) (J) unstimulated contsosshowed substantial basal NF-IL6 activation. No signi canfurther enhancement
of NF-IL6 IR could be observed after novel environment stresdd,K) by immunohistochemistry and counting of NF-IL6 positive céd (1,L) compared to control animals
in these regions.(A,B,D,E) GFAP (glial brillary acidic protein, green) ofG,H,J,K) vW (von Willebrand factor, green) was used to better visuaé the pituitary or
hypothalamic structures. Cell nuclei were labeled with DARblue). The scale bar irfA) represents 25mm and applies to (A,B,D,E), the scale bar in G represents

100 mm and applies to (G,H,J,K). For all insets (a—k) the scale bar is 2&m. # stress vs. control;# P < 0.05; #* P < 0.01. Control oldn D 5, stress oldn D 5 (n D 4
for AL and PL); the mean of 2—3 sections of each animal of the nam for each group was used for quanti cation.

used in the present study. Indeed, aged animals only shoar 31 C) the subthermoneutral ambient temperature seen and
a normal (lorez-Duquet et al., 2001; Buchanan et al., 200&sually recommended for rodent breeding and housing faedit
Peloso et al., 200%r even prolonged febrile response to LPSi.e., around 22C (Gordon, 201%. In young rats, stress-induced
(Koenig et al., 20)4when kept signi cantly above (e.g., 26 increase in body core temperature does not depend on ambient
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FIGURE 5 | Twenty four hours after LPS-treatment (100ng/kg), the paraventricular nucleus (PVNA-D) showed scarce activation of NF-IL6 (nuclear factor interlin
6) signals in isolated cells in young and old ratéC,D), without a clear age-dependent distinction. In the medianminence (ME,E-H) however, LPS injection led to a
considerably higher expression of NF-IL6 immunoreactivitiy the aged group (H), as compared to the young counterpart(G). PBS-injected controls showed no
NF-IL6 activation in any group or hypothalamic region. vW (gen) was used to better visualize the hypothalamic structes. Cell nuclei were labeled with DAPI (blue).
White arrows show nuclear NF-IL6 signals. The scale bar in Apeesents 100mm and applies to all overview pictures, the scale bar in a equs 10mm and applies to
all insets. Representative pictures from 3—4 sections perramal; PBS oldn D 5 for ME, 6 for PVN; LPS oldn D 5 for ME and PVN; PBS youngn D 5 for ME, 4 for
PVN; LPS youngn D 5 for ME and PVN.

temperature as already reportedlbyng et al. (1990dpr24.7C  In a previous study, we found altered HPA-axis activity in NF-
and 11.1C, respectively. IL6 de cient animals, which was accompanied by prolonged
Interestingly, NES-induced increase in body core tempegatu locomotor activity after NES but no concomitant increase in
is not a function of increased locomotor activitiyong et al. body core temperaturéSchneiders et al., 20l We hypothesized
(1990b)already found that locomotor activity did not correlate that CRH might be related to these chang&sl{neiders et al.,
with body core temperature. While some contribution of early2015 as intracerebroventricular (i.c.v.) injection of CRH has
and quick increase in body core temperature might be relatebeen shown to increase and its inhibition was demonstrated to
to increased locomotor activity=(ichs et al., 20)3clearly, the reduce locomotor activity @hata et al., 2002and body core
extent of hyperthermia in particular the prolonged responseemperature in response to cage switthofimoto et al., 199R
in the aged rats is not linked to it. Old rats actually displaylndeed, NF-IL6 has been previously shown to activate the CRH
signi cantly lower locomotor activity than young countermgs.  promotor (Stephanou et al., 19R1n the present study, we found
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TABLE 1 | Semi-quantitative analysis of the amount of nuclear nucledactor
interleukin 6 (NF-IL6) signals in the paraventricular nucie (PVN) and the median
eminence (ME) of young and old male rats 24 h after injectiorf &PS (100mg/kg)
or PBS.

addition, a glucocorticoid antagonist RU38486 enhancedybod
core temperature in animals exposed to an open eld when
injected systemicallyMorrow et al., 199Bor i.c.v. (McClellan

et al., 199) again suggesting that old rats may be resistant
to glucocorticoid action on thermogenesis during NES. lede
we have previously shown that circulating IL-6 induces COX2

Brain structure Nuclear NF-IL6 immunoreactivity

PBS young LPS young PBS old LPS old . .
(Rummel et al., 20Q6and its downstream terminal enzyme
PVN (1,25) (2.4) (1,17) (2,2) mPGES Rummel et al., 20)1in the hypothalamus and fever
ME (1,4) C (2,8) (1,9 cC (4) using systemic IL-6 injection or an IL-6 antiserum during

fever induced by local LPS-induced in ammation. Recently,
this observation has been con rmed using genetically modi e
animals demonstrating an IL-6 activated PGE2-dependerdrfev
induction via brain endothelial cellsEGkilsson et al., 20).4
However, the pyrogenic activity of IL-6 is rather weaka(re
et al., 2002; Rummel et al., 20@&hd needs to reach a relatively
hypothalamic CRH-mRNA expression to be only signi cantly high threshold to activate brain cells and induce feveuniimel
increased by NES in the young animals while it remainectt al.,, 200% This threshold can be reduced when IL-6 is
unchanged at basal levels in the aged rats, potentially expipi combined with low doses of other cytokines such as IL-1
lower locomotor activity in the aged compared to young anisnal (Cartmell et al., 2000 Interestingly, low circulating IL-6 levels
but not sustained hyperthermia in the old rats exposed to NES. that also occur during exercise seem to correlate with COX2
Overall, these data indicate age-dependent dierencesxpression inthe hypothalamukiuger et al., 201)dbut are not
between the responsiveness to acute stressors like NESebhetwaccompanied by fever.
young and old rats. Possibly, defective stop signals could The social defeat paradigm and other models of stress-
explain the exaggerated/prolonged hyperthermic respondaduced increase in body core temperature, which are not
to this acute stressor in the old rats. We found signi cantlyPGE2-dependant, clearly di er from fever in underlying brain
higher corticosterone plasma levels in the aged rats suggest circuits responsible for vasoconstriction and brown adipose
some resistance related e ects for the negative feedbagk lodissue thermogenesisi@kamura, 2016 While fever is induced
of circulating corticosterone on hypothalamic glucocooitt via PGE2-stimulated activation of EP3 receptors in the media
receptors Gaey et al.,, 201p It might appear somehow preoptic nucleusl(azarus et al., 20),5stress-induced increase in
surprising that there was a signi cant corticosterone irase body core temperature in social defeat involves a monosynaptic
in plasma of old but not young rats 90 min after NES in thepathway of glutamatergic activation of the rostral medutkgwhe
presents study. However, the corticosterone response igrathsympathetic premotor neurons<@taoka et al., 20)4which is
quick. Previous reports have shown an increase of cortioms¢ée not altered by PGE2 synthesis inhibitoriskbagvasuren et al.,
plasma levels in rats already after 10min open eld stres&01). Similarly, another model of combined stress using i.p.
(Morrow et al., 199Bor 60 min after acute pain stresRguwette injections followed 1h later by a novel cage switch did also
et al., 201)Lland ACTH was signi cantly increased 30 min after not reveal any e ects of the COX2 inhibitor aspirin on stress-
cage switch florimoto et al., 199). Thus, the present results induced rises in body temperatur&i(kers et al., 2009 In the
after 90 min of NES support the hypothesis of a prolongegresent study, neither plasma IL-6 levels nor COX2- and mPGES-
corticosterone response in aged rats while corticosetrtmady mRNA expression were altered by NES or age supporting that the
reached basal levels in young animals, which, again might lmbserved stress-response in this setting represents hypeithe
linked to some resistance to negative feedback mechanisthhe i and not a PGE2-dependent feverka et al. (2001proposed that
aged. Indeed, for example, suppressive e ects of dexamethasdP@E2-dependence of psychological stress induced increases i
injection on plasma corticosterone were lost in aged ratstand body core temperature might be related to the anticipatoryinat
some extent in humans of old agé/ang et al., 1997; Mizoguchi of the stress stimulusika et al., 2001
et al., 200R Such a scenario, however, does not explain the Apparent discrepancies between the studies that show or do
lack of NES-induced CRH-expression in the aged. Therefor@ot show e ects of COX-inhibitors on the hyperthermic/fever-
additional mechanisms might contribute to the prolongedlike responses seem to partially pertain to the intensity of the
NES-hyperthermic response in old rats. stress model, e.g., combined or repeated stressors as compared
Some previous studies suggest that increased body caemore moderate stressors such as open led and cage switch
temperature in response to cage-switch is rather a fever thaalone. For example, indomethacin was injected 5h prior to the
hyperthermia. As such, a few studies have shown that plasnugen eld stress byKluger et al. (1987as opposed to injection
IL-6 levels do increase by NESe(May et al., 1990; Soszynskiof aspirin 1 h before the NES byinkers et al. (2009)n addition,
et al., 199pand that the response in the brain is PGE2 dependenihe speci ¢ COX-inhibitor type and dose, and modest di erences
using COX inhibitors in an open eld stress experimeifger in stress-induced glucocorticoid levels between strainsice
et al., 1986; Kluger et al., 198t cage switchNlorimoto et al., (Romeo et al., 20)3as well as variance in responsiveness to
199). Recently, acute 30 min restraint stress as well proved ttress between strains of rats might play a réler(er eld et al.,
increase plasma IL-6 and brain COX3¢(rats et al., 20).7In  201). For instance, it has been shown that Fisher rats are more

A ve-point scale was used to rate the data: (1) no signals, (2) single signals in
some cases, C (3) low density;CC (4) moderate density,C C C (5) high density; nD 3-6

animals per group, 2 sections per animal; the robust difference betweeyoung and old is
highlighted in bold.
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FIGURE 6 | (A) The schematic overview illustrates the structure of the piftary; the dashed square indicates the substructure repigented by DAPI-staining in(B),
depicting all pituitary lobes [anterior lobe (AL), interndéate lobe (IL), posterior lobe (PL)]. Old control ra{®) displayed a higher basal NF-IL6 (nuclear factor interleuki
6) immunoreactivity (white) compared to young controléC). After LPS-treatment (100mg/kg), old rats (F) showed highly increased NF-IL6 signals, while young rats
(E) remained unaffected. CD (cluster of differentiation) 68 imunohistochemistry presented a similar result, with inceesed numbers in CD68 positive cells (white) in old
PBS-injected controls(H) and strongly enhanced signals in old rats after LPS-injecth (J), while young rats showed only isolated positive cells in bbtcases (G,l). The
scale bar in C represents 100mm and applies to all overview pictures. Representative piates from 4-10 sections for NF-IL6 and 2 sections for CD68 per mimal; PBS
and LPS oldn D 3, PBS and LPS youngn D 2.

sensitive than Sprague-Dawley rats to restraint stressded show higher HPA-axis activity compared to Lewis rat strains
IL-1 in the brain (Porter eld et al., 201)Lor chronic mild stress- (Sternberg et al., 1992; Moncek et al., J0(4nother study
induced plasma glucocorticoid level&/( and Wang, 2010and  demonstrated that some mouse strains like BALB/C mice are
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TABLE 2 | Semi-quantitative analysis of the number of nuclear nucledactor
interleukin 6 (NF-IL6) signals and CD (cluster of differeatiion) 68 positive cells in
the anterior (AL), intermediate (IL) and posterior (PL) lobéthe pituitary in young
and old male rats 24 h after injection of LPS (10@ng/kg) or PBS.

Pituitary lobe PBS young LPS young PBS old LPS old
Nuclear NF-IL6 immunoreactivity

Anterior lobe C (2,7) CC (3,9) C(2,73) CC (3,87)
Intermediate lobe (1,5) (1,65) (1,67) (2,2)
Posterior lobe 2,3) CC (3,73) CC (3,5) CCC (4,87)
CD68 immunoreactivity

Anterior lobe CC (3,5) CC (4) CC (3,83) CC (4,3)
Intermediate lobe 1) (1) (1,83) (1,67)
Posterior lobe (2,25) Cc(3) CC (4) CCC (4,83)

A ve-point scale was used to rate the data: (1) no signals, (2) single signals in
some cases, C (3) low density;CC (4) moderate density,C C C (5) high density. NF-IL6
immunoreactivity (IR): 2-3 animals per group, 4-10 sections per anal. CD68 IR: 2-3
animals per group, 2 sections per animals; robust differences betweeyoung and old are
highlighted in bold.

FIGURE 7 | Concentration of tumor necrosis factor alpha (TN&) and
interleukin (IL)-6 in supernatants of primary cell culturesf the anterior pituitary
lobe after preincubation with IL-6 or IL-10 antibodies (AB) aifor stimulation
with LPS or PBS in young and old male rats(A,C) In young rats, LPS
treatment induced a robust increase of IL-6 and TN& secretion. Preincubation
with cytokine ABs decreased the LPS-induced secretion of Il6 to basal
levels, while at the same time increasing TNErelease. (B,D) In old rats, there
were no signi cant changes in cytokine secretion, independat of treatment.

# LPS vs. PBS; § IL-6 AB/IL10 ABC LPS vs LPS;” 8P < 0.05, 88p < 0.01;
##t 888p < 0,001. Data is derived from at least three independent
experiments for each treatment.

more sensitive to CRH antagonist treatment than othetsr(ti
etal., 1994

di erences in NF-IL6 activation patterns between young and
aged rats. NF-IL6 can be activated by in ammatoiygrque-
Ortiz et al., 2007; Damm et al., 201dr psychological stimuli
(Fuchs et al., 20)&nd regulates the expression of several target
genes including IL-6 Akira et al., 199)) Moreover, NF-IL6-
expression and protein levels are increased in the aged brain
(Sandhir and Berman, 2010; Koenig et al., 200Dur present
results of increased hypothalamic IL-6-mRNA expression in the
aged rats are in line with our earlier resuligy(mmel et al., 2004
and the in ammatory status, which develops in the brain dgin
aging Cartmell et al., 2000 Previously, we detected NF-IL6-
activation in brain structures of young rats involved in tHPA-
axis, namely, the pituitary or the PVN and the pituitary after
LPS or cage switch, respectivelya(nm et al., 2011; Fuchs et al.,
2019 and revealed that NF-IL6 is involved in regulation of basal
HPA-axis activity using NF-IL6 de cient miceP@padimitriou
and Priftis, 200Q Now, for the rst time, we also found NES-
induced activation of the pituitary but not of the PVN in aged
rats. Interestingly, the absence of NES-induced NF-IL&ation
in the PVN, which we previously observed in young rdtsi¢hs
et al., 201} is in line with the observed lack of increased CRH
mMRNA expressing after NES in the old rats as this transcription
factor can trigger CRH promotor activitystephanou et al., 1997
When using the in ammatory stimulus LPS, we discovered a
moderate NF-IL6-activation in the ME, which was signi cantl
stronger in the aged rats 24 h after stimulation. We recently
hypothesized a role for ME NF-IL6 activity in potentially gating
HPA-axis activity as CRH is expressed in the PVN and released
into the ME to trigger ACTH-production and its release from
the pituitary (Papadimitriou and Priftis, 2009; Damm et al.,
201). Thus, enhanced LPS-stimulated NF-IL6-activation in the
ME of aged rats most likely contributes to dysregulation of
the stress-axis during aging. In addition, LPS-induced iy
activation was more pronounced in the posterior pituitary
lobe of aged compared to young rats. Importantly, some of
these NF-IL6-positive cells were CD68-positive immune cells
but not pituicytes. Moreover, we observed higher numbers
of these immune cells in the posterior lobe of the aged rat
pituitary potentially signifying some recruitment of actted
immune cells. In the brain, CD68 stains activated microglia
perivascular cellsgraeber et al., 1989; Damm et al., 20J4n
increase in phagocytosis activity has previously been proposed
after LPS-stimulation for the posterior lobe of the pituitary
and was also detected by higher CD68 immunoreactivitiait
and Paden, 2001 However, the enhanced staining of CD68-
positive cells in old compared to young rats, which were as
well partially NF-IL6-activated, has not been reported betord
might represent another mechanism how the brain is targeted
by a pro-in ammatory status during aging. Potential immune-
cell recruitment is in line with the fact that the posterior
pituitary lobe belongs to the circumventricular organs, brai
structures with a leaky blood-brain barrier/interface, peoto
interact with circulating immune cells and mediator&dth
et al., 2001 As such, perivascular cells contribute to HPA-axis
activation during restraint stress as recently reveale®byats

As readouts of brain cell activation and in ammation in et al. (2017)using clodronate liposomes to deplete this cell
the brain we used NF-IL6 immunohistochemistry and revealeghopulation Serrats et al., 20).7Thus, these cell types might
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as well modulate the function of the posterior pituitary lobeincreases with age. Such a scenario is most likely related
but the exact physiological signi cance remains to be furtheto a loss or weakening of the negative feedback loop via
investigated. So far, some inuence of vasopressin togethgtucocorticoid receptors in the brain. Thus, acute chalieng
with CRH for the stimulation of ACTH-release in the anterior result in higher plasma cortisol levels in the old adetié
pituitary lobe has been suggested and might play some roks al., 200} similar to what we observed in the present study
(Papadimitriou and Priftis, 2009 Otherwise, it is well known in rodents to NES-stress. However, in humans, longitudinal
that vasopressin regulates blood pressure and water honsgstastudies will be necessary to get more insights into the altere
in the kidney potentially linked to de cits in water intake dn function of HPA-axis in relation to aging, stress/indiviau
water homeostasis such as high levels of vasopressin andflackealth status and risk to develop diseaseagy et al,
thirst that occur during aging in humans3ggg, 201)7 Indeed, 2016.
water intake is reduced in aged rats using the same dose of Human diversity in stress response and resilience might show
LPS Koenig et al., 200)4and most likely accompanied by high similarities to described species and strain dependant dnees
vasopressin levels. as discussed in detail above. A recent studyRaynmerman

In addition, local cytokine action within the pituitary issd et al. (2017)using fractalkine de cient mice suggests a role for
known to contribute to HPA-axis activity regulation and NF- a di erential transcriptome due to fractalkine in hippocampal
IL6 seems to partially contribute to the regulation of theirmicroglia to convey stress resiliendeiifimerman et al., 20)7
expression Kuchs et al., 20)3For example, IL-6 is involved Future studies will help to reveal if such mechanisms migéo al
in LPS-induced ACTH secretion via paracrine signaling inbe functional and important for stress resilience in humans.
the pituitary (Gloddek et al., 20Q1while TNFa might act Overall, rodent models are important to reveal insights into
stimulatory (Milenkovic et al., 198Por inhibitory (Gaillard species conserved and species speci ¢ underlying mechanisms
et al., 199Pon the HPA-axis Fuchs et al., 20)3Within the in evolutionary well conserved responses like stress imogud
so-called cytokine cascade, TAllEan induce IL-6 expression stress-induced hyperthermia. In addition to previous adwmnc
(Van Damme et al., 1987; Zhang et al., IJP%onversely, IL- in brain intrinsic neuronal circuits that explain thermogesis
6 is known to exert a negatively feedback e ect on BENF to psychological stressNékamura, 201 we have added
production (Schindler et al., 199Cand the anti-in ammatory to the current understanding on how aging might aect
cytokine IL-10 inhibits expression of both cytokinestile et al., hypothalamic and pituitary activation patterns and cytokine
200). Here, we aimed to investigate potential di erences innetworks. “Psychogenic fever” is known to occur in humans
the paracrine pituitary cytokine network between young andNakamura, 201pand psychological stress seems to contribute
old rats. For this purpose we applied puri ed antisera againsto such processes as for example reported in a recent case
the rat IL-6 and IL-10 on primary LPS-stimulated cell culturesreport (Oka et al., 2013 Further studies will be necessary in
of the anterior pituitary lobe and found for young rats that humans and animals to gain more insights into underlying
both cytokine inhibition strategies signi cantly enhart&PS- mechanisms that contribute to alteration in the HPA-axisdan
induced TNR secretion from the anterior pituitary. These related elds such as loss of thirst and so-called “psychageni
results can be explained by afore mentioned inhibitory e ectdever” in old age.
of both cytokines on TNE& production (Schindler et al., 1990;
Strle et al.,, 2001 As expected, IL-6 antiserum signi cantly DATA AVAILABILITY STATEMENT

reduced IL-6 bioactivity. Interestingly, IL-10 antiseruaiso

reduceq IL-6 bioactivit_y pote_n_tially su_gg_esting some oyeO0&  patasets are available on request.
the antiserum on IL-6 in addition to binding to IL-10. Reduced

IL-6 bioactivity enhanced LPS-induced ThHevels with the

disappearance of its negative feedback on @aNFaged animals, AUTHOR CONTRIBUTIONS
LPS also increased IL-6 and TNF bioactivity in the superntatan ) ] )
but neither IL-6 nor IL-10 antiserum signi cantly alterech¢ K JR, and CR contributed to the conception and design of

cytokine levels. Overall, these results suggest sometsigtgit "€ Study.In vivo experiments and sample preparation were
seem to evolve in aged anterior pituitary cells for the cyteki conducted by SK, JB, and CR. Cell culture experiments were

network: i.e., IL-6 levels could not signi cantly be inhiéd by performed by SK ar?d FF. SK_ performed statistical analyses.
the antisera. Subsequently, TAlfevels were not a ected. Thus, Data analyses and interpretation were done by SK, JB, and
local paracrine action of cytokines in the aged pituitary night ~ CR: SK, JB, AP, JR, and CR contributed to writing the article
be su cient to adjust appropriate function and might contribet @nd t0 revising the content. All authors proofread the nal
to the overall di erences of HPA-axis activity between youngManuscript.
and old.
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