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AP: amiloid beta
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AST: Aspartat Aminotransferaz enzimi
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BHB: Beta hidroksi biitirat

BOS: Beyin omurilik sivisi

EVOO: Extra virgin olive oil (Erken hasta sizma zeytinyag1)
GFAP: Glial fibrial asidik protein

HDL: Yiiksek yogunluklu lipoprotein

ISF: Interstitial fluid (Interstisyel S1v1)

LDL: Diisiik yogunluklu lipoprotein
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LTP: Long term potentitiation( Uzun siireli gii¢lendirme)
KBB: Kan beyin bariyeri

KD: Ketojenik Diyet
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KETOJENIK DIYETIN, YASLI SICANLARDA AQUAPORIN-4 (AQP4)
ARACILI GLIMFATIK SiISTEM UZERINDEKI ETKiSINDE BAGIRSAK
MIiKROBIYOTASININ ROLUNUN ARASTIRILMASI

Doktora Tezi

Rabia ILGIN

DOKUZ EYLUL UNIVERSITESI SAGLIK BiLIMLERIi ENSTITUSU
100/2000 YOK Doktora Bursu

Fizyoloji Anabilim Dal
OZET

Yaslanma, norodejeneratif hastaliklarin (NDH) gelisiminde en 6nemli risk
faktorlerinden biridir. Ketojenik diyet (KD) yiiksek yagli, orta miktarda protein ve
diistik karbonhidrat icerikli diyet tipidir ve NDH’ye neden olan AP gibi toksik
proteinleri azalttig1 bilinmektedir ancak mekanizmasi tam olarak aydinlatilamamastir.
Bu calismanin amaci, zeytinyagli KD’nin yash sicanlarda AQP4 aracili glimfatik
sistem, Ogrenme-bellek, davranis, APi.42 ve kan lipitleri {izerindeki etkilerini ve

bagirsak mikrobiyotasinin bu etkideki roliinii aragtirmaktir.

Sprague-Dawley erkek sicanlar 5 gruba ayrildi. Geng-standart-diyet (G-
Kontrol), yasli-standart-diyet (Kontrol), yasli-ketojenik-diyet (KD), yasli-antibiyotik-
standart-diyet (AB) ve yasli-antibiyotik-ketojenik-diyet (KDAB), (n=45). Siganlara
10-hafta boyunca ad libitum zeytinyagli-KD ve standart-diyet uygulandi. Son hafta
genis spektrumlu antibiyotik tedavisi (ampisilin (1 g/1), neomisin (1 g/1), metronidazol
(1 g/l) ve vankomisin (0,5 g/1), 1 litre igme suyu) 7-giin uygulandi. Ogrenme-bellek
(Morris su tanki) ve anksiyete-lokomotor aktivite (agik alan (OFT) ve ylikseltilmis-
arti-labirent (EPM) testleri) davramislar1 degerlendirildikten sonra kan ve beyin

dokular alindi.

Morris su tankinda, Kontrol’e gére KD’de ve AB’ye gore KDAB’de platformu
bulma siiresi gore azaldi. KDAB’nin kars1 kadrana gecirdigi siire AB’ye gore azaldi.
Acik alan testinde, kenarda gegirilen siire KDAB’de AB’ye gore azaldi, KD ve Kontrol
arasinda anlaml fark yoktu. Yiikseltilmis art1 labirentte, KDAB’nin AB’ye gore agik



kollarda geg¢irdigi siire artarken kapali kollarda gecirdigi siire azaldi. KD ve Kontrol

arasinda fark yoktu.

KD ve KDAB’de B-hidroksi biitirat (BHB) seviyeleri Kontrol ve AB’ye gore
artti. KD’de LDL ve total kolesterol diizeyleri Kontrol’e gore artti. FITC-dextran
500’tn beyin korteksinden gecisi yaslilarda genclere gore azaldi ancak KD bu
gecirgenligini arttirdi. KD’de serebellum AQP4 seviyeleri ve ekspresyonu azaldi,
GFAP ekspresyonu ise hipokampiiste Kontrol’e gore azaldi. KDAB’de hipokampiis
ve serebellumda AQP4 ve GFAP ekspresyonu azaldi AB’ye gore azaldi. Kontrol’e
gore KD’de hipokampiis ve serebellumda Afi.42 seviyeleri azaldi. AB’ye gore
KDAB’de serum Api-42 seviyeleri azaldi.

Kisacasi, KD glimfatik fonksiyonu arttirarak yaslilarda kognitif fonksiyonu
tyilestirdi. KD, bagirsak disbiyozu iyilestirerek bu sistem iizerinde etkilerini arttirdi.
KD’nin ve bagirsak mikrobiyotasinin bu sistem iizerindeki etki mekanizmalarin

anlasilmasi icin daha fazla arastirma yapilmasina ihtiya¢ duyulmaktadir.

Anahtar Kelimeler: Ketojenik diyet, zeytinyagi, yashhk, AQP4-aracih glimfatik
sistem, bagirsak mikrobiyotasi, kognitif fonksiyon

Tezin sayfa adedi: 102

Damisman: Dog. Dr. Ferda Ulviye HOSGORLER
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INVESTIGATION OF THE ROLE OF GUT MICROBIOTA IN THE
EFFECT OF A KETOGENIC DIET ON THE AQUAPORIN-4 (AQP4)
MEDIATED GLYMPHATIC SYSTEM IN ELDERLY RATS

Doctoral Thesis

Rabia ILGIN

DOKUZ EYLUL UNIVERSITY HEALTH SCIENCE INSTITUTE
100/2000 YOK Doctoral Scholarship

Department Of Physiology
ABSTRACT

Aging is one of the most important risk factors for the development of
neurodegenerative diseases (NDDs). Ketogenic diet (KD) is a high-fat, moderate
protein and low-carb diet-type, and it is known to reduce toxic proteins such as Af that
cause NDDs, but its mechanism has not been fully elucidated. The aim of this study
was to investigate the effects of KD with olive oil on AQP4-mediated glymphatic
system, learning-memory, behavior, AB1-42 and blood lipits in aged rats, and the role

of gut microbiota in this effect.

Sprague-Dawley male rats were divided into 5 groups. Young-standard-diet (G-
Kontrol), old-standard-diet (Kontrol), old-ketogenic-diet (KD), old-antibiotic-
standard-diet (AB) and old-antibiotic-ketogenic-diet (KDAB) groups, (n=45). Rats
were given KD with KD and standard-diet ad libitum for 10-weeks. In the last week,
broad-spectrum antibiotic treatment (ampicillin(1 g/I), neomycin-sulfate(1 g/1),
metronidazole(1 g/l) and vancomycin(0.5 g/l), 1 liter of drinking water) was
administrated during 7 days. After evaluating learning-memory (Morris water tank)
and anxiety-locomotor activity (open field test (OFT) and elevated plus maze test

(EPM)) behaviors, blood and brain tissues were collected.

In the Morris water maze, the time to find the platform decreased in KD
compared to Control, it decreased in KDAB compared to AB. The time spent in the
opposite quadrant in KDAB decreased compared to AB. In OFT, the time spent in
periphery decreased in KDAB compared to AB however there was no significant

difference between KD and Control. In EPM, time spent in open arms in KDAB

vii



increased while time spent in closed arms decreased compared to AB and there was

no difference between KD and Control.

Beta-hydroxy butyrate (BHB) levels increased in KD and KDAB compared to
Control and AB. LDL and total-cholesterol levels increased in KD compared to
Control. The permeability of FITC-dextran 500 into the cerebral cortex decreased in
the aged rats compared to young rats however KD increased this permeability. AQP4
levels and its expression decreased in cerebellum in KD, and GFAP expression
decreased in hippocampus in KD compared to Kontrol. AQP4 and GFAP expression
decreased in hippocampus and cerebellum in KDAB compared to AB. ABi-42 levels
decreased in hippocampus and cerebellum in KD compared to Kontrol. ABi-42 levels

decreased in plasma in KDAB compared to AB.

In conclusion, KD improved cognitive function in aged via increasing
glymphatic function. KD enhanced its effects on this system by improving intestinal
dysbiosis. Further research is needed to understand the mechanisms of action of KD

and the gut microbiota on this system.

Keywords: Ketogenic diet, olive oil, aging, AQP4-mediated glymphatic system, gut

microbiota, antibiotic, cognitive function

Page number: 102

Adyvisor: Associate Prof. Ferda Ulviye HOSGORLER
2. Advisor: Prof. Dr. Nazan Uysal HARZADIN
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1 GIRIS VE AMAC

Beyin ve omurilikten olusan merkezi sinir sisteminin (MSS), herhangi bir
bilinen lenfatik sistem bulunmamaktadir (1). Norofizyolojik islevler sirasinda sinir
dokusunda biriken potansiyel toksik molekiillerin uzaklastirilmast son derece
Oonemlidir (2). 2012 yilinda Iliff ve arkadaslari, MSS’de lenfatik sistemin yerine bu
fonksiyonu gergeklestiren alternatif bir yolun varligi beyin goriintiileme (fonksiyonel
MRI) yontemleri ile tanimlanmis ve bu sisteme glimfatik sistem ad1 verilmistir (3). Bu
sistem, bir serebral lenfatik sistem olarak calisir ve esas olarak beyin omurilik sivisi
(BOS)-interstisyel siv1 (ISF) degisiminin oldugu perivaskiiler yol araciligtyla néronal
ekstraseliiler atik proteinlerin beyinden temizlenmesi saglar (4). BOS, beyin
parankimine gecerek beyindeki ISF ile karigir. BOS, ISF’den ekstraseliiler proteinleri
alarak, beynin ihtiya¢ fazlasi olan maddelerden temizlenmesine aracilik eder.
Subaraknoid BOS'un biiyiik cogunlugunun beyin parankimine gectigi gosterilmistir.
Floresan maddeler kullanilarak yapilan two-foton goriintiileme teknigi ile BOS un,
beyin parankimine penetran arterleri ¢evreleyen perivaskiiler araliklar boyunca girdigi
ve daha sonra paravendz aralia gectigi gorilmiistiir. Beyin ISF’deki ¢oziinen
maddelerin, paravenoz araliktaki BOS’a gecerek temizlendigi gosterilmistir (4). BOS
aracilifiyla temizlenen bu ekstraseliiler proteinler, astrositik aquaporin 4 (AQP4) su
kanalinin kolaylastirdig1 bir yolla paravendz araliga gecis yapmaktadir. Paravendz
araliga gecen BOS’daki ekstraseliiler proteinler; kan dolasimi, subaraknoid aralik veya

drene olan ven duvarlarini takiben servikal lenfatiklere ulasarak beyinden uzaklastirilir

).

Aquaporin alt grubuna ait olan AQP4, MSS’deki suya secici gecirgendir ve
suyun homeostatik dengede kalmasina yardim eder (5). ISF’de ¢6ziinen proteinler, atik
triinler ve fazla ekstraseliiler sivinin atilimi, astrositik AQP4 kanalinin araciligiyla
gerceklestirilir (6). AQP4’lin yapisinda yer alan porlar secici olarak suyun gecisine
izin verirken; sudan daha biiyiik molekiillerin gegisini zorlastirir (7). AQP4, beyinde
en ¢ok bulunan molekiillerden biri olup, kan beyin bariyerindeki (KBB) astrosit
membranlarinda yaygin olarak bulunur (8). Ayrica fare beyninde yapilan
immunohistokimyasal ¢alismalarda en diisiik AQP4 ekspresyonun kortekste ardindan

hipokampiis ve inferior kollikiillerde; en yiiksek ekspresyonun ise serebellum ve



omurilikte oldugu gosterilmistir (8). Ayrica, astrositik AQP4 su kanalinin
lokalizasyonu perivaskiiler son ayaklarda da yogun bir sekilde bulunmaktadir.
Perivaskiiler astrositik son ayaklar sahip oldugu AQP4 su kanali aracilifiyla,
paravendz BOS ile beyin interstisyumu arasinda segici bir gecirgenlik saglamaktadir.
Bu sekilde su ve diisik agirlikli molekiiller iki kompartman arasinda gecis
yapabilirken; yliksek agirliklt molekiiller gegis yapamazlar (9). Astrositik AQP4 su
kanalinin perivaskiiler araliklardaki BOS ile beyin interstisyumu arasinda diisiik
direngli yollar olusturarak sivi hareketliligini sagladig1 diistiniilmektedir. Boylece
beyin  parankiminde  biriken ISF’de  ¢bziinen maddelerde  ortamdan
uzaklastirilmaktadir (10). Norodejeneratif hastaliklarla (NDH) iliskili AP, a-siniiklein
ve tau gibi proteinler, beyin hiicrelerini ¢evreleyen interstisyel aralikta bulunurlar.
Periferik dokudaki lenf damarlari, fazlalik olan interstisyel proteinleri genel dolasim

aracilifiyla karacigere parcalanmalari i¢in ulastirir (11-14).

Interstisyel ortamdaki atik proteinlerin temizlenmesindeki bozulma ile karakterize
olan glimfatik disfonksiyon, dogal beyin yaslanmasi1 ve Alzheimer (AH), travmatik
beyin hasar1 (TBH), iskemik ve hemorajik inme gibi MSS hastaliklarmin temel
nedenlerinden biridir (3, 15, 16). Glimfatik sistem fonksiyonu yasla birlikte
azalmaktadir (17). Ilerleyen yasla iliskili NDH’lerin olusumu sirasinda AQP4 su kanal
proteinlerinin olasi rollerini gosteren ¢esitli arastirmalar bildirilmistir. AQP4 knock
out farelerde glimfatik disfonksiyonun AP plak olusumunun hizlandirdigini ve
APP/PS1 Alzheimer modeli farelerde ise kognitif fonksiyon bozulmasina neden
oldugu gosterilmistir (18). Astrositik AQP4 knockdown hayvanlarda, BOS akisinin
yavasladigi ve interstisyel ¢oziinen maddelerin beyin parankiminden temizlenmesinde
%70’lik bir diistis yasandig1 goriilmiistiir (3). Bu calismalarla beyindeki ekstraseliiler
maddelerin temizlenmesinde astrositik AQP4 su kanalinin 6nemli bir fonksiyona sahip

oldugunu ortaya koymustur.

Beyin i¢in toksik olan veya ihtiyac fazlasi bazi ekstraseliiler proteinlerin
birikimi beyin parankimindeki paravendz yol sayesinde dnlenmektedir (3). Glimfatik
fonksiyonun azalmasi, beynin norotoksik maddelerin birikimine daha duyarli olmasina
neden olmaktadir. Bu nedenle, ilerleyen yasla birlikte fonksiyonu azalan glimfatik

sistemin gozlemlenmesi onemlidir. Clinkii NDH’ler i¢in en yiiksek risk faktori



yasliliktir (17). Yashilikta glimfatik sistemin bozulmasi yanlis katlanmis ve
hiperfosforile olmus proteinlerin birikimine neden olabilir. Boylece beyni bir
norodejeneratif patolojisi gelisimine veya kognitif fonksiyon bozuklugunun artmasina
daha duyarl hale getirir (3). Bunun yani sira uyanik evreden uykuya gecis sirasinda
glimfatik aktivite artisinin beyin laktat seviyelerini azalttigi gosterilmistir (19).
Anestezi edilmis farelerde glimfatik aktivitenin inhibisyonu veya AQP4 delesyonu,
asetozolamid tedavisi, sisterna magna puncture ve bas pozisyonundaki degisiklikler,
beyinde laktat seviyelerinin artmasina neden oldugu rapor edilmistir (19). Bu glimfatik
yolagin beyni temizlemesinin haricinde beyinde glukoz gibi besinlerin dagilimi ve
terdpatik ajanlarin iletimi icin onemli bir role sahip oldugu gosterilmistir (4). Glimfatik
sistem, sadece ¢Oziinebilir proteinlerin ve metobolitlerin beyinden atilmasinda degil
biliylime faktorleri, ndromodiilatorler, glukoz, lipitler ve amino asitlerin de beyin

cevresindeki dagiliminda 6nemli bir rol oynamaktadir (4).

Yapilan caligmalarda A peptidin, AH baglamadan dnce kan dolasiminda, BOS’ta,
beyin parankimasinda ve vaskiiler yapilarda biriktigi gosterilmistir (20, 21).
Norovaskiiler yolaklarda bu proteinlerin asir1 birikmesi BOS un azalmasina, KBB’nin
ve vaskiileritenin bozulmasma neden olmaktadir (21). Beynin norovaskiiler
fonksiyonu 6grenme ve hafiza gibi kognitif siireglerde kritik bir rol oynamaktadir.
Kognitif fonksiyonlardaki azalmanin nérovaskiilarizasyondaki bozulmayla iliskili

oldugu gosterilmistir (22).

Son on yilda, bagirsak mikrobiyotasinin sadece beyin gelisimi ve fonksiyonunda
degil aym1 zamanda yaslanan beyin ve AH, PH ve MS gibi NDH’lerin
patofizyolojisinde de rol oynadigi diisiiniilmektedir (23). Ozellikle yaslanmanin
sonucu olarak mikrobiyal ¢esitlilik azalmaktadir. Bagirsak mikrobiyotas1 ve MSS
arasinda hormonal, ndéronal (parasempatik yolak ve omurilik, immun (sitokinler) ve
metabolik (kisa zincirli yag asitleri (KZY A) serbestlemesi) gibi bir¢ok yol araciligiyla
karsilikl1 bir iletisim vardir (24). Bagirsak mikrobiyotasindan serbestlenen bilesikler
lokal olarak enterik sinir sistemini etkileyebilir ve kan yolu ya da vagus siniri ile beyine

ulasir.

Bagirsak mikrobiyotasin1 olusturan bakteriler hasarli bagirsak bariyerindeki

immiin aktiviteden sorumludurlar. Bu aktivite inflamasyon yanit olusmasina neden



olur ve bunun sonucunda KBB bozulur. KBB’nin bozulmasi ndral hasara ve
dejenerasyona neden olur (24). KBB fonksiyonunun ve serebral kan akisinin azalmast,
beyinden A plaklar ve norotoksik maddelerin temizlenmesi zorlastirir ve beyinde
birikmesine neden olur (25). Bagirsak mikrobiyotasinin ve ndrovaskiiler biitiinliglinii
korumak amaciyla uygulanan tedavi yontemleri NDH’lerin engellenmesi igin ¢ok

Onemli olabilir.

Ketojenik diyet (KD), cok diisiik karbonhidratli, yliksek yagli ve orta miktarda
protein igeren beslenme cesididir. KD, glukoz metabolizmasindan enerji i¢in substrat
olarak asetoasetat ve P-hidroksi biitirat gibi keton cisimcikleri veren yag asitleri
metabolizmasina dogru sistematik bir kaymaya neden olur (26). 24 saatten daha uzun
stirede yetigkin beyni bazal metabolizmanin yaklasik %20’sini 100-120 gr glukoz
oksidasyonu ile saglanir (27). KD, biiyiime ve gelisme icin yeterli proteini saglar ancak
metabolik gereksinimler i¢in kullanilan karbonhidrat yeterli degildir. Boylece, beyin
temel enerji kaynagi olarak glukoz yerine keton cisimciklerini kullanmak zorunda
kalir (28). KD epilepsi, PH ve otizm gibi bir¢ok nérolojik hastalikta etkili bir tedavi
yontemi olarak kullanilmaktadir. Ayrica AH, TBH ve iskemik inmede beyin
fonksiyonunu koruduguna dair bir¢ok preklinik ¢aligma yapilmistir. Alzheimer modeli
olan APP/V7171 transgenik farelerde KD’nin mitokondriyal fonksiyonu diizelttigi,
oksidatif stresi ve AP birikimini azalttig1 gosterilmistir (29). Ayrica diger Alzheimer
modeli APP/PS1 ve Tg4510 farelerde KD’nin motor ve kognitif fonksiyonlarini
arttirdig1 ve AP birikimini azalttig1 rapor edilmistir (30, 31).

KD, bagirsak mikrobiyotasint degistirerek norovaskiiler gelisime katki
saglamaktadir. Yapilan bir ¢alismada KD’nin kisa zincirli yag asidi (KZYA) iirettigi
bilinen A. muciniphila ve Lactobacillus gibi bakterilerin dnemli derecede arttig1
gosterilmistir (31, 32). KZYA, KBB’de eksprese olan monokarboksilat transporterler
tarafindan taginir, KZY A’larin yoklugu ise KBB’nin gegirgenliginin artmasina neden
olur (33). Diger bir caligmada KD, glukoz transporter-1 eksikligi sendromunda
Desulfovibrio bakteri miktarini azaltmis. Desulfovibrio bagirsak bariyerine bozdugu
bilinen hidrojen siilfiti iireten bakteri iiyelerindendir (34). Sonug olarak, Desulfovibrio
miktarindaki azalma KBB’ni ve norovakiilarizasyonu korumaktadir. A. muciniphila

ve Lactobacillus ve Desulfovibrio miktarlarindaki degisiklikler norovakiilarizasyon



da ve burdan yola ¢ikarak glimfatik sistem {izerinde de olas1 pozitif etkiler
olusturabilir. Yine yapilan bir ¢alismada, KD’nin iskemik inmeli fare modelinde
bolgesel SKA’simi arttirdigi gosterilmistir. Otizm modeli fare ¢alismalarinda ise
KD’nin bagirsak mikrobiyotasini degistirerek potansiyel olarak nérolojik semptomlari

azaltmistir (22).

Erken hasat sizma zeytinyagr (EVOO) ve fenolik bilesikler, AH gibi bazi
NDH’lerin 6nlenmesi ve tedavisi i¢in umut vericidir. Insanlar {izerinde yapilan
aragtirmalar, EVOO agisindan zengin bir Akdeniz diyetinin AH riskini énemli 6l¢iide
azaltabilecegini gostermistir (35). AH fare modellerinde EVOO ve EVOO fenolik
igeriklerinin agizdan verilmesi AP birikimini ve tau noéropatolojilerini azalttig1r ve
bellek ve kognisyonu iyilestirdigi gosterilmistir (36). Zeytinyagi icerdigi fenolik
bilesikler sayesinde hem yararli bakterilerin cogalmasini uyaran prebiyotik 6zelligine
hem de patojenik bakterilerin ¢ogalmasini baskilayan antibakteriyel oOzelligine
sahiptir. Agiz yoluyla alinan fenolik bilesiklerin yaklasik olarak %90-95°1 ince
bagirsakta sindirilmeden kolona ulasir ve burada biyoaktif sekonder yapilara
katabolize edilirler. Ilgili ana fenolik bilesiklerin metabolitleri yerlesik mikrobiyota
tarafindan tasinir ve bagirsak mikrobiyota kompozisyonunu degistirebilir (37).
Martinez ve arkadaglari, Swiss Webster farelerine uygulanan EVOO ve rafine edilmis
zeytinyagl tedavisi sonrasinda Desulfovibrionaceae tiiriiniin seviyesinde azalma
oldugunu gostermistir. Bunun gibi patojenik bakteri tiirlerine karsi antibakteriyel
etkilerinin EVOQ’daki fenolik igeriklerin neden oldugu bildirilmistir (38). Bu sonucu
destekleyen baska bir calismada, C57BL6/J farelerde gavaj ile uygulanan
hidroksitirozoliin (50 mg/kg/giin), yiiksek yagli diyetle indiiklenen bagirsak
mikrobiyota disbiyozundan korudugu ve Proteabacteria ve Ferribacteria gibi
patojenik bakterilerin seviyelerini azalttiZini ve bunun yani sira bakteriyel gesitliligi
tekrar arttirdig1 ve plazmadaki lipopolisakkarit baglayici proteini azaltarak bagirsak

bariyer biitiinliigiinii korudugunu bildirmislerdir (39).

EVOO’nun mukozal bagisiklik, kardiyometabolik ve kognitif fonksiyon
tizerindeki pozitif etkileri bagirsak mikrobiyotasi ile iligkili olabilir. Farelerin EVOO
tiketimi sonrasinda Bacteroides cinsinin miktar1 yiikselmis ve plazma trigliserit

seviyeleri ile aralarinda negatif korelasyon saptanmistir (40). Bununla birlikte,



Lachnospiraceae miktart EVOO tiiketimi ile artmis ve insanlardaki plazma HDL
kolesterol ile aralarinda pozitif korelasyon saptanmistir (40). Insan ve hayvan
caligmalarinda, probiyotik formda kullanilan EVOO’nun Lactobacillus miktarini
arttirdig1 ve plazma total kolesterol seviyelerini azalttig1 goriilmiistiir (41). Bakteriler
tarafindan iiretilen KZYA’lar EVOO tiiketimi ile artar ve kan glukozu homeostazi
tizerindeki toropatik etkilerini ortaya ¢ikarir. Alzheimer hastalarinda Lactobacillus ve
Bifidobacterium bakterileri genellikle azalir ve EVOO bagirsak mikrobiyotasinda bu
bakteri popiilasyonunu arttirarak kognitif fonksiyonu iyilestirir (42). Ayrica, EVOO
patojen etkilesim hipotezinde AH igin bir risk faktorii olarak kabul edilen bazi
patojenik bakteri tiirlerine kars1 antibakteriyel aktivitesi sayesinde kognitif
fonksiyonlar iizerinde koruyucu etkiye sahip olabilir. Bu hipotez, AR nin baslangicta
antimikrobiyal bir peptit olarak islev gordiiglini ve patojenik bakterilerin
popiilasyonunu kontrol ettigini 6ne stirmektedir (43). Ancak, mikrobiyal patojenlerin
neden oldugu kronik enfeksiyon; uzun siireli inflamasyonun artmasi, mikroglial
yaslanma, mikrobiyal film olusumu, AP birikimi ve plak olusumunun neden oldugu
sporadik AH’nin gelisimini tetikleyebilir (44). KZY A’lar, bagirsaktaki siki baglanti
protein ekspresyonunun arttirarak bagirsakta inflamasyonun azalmasini ve bagirsak

bariyerinin biitiinliiglinii korunmasini saglar (45).

Yaslanma ve AP, tau ve a-sinuklein gibi norotoksik proteinlerin beyin
parankiminde birikmesi, NDH’lerin gelisiminde en 6nemli risk faktorlerinden biri
olarak karsimiza ¢ikmaktadir. Giliniimiizde artan beslenme ¢esitlerinden biri olan
KD’nin ve EVOO’nun bircok NDH’nin tedavisinde belirgin pozitif etkilere sahip
oldugu gosterilmistir. EVOO ve KD’nin beyinde biriken AP protein seviyelerini
azaltmas1 nedeniyle bu atik molekiillerin temizlenmesinde rol alan glimfatik sistem
arasinda olas1 bir iliski olabilir. Yag kaynagimin EVOO oldugu KD’nin yaslanma ile
fonksiyonu azalan glimfatik sistemi olusturan AQP4 su kanali {izerinde etkilerinin
anlasilmas1 onemli olacaktir. Ayrica KD’nin bagirsak mikrobiyotasin1 degistirerek
KBB gecirgenligi etkiledigi bilinmekte ancak glimfatik sistemle iligkisi
bilinmemektedir. KD’nin AH gibi NDH’lerde etkilenen beyin bolgesi hipokampiiste
biriken A protein miktarini azalttig1 bircok calismada gdsterilmistir. Son zamanlarda
yapilan ¢alismalarda AP gibi atik proteinlerin beyinden temizlenmesine AQP4 aracili

glimfatik sistemin rol oynadig: rapor edilmistir. Ancak literatiirde KD nin glimfatik



sistem lizerinde etkilerine dair az ¢alisma bulunmamaktadir. AQP4 beyinde en ¢ok
bulunan molekiillerden biri olup, kan beyin bariyerindeki (KBB) astrosit
membranlarinda yaygin olarak bulunur. KD’ nin bagirsak mikrobiyotasini degistirerek
KBB fonksiyonu iizerinde pozitif etkilere sahip oldugu bircok ¢alismada
gosterilmistir. Buradan yola ¢ikarak bagirsak mikrobiyotast ve AQP4 su kanali
arasinda bir iliski s6z konusu olabilir. Ancak dogrudan bagirsak mikrobiyotasinin

AQP4 ile iliskisini gosteren ¢alisma bulunmamaktadir.

Bu tezin amaci, EVOO’nun yag kaynagi oldugu KD’nin ilerleyen yasla birlikte
fonksiyonu azalan glimfatik sistemin kognisyonla iligkili beyin bdlgeleri hipokampiis
ve serebellumda AQP4 su kanali ekspresyonu ve seviyeleri lizerindeki etkilerini
arastirmaktir. Ayrica, KD’nin glimfatik sistem iizerindeki etkisinde antibiyotik

tedavisiyle degisen bagirsak mikrobiyotasinin olast roliiniin arastirilmasidir.
1.1 Problemin Tanimi ve Onemi

Son yiizyilda saglik ve teknoloji alanindaki gelismeler sayesinde insan émrii
uzamistir. Ancak dmriin uzamasi diinya popiilasyonun giderek yaslanmasina ve bunun
beraberinde bircok NDH’nin ortaya ¢ikmasina neden olmustur. AH ve PH gibi
yaslanma ile iliskili NDH’lerde, ekstraseliiler proteinlerin yanlis katlanmasi ve asiri
birikerek normal fizyolojik rollerini kaybedip norotoksik 6zellik kazanmasi1 sonucunda
meydana gelmektedir. Norofizyolojik islevler sirasinda biriken, potansiyel toksik
molekiillerin, sinir dokusundan uzaklastirilmas: gerekmektedir. Beyinde lenfatik
dolasim olmadig1 i¢in, beyin parankiminde biriken ekstraseliiler proteinleri temizleyen

alternatif bir mekanizmaya ihtiya¢ vardir (3).

Beyin omurilik sivist (BOS), beyin parankimine gegerek beyin interstisyel
stvist (ISF) ile karnigir. BOS, ISF’den ekstraseliiler proteinleri alarak, beynin ihtiyag
fazlas1 olan maddelerden temizlenmesine aracilik eder. Ekstraseliiler proteinler, AQP4
su kanalinin kolaylastirdig1 bir yolla paravenz araliga gecis yapar (3). Buraya gecen
ekstraseliiler proteinler; kan dolasimi, subaraknoid aralik veya ven duvarlarin takip
ederek ortamdan uzaklastirilir (3). Bu sisteme glimfatik sistem adi verilir. AQP4
beyinde en ¢ok bulunan molekiillerden biri olup, kan beyin bariyerindeki (KBB)

astrosit membranlarinda ve BOS bariyerinde yaygin olarak bulunur. Ayrica fare



beyninde yapilan immunohistokimyasal calismalarda en diisitk AQP4 ekspresyonun
kortekste ardindan hipokampiis ve inferior kollikiillerde; en yiiksek ekspresyonun ise
serebellum ve omurilikte oldugu gosterilmistir (8). ISF’de ¢dzlinen proteinler, atik
iriinler ve fazla ekstraseliiler sivinin atilimi, astrositik AQP4 kanali araciligiyla

gerceklestirilir.

AH’de AQP4’iin sinaptik plastisiteyi etkiledigi ve AP temizligine aracilik
ettigi, eksikliginin ise 6grenme ve hafizay1 bozdugu rapor edilmistir . AH baslamadan
once AP peptidi kan dolasiminda, BOS’ta, beyin parankimasinda ve vaskiiler yapilarda
birikmektedir. NDH’lerin olusum siire¢lerinde proteinlerinin olasi rollerini gosteren
cesitli caligmalar yapilmistir. Oliim sonrasi yapilan mikroskobik incelemeler AH’de,
AP iceren senil plaklar ile fosforile tau iceren norofibriler yumaklarin beyinde
biriktigini ortaya koymustur (46). Yapilan klinik ¢alismalarda AH’de beyin iyon ve su
homeostazisinin dnemli 6l¢iide bozuldugu tespit edilmistir. Bagka bir calismada ise
AH’de, beyinde AQP4 kanalinin gen ekspresyonunun onemli derecede azaldigi
bulunmustur. Bu nedenle nérovaskiiler yolaklarda, BOS un azalmasina, KBB’nin ve
vaskiileritenin bozulmasina neden olur (24). Beynin nérovaskiiler fonksiyonu 6grenme
ve hafiza gibi kognitif siireclerde kritik bir rol oynamaktadir. Yapilan ¢alismalarda,
kognitif fonksiyonlardaki azalmanin ndrovaskiilarizasyondaki bozulmayla iligkili
oldugu gosterilmistir. Son zamanlarda yapilan ¢aligmalar; bagirsak mikrobiyotasinin
beyin vaskiiler biitlinliigiinii belirlemede 6nemli bir rol oynadigim1 gostermektedir.
Germ-free farelerde yapilan bir arastirmada, Clostridium tyrobutyricum gibi
mikroorganizmalar tarafindan tretilen kisa zincirli bir yag asidi (KZYA) olan biitirat
eksikliginin KBB geg¢irgenligini arttirdig1 gosterilmistir (47). Benzer sekilde, asetat ve
propiyonat gibi KZYA'lar1 tireten bir bakteri olan Akkermansia muciniphila
eksikliginin ise KBB’nin ve bagirsaklarin siki  baglantilarina zarar verdigi
gosterilmistir (48). KBB fonksiyonunun ve SKA’nin azalmasi, beyinden AP plaklar
ve norotoksik maddelerin temizlenmesi zorlastirir ve beyinde birikmesine neden olur
(25). Bu sebeple, bagirsak mikrobiyotasini ve beynin norovaskiiler biitiinligiini
korumak NDH’lerin engellenmesi ic¢in tedavi yontemleri olusturulmasinda biiyiik

Onem tasimaktadir.

Ketojenik diyet (KD) ¢ok diisiik karbonhidratl, yiiksek yaglh ve orta miktarda

protein igeren beslenme cesididir. Bu beslenme ile temel ener;ji kaynagi olarak glukoz



yerine keton cisimcikleri kullanilmaktadir. EVOO ve KD’nin AH modeli farelerin
beyinlerinde AP seviyelerini azalttig1 ve kognitif fonksiyonlar tizerinde pozitif etkileri
oldugu bir¢cok yayinda rapor edilmistir. Yapilan son arastirmalarda KD’nin,
norovaskiiler fonksiyonu iyilestirmesi ve saglikli bir bagirsak mikrobiyotasinin
stirdiiriilmesi ile ¢esitli norolojik hastaliklara karst koruyucu etkileri olabilecegi
gosterilmigtir. Ancak, KD’ nin NDH’lerde yararli etkileri bilinse de saglikli kosullarda
etkisi tam olarak bilinmemektedir. Bunun yam sira literatirde EVOO ve KD’nin
saglikl1 yaslilarda nérovaskiilarizasyon ve astrositik AQP4 ile iliskili glimfatik sistem

tizerinde etkilerine dair calisma bulunmamaktadir.
1.2 Arastirmanin Amaci

Bu calismanin amaci, zeytinyagli KD uygulamasinin ve antibiyotikle
olusturulan bagirsak disbiyozun yash sicanlarda 6zellikle kognitif fonksiyonlarla
iligkili beyin bolgelerinde (hipokampiis ve serebellum) AB42 protein ve AQP4
seviyelerini ve GFAP ve AQP4 floresan yogunlugunu degerlendirerek bagirsak
mikrobiyotasinin zeytinyagli KD’nin glimfatik sistemdeki etkisinde olas1 roliinii

arastirmaktir.
1.3. Arastirma Hipotezleri

Ho: Zeytinyaglh ketojenik diyet uygulamasinin saglikli yaslh sicanlarda AQP4-aracili
glimfatik sistem, kognitif fonksiyonla iligkili beyin bdlgelerinde (hipokampus,
serebellum) AQP4 ve GFAP ekspresyonu ve seviyeleri, hipokampus, serebellum ve
serum AP42 protein seviyeleri, kognitif fonksiyonlar ve davranis lizerindeki etkisinde

bagirsak mikrobiyotasinin rolii yoktur.

H1: Zeytinyaglh ketojenik diyet uygulamasinin saglikli yasli sicanlarda AQP4-aracili
glimfatik sistem, kognitif fonksiyonla iliskili beyin bdlgelerinde (hipokampus,
serebellum) AQP4 ve GFAP ekspresyonu ve seviyeleri, hipokampus, serebellum ve
serum AB42 protein seviyeleri, kognitif fonksiyonlar ve davranis lizerindeki etkisinde

bagirsak mikrobiyotasinin rolii vardir.



2. GENEL BILGILER
2.1 Yaslanan Beyin ve Norodejeneratif Hastaliklar (NDH)

Yaglilik, insan hayatinin en o6nemli bir siireglerinden birisidir ve fiziksel
bozulmalarla birlikte artan hastaliklar ve 6liim riskleri ile iligkilidir. Yaslanma, farkl
hizlarda ve farkl: tiirlerde gerceklesebilir. Bireyler arasinda ve tiirler i¢cinde farkliliklar
gosterir. Yaslanmanin norodejeneratif hastaliklar (NDH) iizerindeki etkisi de dnemli
bir aragtirma konusudur. Yaglanma siireci, ndrodejeneratif hastaliklarin baglangicinda
ve ilerlemesinde Onemli bir rol oynar (49). Bu nedenle, yaslanmanin temel
mekanizmalarii ve bunlarin NDH’lerin tedavisindeki roliinii anlamak ve buna gore
tedavi yontemleri gelistirmek son derece dnemlidir. NDH, yasli popiilasyonda yaygin
olarak bulunmaktadir ve beyin yaslanmasinin norodejenerasyon ile hizlandigi
goriilmektedir (49). Genetik ve c¢evresel faktorlerinin, NDH’lerin ilerlemesini
belirledigi diisiiniilmektedir. Bu nedenle, NDH’leri hizlandirilmig yaslanman olarak

gormek miimkiindiir.

En yaygin NDH olan Alzheimer (AH) ve Parkinson hastali§i (PH) agirlikli
olarak yagh bireylerde goriilmektedir ve bu hastaliklarin olugsma riski yasla birlikte
artmaktadir (50). Beyin yaslanmasindaki ilerleme, yaslanmayla iliskili fizyolojik ve
patolojik siirecler arasindaki iligkilerin tam olarak tanimlanmasina katkida bulunur.
Yaslanma siirecinde somatik hiicreler ¢esitli stresler tarafindan indiiklenerek yaslanir.
Yaslanan hiicreler boliinemez fakat tipik bir fenotip kazanir ve inflamasyonu
tetikleyen kimyasallar salar. Beyinde astrositler veya mikroglia gibi glial hiicreler ve
noronlar bu kimyasallardan etkilenir (50, 51). Dendritik dallanma azalir, bu da beyin
yaslanmasiyla iligkili sinaptik plastisite ve kognitif fonksiyonlarda azalmaya neden
olur. Yaslanma ayrica beyinde bireken atik proteinleri temizleyen glimfatik sistemi de
etkiler. NDH, fizyolojik proteinlerin patolojik konformasyonlarindan kaynaklanan
proteinopatilerdir. Normalde glimfatik yolakla ile temizlenen bu proteinler, glimfatik

sistemin bozulmasiyla beyinde birikir ve ardindan ndronlarin 6liimiine neden olur .
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2.2 Beynin S1ivi Kompartmanlari
2.2.1 Beyin Omurilik Sivis1 (BOS)

Beyin omurilik sivisi (BOS), beyin ventrikiillerinde, kraniyal ve subaraknoid
bosluklarda bulunan berrak ve renksiz bir sividir. BOS’un temel gorevi beyin igin
hidromekanik koruma saglamaktir ve bununla birlikte elektrolit dengesini
diizenleyerek ve katabolik firiinleri uzaklastirarak beyin interstisyel sivi (ISF)
homeostazinin korunmasina yardimei olur. Yetigskinlerde BOS hacmi yaklasik olarak
150 ml’dir; serebral ventrikiillerde 30 ml, kraniyal subaraknoid boslukta 50 ml ve
spinal subaraknoid boslukta 75 ml. Bir glinde salgilanan BOS miktar1 400-600 ml’dir
ve bu nedenle toplam BOS giinde 3 kez devir yapar ve bu devir sayisi yaslanmayla

birlikte azalir (52).
2.2.1.1 BOS Uretimi ve Dolasim

BOS’un ¢ogunlugu (%75), lateral ventrikiillerin koroid pleksuslari ve az
miktarda da Tgiincli ve dordiincii vetrikiillerin pleksuslart tarafindan iiretilir.
Pleksuslar, ventrikiillere uzanan meningeal ¢ikintilardan olusur ve epitel yiizeyleri ise
ependimal hiicrelerle devam eder. Ayrica, sadece glukoz ve amino asitler gibi basit
molekiillerin beyne ulagsmasina izin veren secici tasima mekanizmalarina sahiptir
(KBB’nin 6nemli bir bilesenidir). BOS’un geri kalani ise bariyer boyunca serebral

kapiller damarlardan salgilanir.

BOS fiiretimi iki asamada gerceklesir. Koroidal interstisyel bosluklar i¢indeki
koroidal kan damarlarindan plazmanin pasif filtrasyonunu intersitisyumdan ventrikiil
liimenine ve Na/K adenozin trifosfataz (ATPaz) ve karbonik anhidraz ile aktif

transport takip eder. Sonug olarak, BOS’un igerigi plazmadan farklidir (Tablo 1).
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Tablo 1: Normal plazma ve BOS icerigi (52)

Bilesenler (mmol/litre) Plazma BOS
Sodyum (Na") 138 138
Potasyum (K") 4,5 2.8
Kalsiyum (Ca*?) 2,4 1,1
Klor (CI") 102 119
Bikarbonat (HCO3") 24 22
Glukoz 5,0 33
Total Protein 70 0,35

BOS’un tiretimi, otonom sinir sistemi ve dopamine ve atriyal natriliretik peptit
(ANP) gibi noropeptitler tarafindan ince bir sekilde diizenlenir. Bu, BOS basincindan
bagimsizdir. BOS’un koroid pleksuslarindan salgilanmasindan sonra lateral
ventrikiillerde Magendia foramen yolu ile tiglincli ventrikiile ve oradan doérdiincii
ventrikiile gecer. Daha sonra dordiincii ventrikiiliin porlarindan sisterna magnaya
gecer. BOS yolagr daha sonra serebral hemisferik subaraknoid bosluk, spinal
subaraknoid bosluk ve omuriligin merkez kanali boyunca az BOS akis1 olmas: ile
birlikte li¢ yola ayrilir (52, 53) (Sekil-1). BOS akisi, sistolik nabza karsilik gelen
nabizdir. BOS, araknoid graniilasyonlar aracilifiyla vendz sisteme geri emilir.
Serebral vendz siniislerine uzanan subaraknoid boslugun parmak benzeri ¢ikintilart
vardir. Bu ¢ikintilar, BOS’ un siniislere gegisine izin veren tek yonlii kap1 gibi hareket
eder ve subaraknoid bosluklara kanin gecmesine engel olur. Geri emilimin biiytik bir
kism1 superior sagital siniistedir, ancak sinir kiliflarinda ve noral lenfatik damarlarda
da bir miktar emilim meydana gelir. Saglikli kosullarda, geri emilim hizi {iretim hizina
esittir. Geri emilim, BOS basinci artarsa artar ya da serebral vendz sinus basinci artarsa

azalir.(52).
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Araknoid graniilasyonlar

o ) BOS iceren
Siperior sagital Subaraknoid bogluk

sinis

Koroid

Lateral pleksus

ventrikul

Monro forameni

3. ventrikul 4. ventrikiil

Lateral aciklhik Sisterna magna

Serebral su kanali Medvan acikhk

Spinalin merkez kanal

Sekil-1: Beyin omurilik sivisit (BOS) dolasimi (52)
2.2.2 Beyin Interstisyel Sivis1 (ISF)

Beyin interstisyel sivisi (ISF), beyin parankiminin metabolik aktivitesivve
kandan kaynaklanir. KBB ¢6ziinen maddelerin MSS ‘ne gecisini zorlastirmasina
ragmen MSS’deki ISF viicudun diger dokularindaki ISF ile benzerdir. G6z ve MSS
disindaki diger organ ve sistemlerdeki ISF tek ekstraseliiler sividir ve BOS’a
benzemez (54). Beyinden ISF drenajim1 goéstermek icin yapilan ¢aligmalarda
hayvanlarin beyin parankimlerine izleyici madde ile beyin arterlerine enjeksiyonu
sonrasinda ipsilateral olarak lenf diiglimlerine dogru izleyici maddelerin drene

oldugunu gdstermislerdir (55, 56).

BOS ve ISF hem beyin hem de spinal kordla kisacas1t MSS ile iligkili iki
ekstraseliiler sividir (56). BOS drenajinin bozulmasi hidrosefali ile iligkiliyken, ISF
drenajiin bozulmasi ise intraserebral hemoraji, genislemis perivaskiiler alanlar ve
demans ile iliskilidir (57). MSS’deki ISF hem kandan hem de doku
metabolizmasindan olusur ve insan beyni yaklasik olarak 280 ml ISF igerir (10).
BOS’ta ISF’ye belli bir miktarda siv1 saglar. Insan ve diger memelilerin beyinlerinde

lenfatik sistem damarlar1 bulunmamaktadir. Buna ragmen ISF’nin beyinden yaklasik
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olarak 0,11-0,29 pl/dk/gr hizla drenaji saglanmaktadir (10). Viicuttaki ortalama
lenfatik drenaja esdeger bir hizdir (58).

ISF, AH’nin patofizyolojisinde 6nemli olan atik protein AB’y1 beyinden, bazal
membrandan ve endotel tabaka arasinda bulunan ve astrositleri ¢evreleyen
membranlar ve diiz kas hiicrelerinin arasindaki baziller membranlarin igerisinden
gecirir (55, 59). Bu ISF ve ¢oOziinmiis olan maddeler beyinden servikal lenf
diigtimlerine dogru drene olmalarini saglar (60). Rodentlerde yapilan izleyici maddeler
beynin Willis poligonundaki arterlerin adventisya katmanlarinda lokalize olmuslardir.
Izleyici maddenin karotis arterlerin adventisyasindaki varliginin olmasi ISF’nin arter
duvarlarindan servikal lenfatiklere drene oldugunu gostermektedir (54). insan internal
karotis arteri ile baglantili servikal lenf diiglimleri beyin i¢in ilk lenf diigiimleri olarak
gorev alir. Coziinmiis maddeler ve ISF, beyinden serebral arterler boyunca drene edilir

ve bu lenf diiglimlerine ulasirlar (54).

2.3 Beyin Damarlan ve Perivaskiiler Bosluk

Perivaskiiler bosluklar (PVS), kan damarlarini gevreleyen ve beyin dokusu ile
kan dolasimi arasinda molekiil aligverisine izin veren sivi dolu bosluklardir (61). Bu
molekiil degisimi, beyindeki iyon ve besin dengesini korumak i¢in 6nemlidir. 19.
ylizyilin ortalarinda ilk olarak iki bilim insani tarafindan tanimlanan bu bosluklar,
Virchow-Robin bosluklar1 (VRS) olarak da bilinmektedir (62). Ayrica, PVS BOS'un
beyinden akisinda rol oynar. BOS, PVS’den gecerek atik iiriinlerin atilmasina ve beyin
sagliginin korunmasina yardimci olur. Beyin damarlar1 ve PVS birbiriyle yakindan
baglantilidir. Kan damarlar1 beyne oksijen ve besin saglamaktan sorumluyken, PVS
bu damarlar1 ¢evreler ve beyin omurilik sivisinin (BOS) akisinda ve glimfatik sistem
yoluyla atiklarin temizlenmesinde rol oynar. Beyinde ki kan damarlar1 da glimfatik
sistemde yer alir. Glimfatik sistem, BOS'un PVS’den gecisine ve atik iirlinlerin
beyinden temizlenmesine dayanmakatdir. Kan damarlari, beyin ve kan dolagimi
arasindaki molekiil aligverisini diizenleyerek bu sistemde rol oynar. Genel olarak,
beyin damarlar1 ve PVS arasindaki iligki, beyin sagligini ve islevini korumak i¢in ¢cok
onemlidir. Bu sistemin fonksiyonun bozulmasi, AH, MS gibi norolojik bozukluklarin

meydana gelmesine neden olmaktadir (62).
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2.4 Astrositler ve Astrositik Son Ayaklar

Beynin genel sagligimi ve fonksiyonunu korumaktan sorumlu olan astrositler
MSS’de en ¢ok bulunan hiicre tipidir. Glial fibriler asidik protein (GFAP) ve vimentin
(Vim), astrositlerdeki hiicre iskeletinin bir pargasi olarak ara filamentleri
(nanofilamentler) olusturur (63). Reaktif gliozis, soma hipertrofisi ve siire¢leri,
degismis gen ekspresyonu, GFAP, Vim ve kalsiyum baglayici protein S10083
ekspresyonunda artis, ¢esitli beyin hasarlarina ve bazi NDH’lere kars1 astrositlerin
verdigi yanitlardir (63, 64). Yasli MSS dokusunda her yerde bulunan reaktif astrositler,
aksonal rejenerasyonu engelleme, gereksiz sitotoksin ve kemokinleri salgilama ve
inflamasyonu arttirmast nedeniyle zararli olarak kabul edilmektedir (65). In vitro
kosullardaki astrosit aktivitelerinin gosterilmesi, MSS dejenerasyonundan sonra
yararlt m1 yoksa zararli mi1 olup olmadig1 konusundaki belirsizlige katki saglamaktadir.
Ornegin, potansiyel koruyucu etkileri glutamat alim1 ve norotropin salgilanmastyken,
potansiyel zararli etkileri inflamatuar sitokinlerin ve sitotoksik radikallerin
salgilanmasi olabilir (65). In vivo NDH deneysel modellerine, yanitta reaktif
astrositlerin oynadigi roller hakkinda bilgiler kisitlidir. Ornegin, yash astrositler
yiiksek bir GFAP ve S100p icerigi sergiler (66). Oligoniikleotit dizilerinin kullanimu,
farelerin yaglanan beyninden gen ekspresyonunun ilk profilini vermistir ve insan
NDH’lerine paralel olarak yaslanmanin hem neokorteks ve hipokampiiste hem de
serebellumdaki inflamasyon ve oksidatif stres ile iliskili oldugu gosterilmistir (67, 68).
GFAP, ayrica ekspresyonda iki kat artisa ugrayan genlerden biridir. Bu nedenle,
yaslanan astrositlerin GFAP artislari, yaslanan beynin inflamatuar ve oksidatif strese
verdigi bir yanitin sonucu olabilir. Aslinda noérodejeneratif bir hastaligin erken
evresindeki bir beyinden normal "saglikli" yasli bir beyni ayiran 6zelliklerin daha iyi
anlagilmas1 ve tedavi gelistirilmesinde 6nemli bir biyobelirte¢ olacaktir. Yaslanan
beyindeki astrositlerin sayisi normal beyindeki astrosit sayisindan yaklasik % 20 kadar
daha fazladir (69, 70). Yaslanma sirasinda astrositlerdeki hasar gérmiis ndronlara karsi
bu artis yanit1 ve reaktif gliozis ile karsilastirilmigtir. Ayrica, geng beyninde mevcut
olan ayni diizeyde noroprotektif etkiyi saglamak icin yaslanan beyindeki astrosit

sayisinin artmast bir diger neden olarak agiklanabilir (71).
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Astrositik son ayaklar, beyindeki kan damarlar1 ve pia mater ile temas kuran
astrositlerin 6zellesmis siiregleridir. Glimfatik sistem, beyindeki kan damarlarini saran
son ayaklar olarak bilinen 6zel siireclere sahip astrositler tarafindan diizenlenir (72).
Glimfatik sistemdeki rollerine ek olarak, astrositik son ayaklar beyinde kan akisini
diizenlemek, iyon dengesini korumak ve noronlara yapisal destek saglamak da dahil
olmak {izere ¢esitli fonksiyonlara sahiptirler.

Astrositik son ayaklar, kan ve beyin dokusu arasindaki madde aligverisini
kontrol eden glial limitanslar olarak bilinen fiziksel bir bariyer olusturur (72). Glial
limitans su, iyonlar ve diger kii¢iik molekiiller i¢in gegirgendir, ancak proteinler ve
bagisiklik hiicreleri gibi daha biiyiik molekiillerin gegisini kisitlar. Boylece, KBB
boyunca BOS ve ISF degisimini diizenleyerek bu siirecte dnemli bir rol oynar. Astrosit
son ayaklar, glimfatik sistemin KBB’sini bozmadan beyindeki atik {iriinleri
temizlemesine olanak tanir (73).

AQP4, BOS’un beyne akmasina izin verdigi ve atik iirlinlerin beyinden
temizlenmesini kolaylastirdig1 icin glimfatik sistemin islevi i¢in kritik bir dneme
sahiptir. Kisacasi, astrositik son ayaklar kan ve beyin dokusu arasindaki madde
aligverisini diizenleyen fiziksel bir bariyer olustururular ve sivi ve atik tirlinlerin
hareket i¢in 6nemli olan yiiksek AQP4 su kanallarini eksprese olduklari i¢in glimfatik

sistemin diizgiin ¢aligsmasi i¢in gereklidir (71, 74)
2.5 Glimfatik Sistem

MSS’deki toplam su hacminin %68’ini intraselliiler s1v1 geri kalan %32 sini ise
ekstraselliiler s1v1 olusturmaktadir (4). Ektraseliiler sivi ISF, BOS ve kan damarlarinda
olmak tizere dagilir. MSS’de, cesitli besinler beyinde metabolize olmaktadir daha
sonra olusan metabolik atiklarin etkili bir sekilde beyinden temizlenmesi

gerekmektedir (73).

Iliff ve arkadaslar, farelerin sisterna magnasindan enjekte ettikleri floresan
dekstran boyanin  drenaj venlerin PVS’lerinde ve parankimal kapillerin bazal
membraninda bulundugunu gosterdiler (3). Bu PVS temizleme sistemine glial
hiicrelere bagli olmas1 ve periferdeki lenfatik sisteme benzemesi nedeniyle “glia” ve
lenfatik” kelimelerinden olusturulan “glimfatik sistem” adin1 verdiler (3). Diger bir

deyisle glimfatik sistem, astrositlerin vaskiiler son ayaginda ve vaskiiler adventisya
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arasindaki bosluk i¢inde uzanan bir perivaskiiler yolaktir. Glimfatik sistem daha fazla
damar gecirgenli§ine sahiptir ve beyin parankiminden makromolekiillerin

temizlenmesine katki saglar (75).
2.5.1 Glimfatik Sistem Anatomisi

Glimfatik sistem, bir serebral lenfatik sistem gibi ¢alisir. BOS- ISF degisiminin
oldugu perivaskiiler yol aracilifiyla beyindeki ekstraseliiler atik proteinlerin
temizlenmesi saglar (4). Koroid pleksusta iiretilen BOS, beyin parankimine gecerek
beyindeki ISF ile karisir. (Sekil 2). Serebral kan damarlarinin perivaskiiler boslugu
(PVS), BOS/ISF madde aligverisinin yapildig1 yerdir. Buna ek olarak, PVS’yi digini
siirlayan glial hiicreler atiklarin doniistimiinde ve atiliminda 6nemli rol oynar. BOS,
ISF ile ekstraseliiler proteinlerin paravendz bosluk boyunca lenfatik dolasima
akmasini saglar. BOS araciliiyla temizlenen bu ekstraseliiler proteinler, astrositik
aquaporin 4 (AQP4) su kanalinin kolaylastirdig1 bir yolla paravendz araliga gegis
yapar. Paravenoz araliga gecen BOS’daki ekstraseliiler proteinler; kan dolasimu,
subaraknoid aralik veya drene olan ven duvarlarini takiben servikal lenfatiklere
ulasarak beyinden uzaklastirilir. Yaslanma ile glimfatik sistem bozularak metabolik
atiklarin  birikmesine, AQP4 ekspresyonun azalmasina ve polarizasyonunun

bozulmasina neden olur (Sekil-2) (76).

Genc
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Sekil-2: Yash ve gengte glimfatik fonksiyon modeli (76)
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Floresan maddeler kullanilarak yapilan two-foton goriintiileme teknigi ile BOS un,
beyin parankimine penetran arterleri ¢cevreleyen perivaskiiler araliklar boyunca girdigi
ve daha sonra paravendz aralifa gectigi goriilmiistiir. Beyin ISF’deki ¢o6ziinen

maddelerin, paravendz araliktaki BOS’a gecerek temizlendigi gosterilmistir (4).
2.5.2 Aquaporin-4 (AQP4) su kanallarn

1992 yilindan bulunan ilk AQP’den beri insanda 13 ¢esit AQP (AQP0-AQP12)
tanimlanmistir (77, 78). Aquaporinlerin fizyolojik rolii, plazma membrane boyunca
suyun taginmasini kolaylastirmaktir. Beyinde ve omurilikte, AQP4 6ncelikle serebral
damarlar1 ¢evreleyen astrositik son ayaklarinda eksprese olur. AQP4’lin soma yerine
son ayakta biiyiik ol¢iide polarize olmasi ve beyin endotel hiicrelerinde su kanallarinin
olmamast AQP4’iin noéropile BOS akisin1 kolaylastirdigini - diisiindlirmektedir.
“Glimfatik” terimi ilk olarak, glial AQP4 su kanali olmayan farelerin vahsi tip (wild-
type) farelere kiyaslandiginda hem BOS hem de ISF akisinin azalmasi gozlemine

dayanmaktadir (77).

Aquaporin-4 (AQP4), beyin ve omurilik dahil olmak iizere MSS’de ve astrositik
son ayaklarda yiiksek oranda eksprese olan bir su kanali proteinidir (78). AQP4
kanallarinin goérevi, suyun hiicre membran1 boyunca hareketini kolaylastirmaktir.
Beyindeki su dengesinin korunmasindan sorumludurlar ve beyin hacminin

diizenlenmesinde kritik bir rol oynarlar (78).

AQP4 su kanallari, AH’nin gelisiminde rol oynayan APB42 protein gibi atik
triinlerin beyinden temizlenmesinde de yer almaktadir. Su hareketi ve atik
temizligindeki rollerine ek olarak, AQP4 kanallar1 ¢esitli patolojik durumlarda rol
oynar (78) . Ornegin, optik siniri ve omuriligi etkileyen nadir bir otoimmiin hastalik
olan noéromiyelit optikada (NMO), antikorlar AQP4 kanallarin1 hedefleyerek
inflamasyona ve sinir sisteminde hasara yol agar (79). AQP4 kanallar1 beyin sagligini
ve fonksiyonun korumak i¢in gereklidir ve bu kanallarin disfonksiyonu ndrolojik
bozukluklara yol acabilir(78, 79). Rapor edilen g¢alismalarda AQP4'in glimfatik
sistemin fonksiyonunda kritik bir rol oynadigin1 gostermistir. Ornegin, AQP4 nakavt
farelerde yapilan ¢alismalar, AQP4 ekspresyonunun yoklugunun, bozulmus glimfatik

fonksiyon ve beyinden A plaklarinin azalmis klirensi ile iligkili oldugunu géstermistir
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(80). Ayrica bazi calismalarda, AQP4 ekspresyonunun AH, MS ve TBH dahil olmak
tizere ¢esitli norolojik bozukluklarda degistigini gosterilmistir (80). Bu nedenle, AQP4
ekspresyonundaki degisikliklerin bu hastaliklarin gelismesine veya ilerlemesine neden

olabilecegi diisiiniilmektedir.
2.5.2.1 Hipokampiis ve AQP4

Hipokampiis, kognitif fonksiyon ve uzun siireli hafiza ile iligkili beyin bdlgesi
olarak bilinmektedir . Hsu ve arkadaslari, hipokampiisiin laminar spesifik AQP4
immunoreaktivitesi sergiledigi gosterilmistir (81). Hipokampiisiin CA1 bolgesinde
AQP4’lin yogun bir sekilde boyandigi goriilmiistiir. Dentat girusta AQP4’{in astrositik
son ayak ve astrositik siireclerinin yoklugu ile biiyiik 6l¢lide boyamanin yok oldugu
goriilmiistiir. CA1 startum radiatum ve dentat girus hilusundaki astrositlerde AQP4
gbzlemlenmistir (81). Daha 6nce yapilan calismalarda, AQP4’iin sinaptik plastisitede
onemli rol oynadigim gosterilmistir (82). Ozellikle, AQP4 eksikligi olan farelerde,
bazal gegiste herhangi bir degisiklik olmaksizin uzun siireli giiclendirme (LTP) ve
uzun siireli depresyonda (LTD) bozulma oldugu bildirilmistir (82). Ayrica, temporal
lob epilepsisi olan fare modellerinde AQP4’lin azaldig1 gdzlemlendi (83). AQP4
eksikligi olan farelerde ise K kinetiginin bozuldugu ve nébet siirelerinin uzadig
bildirildi. Temporal lob epilepsi hastalarinda siklikla kognitif fonksiyonlarda 6zellikle
hipokampiise bagli spasyal bellekte bozulma goriilmektedir (84). AQP4,
hipokampiisteki sinaptik uyarilmast siiresince ekstraseliiler K*'u modiile eder (85). Bu

nedenle, AQP4, sinaptik plastisite i¢in onemlidir.
2.5.2.2 Serebellum ve AQP4

Serebellum, motor kontrol ve motor 6grenme ile iligkili beyin bolgesi olmasinin
yani sira son zamanlarda kognitif fonksiyonlarda da rol oynadig1 diisliniilmektedir
(86). Biitlin beyin bolgelerine gore serebellum, AQP4’{in en yogun olarak eksprese
oldugu beyin bolgesidir (86, 87). Ancak, serebellumdaki AQP4’{in motor kontrol ve
kognitif fonksiyon arasindaki iliskiyi inceleyen c¢aligma sayist ¢ok kisithdir.
Hipokampiiste AQP4 eksikligi olan farelerde sinaptik plastisitenin azaldigi
bildirilmistir (82). Ancak AQP4 eksikligi olan farelerde serebellar sinaptik plastisite

ve serebellar 6grenmeyi nasil etkiledigi gdsteren bir ¢alisma bulunmamaktadir.
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2.5.3 Glimfatik Sistemi Etkileyen Faktorler

Glimfatik sistemi etkileyen bir¢ok faktérden bahsedilmektedir. Bunlar arasinda

yaslanmaya bagli néroinflamasyon, viicut postiirii, uyku, diyet ve egzersiz 6n plana

cikmaktadir.
2.5.3.1 Yaslanma

Yaglanma, mikroglia ve astrositlerin aktivasyonu ile morfolojisinde ve
fonksiyonunda degisikliklere yol agarak kognitif disfonksiyona neden olan kronik ve
diisiik dereceli inflamasyon ile karakterize edilir (88, 89). Glimfatik sistemin
fonksiyonu icin temel olan ve astrositlerin son ayaginda bulunan AQP4’lerin
fonksiyonunun ve polarizasyonunun bozulmasi, BOS-ISF’nin perivaskiiler
yolaklardan madde degisimini engelleyerek glimfatik sistemin bozulmasina neden
olmaktadir (90). Noroinflamasyon, beyinde protein dengesizligi ile iligkilidir (91).
Glimfatik sistem homeostazinin bozulmasi sonucunda hiperfosforile olmus ve yanlis
katlanmis atik proteinlerin birikimi beyinde artmaya baslar. Normal sartlarda,
proteasomal degredasyon ve otofaji gibi intraselliiler siirecler herhangi bir yan etki
olusturmadan bu atiklar1 temizler (92). Ancak, bu atik temizleme mekanizmalari
tamamen temizleme yapamaz ¢iinkii bazi proteinler ISF’ye salinir. Ayrica, yaslanma
ile BOS hareketini saglayan arteriyel pulsasyonlar azalir ve bu da glimfatik tasimay1
bozar (93). Alzheimer gibi NDH’lerin neden yashlar1 etkiledigini bu sebepler
aciklayabilir.

Yakin zamanlarda yapilan bir calismada yash farelerin geng farelere gore
glimfatik fonksiyonunum %80-90 oraninda dramatik bir azalis oldugunu bildirdi (94).
Glimfatik aktivitenin baskilanmasi hem BOS izleyici maddelerin akis1 hem de radyo
isaretli AP ve iniilinin temizlemesi tizerindeki etkileri gosterilmistir ve GFAP+ astrosit
stireglerinin hipertrofisi olarak tanimlanan reaktif gliozis yaslanmayla birlikte artar
(95). GFAP ekspresyonundaki degisikliklerin degisen glimfatik fonksiyona nasil
katkida bulunacagi konusu belirsizligini korusa da glimfatik fonksiyondaki yasa baglh
azalmasiyla iligkili oldugu disiiniilmektedir. Geng¢ hayvanlarda astrositik son
ayaklarda yerlesmis olan AQP4 periarteriyel akisi yolagi boyunca BOS-ISF degisimini
kolaylastirmada merkezi bir rol oynar (3). AQP4’iin genetik olarak silinmesi BOS-ISF

degisimini %65 oraninda bozdugu ve AP klirensinin %355 oraninda azaldig:
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gosterilmistir (96). BOS-ISF degisimindeki diisiis ile AP klirensi arasindaki dengenin
olmamasi, muhtemel enjekte edilen AP’nin bir kismi LRP-1/RAGE aracili
transendotelyel tasima yoluyla dogrudan kana gegmesiyle iliskili olabilecegini one
stirmiistiir (96). Bununla birlikte, astrositik AQP4 vaskiiler polarizasyonu yaslanan
beyindeki reaktif astrositlerde kismen bozulmustur (93). Bu sonuglar dogrultusunda
yaslanmanin, Ozellikle penetran arteriyoller boyunca perivaskiiler AQP4
polarizasyonunun kaybiyla iliskilidir ve kortikal parankimal AQP4’iin varligi BOS-
ISF degisimi ile korele oldugu bulunmustur (92). Glimfatik fonksiyondaki yasa bagl
azalmanin astroglial su taginmasindaki diizenin bozulmasi ile ilgili olabilecegi 6ne

strilmistiir.
2.5.3.2 Uyku, Viicut Postiirii, Egzersiz ve Diyet

Glimfatik sistemi etkileyen faktorlerden birisi uykudur. Ge¢misten kadar
giinliimiize uykunun iyilestirici ve onarici1 bir etkisi oldugu bilinmektedir. Ancak bunun
altinda yatan temel mekanizmalar tam olarak aydinlatilamamistir. 2013’te Xie ve
arkadaslari, uykunun glimfatik sistem tizerindeki etkisini arastirdiklar1 ¢alismada iki-
fotonlu mikroskop goriintiilleme yontemi kullanarak anestezi altindaki ve uyanik olan
(97)farelerde BOS akisini karsilastirmislardir. Calisma sonucunda, uyku sirasindaki
toplam A protein klirensinin %40’indan ve metabolik klirensin etkinliginden sorumlu
olan glimfatik sistemde uykunun hayati bir rol oynadigin1 bildirmistir (98). Uyku
yoksunlugunda kognitif fonksiyonlarin bozulmasi, demansa ve hatta 6liime neden
olmasi bu kesfi desteklemektedir (99). Benzer sekilde, anestezi sirasindaki interstisyel
alan uyanik duruma gore karsilagtirildiginda genisler bu da sirkadiyen ritmin degil

hacim degisikliklerini takiben klirensin etkilendigini géstermektedir (98).

Bir diger etkileyen faktor ise viicut postiiriidiir. 2015 yilinda Lee ve arkadaslari,
viicut postiiriiniin beynin glimfatik sistem tizerindeki etkilerini degerlendirmis ve
serebral hemodinamigin ve intrakraniyal basin¢larin viicut postiirii ile nemli 6l¢iide
etkilendigini 6ne siirmiiglerdir (97, 100). Glimfatik tasinmanin ve AP protein

klirensinin yan ve sirtiistli yatigla daha fazla oldugunu bildirmislerdir (100).

Egzersiz, glimfatik sistemi etkileyen faktorler arasindadir. He ve arkadaslari,
gontlli egzersiz uygulamasmin yagh farelerde AP proteinin glimfatik sistem ile

temizlenmesi ve yaslanmaya bagli néroinflamasyon {izerindeki etkisi arastirilmistir.
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Bu calisma sonucunda, goniillii egzersizin AP protein birikimini azalttigi ve glial
hiicrelerin inflamatuar aktivasyonunu 1iyilestirdigi rapor edilmistir. Egzersiz ile
glimfatik  fonksiyonun optimizasyonu sonucunda kognitif fonksiyonlarin

tyilestirildigini gosterdiler (101, 102).

Diyette benzer sekilde glimfatik sistemi etkileyen faktorlerdendir (103). Yapilan
bir calismada, yiiksek yagl diyetin glimfatik sistemin fonksiyonunu bozarak beyinde
toksik madde birikimine neden olabilecegi gosterilmistir. Polifenol bakimindan
yiksek bir diyetin ise glimfatik sistemi pozitif yonde etkiledigi ve kognitif
disfonksiyonu azalttigin1 gostermislerdir. Aralikli aglik uygulamasinin glimfatik
fonksiyonu arttirdig1 bildirilmistir (103). 24 saatlik a¢ birakilan farelerde beyindeki
toksik maddelerin glimfatik sistemin artmasi ile azaldigi gozlemlenmistir. Genel
olarak, diyet ve aclik glimfatik sistemin islevi tizerinde 6nemli bir etkisi olabilir ve bu
da beyin saghgin1 ve kognitif fonksiyonlar: etkileyebilir (103). Ozellikle, polifenoller
acisindan zengin bir diyet yapmak ve aralikli aclik uygulamak saglikli bir glimfatik

sistemi siirdiirmek ve kognitif gerileme riskini azaltmak i¢in faydali olabilir (104).
2.6. Ketojenik Diyet

Ketojenik diyet (KD), yiiksek yag, diisiik karbonhidrat ve orta diizeyde protein
igeren bir diyet ¢esididir (105). Aclik durumunu taklit eden KD, organizma i¢in enerji
kaynag1 olarak karbonhidratlarin yerine yagin kullanmasini saglar. KD sirasinda yag
asitleri karaciger metabolizmasi tarafindan keton cisimciklerine doniistiiriiliir ve daha
sonra beslenme ketozisini indiiklemek ve sonraki fizyolojik veya patolojik etkilerini

gostermek i¢in kan dolagimina girer (106).
2.6.1 Tarihgesi

1921 yilinda Woodyatt ve arkadaslari, B-hidroksi biitirik asit (BHB) ve aseton
diizeylerinin, a¢ veya diisiik karbonhidrat ve yiiksek yagl diyet uygulayan saglikli
deneklerde yiikseldigini buldu (107). Bagka bir ¢alismada ise yiiksek yag ve diisiik
karbonhidrat 6zel bir diyetin ilaca direngli epilepsi hastalarinda epileptik ndbet
kontroliine sagladigim1 gosterdi (107). Bu 6nemli bulgular, klasik KD’nin ortaya
¢ikmasina neden oldu . Klasik KD'nin 6ne ¢ikan 6zellikleri, yliksek yag ve diisiik

karbonhidrat igerigi ile yagin proteine ve karbonhidrata makro besin orani 4:1'dir.
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Giinliik toplam karbonhidrat alim1 20-50 g ile sinirlidir ve bu da giinliik toplam enerji
alimimin  %5-10’unu  olusturmaktadir (105). Karbonhidrat kisitlamasi, insiilin
seviyelerindeki artis1 engelleyerek yag asitlerinin keton cisimciklerine (BHB,
asetoasetat ve aseton) dontlismesini tetikler ve klasik KD'de diyet enerjisinin yaklasik

%90'1n1 saglar (105).
2.6.2 Keton Olusumu ve Ketojenik Diyetin Etki Mekanizmasi

Ketozis, KD veya karbonhidrat kisitlamali diyetler nedeniyle karbonhidrat
metabolizmasindaki degisim sonucunda elde edilen fizyopatolojik bir siirectir.
Diyabetik ketoasidozun aksine beslenme ketozisi, 0,5 ila 5 mmol/L arasinda degisen
plazma BHB konsantrasyonlar ile glivenli ve siirdiiriilebilir fizyolojik bir durumdur
(108, 109). Beslenme ketozisinin fizyolojik ozellikleri arasinda normal kan gazi,
yiiksek keton cisimcikleri ve diisiik ve stabil kan glukozudur. KD'nin yani sira aglik
orta zincirli yag asitleri ve eksojen ketonlar da beslenme ketozisini indiikleyebilir

(108).

Insiilin, karbonhidratlardan elde edilen enerjiyi depolayan yolaklardaki anahtar
enzimleri aktive eder. Karbonhidrat yoklugunda ya da kisitlanmasinda insiilin seviyesi
azalmasi lipojenez ve yag birikiminin azalmasina neden olur (110). Birkac¢ giin
acliktan veya karbonhidrat aliminin biiyiik 6l¢iide azalmasindan (yaklasik 50 g/giin’tin
altinda) sonra glukoz depolar1 azalir (111). Viicut glukoz depolarinin tiikenmesi
durumunda, normal yag oksidasyonu i¢in KREBS dongiisline giren oksaloasetat
tedarikinde azalma meydana gelir. Bu durum, "yag yakmak" olarak adlandirilan
slirecin olugmasina neden olur (112). Ayrica, MSS i¢in glukoz tedariki de azalir, ¢linkii
MSS glukozu enerji kaynagi olarak kullanabilen tek organ olarak bilinir. Bu nedenle,
MSS’1 3-4 giiniin ardindan sonra alterantif enerji kaynagin1 bulmaya zorlanir. Bu
alternatif kaynaklar i¢in asir1 iiretilen asetil koenzim A (asetil-CoA)’dan elde edilir.
Uzun siireli aglik, tip 1 diyabet ve ketojenik diyetlerde goriilen bu durum keton
cisimciklerinin yani asetoasetat, aseton ve BHB {iretimini arttirir. Ketojenez adi
verilen bu siire¢ karacigerin mitokondriyel matriksinde meydana gelir (112, 113)

(Sekil-3).
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Sekil-3: Keton cisimciklerinin metabolizmast (113) (Asetoasetil-CoA: asetoasetil-
koenzim, agil-CoA: agil-koenzim, BHB: [-hidroksi biitirik asit, BHDI1: beta
hidroksibiitirat dehidrojenaz-1, CPT: karnitin palmitol transferaz, FFAs: serbest yag
asitleri, HMG-CoA: 3-hidroksimetilgulitail-CoA, HMGCS2: 3-hidroksimetilgulitail-
CoA sentaz 2, HMGCL: 3-hidroksimetilgulitail-CoA liaz, MCT: monokarboksslat
tarnsporter, SCOT: siiccinil-CoA-3-ketoacid CoA tranferaz, TCA: trikarboksilik asit)

Ketonlar, karacigerdeki mitokondrilerde yag asitlerinin oksidasyonundan
kaynaklanir. Ana keton cisimler asetil CoA ve asetoasetattir. Asetoasetat, ozellikle
karacigerde iiretilir ve daha sonra dolasim sistemiyle diger dokulara taginir (113).
Ancak, asetoasetat karaciger disindaki dokularda pek kullanilmaz ve daha sonra
BHB’ye doniistiiriiliir. Bu nedenle, BHB genellikle viicudun ana ketonu olarak kabul
edilir. Ancak, BHB hidroksil grubu igerdigi i¢in kesin bir anlamda bir keton
olmayabilir (112).

Astrositler, beyinde serbest yag asiti oksidasyonunun yapildig1 yer olarak
bilinmektedir (114). Glukoz kisitlamas1 oldugunda serbest yag oksidasyonu ile

iiretilen astrosit kaynakli keton cisimciklerinin néronlar i¢in 6nemli bir oksidatif enerji
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kaynagi oldugunu gosteren ¢aligmalar literatiirde mevcuttur (115-117). Beyindeki
ketozis durumunda, periferden tasinan keton cisimcikler yerine astrosit aracili serbest
yag asiti oksidasyonu tarafindan saglanan keton cisimciklerin daha baskin oldugu

diistiniilmektedir (118, 119).

2.6.3 Ketojenik Diyetin Noroprotektif Etkileri

Ketojenik diyet, glikolizi inhibe ederek ortaya c¢ikan keton cisimcikleri
araciligiyla MSS'de noroprotektif roller oynar. Plazmadaki keton cisimcigi seviyeleri
4 nM’1 gegince bu molekiillerin beyine gecisi artar (120). In vivo PET teknikleri
kullanan bazi ¢aligsmalar, insan ve kemirgenlerde uzun siireli ketojenik diyet sonrasi
indiiklenen keton cisimcigi konsantrasyonunun normal diyetle beslenenlerle
karsilastirildiginda yaklasik sekiz kat artti§i gosterilmistir (121) . Bununla birlikte,
deneysel arastirmalarda hafif ketozisin beyindeki keton cisimcigi seviyelerinin
yalnizca iki katina ¢ikmasi nedeniyle ketozisin boyutu énemli oldugu bildirilmistir
(122). Plazma keton cisimcigi seviyeleri beyindeki keton cisimcigi seviyeleri ve
metabolizmasi i¢in 6nemlidir ¢iinkii indiiklenen keton cisimciginin MSS’nde glukoz
metabolizmasinin baskilanmasini belirler (120, 121). Keton cisimcigi ile indiiklenen
MSS’nde glukoz metabolizmasinin baskilanmas1 plazmadaki keton cisimcigi
seviyelerindeki her 1 nM artis i¢in yaklagik %9 arttigini gdstermektedir (123). Diyet
veya aglik ile indiiklenen ketozis durumunda enerji kaynagi olarak kullanilan keton
cisimciginin beynin enerji ihtiyacinin yaklasik %60-70’ini sagladigi bildirilmistir
(124). Keton cisimciklerinin artmasi ile glikolizin inhibisyonu insiilin sekresyonunu
diizenler. Boylece, insiilin duyarliligin1 ve glikoz toleransini iyilestirir (104). Sonug
olarak yasa bagl ortaya c¢ikan hastaliklarin baslamasini geciktirir ve gesitli tiirlerin

Omriinii uzatir (113).
2.6.3.1 Ketojenik Diyetin Ap Plaklar1 Uzerindeki Etkileri

KD’nin hiicresel metabolizmay1r modifiye etmesine ek olarak, keton
cisimciklerin AH ile iliskili toksik AP plak birikimine kars1 tedavi edici ve koruyucu
etkisi oldugu bulunmustur (125). Insan yakin AH modeli transjenik farelerde KD’ nin
serum BHB diizeylerinde artisa neden oldugu ve kontrolle karsilastirildiginda Ap plak
birikimini 6nemli derecede azalttig1 gosterildi. KD’ nin sadece AP plak birikimini

azaltmasi degil ayn1 zamdan AP norotoksisitesine karsi koruyucu etkiye sahip oldugu
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diistiniilmektedir. Kashiwaya ve arkadaslari, BHB, AP ve BHB ve AP kombinasyonu
ile tedavi edilen sigan hipokampal hiicre kiiltliriinde sadece AP alan hiicre 6liimiinii
artt1g1, kontrolle karsilastirildiginda norit sayisinda ve uzunlugunda azalama oldugunu
ve bunun hipokampal A toksisite etkisi oldugunu gosterdiler (126). BHB eklenen
hiicre kiiltiiriinde ise AP toksisitesi azaldi, biiyiime faktorleri salgilayarak hiicre
sagkalimini arttirdig1 bildirdiler (126). Boylece bu sonuglarla BHB nin var olan hasara
kars1 potansiyel onarict etkisi oldugunu gosterdiler. Bu yiizden, AP kars1 KD’nin
noroprotektif mekanizmasit AH tedavisinde ve dnlenmesinde kullanilan alternatif bir

tedavi yontemi olarak kabul edilmektedir (125).
2.7 Beyin Bagirsak Aksi

Mevcut literatiire gore, bagirsak mikrobiyotasinin beyni etkilemek i¢in bes
onemli iletisim yolu vardir. Bunlar sinir aglari, ndroendokrin sistem, bagirsak
mikrobiyota metabolik sistemi, bagirsak immun sistemi ve bariyer sistemidir. Bagirsak

bakterileri, beyin ve norolojik fonksiyonlar tizerinde 6nemli bir etkiye sahiptir (127).

Bagirsak mikrobiyotasi, bagirsakta iiretilen bir dizi metabolit, peptit ve hormon
gibi biyoaktif maddeleri salgilar. Bu maddeler, bagirsak ve beyin arasindaki iletisimi
saglayan bagirsak-beyin aksi araciligiyla beyne ulasabilirler. Bagirsak bakterileri,
ozellikle bagirsakta tiretilen kortikotropin salgilayan hormon (CRH) ve kortizol gibi
stres yanitt hormonlarimin retimini etkileyebilirler. Arastirmalar, bagirsak
mikrobiyotasinin  degistirilmesinin, kortizol seviyelerinde artisa ve norolojik
fonksiyonlarda bozulmaya neden olabilecegini gostermektedir. Ayrica, bagirsak
mikrobiyotasinin degistirilmesinin, depresyon, anksiyete ve diger psikiyatrik
bozukluklar gibi norolojik hastaliklarla da iliskili oldugu one siiriilmektedir. Baz1
caligmalar, bagirsak mikrobiyotasindaki belirli bakteri tiirlerinin, ndrotransmitterlerin
(6rnegin serotonin) iiretimini etkileyerek norolojik hastaliklara neden oldugunu one
sirmektedir. Ayrica, bagirsak mikrobiyotasi beyin inflamasyonunu kontrol eden
KZYA ve triptofan gibi metabolitleri de salgilar (128). Bagirsak mikrobiyotasi,
triptofan gibi ¢esitli besinlerin sindirilmesi sirasinda biyolojik islevler i¢in 6nemli olan
metabolitleri iiretir. Triptofan, ndrotransmitterlerin ve diger biyolojik molekiillerin
sentezinde dnemli rol oynayan bir amino asittir (128). Triptofan diyeti, mikroglial ve

astrosit aktivasyonunu kontrol etmek i¢in bagirsak mikrobiyotasi ile etkilesime giren
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bir mekanizma saglayabilir (128). Yapilan bir ¢alismada, diyet takviyesi olarak KZY A
tedavisinin, germ-free hayvanlarda bozulan mikroglial fonksiyonunu iyilestirdigini
bildirmistir. KZY A'lar, bagirsak mikrobiyotas1 tarafindan iiretilen, sindirilemeyen
karbonhidratlarin fermantasyonundan, proteinlerin ve peptitlerin sindiriminden

tiiretilen metabolitlerdir (129).

Asetik, biitirik, propiyonik, valerik, izovalerik ve izobiitirik asitler gibi
metabolitler en cok calisilan mikrobiyota metabolik iiriinleridir (130). Fizyolojik
kosullar altinda, KZY A'lar bagisiklik sistemini diizenleme ve aktive etme, mikroglial

hiicre homeostazina kadar cesitli fizyolojik islevleri yerine getirir (131).
2.7.1 Bagirsak Mikrobiyota Degisimleri ve Normal Yaslanma Siirecleri

Bagirsak homeostazindaki dengesizlik, normal yaslanma siireci ve yaslilarda
birgok enfeksiydz ve ndrodejeneratif hastalik ile baglantilidir (132). Saglikli yaslanan
insanlar, geng¢ yetiskinlerden farkli bir bagirsak mikrobiyota kompozisyonuna ve
cesitliligine sahip olma egilimindedir (127). Claesson ve arkadaslarinin yaptig1 bir
klinik caligmada, yash (65 yas ve iistii) ve geng (28-46 yas) arasindaki mikrobiyota
disbiyoz degisimi diski orneklemesi kullanilarak analiz edilmistir (133). Calisma,
yaslilarda Bacteroidetes filumunun %57 oraninda baskin oldugunu ve Firmicutes
filumunun %40 oraninda baskin oldugunu gozlemledi. Bununla birlikte, geng
deneklerde Bacteroidetes filumu %41 ve Firmicutes filumu ise %51 oranlarindaydi
(133). Benzer sekilde Mariat ve arkadaglarinin yaptigi bir ¢alismada, yetiskinler (25
ila 45 yas) ve yashlar (70-90 yas) arasinda insan mikrobiyotasinin Firmicutes/
Bacteroidetes oraninda (10,9'dan 0,6'ya) bir diislis oldugunu gosteren diger

calismalarda gézlemlenmistir (134).

Baslica mikrobiyal filum olan Firmicutes ve Bacteroidetes, insan ve rodentlerin
bagirsak mikrobiyotasinda benzer sekilde bulunur (135, 136). Bu filum oram
diizeylerinde, topluluklarinda ve kompozisyonlarinda gozlemlenen énemli farkliliklar
bulunmaktadir. Insanlardan farkli olarak fare ve sicanlardaki Firmicutes/
Bacteroidetes orani, ileri yastaki rodentler (18-20 ay) geng¢ rodentlerle (2-6 ay)
karsilastirildigina yaklasik olarak dokuz kat artmis ve buna kognitif bozukluklar ve
artmis anksiyete davraniglart gozlemlenmistir (137, 138). Benzer sekilde,

Bacteroidetes ve Tenericutes seviyelerini diisiirerek ve Firmicutes ve Actinobacteria
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seviyelerini artirarak mikrobiyota degisikligi incelenmis ve sonugta Firmicutes /

Bacteroidetes oraninda bir artis goriilmiistiir (139).

Yaslanma siirecinde mikrobiyota degisikligi, mikrobiyota ¢esitliliginin azalmasi
ve patolojik bakteriler olan Proteobacterium ve nispeten diisiik oranlarda faydali
bakteri olan Bifidobacterium'daki artisla gergeklesir. Mikrobiyal biyocesitlilikteki
degisikliklerin yan1 sira, KZYA'lar gibi yararli mikrobiyota metabolitlerinin {iretimi

de biiyiik ol¢iide azalir ve bu da yaslanmayla iliskili siirecle baglantili olabilir (140).
2.7.2 Bagirsak Disbiyosiz ve Kognitif Disfonksiyon

Bagirsak disbiyozu, bagirsak mikrobiyotasinda normal denge bozuldugunda
ortaya c¢ikan bir durumdur. Antibiyotik kullanimi, zararl bakterilerin yani sira yararl
bakterilerin de 6ldiiriilmesine neden olabilir ve bu durum bagirsak disbiyozuna yol
acar (141). Benzer sekilde yiiksek yagli beslenme gibi beslenme tiirleri gibi faktorler

bagirsak disbiyozun olugsmasina neden olabilir (142).

2.7.3 Bagirsak Mikrobiyotasi, Antibiyotik Kullanim1 ve Kognitif Fonksiyon

Mikrobiyota ile ilgili arastirmalarda model olarak kullanilan rodentler, bagirsak
mikrobiyota ve beyin aksini daha iyi anlamak i¢in standart kosullar altinda uygulanan
onemli arastirmalardir. Yaslanmayla birlikte normal ve patojenik kosullarda
mikrobiyotay1 incelemek i¢in kullanilan hayvan modellerinde birisi antibiyotik
kullanimidir. Bu modelde, siddetli bagirsak mikrobiyota disbiyozunu tetiklemek igin
hayvanlar birka¢ giin antibiyotiklerle tedavi edilir (143). Antibiyotik uygulamasi,
bakteriyel biyoyararlanimi onemli Olclide azaltir. Ayrica, antibiyotik uygulamasi,
farkli beyin bolgelerinde kognitif fonksiyonlarla ilgili BDNF ve sinaptofizin
ekspresyonunu azaltarak kognitif fonksiyonlar1 olumsuz etkiler. Frohlich ve
arkadaslari, vankomisin, neomisin, metranidazol ve ampisilinden olusana genis
spektrumlu antibiyotik kokteyli bagirsak disbiyozise neden olmustur ve vankomisin
KBB’yi gecerek plazmaya gore beyinde diizeyleri artmis ancak diger antibiyotikler
KBB’yi ge¢meden plazmada kalmiglardir. Calismanin sonucunda antibiyotikle
olusturan bagirsak disbiyozun BDNF diizeylerini azaltarak kognitif gerilemeye neden

oldugunu gosterilmistir (143).
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Yetiskin farelerde antibiyotik uygulamasi, kontrol grubuna karsilastirildiginda
kisa zincirli yag asitleri (KZYA) konsantrasyonlarinda azalmaya ve kognitif
bozukluga neden oldu (143). Bu bulgular, KZYA'larin yaslanma ile degistigini,
hastalik ve kognitif gerilemenin patofizyolojisinde énemli bir rol oynayabilecegini
gostermektedir. Geng fareler yashh farelerle karsilagtinldiginda, KZYA
metabolitlerinde %68 asetat ve propiyonat ve %80 biitirat seviyelerinde azalmaya
neden oldu ve bu azalma kognitif bozukluklarla paralellik gostermistir (138). Bu
calisma, bagirsak mikrobiyotasi ile bilissel islev arasindaki baglantiya dair kanit saglar
ve bagirsak mikrobiyotasindaki yasa bagl degisikliklerin biligsel gerilemeye katkida
bulunabilecegini One siirer. Yapilan bu c¢alismalar, yaslanmayla birlikte hem
insanlarda hem de hayvanlarda bagirsak mikrobiyotasinda o6nemli degisiklikler
gbzlemlenmistir ve bu degisiklikler giderek mikrobiyota disbiyozisi asamasina
gelmistir. Bu nedenle yaslanmayla birlikte bagirsak mikrobiyotasindaki meydana
gelen degisiklikleri anlamak yaslanma silirecinin baslamasina iligkin potansiyel

biyobelirtegler olabilecektir.

3 GEREC VE YONTEM
3.1 Arastirmanin tipi

Arastirmanin tipi deneysel niteliktedir.
3.2 Arastirmanin yeri ve zamani

Arastirmanin hayvan deneyleri kismi, Eylil 2022 — Kasim 2022 tarihleri
arasinda, Dokuz Eyliil Universitesi Tip Fakiiltesi Fizyoloji Anabilim Dal1 Deneysel
Arastirma Laboratuvari’nda yapilmistir (Tablo 2).

Etik kurul onayr Aralik 2021°de alimmis olup; 1slak laboratuvar testleri,
Olctimler ve istatistiksel analiz Aralik 2022 — Mart 2023 tarihleri arasinda yapilmustir.
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Tablo 2. Arastirma plam ve takvimi

Projelenin planlanmasi Aralik 2021- Ocak 2022
Etik Kurul Onay1 Aralik 2021 — Ocak 2022
Bap Projesi Giris ve Onay1 Haziran 2022 — Haziran 2023

Sarflarin ve analizler igin gerekli malzemelerin | Haziran 2022 — Ocak 2023

alimi

Deney gruplarinda ketojenik diyet ve antibiyotik | Eyliil 2022 — Kasim 2022

uygulanmasi ve davranig deneyleri

Biyokimyasal ve immunofloresan boyama deney | Aralik 2022 — Subat 2023

asamalar1

Bulgularin degerlendirilmesi ve istatiksel analizler | Aralik 2022 — Mart 2023

3.3 Arastirmanin evreni ve orneklemi

Arastirma deney hayvanlan lizerinde yapildigi i¢in arastirmanin evreni ve
orneklemi bulunmamaktadir.

3.4 Calisma materyali

Bu c¢alismada, 41 adet Sprague Dawley 1rki geng (8 aylik) ve yash (18 aylik)
erkek sicanlar (ortalama 400-550 gr) kullanilmistir. Tiim hayvanlar deney
sonlanincaya kadar Deneysel Arastirmalar Biriminde standart kosullarda altinda
bakilmistir. Haftada bir kez tim gruplarin viicut agirligr dlgtiliirken, yedikleri yem
miktar1 gilinliik olarak dl¢tilmistiir. 10 hafta boyunca ketojenik diyet gruplarina kalori
degeri 70 % zeytinyagi, 20 % protein, 1 % karbonhidrat igeren kalip yemler si¢anlarin
yiyebilecegi boyutta dilimlenerek sicanlara ad libitum verilmistir. Beslenme diizeninin
son haftasinda antibiyotik gruplarina, bagirsak mikrobiyotasini bozmak ve disbiyozisi

uyarmak i¢in i¢gme suyuna ampisilin (1 gr/L), neomisin (1 gt/ L), metronidazol (1 gr/L)
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ve vankomisin (0,5 gr/L) eklenerek genis spektrumlu bir antibiyotik kokteyli
verilmistir. Diyet programinin son haftasinda 6grenme ve bellek ve anksiyete testleri
uygulanmistir. Hayvan sakrifikasyonu sonrasi elde edilen kan plazmasi ve beyin

dokularinda histolojik ve biyokimyasal degerlendirme yapilmustir.
3.5 Arastirmanin degiskenleri

Bagimh degiskenler: Agirlik, tiketilen yem miktar1 ve kalorisi, deney
hayvanlarindaki 6grenme ve bellek ve anksiyete benzeri davranislar, deney
hayvanlarinin kan plazmasindaki B-hidroksi biitirat (BHB), glukoz, diisiik yogunluklu
lipoprotein (LDL), yiiksek yogunluklu lipoprotein (HDL), trigliserit (TG), total
kolesterol (TC), iirik asit, alanin aminotransferaz (ALT), aspartat aminotransferaz
(AST), AP42 seviyeleri, beyin korteksinin izleyici maddeye ge¢irgenligi, beyin
dokularinda (hipokampiis ve serebellum) astrositik AQP4, AP42 seviyeleri,
hipokampiis ve serebellumda astrositik AQP4 su kanal1 ve glial fibriler asidik protein

(GFAP) immunofloresan yogunlugu

Bagimsiz degiskenler: yaslilik, ketojenik diyet ve antibiyotik uygulamasi.

3.6 Veri toplama araclari
Calismanin veri toplama asamalar1 Tablo 2’de belirtilmistir.

3.6.1 Calisma Gruplan

Bu calisma, Dokuz Eyliil Universitesi Hayvan Yerel Etik Kurulu tarafindan
22.12.2021 tarthinde 46/2020 karar1 ile deneyin yapilmasi icin etik agidan uygun onay1
alinmistir. Bu ¢alismada Sprague Dawley 1rki geng (7 aylik) siganlar (ortalama 300-
450 gr) ve yash (18 aylik) erkek si¢anlar (ortalama 500-600 gr) kullanilmistir. Deney
baslangicinda sicanlar; Geng Standart Diyet (G-Kontrol) (1), Yash Standart Diyet
(Kontrol) (2) ve Yash Ketojenik Diyet (KD) 3 gruba ayrilmistir. Daha sonra yaslh
gruplar kendi arasinda rastgele secilerek 2 gruba daha ayrilmistir; KD-Antibiyotik
(KDAB) ve Antibiyotik (AB) gruplart olusturulmustur. Toplamda 5 grup olarak

incelenmistir.
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Gruplar

1. Geng Standart Diyet Grubu (G-Kontrol) (n=9)

Yasli Standart Diyet Grubu (Kontrol) (n=9)

Yasli Ketojenik Diyet Grubu (KD) (n=9)

Yash Standart Diyet Antibiyotik Grubu (AB) (n=9)
Yasli Ketojenik Diyet Antibiyotik Grubu (KDAB) (n=9)

w»ok »w N

3.6.2 Ketojenik diyet uygulamasi

Ketojenik yem o0zel olarak hazirlatildi (ARDEN ARASTIRMA DENEY
YEMLERI) (yem iceriginin enerji yiizdeleri Tablo 2°de gdsterilmistir) ve kullanilana
kadar -20 buzdolabinda saklandi. Kullanilacak yemler bir giin 6nceden oda
sicakliginda birakilarak yemin ¢oziinmesi beklenildi. Ketojenik diyet gruplarinin,
diyete uyum saglamasi i¢in 2 hafta boyunca alistirma diyetleri uyguland. ilk hafta,
%30 ketojenik yem ve %70 standart yem olarak siganlara uygulandi. ikinci hafta ise
sicanlara %50 ketojenik yem ve %50 standart yem olacak sekilde alistirma diyeti
uygulandi. Deney gruplarina ketojenik yem giinliik olarak verildi ve hayvanlarin yeme
serbest erisimi saglandi. Deney boyunca her giin tiikketilen yem miktar tartildi. Kontrol
gruplarina standart pellet yem uygulandi (ARDEN ARASTIRMA DENEY
YEMLERI) (yem igeriginin enerji yiizdeleri Tablo 3’de gosterilmistir).

Tablo 3. Ketojenik diyet (KD) ve standart diyet (SD) besin taslarinin enerji
yiizdeleri

KD (zeytinyagh) SD
giglﬁiRI YAPI Gr (%) Kcal /kg Gr (%) Kcal /kg
Protein 18 10,20 18 16,5
Karbonhidrat 0,2 0,50 70 62,9
Yag 68,4 89,30 10 20,6
Toplam 100 100
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3.6.3 Antibiyotik uygulamasi

Antibiyotik gruplarinda bagirsak disbiyozu olusturmak toz formdaki ampisilin
(1 g/), neomisin siilfat (1 g/l), metronidazol (1 g/I) ve vankomisin (0,5 g/I) 1 litre icme
suyuna eklenerek genis spektrumlu antibiyotik kokteyli hazirlandi. Daha 6nceki
caligmalarda uygulanan bu antibiyotik kokteylinin Bacteroidetes, Actinobacteria, ve
Verrucomicrobia inhibe ettigi, 7 giinii gegen antibiyotik tedavisinde ise 1 gr fegesteki
bakteri sayisinin anlamli olarak arttig1 gosterildi (141, 144, 145). Bu nedenle her giin
taze olarak hazirlanan antibiyotik kokteyli bakteri sayisindaki artisi g6z Oniinde

bulundurarak 7 giin boyunca uygulanmasi yapildi.
3.6.4 Morris su tanki testi

Morris su tanki testi, siganlarda 6grenme ve bellek gibi kognitif fonksiyonlarin
degerlendirilmesi i¢in kullanildi (146). Morris su tanki, derinligi ve yerden yiiksekligi
75 cm, ¢apt 140 cm opak malzemeden yapilmis 151k ge¢irmeyen yuvarlak bir havuzdan
olugmaktadir. Tank, 50 cm’e kadar 26 °C (£2 °C) suyla dolduruldu ve daha sonra 10
cm capinda silindirik bir platform su seviyesinden daha asag1 seviyede goriinmeyecek
sekilde tank ig¢ine yerlestirildi. Havuzdaki su seviyesi hayvanin kuyrugunun havuz
dibine degemeyecegi ylikseklikte ayarlandi. Ortalama erigkin bir sicanin gévde ve
kuyruk boyunun toplamda en fazla 50 cm'e kadar ulasabildigi bilinmesi nedeniyle
havuz 50 cm'lik seviyeye kadar suyla doldurulmustur. Havuzun bulundugu odanin
duvarlarina deney hayvanlarinin yon bulmalarinda ipucu olarak kullanabilecekleri
tablo, renkli ve 1s1kli objeler gibi isaretler yerlestirilmistir. Bu isaretler, sicanlar
tarafindan ipucu olarak kullanilarak yonlerini belirlemesini ve sudan kurtulmak igin
platformu bulmalarin1 saglar. Sicanlarin suya birakilmasindan gizli platformu
bulmasina kadar harcanan siire, bu siire i¢inde aldiklar1 mesafe ve hayvanlarin
hareketleri tankin merkezinden yaklasik 2 m yiikseklikte olan bir video kamera sistemi
ile izlenerek kayit altina alindi. Tank, havuzun tam merkezinden birbirini dik kesecek
sekilde 2 ¢izgi ile kuzey dogu (KD), kuzey bat1 (KB), giiney dogu (GD) ve giiney bati
(GB) olmak tizere dort esit kadrana boliindii. Cizgilerin havuzun kenarlarii kestigi
noktalar kuzey, giiney, dogu ve bat1 yonii olarak belirlendi. GB kadraninin tam ortasina
su yiizeyinin altinda kalacak sekilde platform yerlestirildi ve deney siiresince yerinde

sabit kald1. Sicanlar, her giin sirasiyla giiney, bati, kuzey ve dogu yonlerinden yiizleri
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tankin duvarina doniik olacak sekilde suya birakildi. Suya birakilan siganin 60 sn
icerisinde platformu bulmasi beklendi. Bu siire icerisinde platformu bulamayan
siganlarin ¢evreyi tanimasini saglamak i¢in 20 sn kadar platformun iizerinde tutuldu
ve daha sonra kafesine alindi. Bu islemler giinde 5 kere ard arda 4 giin tekrarlandi.
Boylece her sigana 4 gilinde toplam 20 deney uygulandi. Sigcanlarin her denemeleri
arasinda siire 5-10 dakika vardi. Ogrenme deneyleri bittikten sonra besinci giinde her
bir sigana hatirlatma deneyi (probe trial) yapildi. Probe trail sirasinda platform
havuzdan ¢ikartildi ve siganin 60 sn boyunca serbestcge ylizmesine izin verildi. Siganin
her bir kadranda harcadig: siire ve toplam katettigi mesafe kaydedildi. Probe trail
degerlendirmesinde, platformun daha oOnce bulundugu kadranda gegirdigi siire
degerlendirildi. Davranigsal veriler, Noldus Ethovision image video tracking sistemi
kullanilarak yiizme mesafesi, platformu bulma siiresi ve her kadranda harcadig: siire

degerlendirildi.
3.6.5 Anksiyete Benzeri Davramislarin Degerlendirilmesi

Gruplar arasindaki anksiyete benzeri davranislar, agik alan ve yiikseltilmis art1

labirent testleri kullanilarak degerlendirilmistir.
3.6.5.1 Acik alan testi (Open Field Test)

Lokomotor aktivite ve anksiyete benzeri davraniglar1 degerlendirmek i¢in agik
alan testi kullanilmistir (147). Acik alan testi, 1 metrekarelik bir alan 35 liiksliik bir
151k kaynag tarafindan aydinlatilmakta ve deney hayvani bu alanin merkezine konulup
5 dakika boyunca bu alanda tutulmaktadir. Deneye hayvaninin test siiresince
hareketleri kamera sistemi ile kaydedilmektedir. Acik alan testinde zemin, 12 tanesi
kenarlarda 4 tanesi merkezde olmak tizere 16 es kareye boliinmiistiir. Kamera sistemi
otomatik olarak alanin kenarlarinda ve ortasinda gegirilen siireleri kayit altina
almaktadir. Ayrica deney hayvaninin test boyunca yaptig1 diski sayist sayilmistir.
Deney diizenegi her testin yapilmasmin ardindan % 70°lik alkol ile temizlenmistir.
Deneyin sonucunda hayvanin test alanindin kenarlarinda ve ortasinda gegirilen siire ve
toplam aldig1 mesafe degerlendirildi. Testin kayit ve analizinde Noldus Ethovision

image video tracking sistemi kullanildu.
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3.6.5.2 Yiikseltilmis art1 labirent testi

Deney hayvaninin anksiyete seviyesinin test edilmesine yarayan diger bir
diizenek yiikseltilmis art1 labirent testidir (147). Ayrica deney hayvaninin lokomotor
aktivitesi bu test ile degerlendirilebilir. Yiikseltilmis art1 labirent testi, zeminden 75
cm ylikseklikte, merkezde 5x%5 cm’lik bir merkez platform ile yanlarda 50 cm
uzunlugunda, 10 cm genisliginde, 0,5 cm yiiksekliginde duvarlar1 bulunan iki agik ve
50 cm uzunlugunda, 10 cm genisliginde, 40 cm yiiksekliginde duvarlar1 bulunan iki
kapali koldan olusan bir diizenekten olugmaktadir. Deney hayvani agik kollardan
birine bakacak sekilde merkez platforma birakilarak 5 dakika boyunca kamera sistemi
izlenerek acik ve kapali kollara giris sayis1 ile merkez platformda ve kollarda gegirilen
stire dl¢lilmiistlir. Deney diizenegi her testin yapilmasinin ardindan % 70°lik alkol ile
temizlenmigtir. Bu testin kayit ve analizinde boliimiimiizde bulunan Noldus

Ethovision XT video tracking sistemi kullanilmistir.
3.6.6 Sakrifikasyon, serum ve doku orneklerinin toplanmasi

Karbondioksit (CO2) anestezisi altinda sicanin sol kardiyak ventrikiilden tim
kani alinarak yasami sonlandirilmistir. Beyin hizla c¢ikarilarak hipokampiis ve
serebellum olmak tizere bolgelere ayrilmistir. Doku homojenat ve siipernatanlar

Olctimler yapilana kadar -80°C’de buzdolabinda saklanmustir.
3.6.6.1 Doku homojenatlarinin ve serumun hazirlanmasi

Deney hayvanlarinin sakrifikasyonundan sonra kalbin sol ventrikiiliinden
alman kan ornekleri 5000 g’de 15 dakika +4°C’de santrifiije edilerek serumlar
ayrilmustir. Ayristirilan serumlar 1slak laboratuvar islemleri yapilincaya dek -80°C” de

buzdolabinda saklanmaistir.

Sakrifikasyon sonras1 -80°C’ de saklanan hipokampiis ve serebellum dokulari
ilk olarak hassas doku tartisi ile tartildi. Ardindan dokular, zirkonyum silikat boncuklar
kullanilarak Doku agirlig1 (g): PBS hacmi (ml) orani 1:10 olacak sekilde doku {izerine
PBS eklendikten sonra Biospec MiniBeadbeater-16 (BioSpec Products Inc., USA)

cithaz1 ile homojenizasyon islemi yapildi. Homojenatlara 5000 g’de 15 dakika
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stiresince 4°C’de santrifiij islemi uygulandi. Elde edilen siipernatanlar yapilacak tiim

biyokimyasal analizler i¢in kullanildi.
3.6.7 Biyokimyasal analizler

Kan plazmasinda lipit profili, alanin aminotransferaz (ALT), aspartat
aminotransferaz (AST), iirik asit 6l¢iimii igin DEU Merkez Laboratuvarindan hizmet
alinmistir. Kan keton ve glukoz diizeyleri ketometre ve glukometre ile dl¢iilmiistiir.
Kit protokoliine uygun olarak ELISA yontemiyle plazma AB42 diizeyleri; hipokampiis
ve serebellum beyin dokularinda ise AQP4 ve AB42 diizeylerine bakilmstir.

3.6.7.1 Kan keton ve glukozu dl¢ciimii

Sicanlar, sakrifikasyondan once 2 saat a¢ birakildi. Sakrifikasyon sirasinda
kalpten alinan kanda glukoz ve keton test stribi kullanarak glukometre ve ketometre

(On.Call Advanced GK Dual) ile keton ve glukoz diizeyleri 6l¢tildii.

3.6.7.2 Kan lipit profili, alanin aminotransferaz (ALT), aspartat aminotransferaz

(AST), iirik asit ol¢iimii

-80 buzdolabindan ¢ikarilan kan serumlarinin oda sicakliginda ¢oziinmesi igin
beklenilmistir. Daha sonra, diisiik dansiteli lipoprotein (LDL), yiiksek dansiteli
lipoprotein (HDL), trigliserit, total kolesterol, ALT, AST ve iirik asit diizeyleri Dokuz
Eyliil Universitesi Merkez Laboratuvari’ndaki oto analizor (Siemens Healthineers,

ADVIA 1800 Chemistry System) ile ol¢iilmiistiir.
3.6.7.3 Amiloid Beta- 42 (Ap42) ol¢ciimii

Hipokampiis, serebellum ve kan plazmalarinda AP42 analizleri i¢in Bioassay
Technology Laboratory (BT-LAB) Rat AB1-42 beta peptid ELISA kiti (katalog no:
E0093Ra, China) kullanilmistir.

Kit duyarliligi 2,52 pg/ml, o6l¢ciim araligr ise 5 pg/ml- 2000 pg/ml’dir.
Tekrarlanabilirlik degisim katsayis1 %10’dan kiiciiktiir.
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ELISA Kit icerigi:

96 kuyucuklu mikroplak

Standart soliisyonu

Streptavidin-HRP

Biyotinize edilmis Rat A beta 1-42 antikoru

Konsantre Yikama soliisyonu (25x)

Substrat reaktif maddeleri (A ve B)

NS kR =

Reaksiyon durdurma soliisyonu

Kit igeriginin hazirlanmast:
1- Kullanim 6ncesi tiim materyaller oda 1sisina (18-25°C) getirildi.

2- Yikama soliisyonu: Yogunlastirilmis yikama tampon soliisyonu (25x, 20 ml) 500

ml distile su igerisine eklenerek seyreltildi.

3- Standart ¢alisma soliisyonu: 120 pl’lik referans standardin (2400 pg/ml) iizerine
120 ml referans standart&ornek soliisyonu eklenip karistirildi ve ardindan 1200 pg/ml
konsantrasyonunda ¢aligma soliisyonu hazirlandi. Sonrasinda seri seyreltmeler yapildi.
Seyreltme metodu: 6 adet 2 ml’lik (ependorf) tiip alinarak her birine 120 pl referans
standart&ornek  soliisyonu eklendi. ik tiipte hazirlanan 1200 pg/ml
konsantrasyonundaki ¢aligma soliisyonundan 120 pl ilave edildi. Sonrasinda her tiipe
(son tiip harig) sirayla bir 6nceki tiipten 120 pl alinip eklenerek standartlar 2400, 1200,
600, 300, 150, 75 pg/ml ve 0 pg/ml konsantrasyonlarinda olacak sekilde hazirlandi.

Analizin yapilist:

1- ELISA plagindaki ilk siituna standartlar ve blank/kor yerlestirildi. Diger
kuyucuklara ornekler koyuldu. Standart kuyucuklarma 50 pl standartlar koyuldu.
Ardindan uygun kuyucuklara 40 pl 6rnek ve 10 pl biyotinize AB1-42 antikoru ¢alisma
soliisyonu koyuldu. Daha sonra standart ve 6rnek kuyucuklarina 50 pl Streptavidin-
HRP koyuldu. Sonrasinda plagin tizeri kapatildi ve 37 °C’deki inkiibatorde 60 dakika
inkiibe edildi.
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2- Inkiibasyon sonrasinda multiplak yikama cihazinda (Thermo Scientific™
Wellwash™ Versa Microplate Washer) plak 30 sn ila 1 dk arasinda 300 pl yikama

soliisyonu ile 5 kez yikandi.

3- Her kuyucuga 50 pl Substrat A soliisyonu koyuldu. Ardindan 50 pl Substrat B
sollisyonu konuldu ve plagin iizeri kapatilarak 37 °C’de 10 dakika inkiibasyona

birakild.

4- Her kuyucuga 50 pl reaksiyon durdurma soliisyonu koyuldu. Kuyucuklardaki mavi

renk sar1 renge dondii.

5- Thermo Scientific Multiscan GO marka multiplak okuyucuda 10 dk i¢inde 450 nm
dalga boyunda optik yogunluk degerleri (OD) olgiildii. Degerler pg/ml olarak
hesaplanda.

3.6.7.4 Aquaporin-4 (AQP4) ol¢iimii

Hipokampiis ve serebellumda AQP-4 analizleri i¢in Bioassay Technology
Laboratory (BT-LAB) Rat AQP4 ELISA kiti (katalog no: EO058Ra, China)

kullanilmistir.

Kit duyarliligt 0,034 pg/ml, Sl¢lim araligr ise 0,06 ng/ml- 18ng/ml’dir.
Tekrarlanabilirlik degisim katsayis1 %10’dan kiiciiktiir.
ELISA Kit igerigi:
1. 96 kuyucuklu mikroplak
Standart soliisyonu (19,2 ng/ml)
Streptavidin-HRP
Biyotinize edilmis Rat AQP-4 antikoru

Konsantre Yikama soliisyonu (25x)

Substrat reaktif maddeleri (A ve B)

T T o

Reaksiyon durdurma soliisyonu
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Kit iceriginin hazirlanmast:
1- Kullanim 6ncesi tiim materyaller oda 1sisina (18-25°C) getirildi.

2- Yikama soliisyonu: Yogunlastirilmis yikama tampon soliisyonu (25x, 20 ml) 500

ml distile su icerisine eklenerek seyreltildi.

3- Standart calisma soliisyonu: 120 ul’lik referans standardin (19,2 ng/ml) tizerine 120
ml referans standart&ornek soliisyonu eklenip karistirildi ve ardindan 9,6 ng/ml
konsantrasyonunda calisma soliisyonu elde edildi. Sonrasinda seri seyreltmeler
yapildi. Seyreltme metodu: 6 adet 2 ml’lik (ependorf) tiip alinarak her birine 120 pl
referans standart&ornek soliisyonu eklendi. Ik tiipte hazirlanan 9,6 ng/ml
konsantrasyonundaki ¢alisma soliisyonundan 120 pl ilave edildi. Sonrasinda her tiipe
(son tiip haric) sirayla bir 6nceki tlipten 120 pl alinip eklenerek standartlar 19,2, 9.6,
4,8,2.4, 1,2 ng/ml ve 0,6 ng/ml konsantrasyonlarinda olacak sekilde hazirlandu.

Analizin yapilist:

1- ELISA plagindaki ilk siituna standartlar ve blank/kor yerlestirildi. Diger
kuyucuklara 6rnekler koyuldu. Standart kuyucuklarmma 50 pl standartlar koyuldu.
Ardindan uygun kuyucuklara 40 pl 6rnek ve 10 pl biyotinize AB1-42 antikoru ¢alisma
soliisyonu koyuldu. Daha sonra standart ve 6rnek kuyucuklarina 50 pl Streptavidin-
HRP koyuldu. Sonrasinda plagin iizeri kapatildi ve 37 °C’deki inkiibatdrde 60 dakika

inkiibasyona birakild.

2- Inkiibasyon sonrasinda multiplak yikama cihazinda (Thermo Scientific™
Wellwash™ Versa Microplate Washer) plak 30 sn ila 1 dk arasinda 300 pl yikama

sollisyonu ile 5 kez yikanda.

3- Her kuyucuga 50 pl Substrat A soliisyonu koyuldu. Ardindan 50 pl Substrat B
soliisyonu konuldu ve plagin iizeri kapatilarak 37 °C’de 10 dakika inkiibasyona

birakilda.

4- Her kuyucuga 50 pl reaksiyon durdurma soliisyonu koyuldu. Kuyucuklardaki mavi

renk sar1 renge dondii.
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5- Thermo Scientific Multiscan GO marka multiplak okuyucuda 10 dk i¢inde 450 nm
dalga boyunda optik yogunluk degerleri (OD) olgiildii. Degerler pg/ml olarak
hesaplanda.

3.6.7.5 BCA protein analizi

Hipokampiis ve amigdala BCA (bikinkoninik asit) protein analizleri ABP Biosciences
marka BCA Protein Assay Kit (katalog no: PO11) kullanilarak gerceklestirildi. Kitin
duyarlilig1 5 pg/ml. Ornek hacmi araligi 1-20 pl, konsantrasyon araligi 20-2000 pg/ml
idi.

Kit igerigi:

1- Reaktif A

2- Reaktif B

3- Protein standard1

Analizin yapilist:

1- Protein standard1 1 ml protein standart soliisyonu ile karistirildi. Boylece 10 mg/ml
konsantrasyonunda stok soliisyon elde edildi.

2- Stok soliisyonu 1 mg/ml konsantrasyonda seyreltildi.

3- BCA calisma soliisyonunun hazirlanmasi: reaktif A ve reaktif B 50:1 oraninda
karigtirildi.

4- Standart soliisyondan sirayla 0, 4, 8, 12, 16, ve 20 ul alinarak bos bir diiz tabanh
plaktaki kuyucuklara konuldu. Her kuyucuga standart diluent eklenerek hacim 20
ul’ye tamamlandi ve seyreltildi.

5- Orneklerden 20 pl almarak mikroplaktaki diger kuyucuklara eklendi.

6- Her bir kuyucuga 200 ul BCA calisma soliisyonu eklendi ve 37°C’de inkiibatérde
30 dakika inkiibasyona birakildi.

7- Sonuglar 562 nm’de Thermo Scientific Multiscan GO marka multiplak okuyucuda
analiz edildi.
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3.6.8 Intrasisternal yolla izleyici (tracer) maddenin beyin icine infiizyonunun
yapilmasi

Floresein isothiocyanate (FITC)- dekstran (Sigma-Aldrich, 500 kDa) kan akist,
vaskiiler drenaj gibi siire¢lerin 6l¢iimiinii takip etmek i¢in kullanilan izleyici floresan
boya olup ayni zamanda mikrodolagim, perflizyon ve hiicre membran gecirgenligi
arastirmalarinda kullanilmaktadir. Floresein-dekstran (500 kDa), beyin omurilik s1visi

izleyicisi olarak kullanilmaktadir (148).

Ramos ve arkadaslarinin glimfatik fonksiyon ¢alismak i¢in uyguladigi yontem

kullanilarak sisternal magna (CM) enjekiyonu yapilmistir (149).

Intrasisternal enjeksiyon icin dncelikle kaniil hazirlandi. 30 GA dental ignenin
5-10 mm kadar ucundan kesildi. Kirilan igne ucu 30 cm’lik polietilen tiip (PE10) ucuna
yerlestirildi. Yapay beyin omurilik (126 mM NacCl, 2,5 mM KCI, 1,25 mM NaH;POq,
2 mM MgS04, 2 mM CaClz, 1 mM glukoz, 26 Mm NaHCOs, 1 litre distille su)
hazirlandi ve izleyici floresan boya %5’lik konsantrasyonla yapay beyin omurilik sivi
igerisinde ¢oOziildii. 100 pL’lik Hamilton siringasina 30 GA hipodermik igne ucu
takildi ve 20 pL floresan boya ¢ekildi. Tiibiiliin diger ucuna eklendi.

Izleyici madde verilecek siganlarn ilk olarak agirliklar: tartildi. Daha sonra,
sicanlara intraperitoneal (i.p.) olarak 21 GA insiilin enjektorii ile genel anestezi
(ketamine+tksilazin; sirastyla, 50 mg/kg ve 5 mg/kg) uygulandi. Yaklagik 5-10 dk
kadar sicanlarin anestezi altina girmesi beklenildi ve ara sira arka ayak refleksi ve
nefesi aligverisi kontrol edildi. Anesteziye giren siganin kafasinin arkasi bir tirag
makinesi aracilifiyla tiras edildi. Sican stereotaksik alete yerlestirilerek kafa ve burun
sabitlendi. Gozlerine g6z damlas1 damlatildi. Kafatasinin arkasindan kulak hizasindan
ince bir makas yardimu ile orta hat (oksipital tepe noktasi referans alindi) boyunca

yaklasik 1 cm kadar bir kesi yapildi.

Boyun kaslarini ortaya ¢ikarmak icin kavisli forseps ile ylizeysel bag dokusu
ayirildi ve bag dokusunun ayrilmasi sirasinda ortaya ¢ikan kanamalar pamuklu ¢ubuk
araciligiyla temizlendi. Kaslarin ayrilmasi ile sisterna magna (CM) ortaya ¢ikarildi.
CM, serebellum ve medulla arasinda ters ¢evrilmis iicgene benzer gri renkte bir
yapidir. Ekartdr aracilifiyla kaslar ayrildi ve pamuklu cubuk yardimiyla CM

membrani silindi.
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Tiibiiliin ucuna yerlestirilen ignenin egimli ucu duraya dik olarak CM’nin
ortasina yerlestirildi. Yerlestirilme sirasinda digar1 ¢ikan beyin omurilik sivist silindi.
Igne ucunun sabitlenmesi i¢in yapistirict damlatildi. Daha sonra enjeksiyon islemine
baslandi. 5 dk boyunca 2 pL/dk hiz (toplam 10 uL) ile izleyici floresan boya enjekte
edildi. Enjeksiyondan sonra tiibiiliin ucu koter yardimi ile kesildi ve sican 1sitma
pedine alinarak sag tarafa yatirilip 30 dk boyunca floresan boyanin beyin omurilik

sivisinda dolasmasina izin verildi.
3.6.9 Beyin kesitlerinin hazirlanmasi

Sicanlara genel anestezi (ketamine+tksilazin; sirasiyla, 50 mg/kg ve 5 mg/kg,
intraperitoneal (i.p.)) uygulandiktan sol kardiyak ventrikiilin apeksinden siringa
yardimiyla once serum fizyolojik (SF) verildi ve kanin uzaklagmasi saglandi daha
sonra fiksasyon igin %4’lilkk para formaldehit (PFA) sol kardiyak ventrikiiliin
apeksinden siringa ile verildi. Perfiizyon sonrast siganin beyni cikartildi ve +4°C
buzdolabinda 48 saat boyunca %4’liik PFA iginde bekletildi. Daha sonra %4’liik
PFA’dan cikarilan beyin dokular farkli konsantrasyonlardaki siikroz soliisyonlarina
sirasiyla koyuldu: 6nce oda sicakliginda %10 siikroz soliisyonu 1 saat, %20 siikroz
soliisyonu daha sonra 1 saat ve %30 siikroz sollisyonunda beyin dokusu dibe ¢okene
kadar +4°C buzdolabinda bekletildi. Siikroz soliisyonundan g¢ikarilan beyinlerin
hipokampiis ve serebellum bdlgelerini igeren kisimlart kesilerek uygun doku gomme
kaliplarina konuldu ve O.C.T ile dolduruldu. Leica (CM 1950) marka kryostat -25°C
ayarland1 ve O.C.T.’ye gomiilii dokularin donmasi beklenildi. izleyici madde enjekte
edilen sican beyinlerinden 8 um kalinlikta 10 adet frozen kesit alinarak pozitif sarjli
lamlar {izerine alindi ve -80°C buzdolabinda saklandi. Immunofloresan boyama
yapilacak beyin dokularindan her sigandan 10 adet 50 um kalinlikta kesitler alindi.
Alman beyin kesitleri 1x PBS ile dolu 6 kuyucuklu plaklara alind1 ve 5 dk boyunca 3
kez yikama islemi yapildi. Daha sonra goriintiileme yapana kadar frozen beyin kesitleri
2 ml’lik mikrosantifijj tiiplerine koyulan 1-1,5 ml saklama soliisyonu (250 ml i¢in 70
gr siikroz, 75 ml etilen glikol ve 0,1 M fosfat tamponu uygun hacime ulasana kadar

eklenir) igine transfer edildi ve ¢alisilana kadar -80°C buzdolabinda saklandi.
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3.6.9.1 izleyici floresan maddenin beyine niifuzu, DAPI ile boyanmasi ve floresan

mikroskopla goriintiillenmesi

-80°C buzdolabindan alinan 6rneklerin oldugu preparatlar karanlik bir ortamda
oda sicakligima gelmesi i¢in 20 dk kadar bekletildi. Daha sonra 3 kez 1x TBS ile
yikandi1 ve DAPI (4',6-Diamidino-2-Fenilidol, Dihidroklorik, katalog no: D1306 ve 1x
PBS ile 1:1000 seyreltildi) boyand1 ve 15 dk kadar oda sicakliginda bekletildikten
sonra OLYMPUS BX61 markali floresan mikroskop altinda hem FITC-dextran 500
hem de DAPI ile beyin kesitlerinden goriintii alinarak izleyici maddenin beyin

korteksinden gecisini goriintiisii alinmustir.

3.6.9.2 Glial Fibrial Asidik Protein (GFAP) ve Aquaporin-4 (AQP4)’iin

immunofloresan boyanmasi ve goriintiilenmesi

Immunofloresan boyama igin Potts E.M ve arkadaslarinin kullandig1 serbest yiizdiirme

(free-floating) yontemi kullanilmistir (150).
Bloklama Soliisyonunun Hazirlanmasi

1- 1x TBS
2- 0.3% Triton X-100 (Sigma, T-8787, 100 ml)
3- 3 % Goat Serum (Capricorn Scientific, 100 ml)

Antikor Diliisyon Soliisyonunun Hazirlanmasi

1- 1x TBS
2- 0.3% Triton X-100 (Sigma, T-8787, 100 ml)
3- 1 % Goat Serum (Capricorn Scientific, 100 ml)

Primer Antikorlar

-Aquaporin-4 su kanalin1 hipokampiis ve serebellumda isaretlemek icin Aquaporin-
4 Poliklonal Primer Antikoru (Bioss Antibodies, katalog no: bs-0634R, Host:
Rabbit, Reaktive Species: Human, Mouse, rat,) 1:100 diliisyon yapilarak kullanildi.
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-Hipokampiis ve serebellumdaki astrositler icin GFAP Poliklonal Primer Antikoru
(Bioss Antibodies, katalog no: bs-0199R, Host: Rabbit, Reaktive Species: Human,
mouse, rat, others) 1:100 diliisyon yapilarak kullanildi.

Sekonder Antikorlar

-Aquaporin-4 su kanali i¢in Anti-rabbit IgG (H+L), F(ab’)2, Fragment (Alexa
Fluor 594 Conjugate) (Cell Signaling Technology, USA, katalog no: #8889,

Source: Goat) sekonder antikoru 1:500 oraninda diliisyon yapilarak kullanildi.

- Astrositler i¢cin Anti-rabbit IgG (H+L), F(ab’)2, Fragment (Alexa Fluor 488
Conjugate) (Cell Signaling Technology, USA, katalog no: #4412, Source: Goat)

sekonder antikoru 1:500 oraninda diliisyon yapilarak kullanildi.
Birinci giin boyama basamaklari

1- -80°C buzdolabindan c¢ikarilan saklama soliisyonu igerisindeki kesitlerin oda
sicakligina gelmesi i¢in 20 dk kadar bekletildi.

2- Saklama soliisyonundan arindirmak i¢in 6-kuyucuklu plaklar i¢erisine alindu.

3- Her kuyucukta yaklasik 6 ml kadar 1xTBS eklendi. Beyin kesitleri 1x TBS ile 3
kez 5 dk boyunca yikandi. Hafif bir sekilde her yikamada plak ¢alkalandi.

4- Her kuyucuga yaklasik 7 ml kadar blok soliisyonu koyuldu ve yikanan beyin
kesitleri blok soliisyonuna alind1 ve 30 dk boyunca bekletilerek bloklama islemi
yapildi.

5- Daha sonra 2 ml mikrosantrifiij tiipler icerisine 1-1,5 ml kadar primer antikor
koyuldu ve bloklama islemi sonras1 dokular primer antikorun i¢ine alinarak 1

gece boyunca (12-14 saat) +4°C buzdolabinda saklandi.
Ikinci giin boyama basamaklar

1- Primer antikordan alinan kesitler 1x TBS ile 3 kez yikand1 (ilk iki yikama 30 sn,
son yikama 10 dk).

2- Sekonder antikorlara uygun 1:500 diliisyon yapildiktan sonra 2 ml’lik
mikrosantriflyj tlip icine alind1 ve kesitler bu tiiplere aktarildiktan sonra 2 saat

boyunca karanlik ortamda oda sicakliginda tutuldu.
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3- 2 saat sonra kesitler 3 kez 1x TBS ile yikandi (ilk iki yikama 30 sn, son yikama
15 dk).

4- Son yikama sirasinda 1:1000 diliisyon yapilan DAPI eklendi.

5- Kesitler firga yardimiyla pozitif sarjli lam iizerine yiizdiirtilerek yerlestirildi.

6- 10-15 dk kurumasi igin bekletildi ve iizerine lamel kapatildi.

ZEISS (LSM880) marka lazer taramal1 konfokal mikroskop kullanilarak hipokampiis
ve serebellumda AQP-4 ve GFAP immufloresan boyama goriintiilenmesinden sonra
10X ve 40X goriintiiler alindi. 8 Ornegin beyin bdlgelerinde AQP-4 ve GFAP

ortalama floresan yogunluk yiizdesi alinarak hesaplama yapildi.
3.7 Verilerin degerlendirilmesi

Istatistiksel analiz i¢in Graph.Pad Prism 9.0 programu kullanilmustir. Gruplar
arasindaki farkliliklar 2°den fazla olan gruplarda tek yonlii varyans analizi (ANOVA),
tekrarlayan ~ Ol¢iimlerde = ANOVA  (GLM-repeated measures) testi ile
degerlendirilmistir ve anlamlilik olmasit durumunda gruplar arasindaki farki
degerlendirmek icin post-hoc Bonferroni testi yapilmistir. 3’ten az gruplarin
karsilagtirilmasinda bagimsiz gruplar arasinda t-testi (Independent samples t-Test) ile
degerlendirilme yapilmistir. p<0.05 degeri istatistiksel olarak anlamlilik siir degeri

olarak kabul edilmistir.
3.8 Arastirmanin simirhiliklar:

Calismanin baslangi¢ planinda biiyiik ve kiiclik molekiiler agirlikli tracer
maddenin beyine gecisi arastirilacakti ancak yetersiz biitge nedeniyle sadece biiyiik
molekiiler agirlikl izleyici madde kullanilabildi. Ketojenik diyet ve antibiyotik sonrasi
hayvanlarin gaita 6rneklerindeki mikrobiyota degisimi analizi yapilamadi bu nedenle
gaita ornekleri toplandi ve -80’de mikrobiyota analizi yapilana kadar saklanacaktir.
Calismanin inflamasyon ayagi basta planlandi ancak yetersiz biitge nedeniyle
bakilamadi. Immiinofloresan boyama yéntemi sadece GFAP ve AQP4’iin lokalizayon
ve floresan yogunluguna bakildi. Kognitif fonksiyonlarda 6nemli bir biyobelirte¢ olan

BDNF diizeylerine bakilamadi.
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3.9 Etik Kurul Onay1

Bu calisma, Dokuz Eyliill Universitesi Hayvan Yerel Etik Kurulu tarafindan
22.12.2021 tarihinde 46/2020 karar1 ile “Ketojenik Diyetin, Yagli Si¢anlarda
Aquaporin-4 (AQP-4) Aracili Glimfatik Sistem Uzerindeki Etkisinde Bagirsak

Mikrobiyotasinin Roliiniin Arastirilmasi” olarak kabul edilip onaylanmistir.
4 BULGULAR

4.1 Viicut Agirhg1 ve Ortalama Giinliilk Alinan Enerji Miktar ve Gaita Renk

Degisimi

G-Kontrol, Kontrol ve KD gruplarinin ve antibiyotik gruplarinin 10 hafta
boyunca tekrarlayan agirlik 6l¢timlerinde anlamli bir fark goriilmedi (p>0,05) (Sekil-.
4a ve 4b).
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Sekil- 4. Haftalik viicut agirlig1 degisimi

KD gruplarinin 10 hafta boyunca ortalama giinliik alinan kalori miktar1 ve
giinliik tiiketilen yem miktari ilk 4 hafta boyunca azalma egiliminde giderken sonraki

haftalarda alinan kalori miktar1 ve tiiketilen yem miktar1 ayni oranlarda devam etti

(Sekil- 5.a ve 5.b).
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Sekil- 5: Ortalama alinan kalori miktar1 ve giinliik tiiketilen yem miktar1 degisimi

G-Kontrol Kontrol KD AB KDAB

Sekil- 6: Diyet ve antibiyotik tedavisi sonrasi gaita renk degisimi

4.2 Davranis Deneylerinin Bulgulari
4.2.1 Morris Su Tanki Bulgular:

Morris su tanki testinde, G-Kontrol grubunun 1.giin, 2.giin ve 3. giinde platformu
bulma siireleri Kontrol grubuna gore anlamli olarak azalmistir (1. glin ve 2. giin i¢in
p<0,01™*, 3. giin icin p<0,05"). Ayrica, KD grubunun 1.giin, 2.giin ve 3. giinde

platformu bulma siireleri Kontrol grubuna gore anlamli olarak azalmigtir (1.giin, 2.giin
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Sekil- 7: Morris su tanki testinde dort glinliik platformu bulma siireleri

ve 3. giin i¢in p <0,01%). G-Kontrol ve KD grubunda arasinda ilk ii¢ giin ve 4.giin ise
tiim gruplar arasinda platformu bulma siireleri agisindan istatistiksel olarak anlamli
fark bulunamamistir (p>0,05) (Sekil- 7.a). AB ve KDAB gruplarinin 4 giinliik
platformu siireleri degerlendirilmistir. KDAB grubunun, 1. giin ve 2. giin platformu
bulma stiresi AB grubuna gore anlamli sekilde azaldi (1. giin i¢in p<0.05* ve 2. giin
icin p<0.01*%*), 3. giin ve 4. giin ise grupla arasinda anlamli fark bulunmamigtir

(p>0.05) (Sekil- 7.b).

Morris su tanki testinde, bellegin degerlendirildigi 5. glindeki probe testinde
hedef kadranda ve kars1 kadranda gecirilen zaman bakimindan diyet gruplar arasinda
anlamli bir fark saptanmamistir (p>0,05) (Sekil- 8.a). Morris su tanki probe testinde,
AB ve KDAB gruplar arasinda hedef kadranda gecirilen zaman bakimindan
istatistiksel olarak anlamli bir fark bulunmazken (p>0,05), kars1 kadranda gecen siire

KDAB grubunda AB grubuna gore anlamli olarak azalmistir (p<0,05%*) (Sekil- 8.b).
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Sekil- 8: Morris su tanki probe testi. Besinci giin platformun oldugu hedef

kadranda ve kars1 kadranda gegirilen zaman

4.2.2 Acik Alan Testi Bulgular:

Acik alan testinde, diyet gruplari arasinda toplam katettigi mesafe
karsilastirildiginda anlaml bir fark saptanmamistir (p>0,05) (Sekil- 9.a). Ancak, orta
alan ve kenarda gegcirilen zaman bakimindan gruplar arasinda anlamli bir fark

saptanmamustir (p>0,05) (Sekil- 9.b).

AB ve KDAB gruplar1 arasinda toplam katettigi mesafe karsilastirildiginda
anlaml bir fark saptanmamistir (p>0,05) (Sekil- 9.c). AB grubu ile kiyaslandiginda
KDAB grubunun kenarda gecirdigi siire bakimindan aralarinda anlamli bir fark
bulunamazken (p>0,05), orta alanda gegirilen siire KDAB grubunda AB grubuna gore
anlamli olarak artmistir (p<0,01"%%) (Sekil- 9.d).
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4.2.3 Yiikseltilmis Art1 Labirent Testi Bulgular

Yiikseltilmis art1 labirent testinde, acik ve kapali kollarda gecen zaman
bakimindan G-Kontrol, Kontrol ve KD gruplar1 arasinda anlamli bir fark

goriilmemistir (p>0,05) (Sekil-10.a ve 10.b).

KDAB grubu, AB grubu ile karsilastirildiginda agik kollarda gecirilen zaman
anlamli diizeyde artti (p<0,01**) (Sekil- 10.c.). Kapali kollarda geg¢irilen zaman
KDAB grubu AB grubu ile karsilagtirildiginda anlamli diizeyde azaldi (p<0,05%*)
(Sekil-10.d).
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Sekil- 10: Yiikseltilmis art1 labirent test bulgular
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4.3 Biyokimyasal Analiz Sonuclari
4.3.1 Kan BHB, Glukoz, Lipit Profili, AST, ALT ve Urik Asit Seviyeleri

KD grubunun kan B-hidroksi biitirat (BHB) diizeyleri, kontrol gruplarina gore
anlamli olarak artmistir (p<0,01). Gruplarin kan glukoz diizeyleri arasinda anlamli bir
fark saptanmamistir (p>0,05). Kan lipit profili incelendiginde, TG ve HDL diizeyleri
acisindan gruplar arasinda anlamli bir fark bulunamazken (p>0,05), LDL diizeyleri
KD grubunda kontrol gruplarina gére anlamli olarak artmistir (p<<0,01). TK diizeyleri
KD grubu G-Kontrol grubuna goére anlamli bir sekilde artarken (p<0,01), Kontrol
grubu ile karsilastirildiginda anlamli bir fark bulunamamistir (p>0,05). Metabolik
sendrom marker olarak kullanilan TG/HDL oran1 agisindan gruplar arasinda anlamli
bir fark bulunamamistir. Kan plazma iirik asit diizeylerinde gruplar arasinda anlaml
bir fark saptanmamistir (p>0,05). Plazma AST ve ALT diizeyleri karsilastirildiginda
gruplar arasinda anlamli fark bulunamamstir (p>0,05) (Tablo-4).
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Tablo-4: Diyet gruplar icin biyokimyasal olciimler

G-Kontrol Kontrol
BHB (mmol/L) 1,28+0,1 1,2+0,1 2,5 +0,1% #
Glukoz (mg/dl) 347,8 +29,9 324+ 15,5 411,0 37,3
TG (mg/dl) 53,20+ 10,4 73,8 + 6,0 77,4 +83
LDL (mg/dl) 9,32+0,5 11,28+ 1,3 26,15 + 0.4 X #
HDL (mg/dl) 36,5+2,5 4125+1,9 54,6+ 6,5
TK (mg/dl) 55,7+ 4,0 66,2 + 4,4 99,8 + 12,5
TG/HDL 1,46 0,1 1,80+ 0,2 1,43 +0,1
Urik asit (mg/dl) 3,12+ 0,4 2,96 + 0,3 3,52+ 0,6
AST (mg/dl) 98,7 + 9,7 104,2 + 13,3 118,4+ 17,8
ALT (mg/dl) 69,7 + 6,5 67,8 +2,7 80,5+9,2

BHB: [-hidroksi biitirat HDL: yiiksek dansiteli lipoproteim; LDL: Diisiik dansiteli

lipoprotein; TG: Trigliserit; TK: Total kolesterol; AST: Aspartat aminotrasferaz;

ALT: Alanin aminotrasferaz. Degerler, ortalama + standard hata (SEM) olarak

verilmistir ve p <0,05 degeri anlamli bulunmustur. G-Kontrol x Kontrol, p<0,05* ve

p<0,01**; G-Kontrol x KD, p<0,05* ve p<0,01#; Kontrol x KD, p<0,05* ve p<0,01**,

KDAB grubu, AB grubu ile karsilastirildiginda kan BHB diizeyleri anlamh
olarak artt1 (p<0,01). Glukoz, TG, LDL, HDL, TK, TG/HDL oran1, UA, AST ve ALT

diizeyleri bakimindan antibiyotik gruplar1 arasinda anlamli bir fark goériilmemistir

(p>0,05) (Tablo-5).
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Tablo-5: Antibiyotik gruplar icin biyokimyasal dl¢iimler

AB KDAB
BHB (mmol/L) 1,76 + 0,1 2.4 +0,1"
Glukoz (mg/dl) 412,4 +37,3 426 + 30,6
TG (mg/dl) 65,3+ 10,4 49+9,1
LDL (mg/dl) 17,6 £ 1,8 16,4 + 5,1
HDL (mg/dl) 35,3+ 2,4 48,5+ 8.9
TK (mg/dl) 61,2+ 6,7 78,5+ 13,5
TG/HDL 1,84 +0,3 1,12+0,2
Urik asit (mg/dl) 2,8+0,3 2,7+05
AST (mg/dl) 78,5+ 8,7 78,6 + 9.8
ALT (mg/dl) 51,3+6,2 55+9,7

HDL.: yiiksek dansiteli lipoproteim; LDL: Diisiik dansiteli lipoprotein; TG:
Trigliserit; TK: Total kolesterol; AST: Aspartat aminotrasferaz; ALT: Alanin
aminotrasferaz. Degerler ortalama + standard hata (SEM) olarak verilmis ve p

<0,05 degeri anlamli kabul edilmistir. p<0,05* ve p<0,01** olarak gosterilmistir.

4.3.2 Diyet Gruplarinda Hipokampiis, Serebellum AQP4 Su Kanal ve Af1-42

Protein Seviyeleri ve Serum Afi-42 Protein Seviyeleri

Kontrol ile kiyaslandiginda, hem G-Kontrol grubunda hem de KD grubunda
serebellumdaki AQP4 seviyeleri azaldi (p<0,05” ve p<0,05*). Hipokampiisteki AQP4
diizeyleri acisindan gruplar arasinda anlamli bir fark bulunmamistir (p>0,05) (Sekil-

11.a).

Kontrol ile kiyaslandiginda, KD grubunun hem hipokampiis hem de

serebellumunda, G-Kontrol grubunun ise hipokampiis APi-42 seviyeleri anlamli olarak

gruplari arasinda anlamli bir fark bulunmamistir (p>0,05) (Sekil- 11.b).
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Sekil-11: Diyet gruplarinda AQP4 ve Ai.42 seviyeleri

4.3.3 Antibiyotik Gruplarinda Hipokampiis, Serebellumda AQP4 Su Kanal ve

Api-42 Protein Seviyeleri ve Serum Api-42 Protein Seviyeleri

Serebellum AQP4 seviyeleri, KDAB grubunda AB grubuna gore anlamli olarak
artt1 (p<0,017") (Sekil-12.a). KDAB grubunun hipokampiis AQP4 seviyeleri AB grubu
ile karsilagtirildiginda anlamli bir fark bulunmamistir (p>0,05) (Sekil-12.b).

Antibiyotik gruplar arasinda serebellum ve hipokampiisteki APi-42 seviyeleri
bakimindan istatistiksel olarak anlamli bir fark bulunmamaistir (p>0,05). Ancak, serum
AB1-42 seviyeleri KDAB grubunda AB grubuna gore anlamli olarak azald1 (p<0,01%*%*)
(Sekil-12.b).
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4.4 iImmunofloresan Boyama Sonugclar

4.4.1 Diyet Gruplarinda Hipokampiis ve Serebellumda AQP4 Su Kanah ve Glial
Fibriler Asidik Proteinin (GFAP) Immunofloresan Yogunlugu

Kontrol grubu ile karsilastirildiginda, G-Kontrol ve KD grubunda hipokampiis
GFAP floresan yogunlugu anlamli olarak azalmistir (p<0,01**). Ancak, serebellumda
GFAP floresan yogunlugu bakimindan gruplar arasinda anlamli bir fark bulunmamistir

(p>0,05) (Sekil-13).

Serebellum ortalama AQP4 floresan yogunlugu, KD ve G-Kontrol grubunda
Kontrol grubuna goére anlamli olarak azaldi (p<0,05*), KD ve G-Kontrol gruplar
arasinda anlamlhi bir fark bulunamamistir (p>0,05). Hipokampiis AQP4 su kanali
floresan yogunlugu bakimindan gruplar arasinda anlamli bir fark bulunamamistir

(p>0,05). (Sekil- 14).
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Sekil- 13: Diyet gruplarinda hipokampiis ve serebellumda ortalama GFAP floresan
yogunlugu (40X lazer taramali konfokal mikroskop goriintiisii) Bar 20um (n=2).
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Sekil- 14: Diyet gruplarinda hipokampiis ve serebellumda ortalama AQP4 floresan yogunlugu
(40X lazer taramal1 konfokal mikroskop goriintiisii) Bar 20pum (n=2)
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4.4.2 Antibiyotik Gruplarinda Hipokampiis ve Serebellumda AQP4 Su Kanah ve
Glial Fibriler Asidik Proteinin (GFAP) Immunofloresan Yogunlugu

Kontrol grubuna gore, AB grubunda serebellum ve hipokampiis GFAP floresan
yogunlugu anlaml1 olarak artarken (p<0,01%), KDAB grubunda serebellum GFAP
floresan yogunlugu anlamli olarak azalmistir (p<0,01%). AB grubu goére KDAB
grubunda hem hipokampiis hem de serebellum da GFAP floresan yogunlugu anlamli

olarak azald1 (p<0,01**) (Sekil-15).

AB grubu ile karsilagtirildiginda, hem hipokampiis hem de serebellumda AQP4
su kanallarinin floresan yogunlugu KDAB grubunda anlamli olarak azaldi (p<0,05%*)

(Sekil-16).
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4.5 Izleyici (Tracer) Floresan Maddenin Beyine Penetrasyonu

FITC-Dextran (500 kDa) intrasisternal infiizyonu sonunda, G-Kontrol grubuna
gore Kontrol ve KD grubunda izleyici madde (tracer) penetrasyonu anlamli olarak
azaldi (sirastyla p<0,01** ve p<0,05*). Kontrol ve KD gruplar1 arasinda anlamli bir
farklilik bulunmamistir (p>0,05). Kontrol grubu ile karsilastirildiginda AB grubunda
tracer gecisi arasinda anlamli fark bulunamamistir (p>0,05). Benzer sekilde, AB ve
KDAB gruplar1 arasinda anlamli bir fark bulunamamistir. KDAB grubunda tracer
madde gecisi Kontrol grubuna gore anlamli olarak artmistir (p<0,05%*) (Sekil-17).

62



intrasistenal
enjeksiyon FITC-
Dextran (500 kDa)

(10 pL)-2 pL/dk hiz ,JM\;.& -\\“2 ? V :
PR 2|
h) R Koronal
Biitiin beyin beyin Tracer
kesitleri penetrasyonu
(8pum)

nrol

penetrasyonu (%)

beyne

In

dden

eviCl ma

FITC-500 izl

KDAB

Sekil-17: FITC-500 tracer maddenin beyine penetrasyonu (10x motorize floresan
mikroskop gortintiisii) Bar 200 pixel (DAPI: mavi FITC-500: yesil)
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Tablo-6: Tez calismasinda kullanilan sarf malzemeler

Malzeme Ad1 Markasi/Kod Kullanim Amaci
Ketojenik diyet yemi ARDEN YEM BESLENME

Standart diyet yemi ARDEN YEM BESLENME

FITC-500 dextran Thermoscientific Izleyici madde

Goat serum Capricorn Bloklama

Anti-rabbit IgG (H+L), | Cell Signaling Technology | Sekonder Antikor

F(ab’),, Fragment (Alexa
Fluor 594 Conjugate)

(Immunofloresan boyama)

Anti-rabbit IgG (H+L),
F(ab’)., Fragment (Alexa
Fluor 488 Conjugate)

Cell Signaling Technology

Sekonder Antikor

(Immunofloresan boyama)

BCA protein analiz kiti ABP Biosciences Protein Analizi
Rat-AQP4 Elisa Kiti BT-LAB/EO58Ra ELISA
Rat-AB1-42 Elisa Kiti BT-LAB/E0093Ra ELISA
Bioss  Antibodies/  bs- | Prime Antikor
Aquaporin-4 Poliklonal 0634R, (Immunofloresan boyama)
Primer Antikoru
GFAP Poliklonal Primer | Bioss  Antibodies/  bs- | Prime Antikor
Antikoru 0199R (Immunofloresan boyama)
PFA Thermoscientific Doku Fiksasyonu,
Perfiizyon
Triton-X100 Thermoscientific Antikor Diliisyonu
Ketamin Ketasol Anestezi
Ksilazin Anestezi
Antibiyotikler Sigma Tedavi
21G igne ucu Enjeksiyon
Insiilin enjektorii Enjeksiyon
Serum fizyolojik Perflizyon
Siikroz Doku
PBS Diliisyon/Y1kama islemi
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Keton stribi On Call GK/Dual Keton ol¢timi

Glukoz stribi On Call GK/Dual Glukoz 6l¢timii

TBS Kimyalab Yikama islemi
5 TARTISMA

Bu calismada, ketojenik diyette (KD) tiiketilecek yag kaynagi olarak polifenol
diizeyi yliksek olan zeytinyagi (TUAY, cardiolive) kullanilmistir. Zeytinyaghh KD
uygulamasinin yash siganlarda AQP4 aracili glimfatik sistem {izerindeki etkisinde
bagirsak mikrobiyotasinin roliinii arastirmak ic¢in literatiirde bagirsak disbiyozise
neden olan genis spektrumla antibiyotik kokteyli uygulanmistir. Calismada on hafta
boyunca uygulanan KD ve yedi giin boyunca dort farkli antibiyotikle (metronidazol,
ampisilin, neomisin ve vankomisin) hazirlanan genis spektrumlu kokteyl verilen yash
sicanlarda hipokampiis ve serebellumda AQP4 su kanali ve glial fibriler asidik protein
(GFAP) immunofloresan yogunlugu ve seviyelerini nasil etkiledigi ve bagirsak
mikrobiyotasinin bu siirecteki rolii degerlendirilmistir. Bunun yani sira yashlikla
birlikte degisen hafiza ve kognisyon ile iligkili hipokampiis ve serebellum bolgelerinde
ve serumda potansiyel toksik molekiil olan Ai.42 protein diizeyleri arastirilmistir.
Uygulanan KD’ nin ve antibiyotik kokteylinin haftalik agirlik degisimi, giinliik kalori,
yem tiikketim miktarlar1 ve gaita renk degisimi iizerindeki etkisi takip edilmistir.
KD’nin kan keton ve glukoz diizeyleri, kan lipit profili, AST ve ALT diizeyleri ve {irik
asit diizeyleri lizerindeki etkilerine bakilmistir. Ayrica Morris su tanki testi ile grenme
ve bellek fonksiyonlari, agik alan ve yiikseltilmis art1 labirent testleri ile sicanlarin

anksiyete benzeri davraniglarr degerlendirilmistir.

Son zamanlarda, kilo verdirici etkisi nedeniyle toplumda KD popiiler hale
gelmistir. KD nin ortalama giinliik yem tiiketimi, kalori alim1 ve viicut agirligindaki
etkisini arastiran bazi calismalar rapor edilmistir. Roberts ve arkadaslari, KD
uygulanan erkek C57BL/6 farelerin kontrol diyete gore daha az besin tiiketimi
yaptiklarin1 ve viicut agriliklarinin azaldigini gostermistir (151). Caligmamizda, 10
hafta boyunca uygulanan diyetin siganlarin haftalik ortalama agirlik {izerindeki
degisimi takip edilmistir. KD grubunun Kontrol grubuna gore ilk bes hafta agirliklar
azalma egilimindeyken sonraki haftalarda Kontrol grubu ile benzer olarak devam

etmistir. Iki diyet ¢esidi de serbest erisimle hayvanlara verilmistir ve bu nedenle kalori
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bakimindan farkli degerlere sahiptirler. Murray ve arkadaslari, 66 giin boyunca
uygulanan KD’nin eriskin sicanlarda kontrol diyete gore daha fazla kalori almasina
ragmen enerji harcamasimin artmasi sonucunda viicut agirliklarinin azaldigimi
gostermistir (152). Bu calismalardan farkli olarak ¢alismamizda yash sicanlarda
uygulanan iki diyetin kalori diizeyleri farkli olmasina ragmen agirlik degisiminde,
kalori aliminda ve giinliik tiiketilen yem miktar1 bakimindan belirgin bir fark
goriilmemistir. Ancak KD gruplarinin besinci haftadan sonra agirliklarinin arttig
goriilmiistiir Antibiyotik gruplarinda ise, yedi giin boyunca uygulanan antibiyotik
tedavisi AB grubundaki hayvanlarda 9. hafta ve 10. hafta karsilastirildiginda ortalama
agirliklarinda azalma goriilmiistir ancak KDAB grubunda bir degisiklik
gorlilmemistir. Calismalardaki uygulanan diyet igeriklerinin farkli olmasina veya
kullanilan hayvan modeli, yas, diyetle alinan kalorinin kas hacminde artisa neden
olmas1 ve antibiyotik kullanimi sonrasi olusan yan etkiler ve benzeri faktorler agirlik

artigina ya da azalmasina neden olmus olabilir.

Yaslanma siirecinde beyinde gerceklesen degisiklikler 6grenme ve bellek gibi
kognitif fonksiyonlar1 etkilemektedir (153). Yapilan bir¢ok calismada yaslanma
stirecinin kognitif fonksiyonlarin azalmasina neden oldugu gosterilmistir ve kognitif
fonksiyonlardaki bu azalmaya beyindeki néron kaybi, oksidatif stres, inflamasyon,
anormal protein birikimi (6rnegin AP ve tau proteini), glial hiicreler ve bagirsak
mikrobiyotasindaki degisimlerin neden oldugu one siirtilmistiir (154-157). Son
yapilan aragtirmalarda yaslanmanin beynin lenfatik sistem olarak adlandirilan
glimfatik sistem fonksiyonunun bozulmasinin da kognitif fonksiyonlar1 azalttig1 rapor
edilmistir (158). Ancak yaslanmanin neden oldugu glimfatik sistemdeki bozulmanin,
diyet ve egzersiz gibi yasam tarzi degisiklikleriyle tersine cevrilebilecegini One
siriilmektedir. Tim bu nedenlerden dolayi, yaslanmanin neden oldugu kognitif
azalmay1 onlemek veya geciktirmek i¢in yasam tarzi degisiklikleri yapmak 6nemlidir.
Bu degisiklikler arasinda saglikli bir diyet uygulamak, diizenli egzersiz yapmak ve

uyku diizenini 6nemsemek yer alabilir.

Ketojenik diyetin (KD) yaslilarda 6grenme ve bellek gibi kognitif fonksiyonlar
tizerindeki etkileri inceleyen arastirmalar rapor edilmistir (159). Xu ve arkadaslari, ii¢
hafta uygulanan KD’nin yasl sicanlarda spasyal 6grenme ve bellegi arttigim

bulmustur ve KD’nin beyindeki mitokondriyal biyogenezi arttirarak kognitif
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fonksiyonlara katki sagladigini gostermistir (160). Balietti ve arkadaslari, yaptigi bir
calismada bir ay uygulanan KD’ nin yash farelerde spasyal bellegi iyilestirdigi ancak
isletim bellegi ve dikkat gibi diger kognitif fonksiyonlar {izerinde etkisi olmadigin
bildirmistir (161). Beckett ve arkadaslari, KD’nin AH modeli farelerde 6grenmeyi
arttirdigini gdstermis ve KD’ nin beynin enerji kaynagi olarak glukoz yerine keton
cisimciklerinin kullanmasinin kognitif fonksiyonlart arttirdigini ileri stirmiistiir (162).
Qosa ve arkadaslari, AH fare modellerinde EVOO ve EVOO fenolik iceriklerinin
agizdan verilmesi AP birikimini ve tau noropatolojilerini azalttigi ve bellek ve
kognisyonu iyilestirdigi gosterilmistir (36). Caligmamizda Morris su tanki testinin ilk
i gliniinde platformu bulma siireleri KD ve G-Kontrol grubunda Kontrol grubuna
gbre azaldi. Deney prosediiriinde uyguladigimiz antibiyotik kokteylinin, si¢anlarin
Morris su tankindaki performansi lizerindeki etkilerini inceleyen bazi ¢caligsmalar rapor
edilmistir. Wang ve arkadaslari, antibiyotik kokteyli uygulanan farelerde kontrole
gore spasyal bellegin ve Morris su tanki performasinin bozuldugunu belirtmistir (163).
Benzer sekilde, Frohlich ve arkadaslari vankomisin, neomisin, metronidazol ve
ampisilin iceren antibiyotik kokteylinin farelerde spasyal 6grenme ve bellegi bozdugu
gosterilmistir (143). Benzer sekilde calismamizda da standart diyetle birlikte
antibiyotik uygulanan yash sicanlarda ilk iki giin platformu bulma siireleri Kontrol
grubu ile karsilastirildiginda artti. Antibiyotik uygulamasi spasyal 6grenmeyi bozdu.
Diger yandan zeytinyagli KD ile antibiyotik uygulanan KDAB grubu AB grubuna gore
platformu bulma siireleri azaldi. Sonuclar dogrultusunda antibiyotik kullanimi
ogrenmeyi olumsuz yonde etkilerken KD ile antibiyotik uygulanmasi ise 6grenmeyi
arttirdi. KD’nin bagirsak disbiyozi azaltmasi ya da yararli bakteri sayisini artmasi
sonucu kognitif fonksiyonlar1 arttirmis olabilir. Besinci giin bellek testinde ise hem
diyet gruplar1 ve hem de antibiyotik gruplar1 arasinda hedef kadran ve kars1 kadran
gegirilen silire bakimindan anlaml fark bulunmadi. Ancak, KD ve KDAB gruplarinda
kars1 kadranda gegen siire Kontrol ve AB gruplarina gore azaldi. Kisacasi,
calismamizda KD’nin spasyal 6grenmeyi arttirdigin1 ancak spasyal bellek iizerinde
etkisi olmadigin1 gozlemledik. Antibiyotik kullanimin ise 6grenmeyi bozdugu ancak
zeytinyagli KD ile uygulandiginda ogrenme davranmisinda negatif bir etki
olusturmadig1 bulunmustur. Diger calismalarla karsilastirildiginda diyet igerigi ve

stiresi, antibiyotik kullanimi nedeniyle degisen bagirsak mikrobiyotas: ve hayvan
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modellerindeki farkliliklar nedeniyle spasyal bellek iizerinde etkisi goriilmemis

olabilir.

KD’nin anksiyete ve motor davranisi tizerinde iyilestirici etkisi olduguna dair
bir¢ok calisma rapor edilmistir (164, 165). Oral ya da igme suyuna verilen genis
spektrumlu antibiyotik tedavileri ile anksiyete benzeri davranislari indiikleyen
caligmalar literatiirde mevcuttur. Soto ve arkadaslari, bagirsak mikrobiyotasindaki
degisikliklerin beyin insiilin duyarhiligmmin diizenlenmesi yoluyla davranislari
degistirebilecegini rapor etmistir (166). Oral metronidazol veya vankomisin ile tedavi
edilen diyete bagli obeziteye sahip farelerde beyin insiilin sinyal duyarliliginda artig
ve anksiyete ve depresyon belirtilerinde azalma gozlenmistir (167). Antibiyotik
kullanimi sonras1 Lactobacillus ve Bifidobacterium gibi yararh bakterilerin azalmasi
anksiyete ve depresyon davranisini arttirdig1 gozlemlenmistir (167). Baz1 arastirmalar,
bagirsak mikrobiyotasindaki antibiyotik aracili degisikliklerin hipokampal beyin
kaynakli norotrofik faktdriin (BDNF) azalmasinin anksiyolitik etki ve kognitif

fonksiyonlardaki azalma iliskili oldugunu gostermistir (168).

Acik alan testi , deney hayvanlarinda anksiyete benzeri davranislar ve lokomotor
aktiviteyi degerlendirmek i¢in kullanilan testlerden biridir (169, 170). Bir diger
anksiyete testi ise gecerliligi kanitlanmis olan korku temelli anksiyeteyi
degerlendirmek i¢in kullanilan yiikseltilmis art1 labirent testidir (171). Calismamizda,
KD ve antibiyotik uygulamasinin anksiyete benzeri davranislar ve lokomotor aktivite
degerlendirilmistir. Calismamizin agik alan testi sonuglarinda, G-Kontrol, Kontrol ve
KD gruplar arasinda toplam katettigi mesafe acisindan anlaml bir fark goriilmedi.
KD’nin yasli sigcanlarda lokomotor aktiviteyi etkilemedigi goriilmiistiir. Benzer sekilde
hem orta alanda hem de kenarlarda gegirilen siire bakimindan diyet gruplar1 arasinda
anlaml bir fark yoktu. Bu nedenle, KD’ nin yaslh sicanlardaki anksiyete {izerinde bir
etkisi goriilmemistir. Antibiyotik gruplart arasinda toplam katedilen mesafe
bakimindan anlaml fark goriilmedi. Ancak KDAB grubu, AB grubuna gore agik
alanin kenarlarinda daha az thigmotaksis yapti. Orta alanda gecirilen siire ise KDAB

grubunda anlamli olarak artt.

Calismamizin yiikseltilmis art1 labirent testi sonuglarinda, G-Kontrol, Kontrol

ve KD gruplariin agik kollar ve kapali kollarda gecen siire bakimindan aralarinda
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anlamli bir fark bulunamamustir. Ari ve arkadaslar1 ¢alismamizdan farkli olarak,
eksojen keton verilen siganlarda yiikseltilmis art1 labirent testinde keton alan gruplarin
kontrole gore agik kollarda daha fazla zaman harcarken kapali kollarda gegirdigi
siirenin azaldigimi ve keton diizeylerinin artmasiin anksiyeteyi azalttigini rapor
etmistir (172). Desbonnet ve arkadaslari, antibiyotik kokteyli ile bozulan bagirsak
mikrobiyotasinin yetigkin beyninde anksiyeteyi azalttig1 ancak kognitif fonksiyonlari
bozdugunu bildirmistir ve bu antibiyotik tedavisinin triptofan metabolik yolaginin
degisen dinamikleri, BDNF, oksitosin ve vazopressin ekspresyonunu énemli 6l¢iide
azaltmasi ile iliskili oldugunu 6ne siirmiistiir (173). Ancak antibiyotik gruplarinda
KDAB grubunun agik kollarda gecirdigi siire AB grubuna gore anlamli olarak
artmistir. Ayn sekilde labirentin kapali kollarinda gegen siire KDAB grubunda AB
grubuna gore anlamli derecede azalmistir. Kisacasi, KD’nin tek basina kognitif
fonksiyonlart arttirirken, anksiyete lizerinde etkisi olmadig1 goriilmiistiir. Antibiyotik
kullanim1 kognitif fonksiyonlar1 bozarken ve anksiyete iizerinde onemli bir etkisi
olmadig1 goriildii. Ancak degisen bagirsak mikrobiyotasi nedeniyle KD antibiyotik

kullanimin olusturabilecegi anksiyete benzeri davranislar ise azaltmistir.

Calismamizda zeytinyagli KD’nin yash siganlarin metabolizmasi iizerindeki
etkilerini degerlendirmek i¢in BHB , glukoz, kan lipit profili(TG, TC, HDL, LDL),
AST ve ALT ve iirik asit seviyeleri dl¢iildii. Calismamizda KD ile beslenen yash
sicanlarda kan BHB diizeyleri, TK ve LDL seviyeleri Kontrol grubuna gére anlamh
olarak artt1. Glukoz, HDL, TG, AST ve ALT diizeyleri bakimindan anlamli bir fark
bulunmamaistir. Roberts ve arkadaslari, ge¢ orta yasta baglanan KD’nin metabolizma
tizerindeki etkilerini incelemek i¢in dolasimdaki metabolitlerini degerlendirmisler ve
18 aylik farelerde TK seviyelerinin arttig1 goriiliirken, 12 aylikken baslanan KD’nin
TK {izerinde bir etkisi olmadigini birlestirmigler (151). KD’nin total kolesterolii
arttirmasi, anti-inflamatuar iliskili HDL’deki artis nedeniyle olabilecegini One
stirmiislerdir. KD, yaslanmaya bagli olarak TK diizeylerinin artisina neden olmus
olabilir (174). Yapilan bir c¢alisgmada , farelerin EVOO tiiketimi sonrasinda
Bacteroides cinsinin miktar1 ylikselmis ve plazma trigliserit seviyeleri ile aralarinda
negatif korelasyon oldugu saptanmistir (40). Bununla birlikte, Lachnospiraceae
miktar1 EVOO tiiketimi ile artmig ve insanlardaki plazma HDL kolesterol ile

aralarinda pozitif korelasyon saptanmustir (40). Insan ve hayvan galismalarinda,
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probiyotik formda kullanilan EVOO’nun Lactebacillus miktarini arttirdigi ve plazma
total kolesterol seviyelerini azalttig1 goriilmiistiir (41). Bakteriler tarafindan tiretilen
KZYA’lar EVOO tiiketimi ile artar ve kan glukozu homeostazi iizerindeki toropatik
etkilerini ortaya cikarir. Calismamizda, 18 aylikken basladigimiz KD’nin total
kolesterol seviyelerindeki artisin sebebi yaglanmaya bagli olarak gelismis olabilir. KD,
viicuttaki yag depolarinin parcalanmasina ve serbest yag asitlerinin artmasina neden
olur. Bu durumda, karacigerde LDL kolesterol iiretimi artar ve kanda LDL kolesterol
seviyeleri ylkselebilir. Ziegler ve arkadaslari, calismamiza benzer sekilde 8 haftalik
KD’nin 30 giinliikk Wistar si¢anlarda TG, LDL, HDL, TK, glukoz, {irik asit ve TG/HDL
diizeyleri agisinda kontrol diyete gore degismedigi ancak BHB diizeylerinin arttigini
gostermistir (175). Benzer sekilde KDAB ve AB gruplar arasinda sadece BHB
diizeyleri bakimindan fark goriiliirken lipit profili, glukoz ve iirik asit bakiminda
gruplar arasinda anlaml fark bir yoktu. KDAB grubunda AB grubuna gére BHB
diizeyleri anlamli olarak artt1. Kisacasi, antibiyotik uygulanan KD yasli sicanlarda lipit

profilini pozitif ya da negatif yonde bir etkisi olmadigin1 gdzlemledik.

Geng hayvanlarda AQP4 su kanali, astrosit son ayaginda eksprese olmaktadir ve
periarteriyel akis yolaklar1 boyunca BOS-ISF degisimini ve maddelerin ISF’den
cikisini kolaylastirir (4). Yashilarda ise, AQP4 su kanali astrositlerin sadece vaskiiler
son ayag1 ile sinirl kalmayip ayn1 zamanda parankimal astrosit siireglerine de katilir.
Bu yiizden, reaktif astrositlerde astrositik AQP4’iin vaskiiler polarizasyonu azalir. Bu
nedenle, astroglialarin su tagima fonksiyonunun bozulmasi glimfatik fonksiyonda
azalmaya neden olur. AQP4 genetik olarak silindiginde BOS-ISF degisimini %65
oraninda bozar ve AP atilimii azaltir. Yaglanma, NDH’ler i¢cin 6nemli bir risk
faktoridiir. Yaslanma stirecinde glimfatik sistemin disfonksiyonu, kognitif bozulmaya
ve sinir sistemi hastaliklarina sebep olan yanlis olusturulmus ve hiperfosforile olmus
proteinlerin birikmesine neden olur. Anormal protein birikimi birgok NDH’de
meydana gelir (4). Glimfatik sistemin bozulmasi astrositleri ve mikroglialar1 aktive
ederek inflamasyon gelisimine, motor ve kognitif bozukluklara neden olur (176).
Hipokampiis 6grenme-bellek gibi kognitif fonksiyonlarla iliskili beyin bolgesidir.
Ozellikle yaslanma ve yasa bagli ortaya ¢ikan NDH’lerde hipokampiis hacminde bir
azalma oldugu gosterilmistir. Gegmisten gilinlimiize kadar serebellumun sadece

hareket koordine ettigi kabul edilirdi ancak giiniimiizde kognitif ve davranig
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stireclerinin diizenlenmesi dahil olmak iizere motor olmayan fonksiyonlar1 sahip
oldugu diistiniilmektedir bu nedenle serebellumun AH gibi kognisyonu etkileyen

norodejeneratif kosullarda potansiyel bir rol oldugunu diisiindiirtir (177).

Calismamizda, KD ve G-Kontrol grubunun serebellumunda AQP4 seviyeleri
Kontrole gore anlamli bir sekilde azaldi. Benzer sekilde KD, hipokampiis AQP4
seviyeleri Kontrol grubuna gore azaltt1 ancak anlamli bir fark yoktu. Yash sicanlar
geng sicanlarla karsilastirildiginda hem hipokampiis hem de serebellum AQP4
seviyelerinde anlamli bir fark olmasa da KD serebellumda G-Kontrol grubuna gore
AQP4 seviyeleri azaldi. Geng ve yaghi bagirsak mikrobiyotasinin farkli oldugunu
gosteren yayinlarda yararli bakteri sayisinin yaglanmaya bagli olarak azaldig:
gosterilmistir. KDAB grubunda ise hem hipokampiiste hem de serebellumda AB

grubuna gore anlamli olarak azaldi.

Son arastirilmalarda plazma Afi42’nin AH’nin tanisinda bir biyobelirte¢
olabilecegi konusu hala tartismalidir. Ancak Shallie ve arkadaslari, AH modeli
sicanlarda kognitif gerileme ile plazma Api.42’nin seviyesindeki artis arasinda pozitif
korelasyon oldugunu gosterdiler (178). Kontrol grubu ile karsilagtirildiginda, G-
Kontrol ve KD gruplarinin hipokampiis ve serebellum Ai.42 seviyeleri anlamli olarak
azalirken serum Api42 seviyeleri agisindan gruplar arasinda anlamli bir fark
goriilmemistir. KDAB grubunun serum A.42 diizeyleri AB grubuna gore azalmistir.
KDAB ve AB gruplart arasinda hipokampiise ve serebellum Afi.4> diizeylerinde
anlamli bir fark bulunamamistir. KD’yle antibiyotik tedavisi uygulandiginda, bagirsak
mikrobiyotasindaki disbiyoza karsi olusturdugu yanit kognitif gerilemeyi azaltmis
olabilir. Plazma Api-4> seviyelerindeki azalma kognitif gerilemenin bir biyobelirteci

olabilir.

AQP4, ilk olarak MSS’nde ve astrositlerde eksprese olmaktadir. Astrositlerin
genellikle sinaptik plastisitede 6nemli bir rol oynadigina inanilmaktadir (179).
AQP4’1in sinaptik plastisite, 6grenme ve bellek, kognitif fonksiyon lizerindeki etkileri
yeni aragtirilmaya baslandi. Hipokampiis, limbik sistemin dnemli bir pargasi olup bu

bolgede AQP4’iin gorevleri aragtirilmaya devam etmektedir (179).
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Immunofloresan boyama sonuglarinda, hipokampiis AQP4 ortalama floresan
yogunlugu bakimindan KD, Kontrol ve G-Kontrol arasinda anlamli bir fark yoktu
ancak KD ve G-Kontrol grubunda AQP4 ortalama floresan yogunlugu Kontrole gore
kismen azaldi. Benzer sekilde, KD ve G-Kontrol grubunda serebellum AQP4 ortalama
floresan yogunlugu Kontrol grubuna gore azaldi. Antibiyotik tedavisi alan KDAB
grubunda ise AQP4 ortalama floresan yogunlugu AB grubuna gére hem hipokampiiste
hem de serebellumda anlamli olarak azaldi. Literatiirde, KD’nin serebellumda ve
hipokampiiste AQP4 seviyeleri lizerindeki etkilerini inceleyen ilk arastirmadir. Bu
sonuclar dogrultusunda, KD inflamasyonu azaltarak AQP4 seviye ve ekspresyonunu
azaltarak yagliliga bagli olarak artabilecek reaktif astrogliozisin olusumunu azaltmis

olabilir. Bu nedenle kognitif fonksiyonu artirmis olabilir.

Hiicre iskeletini olusturan proteinlerin biri olan GFAP, norodejenerasyon ve
beyin hasarlar1 gibi bir¢ok patolojik durumda ekspresyonundaki artis nedeniyle yaygin
olarak kullanilan astroglial aktivasyon biyobelirtecidir (180). Bondan ve arkadaslari,
yiiksek kalorili diyete bagli olarak hipokampal inflamasyonun ve GFAP diizeylerinin
arttigint bunun kisa ve uzun siireli bellegi bozdugunu bildirdiler (181). Serebellum ve
hipokampiiste reaktif astrositleri belirlemek icin ortalama GFAP floresan
yogunlugunu inceledik. Calismamizda, KD ve G-Kontrol grubunda hipokampiis
GFAP ortalama floresan yogunlugu Kontrol grubuna gore azalirken, serebellum
GFAP ortalama floresan yogunlugu bakimindan anlamli bir fark yoktu. Benzer sekilde
antibiyotik gruplarinda hem hipokampiis hem de serebellum GFAP floresan
yogunlugu KDAB grubunda AB grubuna gore azaldi. KD, inflamasyona bagli olarak
artan GFAP diizeylerini azaltmis olabilir.

Anestezi altinda intrasisternal yolla sigan beynine enjekte edilen FITC-dextran
(500 kDa) molekiiler agirlig: biiyiik olan izleyici bir floresan maddedir. BOS izleyicisi
floresan boyanin enjeksiyonundan sonra alinan beyin kesitleri floresan mikroskopla
maddenin beyin korteksine penetrasyonunu degerlendirildi. G-Kontrol grubunda
Kontrol grubuna gore anlamli olarak artti. KD grubu Kontrol grubu ile
karsilastirildiginda anlamli bir artis vardi. Bu sonuglarla KD glimfatik akis1 arttirdigini
sOyleyebiliriz. Benzer sekilde, KDAB grubu AB grubu ile kiyaslandiginda floresan
madde penetrasyonunda anlamli bir artis vardi. KD, bagirsak mikrobiyotasini

koruyarak bu glimfatik sisteme pozitif etki saglamis olabilir. KD, astrositik AQP4
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polarizasyonunu pozitif yonde etkileyerek glimfatik fonksiyonu arttirmis olabilir.
Floresan maddenin beyine penetrasyonunun artmasi glimfatik aktivitenin arttigini
gostermektedir (94). Bu nedenle, zeytinyagli KD’nin hem bagirsak disbiyozu
engelledigini hem de glimfatik fonksiyonu arttirdigini ve buna bagl olarak 6grenme

stireclerini pozitif yonde etkiledigini sdyleyebiliriz.
6 SONUC VE ONERILER

Calismamizda, zeytinyaglh ketojenik diyet ve standart diyetin yaslh sicanlarda
AQP4 iligkili glimfatik sistem, kognitif fonksiyonlar, davranis, kan biyokimyasi
degisimi iizerine etkilerini inceledik. Bu siiregte bagirsak mikrobiyotasinin roliinii
arastirmak i¢in antibiyotik ile bagirsak disbiyoz olusturdugumuz siganlarda
zeytinyagli ketojenik diyetin etkilerini de degerlendirdik. Bu ¢alismada su sonuglar
elde ettik:

Ketojenik diyet, kan BHB seviyelerini yiikseltti. Kan lipit profilini ve glukoz
diizeylerini 6nemli dlgiide degistirmedi. Ketojenik diyet, standart diyete gore yash
sicanlarin 6grenme ve bellek gibi fonksiyonlar1 iizerinde olumlu etki olusturdu.
Antibiyotik kullanimi kognitif fonksiyonlar1 bozdu ancak ketojenik diyet bu
bozulmayn1 iyilestirdi. Benzer sonuclar yaslilarda anksiyete ve benzeri davraniglarda da

standart diyete gore ketojenik diyetin az da olsa tedavi edici etkisi oldugunu gosterdi.

AQP4 aracili glimfatik sistemi degerlendirmek i¢in serum Afi42’1 seviyeleri,
serebellum ve hipokampiis APi42 ve AQP4 seviyeleri, AQP4 ve GFAP
immunofloresan yogunlugu degerlendirildi. Ketojenik diyet ve antibiyotik ile
uygulanan ketojenik diyet, standart diyetle karsilastirildiginda yasli sicanlarda
hipokampiis ve serebellum AQP4 seviyelerini ve immunofloresan yogunlugunu ve
GFAP immunofloresan yogunlugu azaldi. Ketojenik diyet serum, hipokampiis ve
serebellum APi42 seviyeleri azaltti. Benzer sonuglar antibiyotik ile uygulanan
ketojenik diyet serum, hipokampiis ve serebellum APi42 seviyeleri azaltti. Bu
sonuclar, ketojenik diyetin GFAP’1 azaltmasi bu bolgelerdeki inflamasyonun azalmasi
ile iliskili olabilicegini diisiindiirmektedir. Inflamasyon artigina bagh olarak reaktif
astrositlerin azalmasit AQP4 seviyelerini azaltmis olabilir. Ketojenik diyet beyin

bolgelerinde inflamasyonu azaltarak glimfatik akisi hizlandirmis boylece kognitif
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fonksiyonlart arttirmig olabilir. Uyguladigimiz ketojenik diyetteki zeytinyaginin
prebiyotik ve antibakteriyel 0Ozelligi sayesinde bagirsak disbiyoz olusumuna
engellemesi veya yararli bakteri sayisini arttirmasi kognitif fonksiyonlari iyilestirmis

olabilir.

Kisacasi, ketojenik diyeti kognitif fonksiyonlarla iliskili serebellum ve
hipokampiis gibi beyin bdlgelerinde AQP4 su kanali seviyelerini azaltarak
astrogliozise karsi glimfatik akisi hizlandirmis ve yashilarda kognitif fonksiyonlar
tizerinde pozitif etki olusturmustur. Ketojenik diyet bu etkiyi bagirsak mikrobiyotasini

ve kompozisyonunu degistirerek yapmis olabilir.

Calismamizda, zeytinyagl ketojenik diyetin bagirsak mikrobiyotasini nasil
etkiledigini ve bagirsak mikrobiyotasindaki degisim ve hangi bakterilerin bu stirecte
rol oynadigi degerlendirilememistir ve beyin bolgelerinde inflamasyonuna
bakilamamistir. Ketojenik diyetin yash sicanlarda AQP4 aracili glimfatik sistem
tizerindeki etkisinde bagirsak mikrobiyotasinin roliiniin anlasilmasi icin daha fazla
arastirma yapilmasina ihtiya¢ duyulmaktadir. Ketojenik diyetin bu sistem iizerindeki
etki mekanizmalarini1 arastirmak gelecekte olusabilecek ndrodejeneratif hastaliklara

kars1 koruyucu tedavi olarak kullanimina olanak saglayacaktir.
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Abstract:

The positive effects of both ketogenic diet (KD and regular voluntary exercise on anxiety and depression behavior have been recently reported in rodent animals, but the
effects of pairing a KD with exercise on depression and anxiety are unknown. In this study, we aimed to investigate the effects of combination of KD and regular voluntary
exercise on anxiety and depression-like behavior in Balbjc mice. We've demostrated that anxiety and depression levels decreased in KD-exercised (KD-Ex) mice. beta-
hydroxybutyrate (BHB) levels increased while glucose, insulin levels and LDL/HDL ratio decreased in KD-Ex mice. There was a negative correlation between BHB and the
time spentin the closed arms of elevated plus maze (EPM) or the time spent in periphery walls of open field test (OFT) and the immobility time in forced swim test (FST)
which all of them are indicators of low depression and anxiety levels. There was a positive correlation between LDL/HDL ratio and the time spent in the closed arms of EPM
or the immobility time in FST. The immobility time in FST was positively correlated with insulin while the mobility time in FST was negatively correlated with glucose. In
conclusion, these results suggest that decline in anxiety and depression-like behaviors resulted from KD with regular voluntary exercise may be associated with increased
BHB levels and decreased LDL/HDL ratio and insulin or glucase levels. Further researchis necessary for our understanding of the mechanisms by which pairing a KD with
voluntary exercise influences brain and behavior.
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ARTICLE INFO ABSTRACT

Keywords!

Ketogenk diet

Regular valunlary exencise
Anxiety and depression
-Hydroxybutyrate

The positive effects of both ketogenic diet (KD) and megular voluntary exerclse on anxiety and depression
behavior have been recently meported in rodent animals, but the effects of pairing a KD with exercise on
depression and aniety are unknown. In this study, we aimed to investigate the effects of combination of KD and
regular voluntary exercise on anxiety and depression-like behavior in Balb/e mice. We've demostrated that
anxiety and depression levels decreased in KD-exercised (KD-Ex)mice, f-lydmxybutyrate (BHBE) levels increased
while ghicose, insulin levels and LDL/HDL mtio decreased in KD-Ex mice. There was a negative correlation
between BHE and the time spent in the closed ams of elevated plus maze (EPM) or the time spent in periphery
walls of open field test (OFT) and the immobility time in foroed swim test (FST) which all of them are indicators
of low depression and anxlety levels, There was a positive correlation between LDL/HDL ratio and the tdme spent
In the closed arms of EPM or the Immobiity time in FST, The immobility time in FST was posliively comelated
with insulin while the mobility time in FST was negatively correlated with glucose. In conclusion, these resulis
suggest that decline in anxiety and depression-like behaviors msulted from KD with regular voluntary exercise
may be assoclated with increased BHB level and decreased LDL/HDL ratlo and Insulin or glucese levels, Further
research |s necessary for our understanding of the mechanisms by which pairing a KD with voluniary exercise
influences brain and behavior.

1. Introduction treatment against seizures induced by resistant-epilepsy in children,

maoreaver, has been tought as alternative therapy for many other dis-

The ketogenic diet (KD) is a low-carbohydrate, high-fat and moda-
rate protein diet that stimulates metabolic shift to the use of ketone
bodies instead of glucose as alternative uels for the body's energy re-
quirements, This is because, metabolic changes occur when consuming a
KD, containing an increase in ketone levels in the blood serum which
known as ketosis [1,2], For almost 100 years, KD has been used for

eases [1,4], Recent evidences have demonstrated that KD decreases the
body welght of obesity patients despite it contains high fat and improves
blood parameters of diabetes patients [5,6], Additionally, KD impacts
the functioning of brain in wild-type animals on many levels such as
gene expression [7], neurotransmission (8] and the levels of neuro-
trophic factors (9], All of these factors can potentially lead to behavioral
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changes, Today, we know that KD has metabolic effects such as low
blood glueose and insulin, ketonemia aswell as several beneficial health
effects on mood disorders like depression and anxiety [10], Henee, many
animal or clinical experiments have been conducted o assess the effect
of KD on andety and depressionlike behaviors, For example,
Kasprowska-Ligkiewicz et al. showed that KD decreased anxiety and
increased locomotar activity behavior in rodent animals [11],

Exercise causes many health benefit, Studies have noted that exercise
is related with improved physical health, cognitive functioning, and
peychological well-being, We also know that exercise prevents and im-
proves various metabolic diseases, Therefove, dietary Is often accom-
panied by exercise teaining for the treatment of many metabolic
diseases, involving obesity and diabetes [12]. Maoreover, It has positive
effect on the health of brain, improves cognitive functions and mood
disorders [13,14], In our previous studies, we have also shown that
exercise decreased anxiety and depression-like behaviors in animals

15].

The effects of KD and exercise on some aspects of behavior such as
anxiety and depression have been evaluated separately, However, the
effects of the administration of KD with exercise traning on depression
and arxiety-like behaviors are not known, In this study, we aimed to
investigate the effects of the combination of KD with regular voluntary
exercise on anxiety and depression-related behaviors in male Balb/c
mice, KD groups were fed with customized diet containing high fat and
low carbonhydrates contents for 6 weeks, The exerdse groups were
given free access to a running whell for & week following one week
adapation time, Depression state and anxiety levels were evaluated
with behavior tests, Additionaly, we collected blood samples to evaluate
metabolic effects of KD and exercise,

2. Material and methods
2.1, Animals

A total of 32 adult male Balb/'c mice (Dokuz Eylul University Schoal
of Medicine, Experimental Animal Laboratory, lzmir, Turkey) were used
in this study, All mice were housed in individual cages with free access
to water and laboratory chow, They were maintained at constant room
temperature (22 + 1 °C), humidity (60%) on a 12 h-light and 12 h-dark
cycle. The study was approved by the Dokuz Eylul University School of
Medicine Animal Care Committee (35,2018).

2.2, Experimenial desing

Mice were divided into four groups: (1) Ketogenic diet-Exercise
group (KD-Ex), (2) KD-Sedentary (KD, (3) Conirol diet-Exercise group
(Ex) and (4) Control diet-Sedentary group (Contral) (n = 8 for each
group), They were with ad [bium access to water and food during all
parts of the experiment, The animals were weighed one time in every
week, Following an one week adaptation period, the exercise groups had
free access to a running wheel (11,5 cm diameter, connected to digital
counter) which rotated by animal effort for 6 weeks [16,17], Anxiety
and depression-like behaviors was evaluated with elevated plus maze
(EPM), open field test (OFT) and forced swim test (FST) at th end of the
& week exercise and feding period. Blood samples were collected under
carbon diogide anesthesia,

2.3. Experimental diet

A regular mouse diet s composed of 13% fat, 25% protein, and 62%
carbohydeate was used for control mice, A very low-carbohydrate KD is
composed of 81.4 % fat, 16.2% protein, and 1% carbohydrate was
prepared based on a commerclally available KD chow and composition
of the KD diet is shown in Table 1.

Neurosclence Letters 770 (2023) 136443

Tahle 1
Pementage of three energy substances in diets.
L] Cantrol
Gram (%) Kieall (%) Grram (%) Kical (%)
Protein 2.2 162 180 165
Carbohydraie 5 24 Ty 6L%
Fat 7.3 #1.4 1040 b
Tatal 100.0 100.0

2.4, Biochemical measurements of blood serum

Blood samples were stored at —80°C. Glucose, alanine aminotrans-
ferase (ALT), total cholesterol (TC), HOL-cholesterol, LDL-cholesterol
and triglyceride (TG) analyses were done by autoanalyzer (Beckman
Coulter AUGBD). Resulls of glucose, total cholesterol, HDL-cholesterol,
LDL-chalesterol and TG were expressed as mg/dl, and ALT is
expressed as UL, Insulin level was measured with micro-ELISA method
by using commercial kit (Bloassay Technology Laboratory, Catalogue
number: EM62Mo) in accordance with the manufacturer's instructions,
Insulin result was expressed as U/mL. f-Hydeoxybutyrate (BHE) was
measured as keton body, BHB levels were measured with colorimetric
assay by using commercial kit (AAT Bioquest, Catalog number: 13830)
in accordance with the manufacturer's instruetions, Keton body result
was expressed as jiM,/L.

2.5, Behavioral assessment

2.5.1. The open field test (OFT)

The open field test is generally used to assess anxiety-like behavior
and locamotor activity in rodents (18], The open field which composed
ofalx 1 marea surrounded by a wall 50 cm in height, Each mouse was
placed at the center of area then locomotor activity was recorded witha
video camera which installed 2,5 m above open field apparatus for 5 min
in soundproof observation room. In this test, the time spent in different
parts of open field and the distance moved by mice were measured [19],

2.5.2. The elevated plus maze test (EFM)

Anxlety-like behavior was also investigated using the elevated plus
maze test in rodents. The EPM which composed of central area (5 cm =
5 em), two open arms (50 em long, 10.¢m wide and 0,5 em high borders)
and two closed arms (50 em long, 10 cm wide with 40 cm high walls),
each elevated 50 cm above the base [15]. Mice were put an the area
faring open arm and then recorded with a video camera for 5 min, The
time spent on the open and the closed arms and the number of entries
into the open and the closed arms were evaluated.

2.5.3. The forced swim test (FST)

The forced swimming test (FST), which known as Porsolt test, was
used 1o assess the depression-like behavior in mice [20], Mice were put
individually into glass cylinders (height 25 cm, diameter 10 cm) which
containg 10 cm of water and stayed there for 6 min, The total immobility
duration was measured. An increase in the immobility duration is
assessed as a depressive-like state,

2.6, Statistical analysis

Results are presented as the means + SEM. Statistical analysis was
conducted using SPSS statistics (version 24; IBM, Tokyo, Japan). Two
way-ANOVA was used to detect differences in body weight of animals
between the groups defined by diet or exercise at each time point, For
others, Two way-ANOVA and Bonferroni post-hoc tests were performed
to determine differences between groups, For all statistics, significance
was considered at p < 0,05,
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3. Results
3.1. The effects of different diet feding and exercise on body weight

The body weight in KD micereduced in first week after beginning the
study (p < 0.01) (Fig. 1); hence, the decline in body weight of KD group
improved afterwards, The body weight in KD group was significantly
lower compared to control mice untl 2 weeks. KD-Ex, KD and Ex mice
had a significant difference when compared to control mice at 4 week (p
< (0,01 for all of them), Also, KD and KD-Ex mice significantly decreased
welight compared to control mice at 5 week (p < 0,05 for both of them),
In addition, Ex mice decreased weight compared to control mice,
regardless of diet (p < 0.05) (Fig. 1).

3.2, The evaluation of biochemical measuruments of serum

The BHB levels of KD-Ex mice were greather than KD and control
mice (p < 0,01 for both of them). In addition, BHE levels in Ex and KD
mice significantly increased compared to control mice (p < 0.01 for both
of them), However, no significant difference was observed between KD-
Ex and Ex mice,

The glucose levels of KD-Ex mice significantly decressed compared
to KD and control mice (p < 0.01 for both of them) while no significant
difference in the glucose level was observed berween KD-Ex and Ex
mice, In addition, the glucose level in Ex mice significantly decreased
when compared to control mice (p < 0,01}, The insulin levels of KD-Ex
and KD mice decreased compared to control mice (p < 0.06 for both of
them), On theother hand, there were no significant differences between
groups with regard to the insulin levels,

The TC levels of KD-Ex mice were not significantly change compared
to the other groups, Yet, TC levels of KD mice significantly decreased
compated to Ex and contral mice (respectively, p < 0,01 and p < 0,05).
In addition, there wasn't a significant difference between the TG levels
of groups (p > 0,05), LDL/HDL ratio in KD-Ex, KD and Ex mice signif-
icantly reduced compared to contral (p < 0.01) however, there wasn't
slgnificant difference between experimental groups,

There wasn't a significant difference between ALT levels of groups
(p = 0,05). Moreover, urle acid levels significantly decreased in both KD-
Ex (p < 0.01) and Ex (p < 0,01) mice compared to contral (Table 2),

3.3. Behavioral and exercise measurements
KD-Ex mice in the running wheel cage; mean running distance is
5,21 + 0,37 km/day whereas mean running distance of Ex mice is 1.73

+ 0,39 km/day (p < 0,01),

S0

43

Body weight (g)
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Table 2
The effects of KD and/or regular voluntary exerche on plama blochemieal
markers,

Param eters KI-Ex o Ex Contral
BHE (ML) B6.76 + 18907 + 215.22 3 13171 4
306%" ** 10,15 ** 6,43 183
Glucese (mg/ 1485 4 16540 + 13250 + 177 &
diy (% 2459 % 6,02+ 1216
Insulin {ull L2E + 009 124 3 015  La2£000 A0
ml) 005
TC {mgddl) 164 + 14.52 12867 + 196 + 1893 183 + 28
9.19% 5 "
TG {mg/dl) 1W04.16 + 887 13217 + 14042 + 10433 +
AL 15.79 5.95
LDL/HDL mtio (31 4 008°* 027 & 0.34 & 074 +
006 007 005
ALT (mgrdl) 43 + 241 A1L63 + 609 2808+ 281 A755+
214
Uric Acid (mg/ L3864 022* 167 4017 LA + 2054
dl) 01 011

Values are shown as mears + SEM, BHB, f-hydresybutyrate; HDL, high density
lipoprotein; LDL, low density lipoprotein; ALT, alanine transaminase; TC, total
cholesteral; TG, triglyeeride. Significant differences are shown by *p < 0.05and
#4p < 001 vemsus control group; “p < 0,05 and **p < 0.01 versus KD group; "p
< 0,05 and **p < 0.01 versus Ex group, {n = 6-8 for each group),

Results of OFT showed that the total moving distance in open field
arena in KD mice increased compared to control mice (Fig, 2.A1), the
lime spent in the periphery walls of open feld arena significantly
decreased in KD-Ex or Ex mice compared Lo conteol mice (p < 0,05 for
bothof them) (Vig. 2.A2Z). There wasn't a significant difference between
the spent time in the center of open field arena of groups (p > 0.05)
(Flg. 2.A3),

Results of EPM showed that Ex mice spent more time on the open
armsof EPM compared to KD-Ex, KD and control mice (p < 0,01 for all of
them) (Fig. 2BI). Inadditition to this, Ex group spent lower time in the
closed arms of EPM compared to other groups. However, there was'nt
significant difference between the time spent of open arms of EFM of the
other groups (Tig LB3)L

Results of FST demonstrated that, the immobility tme in KD-Ex mice
was lower compared to control mice (p < 0.01) while no significant
difference between KD-Ex, KD and Ex mice. (Fig. 2C).

3.4. Correlation analysis

A moderate negative correlation was found between BHB levels and
the time spent in periphery walls of open field arena (Fig. 3. A) and in
—dp— K[)-Ex
-l KD
—k— Exercise

- Contmol

il
1] 1 2 3

Weeks
4 5 6

Fig. 1. Effects of 6-week KD feeding and exercise traning on body weight in Balb/c mice. Mice were divided info KD (KD-Ex and KD group and Control (Ex and
Control) group, Mice were indivodually weighed weekly, Data indicated are means + SEM, n = 8 for each group, (*p < 0,05 KD-Ex compared tocontmk **p < 0,01
KD compared 1o eontrol; **p < 0,01 Ex compared o control) (n = 6-8 for each group),
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~0.511 and p = 0.013). In addition, a moderate positive correlation
between LDL/HDL ratio and the time spent in the periphery walls of
open field avena (Fig 3. €) and in the closed arms of EPM (Flg. 3. D) (r =
0,553, p = 0.008 and r = 0.456 and p = 0.033), However, there was a
moderate negative correlation between LDL/HDL ratio and the total
moving distance in open field arena (r = —0.587, p = 0.004) (Fig. 3 EL

Another moderate negative correlation was found between BHE and
the immobility time in the FST (¢ 0.616, p = 0.002) (Fig. 3. F).
However, a moderate positive correlation was found between LDL/HDL
ratio & insulin and the immobility time in FST (¢ = 0.468, p = 0.032and
¢ 488, p = 0.025) (Tig. 3. G &Fig. 3. H). Furthermore, there was a
moderate negative correlation between the glucose levels and the
mability time in FST (r = —0.524, p = 0,010) (Fig. 3. I,

H. Gumws etal, Neuroscience Letters 770 (2023 136443
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the closed arms of EPM (Fig. 3. B) (r = —0.572, p = 0.004 and ¢ = 4. Discussion

The popularity of KD or exogenous ketone supplements which
consist of low carbonhydrate and high fat rises not only among re-
searchers, but also in society, especially in the context of weight loss and
improving exercise performance, The potential of KD for weight loss has
been comumaonly notified worldwide for decades, Inliteratire there area
couple of studies that report KD leads to Inerease weight loss in rodents,
Especially the short-term effects of KD for weight loss ave significant in
varlety of experimental subject, containing human and rodent animals

21,221, In our study, we observed that KD-Ex, KD and Ex mice showed
significant welght loss when compared to control mice at second week,
The role of KDy in welght loss is multifactorial, involving a decreased
appetite brought about by hormonal changes stimulated by ketosis,
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However, the weight of KD, KD-Ex and Ex mice increased at the last
weeks of experiment. The KD and/or exercise may have caused to in-
crease welght as a result of the increasing of energy need or protein
synthesis,

Studies in rodent animals which fed KD may provide some supple-
mentary mechanistie understanding into the effects of KD on exercise
performance, especially whereby the diet can be well controlled and the
capability of performing bio-molecular measures is not limited, We
observed that Balb/c mice with feding KD improved exercise perfor-
manee compared to control mice in our study. Similarly, Huang and
Miller et al, [23,24] reported that KD ameliorated exercise treadmill
durations and also molecular markers of recovery in C57BLG/J male
mice, suggest the mechanism to be an increased fat utilization, More-
over, Holland et al. (7] notified that voluntary running distance wasn't
different during 6 weeks of KD fed to Sprague-Dawl ey rats, On the other
hand, Nilsson et al, [25] found that a low-carbonhydrate high fat diet

decreased maximum aerobie capacity and physical perfomance in fe-
male C57BL/6JS mice al the end of 4 week of diet. Further studies are
required in animal models o help derive precise conclusions,

We Investigated the effects of diet-exercise interaction on the levels
of BHE, glucose, insulin, TG, LDL, HDL, TC, uric acid, and ALT, Ketone
bodies are produced naturally in the liver under physiological condi-
tlons that are related to the supression of insulin: fasting, long-term
starvation, prolonged exercise or the consumption of KD (high fat and
low carbonhydrates diet). An increase in serum level of ketone bodiesis
the most certain biochemical consequence of KD [26], In our study, we
observed that BHB level increased in KD-Ex, KD and Ex mice compared
to control mice, However there were not significant differences between
KD-Ex and other experimental groups, Although the difference was not
significant, the level of BHB of KD-Ex group was higher than KD and Fx
mice, suggesting that BHB was used first energetic source by KD-Ex
mice, These results showed that the administration of 6 week KD
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improves ketolysis, and force to utilize ketone bodies, Similarly to our
results, Holland et al, (2] showed that Sprague-Dawley rats which fed
KD presented high level of BHE compared to control rats, On the other
hand, Sihui Ma et al. [21] reported that the increase of BHB indicated
that mice were exercised to exhaustion, while after exhaustion exercise,
KD decreased the BHB level significantly, showing the capacity of keto-
adapted mouse to use ketone bodies, The ability of KD feding to decrease
glucose and insulin levels has been well-known [22,27], In accordance
with literature, we observed that glucose level decreased in KD-Ex and
Ex mice compared to control mice, In addition, the glucose level of KD
mice was higher than Ex mice although there was a slight decrease in the
glucose level of KD mice compared to control, suggesting that ketone
bodies might be used by Ex mice as energy source, Similarly to our re-
sults, Sihul Ma et al. [21] reported that glucose level considerably
decreased in Ex mice (CS57BL/6J mice) however not in KD mice,

recommended that this might be attributed to the low coefficient of
using in KD mice which mainly maintained a supply system generally
powered by fat. Moreover, we demonstrated that insulin level signifi-
cantly decreased in KD-Ex and KD mice compared to control mice,
Likewise, Holland et al. [2] presented that the administration of both KD
and KD-Ex reduced insulin level in male Sprague Dawley rats, Recent
evidences reparted that KD positively changed blood lipids, reduced in
serum TG and TC levels in rodents and it could be associated with KD-
induced decreases in insulin which, in turn, reduces liver fatty acid
and cholesterol blosynthesis [2,28], Recent studies have investigated
how exercise could decrease TC and LDL [ 29 30], Firstly, exercise in-
duces enzymes which help transport LDL from the blood to liver, Alter
that, cholesterol is turned into bile or excreted. Secondly, exercise im-
proves the size of the lipoproteins and then LDL is converted into HDL,
Some studies presented that KD caused to increase in cholesterol
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Fig, 3. Correlation Analysis Results, (A) Correlation seatterplot between BHB levels and time spent in the periphery of open field arena. (B) Correlation scatterplot
between BHB levels and time spent in the ¢ losed arms of EPM, {C) Correlation scatterplot between LDL/HDL ratio levels and time spent in the peripbery of open field
arena, (D) Comelation scatiemlat between LDL/ADL ratio and time spent in the closed arms of EPM, (E) Cormelation scatierplot between LDL/HDL mtlo and fotal
maoving distance in the open field arena. (F) Correlation scatterplot between BHB levels and the immobility time in FST. (G Correlation scatterplot between LOL/HDL
ratio and the immobility time in FST. (H) Correlation scatterplot between the insulin levels and the immobility tme in FST. (1) Correlation scatterplot between the

glucose levels and the mobility time in FST.

[3132], We also showed that the TC levels of KDY mice decreased
compared to Ex and control mice, In addition, the TC level increased in
Ex mice compared to KD mice, That's why, exercise might increase HDL
level and decrease and,/or not change LDL level. However, no difference
was observed between control and other experimental mice in the level
of TG in our study, Also, we observed that the LDI/HDL ratio reduced in
KD-Ex, KD and Ex mice when compared with control which suggesting
KD and exercise improved blood lipids. Supporting this suggestion, the
administration of oral BHB decreased LDL/HDL ratio and increased HDL
levels in Wistar rats (53], In addition, ALT was employed as hepatic
damage marker. Some studies reported that exercise causes hepatic
damage because of increasing ALT however ALT level was reduced by
KDy indicating KD may protect the liver from exercise-induced Lver
damage [34,35] However, in our study, no significant difference in the
ALT levels was observed between KD-Ex, KD, Ex and control mice,
Furthermore, elevated uric acid level is used as liver damage marker
[36], In the current sudy, uricacid levels reduced significantly In both
KD-Ex and Ex mice whereas there was a slight decrease in the uric acid
level in KD mice when compared with control, These results suggested
that KD did not adverse liver responses, However, further research is
necessary for the effects of KD-Ex on some tissues such as brain, liver or

muscle,

Inrecentyears, many studies have been shown that KD has beneficial
health effects and therapeutic potential for a broad range of disorders,
containing central nervous system disorder and stress induced situations
such as anxiety and depression disorders, In literature, there area couple
of studies that report KD leads to a decrease in anxiety and depression
behaviors | 37-39] whereas other studies report that the levels of anxiety
and depression are not affected following KD therapy [ 40,411, In the last
years, several studies investigated effects of exercise on andety and
depression behavior in rodent animals, however, findings are quite
contradictory. Some studies report that regular voluntary exercise cau-
ses to decrease anxety and depression-like behavior [42,43]. While
other studies report that andety and depression-like behavior are not
influenced or rise following exercise [44,45]. However, the effects of
pairing a KD with voluntary exercise on anxiety and depression are not
known clearly, In the current study, we found that the combining of KD
with exercise varled neurobehaviors in adult male mice, Some behav-
ioral experiments demonstrated that KD-Ex mice decreased depression
and anxiety levels when compared to control mice, In the OFT, we
observed that the total moving distance in open field arena si gnificantly
increased in KD mice compared to control whereas KD-Ex and Ex mice
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had a slight increase in total moving distance although the difference
was'nt significant compared to control mice, which suggesting reduced
anxious behavior, However, there weren't significant differences in this
behavior between KD-Ex and KD or Ex mice Therefore, this difference
cannot be attributed 1o only the ketogenic diet or exercise, On the other
hand, we observed that the time spent in the periphery walls of open
field arena significantly decreased in KD-Ex and Ex mice compared to
contral mice which suggesting reduced anxious behavior. However,
there wasn't a significant difference between the time spent in the center
of open field arena of groups, Sussman et al, [38] reported that mice
prenatally exposed to KD indicated a slight rise in the spent time in the
center of open field arena, which suggesting decreased anxiety-level. In
EPM, spent lower time on the open arms of spent more time in the closed
arms are used asan indicator of anxiety behavior, We demonstrated that
KD-Ex, KD and Ex mice spent more time on the open arms when
compared to control mice, However, Ex mice spent mare time on the
open arms of EPM compared to KD-Ex and KD, suggesting that exercise
effects on this behavior may be decressed by administration of KD,
Furthermore, the spent time in the closed arms of EPM decreased in Ex
mice when compared with KD-Ex, KD and contral mice, KD-Ex and KD
mice spent lower time in the closed arms of EPM compared Lo contral
mice although the difference was'nt significant. In contrast to our re-
sults, Ziegler etal, [41], Peresetal. [40] and Murphy and Burnham [46]
did not observe any differences between KD and control mice in the EPM
test. Inour study, both the results of EPM and OFT showed that not anly
Ex but also a pairing KD with exercise decreased anxiety level. More-
over, the FST was used 1o evaluate the potential effects of pairing KD
with exercise on depression behavior, In the FST, the immobility time
decreased in KD-Ex mice merely when compared to control mice and
also there was a slight difference in terms of the immobility time be-
tween KD-Ex, KD and Ex mice altough it wasn't significant, Murphy
etal, [17] reported that the rats of KD group spent lower the immobility
time than the rats of control mice, Our findings suggest that KD-Ex may
have antidepressant effects,

We found that there was a negative correlation between BHE and
anxiety and depression-like behaviors, The time spent in the periphery
walls of open field arena was moderate negatively correlated with BHB
levels, An increase of time spent in the closed arms of EPM which lnown
as anxous behavior was moderate negative correlated with BHB level.
In a conflicting report, Murphy et al. [37] demanstrated that the pre-
nsence of ketosis wasn't needed to observe a behavioral change, sug-
gesting the therapeutic effects of KD are not just linked its potential in
stimulate ketosis, The immobile duration was moderate negatively
correlated with BHB levels while insulin or glucose were moderate
positively correlated with depression behaviors in FST, Otherwise we
demonstrated that the time spent both in the closed arms of EFM and in
the periphery walls of open field arena were moderate positively
correlated with LDL/HDL ratio, KD-Ex, KD and Ex mice had lower LDL/
HDL ratio when compared o control mice, Furthermore, There was a
moderate positive correlation between LDL/HDL ratio and depression
behavior, Similarly with our study, Tiao-LaiHuang et al. [47] examined
that the relationships between lipid and lipoprotein concentrations and
anxious or depression symptoms or disorder in human studies, sug-
gesting that the level of HDL cholesteral and the ratios of TC/HDL and
LDL/HDL (atherogenic index) might be markers of the possi ble associ-
ation between serum lipids and andety or depression, These result
suggested that the effects of KD-Ex on anxiety levels might depend on
decrease of LDL/HDL ratio. To summarize, pairing a KD with regular
voluntary exercise may reduce depression behavior by means of
decrease insulin, glucose or LOL/HDL ratio and increase BHE levels.

5. Conclusion
In conelusion, the present study demonstrated that a pairing KD with

regular voluntary exercise decreases anxiety and depression-ike
behavior in rodent animals, The administration of KD with voluntary

Neuroscence Letters 770 (2022) 136443

exercise increases BHB level while decreases not only glucose and in-
sulin but also LDL/HDL ratio, KD increases exercise performance & a
result of high BHB level. These data suggest that high BHB level and low
glucose or insulin level and LOL/HDL ratio may directly or indirectly
contributes 1o the positive effects on anxiety and depression behavior,
Further research is necessary for eluciadating the exact mechanism by
which a pairing KD with exercise on anxiety and depression influences
the argans such as brain,
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Abstract

Although studies suggest that cognitive functions in the elderly are impaired, elderly people tend to be more successful and
wiser in solving emotional problems. In empathy-like behavior models, the observer rat rescues the distressed cage mate by
displaying emotional and cognitive ability. The aim of the study was to investigate the changes in empathy-like behavior in
older rats in comparison to adult rats. In addition, we wanted to determine the effects of alterations in neurochemicals (such as
corticosterone, oxytocin, vasopressin, and their receptor levels) and emotional situations on this behavior. In our study, we ini-
tially completed empathy-like behavior tests and emotional tests (open field, elevated plus maze) and performed neurochemical
examinations in the serum and brain tissues. In the second step of research, we applied a midazolam (benzodiazepine) treatment
to examine the effect of anxiety on empathy-like behavior. In the old rats, we observed that empat hy-like behavior deteriorated,
and anxiety signs were more pronounced. We detected a positive correlation between the latency in empathy-like behavior and
corticosterone levels and v1b receptor levels. The midazolam effect on empathy-like behavior was attenuated by flumazenil
{a benzodiazepine receptor antagonist). The recordings of ultrasonic vocalization showed frequencies around 50 kHz emitted
by the observer and this was associated with the expectation of social contact. Our results state that compared to adult rats,
old rats were more concerned and failed during empathy-like behavior. Midazolam may improve this behavior by anxiolysis.

Keywords Empathy - Prosocial behavior - Anxiety - v1b vasopressin receptor - Corticosterone - Elderly - Midazolam

Introduction
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Empathy is comprised of emotional and cognitive skills and
can be defined as the capacity to understand and respond
to the emotional experiences of others. Empathy enables
humans to establish social relationships and adapt to their
community (Lamm et al. 2007). The emotional physiologi-
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been ascribed the label of “prosocial behavior” (helping
behavior) (Kollmuss and Agyeman 2002; Baron-Cohen and
Wheelwright 2004).

Studies propose that cognitive empathy decreases with
advancing age (Bailey et al. 2008; Ruffman et al. 2008;
Hithnel et al. 2014). It has been suggested that cognitive
empathy associated with the loss of attention, memory
and perception, structural deteriorations in the brain,
slowing in process speed, and reduced reasoning ability

@ Springer
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may be diminished in the elderly (Glisky 2007; Ruffman
et al. 2008; Hiihnel et al. 2014). The assessment of emo-
tional changes is more ambiguous than cognitive changes.
A study has indicated the elderly are generally more sue-
cessful in solving emotional problems than the young, and
they are sage (Ebner et al. 2013). In a large-scale study
involving individuals from different ethnic roots and com-
munities, in comparison to young people, it was reported
that self-reported negative emotional experiences (such
as fear, anger, and sadness) decreased, positive emotions
(such as happiness) increased, and the control of nega-
tive emotions was overall more successful for the elderly
{Gross et al. 1997). On the other hand, research has indi-
cated that emotional functions are related to cognition
levels; the emotional empathy levels of the elderly with
high cognitive empathy are higher and prosocial behav-
iors (helping behavior) are more motivated (Beadle et al.
2015). When compared to young people, the elderly expe-
rience failures in cognitive functions and may also display
a decrease in emotional empathy and helping behavior.
In order to study and examine empathy, it is possible to
focus on the processes of cognitive and emotional empa-
thy which can impact one another and consequently
induce helping behavior.

In our previous studies in rats, we observed helping
behavior (empathy-like behavior) and detected changes
related to oxytocin and vasopressin levels in the prefrontal
cortex and amygdala regions. These may have exhibited a
useful model for understanding the neurochemical processes
of empathy (Kandis et al. 2018; Karakilic et al. 2018; Yuk-
sel et al. 2019; Hosgorler et al. 2020). The alterations in
emotional situations and the levels of oxytocin, vasopressin,
and their receptors in the brains of aged subjects may affect
empathy-like behavior. The mechanisms of how empathy
in the elderly changed and the relationships of these altera-
tions with the brain’s neurochemicals are still unclear. There-
fore, the empathy-like behavior model in rats may provide
some insight into these changes. The aim of this study was
to investigate the possible changes in empathy-like behav-
iors of old rats and the subsequent effects of emotions and
neurochemicals.

Material and methods

In the present study, Sprague-Dawley male old rats
(26-28 months, 380430 g weight) and male adult rats
(9-10 months, 280-320 weight) were obtained from the
institutional animal laboratory. All rats were housed in a
12-h light/12-h dark cycle at constant room temperature
(221 °C) and humidity (60%) with free access to water
and laboratory chow.

@ Springer

Groups, experiments, and sample collection

In the first step of experiments, the rats were separated
and examined in four groups: old rats (OR, n=6); adult
rats (AR, n=6); naive old rats (NOR, n=4); naive adult
rats (NAR, n=4). Empathy-like behavior tests were imple-
mented to the rats in the OR and AR groups. The naive
rat groups were subjected to the behavioral tests (open
field test and elevated plus maze test). The AR and OR
groups were subjected to these tests immediately after the
empathy-like behavior test and all were eventually sacri-
ficed. In this step, the relationships between empathy-like
behavior, emotional situations, and biochemical param-
eters were evaluated.

In the second step, old rats were separated and exam-
ined in four groups. Negative control group (NC, n=6):
rats were subjected to empathy-like behavior tests without
subcutaneous injection; sham control group (SC, n=4):
rats were subjected to the empathy test following a 0.9%
NaCl injection; the midazolam group (MDZ, n=5): rats
were subjected to an empathy test after midazolam injec-
tion; midazolam plus flumazenil group (MDZ-FLU, n=5):
rats were subjected to an empathy test following mida-
zolam and flumazenil injections. In this step, the ame-
liorative effect of anxiolysis on empathy-like behavior
in old rats was analyzed. After the learning period, all
rats in these groups were subjected to empathy tests and
behavioral tests. Ultrasonic vocalizations of old rats were
recorded during empathy-like behavior tests. The old rats
that completed the experiments were sacrificed and blood
samples were collected for corticosterone analysis.

For a period of 30 days prior to the experiments, the
rats were housed in the same cages with randomly selected
pairs to get accustomed to one another. In previous stud-
ies, we observed that rats demonstrated helping behavior
only with familiar cage mates. Similarly, in other proso-
cial behavior tests, only familiar rats were used (Carval-
heiro et al. 2019). The rats were subjected to handling and
then placed in the empathy apparatus for 7 days (5 min)
to enable them to adapt to the experimental environment.
Following the adaptation period, for a duration of 12 days,
all the rats were placed in the empathy apparatus to learn
to rescue their cage mate.

An empathy-like behavior measurement was performed
on the 13th day. Following the end of the empathy-like
hehavior and other behavior tests, all rats underwent thora-
cotomy under CO, anesthesia; blood and tissue samples
were collected.

Blood samples were collected via 25-gauge needles
by right heart ventricle puncture. After decapitation. the
brain was removed by craniotomy en bloc, and the prefron-
tal cortex and amygdala regions were separated. Tissue
samples were stored at— 80 °C until homogenization and
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measurement. Blood samples were centrifuged at 1000 g
for 10 min; serums were collected and stored at — 80 °C,
The experiments on behavioral measurements were
recorded using a video camera and video tracking system
device equipped with EthoVision XT Software (Noldus
Information Technology Inc., Leesburg, VA, USA). All
experiments were performed at the same time interval.

Drug administration

In the second step of experiments, the empathy-like behav-
ior experiment was performed with 0.9% NaCl (Poliflex
[zotonik, Polifarma [lag, Tekirdag, Turkey; 1 ml/kg, sub-
cutaneously), with midazolam (Midaject, Tiim Ekip ilag,
istanbul, Turkey; 0.5 mg/kg, subcutaneously), and with
midazolam plus flumazenil (Anexate; Cenexi SAS, Fon-
tenay, France; 3 mg/kg. subcutaneously) injections. The
subcutaneous injection of MDZ was administered 30 min
before the empathy-like behavior experiment. FLU adminis-
tration to block the benzodiaze pine receptor was completed
15 min before the MDZ injection.

Empathy-like behavior experiments

In this study, an apparatus similar to the one described
previously was used to test the empathy-like behavior in
rats (Sato et al. 2015). The apparatus is a black plexi-
glass rectangular box (450 x 450 x 900 mm) separated
in the middle by a transparent section which divides
the box into two equal compartments: one a pool area,
the other a dry area. The transparent section contains a
transparent door which allows passage between the two
areas. The door was a round shape made of plastic and
could be opened by the rats when they pushed it with
their noses. The observer rat in the dry compartment can
open the door and rescue his cage mate immersed in the
pool (Fig. 1a,b). Aftera period of drying out and recon-
necting with the environment, the roles were reversed
(approximately 10 min later). The experimental period

Fig. 1 a The rat rescues the
cage mate by opening the door.
b The empathy-like behavior
experiment

was 300 s and the duration of rescue time for the open-
ing of the door for each rat was recorded manually. Each
behavioral experiment was conducted by the same inves-
tigator and controlled by a second observer investigator.
If the observer rat opened the door and saved its cage
mate within 300 s, this was accepted as being indicative
of empathy-like behavior.

Elevated plus maze test

This is a test used to determine anxiety behavior in rodents
(Xia et al. 2018). The elevated plus maze apparatus is ele-
vated 50 cm above the ground and consists of a central plat-
form (5% 5 ¢cm) with two open and two closed arms (both
50 cm long, 10 cm wide). The rats were placed on the central
platform and recorded via a video system for 300 s. The time
the rats spent upon the center area, open and closed arms,
and the frequency of entry to these arms were recorded. On
the platform raised above the ground, if the animal avoided
entry onto the open arms and showed decreased exploration,
these behaviors were taken as indicative of anxiety.

Open field test

The locomotor activity, exploratory behavior and emotional
behavior of the rodents were evaluated in the open field test
{(Rodrigues-Alves et al. 2009). A black plexiglass box with a
height of 50 em and dimensions of 100 100 ¢m was used.
The floor of the box was divided into equal squares (75% at
the edges, 25% at the center) and illuminated with a light
source (100 Ix). The rats were placed in the center of the
field and the durations spent at the edges and in the center
area of the field were recorded with the video tracking sys-
tem for a period of 300 s. In this test, total distance trave-
led, time spent in the center area, and margin areas were
recorded. Increased amounts of time spent in the edges area
or immaobility were accepted as signs of anxiety.
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Ultrasonic vocalization measurements

The empathy box was placed in the sound-isolated room.
The empathy box cover was drilled at both compartments
and microphones were implanted into the holes, The micro-
phones were connected to a data acquisition device. The
calls emitted by the observer rat and the distressed rat were
recorded separately and the calls of the observer rats were
evaluated.

Avisoft-SASLab Pro software and Avisoft UltraSound-
Gate 1216H*™ device were used for vocalization recordings.
Following data collection, all evaluations were performed
using the DeepSqueak scripts in Matlab. This software
enabled the detection of ultrasonic vocalizations within the
sound sequences. The identified vocalization data was manu-
ally verified and confirmed by the researcher. The number
of calls, call type, peak frequency of vocalization, and fre-
quency change (bandwidth) were determined. Call duration,
slope, sinuosity, average power, and average tonality were
detected by recording.

In order to accurately classify distinct vocalizations, the
algorithm applied in this interface leverages acoustic fea-
tures such as spectral gradients, tonal characteristics, and
contour patterns. The graphical representation provides a
comprehensive visualization of classified samples, mapping
frequency, and time domains, with color-coded amplitudes
corresponding to the intensity of the acoustic signals. Spec-
tral gradients provide information about the change in fre-
quency content over time, while tonality measurements cap-
ture the harmonic structure of the sound. Contour patterns
provide insights into the temporal dynamics and fluctuations
in frequency, which are critical for distinguishing between
different vocalization types. The color-coded scheme rep-
resents the amplitude of the sound, with variations in color
intensity corresponding to fluctuations in the acoustic sig-
nal’s amplitude. This intwitive visualization allows research-
ers to quickly assess the distribution and characteristics of
the classified vocalizations, facilitating further analysis and
interpretation.

Biochemical measurements

Frozen samples of brain tissue were weighed and homoge-
nized with steel beads using BioSpec Mini-Beadbeater-16
(BioSpec Products Inc., USA) in 10 volumes of PBS
(pH:7.4) and centrifuged at 3500 g for 15 min at 4 °C.
The supernatants and serums were used for biochemical
analyses.

Tissue and serum ELISA measurements were performed
according to kit protocols. We implemented rat-specific
Oxytocin ELISA Kit (Catalog Number E1216Ra, Bioas-
say Technology Laboratory, China), rat-specific Arginine
Vasopressin ELISA Kit (Cat. No: E1873Ra, Bioassay

@ Springer

Technology Laboratory, China), rat-specific Oxytocin
Receptor Elisa Kit (Cat No: E1476Ra, Bioassay Technology
Laboratory, Shanghai, China), rat-specific Vasopressin Vla
Receptor Elisa Kit (Cat No: E1477Ra, Bioassay Technology
Laboratory, Shanghai, China), rat-speci fic Vasopressin Vb
Receptor Elisa Kit (Cat No: E1478Ra, Bioassay Technology
Laboratory, Shanghai, China), and rat-specific Corticoster-
one ELISA Kit (Cat. No E0496Ra, Bioassay Technology
Laboratory, China). All results were calculated as mg pro-
tein per tissue. Protein analyses were performed according
to the manufacturer guide of the BCA protein Assay kit
{(Catalog Number 23227, Pierce™ BCA Protein Assay Kit,
USA). Absorbency changes were measured using a micro-
plate reader (ELx800, Biotech Instruments, Inc., Winooski,
VT, USA) at 450 nm for ELISA kits and at 560 nm for
protein assay kits.

Statistical analysis

Statistical analysis was performed using SPSS 24.0 (IBM,
Turkey). The Kolmogorov-Smirnov normality test was
applied. The one-way ANOVA test was implemented for
variables in normal distribution and the Kruskal-Wallis
test was used when the variables were not normally dis-
tributed. To compare two groups, the Student’s r-test was
applied for variables in normal distribution and the Mann-
Whitney U test was used when the variables were not nor-
mally distributed. Correlations among the parameters of
neurochemical tests and empathy-like behavior test were
calculated by Pearson correlation analysis. p values <0.035
were considered statistically significant. The differences
among the groups were displayed in a graph. The results
of the statistical test analysis, mean +standard error mean
(SEM), F values, t values, and p values are presented in
Table 1.

Results

Latency inempathy-like behaviorin the adult
and old rats and alterations in oxytocin
and vasopressin levels

The door opening durations following the learning exper-
iments demonstrated significant differences between
the OR and AR groups. Compared with AR, OR dis-
played a latency in opening the door in the empathy box
(p=0.002, Fig. 2a, b). Compared to the NAR and NOR
groups, in the AR and OR groups, there were no differ-
ences in oxytocin and vasopressin levels in the amygdala
and prefrontal cortex. There was also no significant dif-
ference between oxytocin receptor levels of the amyg-
dala and prefrontal cortex. The vla receptor levels in
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Table 1 Statistical findings of biochemical analysis and behavioral tests

Parameter Groups Mean + SEM  p value p value for subgroups F value tvalue
Deoor apening durations AR 11L.83+3.92 p=0.002 H5.1)=-572
OR 220436
NC 220436 p=00d4  MDZNC p=0.007 Fi316)=652
5C 220442 MDZ-5C p=0.016
MDZ M+15 MDZ-MDZFLU p=0.038
MDZ-FLU 139+38
Corticosterone NAR 2774044 p<00001 OR-NAR p= <0.0001 F(3.16)=17.89
AR 4654064 OR-AR p=0.001
NOR 35T+048 OR-NOR p= <0.001
OR 848 +0.63
NC 484063  p=0002 MDZNC p=0.009 Fi3l6)=747
5C 925+1.49 MDZ-5C p=0.004
MDZ 4724031
MDZ-FLU 6624024
Amygdala vib NAR 0474018  p=0002 ORNAR p=0.03 F(3.16)=748
AR 0634017
NOR 1.63+0.38
OR 2484048
Prefrontal cortex vib NAR 1544019  p<DOD]  OR-NAR p=0.004 Fi3.16)=10.46
AR 1134036 OR-AR p=0.001
NOR 1354041 OR-NOR p=0.004
OR 16.3043.97
Elevated plus maze total distance traveled  NAR 1.324+227 p=0.002 OR-NAR p=0.001 Fi3l6)=8.07
{em) AR Tol+173
NOR 665 +497
OR 295+31
Chpen field total distance traveled (cm) NAR 30504243 p=0003  OR-NAR p=0.002 F(3.16)=7.06
AR 23934278
NOR 21054179
OR 16164126

the amygdala and prefrontal cortex did not change in the
groups. The v1b receptor levels in the amygdala and in the
prefrontal cortex showed significant differences between the
groups (p=0.002, p < 0.001, respectively). The levels of
v1b receptor were significantly higher in the OR group than
inthe NAR groups (p=0.03 for amygdala; p=10.004 for the
prefrontal cortex. Figure 3a). Compared to the AR and NOR
groups, vIb receptor levels were higher in the prefrontal
cortex (p = 0,001, p=0.004, respectively) of the OR group.

Fig.2 a Learning period in the

Corticosterone levels and the results of behavioral
tests in the adult and old rats

Serum corticosterone levels varied significantly among
the groups (p <0.0001). In comparison to the AR, NAR,
and NOR groups, corticosterone levels increased signifi-
cantly in the OR group (p=0.001, p <0.0001, p <0.001,
respectively. Figure 3b). The open field test demonstrated
a significant difference amid the groups in terms of total

adult and in the old rats, b Door 7 400 h-- 300+
opening durations in the groups. § - cdrats §
The door opening duration in z 3004 = adutrats &
the OR group was significantly £ ’ § 200+
increased compared to in the ﬁ =
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mean + SEM. AR, adult rat; OR, E - =
1004
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Fig. 3 a vIb receptor levels in the amygdala and in the prefrontal cor-
tex. In the amygdala, v1b receptor levels were significantly increased
in the OR group than NAR group (p=0.003). Compared to the other
groups, vIb receptor levels significantly increased in the OR group
in the prefrontal cortex (p = 0,004 for NAR, p = 0,001 for AR, p =

distance traveled (p=0.003). The total distance traveled
measurements of the OR group were significantly lower
than the NAR group (p =0.002. Figure 4a). The periods
of time spent in the center and margin areas were not dif-
ferent. In the elevated plus maze test, the total distance
traveled varied in the groups (p=0.002). Compared to
the OR group, the total distance traveled was longer in
the NAR group (p=0.001, Fig. 4b). The entry frequency
and time spent on closed and open arms indicated no dif-
ferences among the groups.

The relationship of corticosterone and vib levels
withdoor opening times

The v1b levels and corticosterone levels were found to be
maoderately and strongly correlated with the door opening
times (r=0.894, p<0.0001 for vIb of the amygdala, r=0.591,

NAR AR NOR OR
prefrontal cortex

o

Corticosterone levels(ng/ml)

NAR AR NOR OR

0,004 for NOR), b Serum corticosterone measurements, Corlicoster-
one levels were higher in the OR group compared to the other groups
(p < 0.0001 for NAR, p = 0.001 for AR, p < 0,001 for NOR) (data
are reported as mean +SEM. AR, adult rat: OR, old rat: NAR, naive
adult rat; NOR, naive old rat; v b, vasopressin b receptor)

p=0.043 for v1b of prefrontal cortex, r=0.792, p =0.002 for
corticosterone levels in serum, Fig. Sa—c, respectively).

The effect of midazolam on latency in empathy-like
behavior

In the old rat groups, door opening times were markedly
different (p=0.04). The latency in empathy-like behavior
was shorter in the MDZ group when compared to the other
cxpcrimcntal groups (p=0.007 for NC group, p=0016 for
SC group, p=0.038 for MDZ-FLU, Fig. 6a).

The midazolam effect on corticosterone levels
In the old rat groups, corticosterone levels varied signifi-

cantly with MDZ treatment (p = 0.002). When compared
to other control groups, the MDZ treatment significantly

Fig. 4 Behavior experiments a b
in the groups, a In the open ‘:.E"
field test, total distance traveled s 8
decreased in the OR group T 4000- E 2000+
compuared to the NAR group (p E * o *
=0.002). b In the elevated plus E b
maze lest, wial distance wraveled 30004 g — 1500
was shorter in the OR. group in § - E
comparison o the NAR group ] ¥ £
(p=0.001). Data are reported as @ 2000 2 1000
mean + SEM E @ g
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Fig.5 Correlation analysis between door opening latency and biochemi-
cal measurements, a There was a positive correlation between door open-
ing times and v1b receptor levels in the amygdala. b There was a posi-

reduced serum corticosterone levels in the MDZ group
(p=0.009 for NC group, p=0.004 for SC group, Fig. 6b).

The midazolam effect on behavioral tests

In the open field and elevated plus maze tests, the total dis-
tance traveled did not vary among the groups (p=>0.05). In
the open field test, there were no differences in the time
spent in the center and margin areas (p>0.05). In the ele-
vated plus maze test, there were also no significant differ-
ences amid the groups in the time spent on the open and
closed arms (p>=0.05).

The midazolam effect on ultrasonic vocalization

In the old rat groups, because there were only a small num-
ber of calls detected, we performed a qualitative assessment.
The characteristics of the calls are presented in Table 2. The
call type we detected was flat and step-up. Peak frequency

Fig.6 Dooropening latency
and corticosterone levels under
the influence of anxiolysis,

a Door opening latency was
lower in the MDZ group than
in the other groups (p=0.04),

b Corticosterone levels were
lower in the MDZ group com-
pared to the NC and SC groups
(p=0.002) (data are reported as
mean £ SEM, NC, naive control
group; SC, sham control group;
MDZ, midazolam; MDZ-FLU,
midazolam plus Aumazenil )

300

2004

1004

Door opening latency(sec)

tive correlation between door opening times and prefrontal v1b receptor
levels, e A positive correlation was found regarding corticosterone levels
and door opening time (< 00001, p= {0043, p=0.002, respectively)

was recorded in the range of 51-67 kHz in each group. The
bandwidth of the calls was in the range of 3-9 kHz.

Discussion

In this study, we examined empathy-like behavior in aged
subjects and observed that compared to the AR group,
the OR group either did not open the door or opened
it later. In the OR and AR groups, we investigated the
neurochemical changes that could be the results or rea-
sons of the empathy-like behaviour. The neurochemical
changes in the AR and OR groups were compared with
the NAR and NOR groups which had not been subjected
to the empathy-like behavior tests. In earlier studies, we
had observed changes in oxytocin and vasopressin levels
associated with empathy-like behavior in the amygdala and
prefrontal cortex (Kandis et al. 2018; Karakilic et al. 2018;
Yuksel et al. 2019). We did not detect them in the present
study. Oxytocin is a neuromodulator whose positive effects
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Table2 Ultrasonic vocalization recordings in the groups

Groups Peak frequency  Duration (ms) Slope (kHz/s) Sinuosity Average power  Average tonality Bandwidth (kHz)
(kHz) (dB/Hz)

NC 55.8 101 -77472 19089 —87.0221 0.4785 310
65.2 81 297 .525 1.7884 —B85.1557 0.5254 7.5
60.3 71 107 881 13532 —86.3424 0.5281 9
51.2 53 122,235 11000 =T74.3745 0.7374 [}
53.6 52 200,544 11315 =T6.9538 07278 10
53.3 150 —80.101 1.25%4 —T79.4583 0.6146 26

5C 62 19 1212.758 14805 -#7.336 0.4475 8
526 33 131.703 1.4268 —87.753 0.5195 9
4.1 23 147.126 10546 =91.4806 0.4459 7
55.7 35 52,903 10086 -90.0769 03777 5
4.9 42 419.132 19103 — 89,7992 0.3689 343

MDZ 67.2 62 266,372 23209 — 84,7868 0.5453 58

MDZ-FLU 64,6 T 153 978 23564 =01.864 01,3950 [}
54.4 17 -206.553 1.4374 — BL.667 0.6274 3

in the sense of trust, social convergence, and attachment
processes have been reported (Kosfeld et al. 2005; Bar-
raza and Zak 2009; Lee et al. 2009). Vasopressin has been
shown to play an important role in regulating emotional
and cognitive brain functions such as memory, stress, fear,
and depression (Corbani et al. 2018). Oxytocin and vaso-
pressin receptors are found in the brain regions associated
with empathy where oxytocin and vasopressin produce
central effects via direct projection from the hypothala-
mus (Gimpl and Fahrenholz 2001; Knobloch et al. 2012;
Pisansky etal. 2017; Corbani et al. 2018). The behavioral
effects of alterations in central levels of oxytocin, vaso-
pressin, and their receptors with advancing age are not
clear. Smith et al. and Arsenijevic et al. recorded that oxy-
tocin and v1a binding were different in the social behavior
regions of brains in juvenile, adult, and old rats (Arseni-
jevic et al. 1995; Smith et al. 2017). It has been observed
that for vla knockout rats, and in situations in which vla
expression decreased, there were resulting changes in social
interaction, cognitive dysfunctions, and the emergence of
symptoms similar to schizophrenia (Potasiewicz et al, 2020;
Broniarczyk-Czarniak et al. 2022). Research conducted on
young adults indicated that oxytocin was related to emo-
tional empathy, while vla receptors were involved in cog-
nitive empathy (Uzefovsky et al. 2015). Nevertheless, the
oxytocin receptor and vla receptor binding density varied
according to age and gender (Smith et al. 2017). No clear
indications of changes in the behavioral effects of these
receplors were observed in the amygdala and prefrontal cor-
tex of old male rats. In old male subjects, ox ytocin receptors
and vla receptors may not be effective in this behavior.
We could not determine any alterations in oxytocin and
vasopressin levels in the amygdala and prefrontal cortex

£ Sprnge

regions. Compared to the NAR, AR, and NOR groups, the
v1breceptor and corticosterone levels increased significantly
in the OR group. The levels of corticosterone and v 1b recep-
tor increased in the aged rats in association with empathy-
like behavior tests, but were not affected in the adult rats,
There was a positive correlation between v1b receptor levels,
corticosterone levels, and door opening times. Some studies
indicated that v1b receptor levels were affected in the brain
in relation to stress and ACTH axis (Thomson and Napier
2015; Katz et al. 2017; Corbani et al. 2018).

In our study, the higher levels of vIb in the amygdala
and prefrontal cortex, and higher levels of corticosterone in
the serum in the OR group than the AR group, enabled us
to consider the concept that stress and anxiety levels in the
old rats were higher during empathy-like behavior experi-
ments. We thought that the experiences on the empathy-like
behavior tests were a stress factor for the aged rats.

In our behavior experiments, the anxiety tests of the old rats
and adult rats exhibited changes consistent with corficosierone
and v1b receptor levels. In the open field test, and elevated plus
maze test, the total distance traveled in the OR group was shorter
than other groups and this difference was significant between
the OR and NAR groups. These consequences may be related
to the reduced locomotor activity levels of the OR group. In
these tests, old rats displayed immobility and freezing behavior.
When facing a threatening simation, the behavior inhibition sys-
tem can be activated in the limbic system regions of the brain
yielding anxiety responses such as freezing and immobilization
(Steimer 2011). In the OR group, we considered these reduced
mobility findings to be associated with a high degree of anxi-
ety. We perceived that the OR group demonstrated increased
self-grooming and defecation behaviors. Similar to freez-
ing, self-grooming and defecation behaviors are known to
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be associated with fear and anxiety in rats (Song et al. 2016).
These findings were observational and were not recorded
as they had not been included in the experimental design.
However, they may support our anxiety evidence.

Stress is an important factor which can impact cogni-
tive and emotional ability both positively or negatively
{(Jung et al. 2019; Langer et al. 2020). Previous research
of anxiety experiments demonstrated that aged rats were
more anxious (Shoji and Mizoguchi 2011; Lomidze
et al. 2020; Sotoudeh et al. 2020). To confirm the inhibi-
tory effect of stress on helping behavior, we examined
empathy-like behavior with the use of an anxiolytic
drug. The anxiolytic effects of MDZ are related with an
increased GABA ,-GABA , receptor interaction, opening
of CI” channels, and, consequently, neuronal suppression
{Olkkola and Ahonen 2008). MDZ is administered to rats
in behavior experiments as a positive control. The effectiv-
ity of MDZ has been demonstrated in various studies such
as light/dark test (Chaouloff et al. 1997), post-traumatic
stress disorder model (Miao et al. 2014), elevated plus
maze and zero maze test (Shepherd et al. 1994; Cavaliere
et al. 2020). In our recent study, MDZ treatment decreased
corticosterone levels and accelerated helping behavior in
the aged rats. In contrast to the old rats which did not
open the rescue door or did it late, the rats that received
MDZ provided help more rapidly. To examine whether this
effect was linked with the GABA , receptor, prior to MDZ,
flumazenil was administered to the rats. Flumazenil is a
GABA , receptor antagonist and abolishes the anxiolytic
effect of benzodiazepines (Pitsikas and Tarantilis 2020).
We showed that the ameliorative efficacy of MDZ was
canceled by flumazenil. Yanping et al. reported that MDZ
was effective on cognitive reinforcement in short-term use
(Duan et al. 2019). Cognitive reinforcement may also play
arole in the ameliorative effect of MDZ on helping behav-
ior in the elderly. We did not detect a significant effect of
MDZ in the open field and elevated plus maze tests in old
rats. Therefore, we can state that this ameliorative effect
of MDZ on empathy-like behavior is independent of motor
function.

Compared to the control groups, the evaluation of ultra-
sonic vocalization indicated the number of calls was less in
the MDZ group. The latency for door opening times was
longer in the NC and SC groups than in the MDZ group;
therefore, more calls were emitted. All rats produced 50-kHz
calls during the empathy-like behavior experiment. In some
studies, 50-kHz calls have been associated with the expecta-
tion of social contact in rats (Panksepp 2010; Davidson and
Hurst 2019). These studies reported that isolated rats display
a seeking behavior towards 50-kHz calls emitted by the cage
mate. In our study, the rats may have emitted these calls to
direct their cage mates towards the rescue door. We also
observed that the observer rat rescued the distressed cage

mate if the distressed rat came to the rescue door. Therefore,
the redirect call may have facilitated helping behavior.

Behavior test results are susceptible to external or internal
stimuli. Ben-Ami Bartal et al. showed that MDZ impaired
helping behavior in young rats and the corticosterone levels
of observer rats affected helping behavior (Ben-Ami Bartal
etal. 2016). In this study, the researchers suggested that high
corticosterone delayed helping behavior and this finding is
consistent with our study. Obviously, the effect of stress on
helping behavior changes in old age. Compared to adults,
the old rats experienced a stronger fearful condition during
empathy-like behavior tests. Empathy box, social isolation,
and call for help from cage mate may provoke anxiety in
the old rats. The high level of anxiety in the old rats during
the empathy experiments may have led to failure to rescue
the cage mate or latency in recovery behavior. We surmised
this implication as rescue latency is correlated with corti-
costerone and v1b receptor levels. According to our results,
in old subjects, anxiety seems to be a preventive factor
when considering empathy-like behavior. The relationship
between anxiety and empathy has been studied frequently
in human studies. The indirect interaction of anxiety and
empathy processes in the brain has been demonstrated by
functional magnetic resonance imaging in regions involv-
ing the prefrontal cortex and amygdala (Knight et al. 2019),
High corticosterone levels and anxiety may have rendered
the animals immobile (Steimer 2011). The behavior inhi-
bition system against external threats is an evolutionarily
conserved adaptive behavior which ensures survival of the
animals (Porges 2003). Research has demonstrated that
threat-related behavior inhibition in rodents occurs with anx-
iety and disappears with anxiolytic drugs (Qiet al. 2010). It
may be that old rats were motivated in helping behavior but
may have failed to help as a result of freezing and inactivity.
MDZ may accelerate empathy-like behavior by removing
behavioral inhibitions.

Conclusion

Cognitive and perceptual deficiencies in the elderly cause
difficulties in their lives. Additionally, if there is a decrease
in empathy levels, this may lead to other social problems
such as a decrease in social interactions, an increase in
loneliness, and difficulties in maintaining personal care and
needs. To our knowledge, empathy changes in the elderly
compared to the adult have not been investigated in accord-
ance with the neurochemical processes of the brain. In this
recent study, although empathy-like behavior was reduced in
the old subjects, we could not suggest that there was a loss
of empathy in the elderly. Emotional arousal is high in old
rats and anxiety levels affect their behavior. Since mobility
was restricted, the empathy-like behavior model could not
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clearly reveal the empathy levels of the elderly subjects. In
this study, we suggest that older subjects are more sensitive
than adults when a familiar subject is in trouble.

Our limitations in this study were to focus on older
healthy subjects. Subjects with sensory loss such as vision
and hearing, diseases, and very low motor performance were
not included in the study. Unfortunately, some subjects died
during the experiment and the number of subjects was quite
small. Although the sample size was small, we were able
to demonstrate that anxiolysis improved helping behavior
in aged rats, It would be appropriate to work with different
maodels for empathy in old rats. The negative effect of anxi-
ety on behavioral tests in elderly subjects should be taken
into account.
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Introduction

Behavior and cognitive functions are significantly changed in adolescence. [n addition
to this, exposure to neuroinflammation during the brain developmental process of adolescence
may affect negatively behavior and cognitive functions [1-3 ). The brain undergoes development
that is supported by the ongoing maturation of the prefrontal cortex (PFC) and hippocampus
(HC), which are involved in the regulation of behavior and cognitive functions in adolescence
[3]. Inflammation and cytokines are involved in both cognitive dysfunction and depression
behavior. Therefore, pro-infalammatory cytokines such as tumor necrosis-u (TNF- a) factors
impair hippocampal memory [4, 5]. In addition to this, pro-inflammatory cytokines cause
depression-like behaviors in rodents [6, 7]. Otherwise, anti-inflammatory cytokines such as

interdeukin-10 (IL-10) decrease the negative effects of cytokines on cognitive functions [8].

Dietary guidelines lay emphasis on the importance of plant-based diets for a healthy life
[9]. The mediterranean diet (MD) includes a plan-based diet and the use of high amounts of
olive and olive oil [10]. As reported by a great number of studies published over the past
decades, most ofthe beneficial effects of MD on human healthy can be atinbuted to extra virgin
olive oil HP-EVOO that includes monosaturated and polysaturated fatty acids and polyphenols
[11 13]. A polyphenol can produce most of the different active metabolites. [t reacts with
different cellular structures and molecular pathways due to its chemical structure [14, 15].
Actually, the consumption of olive oil can reduce lipid and DNA oxidation, recover insulin-

resistance and blood lipid profile, and inflammation [16-18].

HP-EVOO is one of the most imporiant components of MD [19]. HP-EVOO has been
used in the prevention and treatment of diseases for centuries. HP-EVOO is olive oil, which is
obtained from olives by mechanical and physical preparation under conditions that do not alter
its natural composition. Another olive oil is Riviera olive oil (LP-EVOO) that is obtained by
refining olive oil [20]. Olive oil that can not be consumed directly and processed into as refined
olive oil. The process of refining may cause it to the removal of its aroma and resin and decrease
the free acidity level under 0.3%. This type of olive oil is called refined olive oil. Although
unwanted properties are removed, the olive oil lost its specific aroma during the refining
process. LP-EVOO 1s a mixture of extra virgin olive o1l and refined olive oil that may change
the ratios. However, LP-EVOO is also known as cooking-type olive oil due to be more suitable
for frying. Therefore, LP-EVOO may be consumed more than HP-EVOOQ. Moreover, HP-
EVOO contains a more phenol content than refined virgin olive oil or LP-EVOO [21].

Polyphenol levels of LP-EVOO or refined olive oils are approximately 5 times lower than HP-
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EVOO obtained using only mechanical extraction methods [20]. Although it is thought that
HP-EVOO may have more positive effects than LP-EVOO by using its higher polyphenol
content, there is no information in the literature about the effect of this difference. There are
limited publications on the main effects of polyphenols and peripheral effects. Studies have
shown that HP-EVOO has beneficial effects on memory and learning, anxiety, and depression
behaviors, especially aged [22, 23 ]. However, the effects of both HP-EVOO and LP-EVOO are
not completely known, particularly in adolescence. This study compares the effects of HP-
EVOO and LP-EVOO on blood lipids and also TNF- ¢ and IL-10 levels, which were related to
inflammation in the hippocampus and prefrontal cortex, which are associated with memory and

learning, anxiety, and depression-like behaviors in adolescent rats.
2, Materials and methods
2.1 Experimental desing

Six-week-old male Sprague-Dawley rats were housed under constant temperature (22 +
1 °C} and humidity (60%) on a 12 h-light/]1 2 h-dark cycle. They were with ad libitum access to
water and food during all parts of the experiment. The animal procedures were approved by

Dokuz Eylul University of School of Medicine Animal Care Commity (20/201 7).

The rats were divided into two groups as extra virgin olive oil HP-EVOO and riviera olive
oil (LP-EVOO) (n=38 for each groups). The rats were fed a standard chow diet (SD), which is
composed of i1s composed of 13% fat, 25% protein, and 62% carbohydrate, for eight weeks.
Turkey Memecik olives were used for olive oil production (Cardiolive, Turgut Anadolu
Yatinm). HP-EVOO at a dose of 775 mg/kg (polyphenol content) and LP-EVOO at a dose of
120 mg/kg (polyphenol content) was added to the chow. (10gr HP-EVOO or LP-EVOO/ 100g
SD). The rats were weighed one time in every week With the feeding procedure, each rat
completed learning and memory and anxiety and depression behaviors tests (Momis Water
Maze (MWM), elevated plus maze (EPM), open field test (OFT), and forced swim test (FST)).
At the end of the behavior tests, blood samples were collected and the rats were sacrified via
cardiac puncture under carbon dioxide (COz) anesthesia for biochemical measurements. Brain

tissues were removed and dissected the hippocampus (HC) and the prefrontal cortex (PFC).

2.2 Biochemical measurements of the brain regions (HC and PFC) and the blood

plasma
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Blood and brain tissue samples were stored at — 80 «C until analysis. Triglyceride (TG),
total cholesterol (TC), HDL-cholesterol, LDL-cholesterol, alanine aminotransferase (ALT),
and aspartate aminotransferase (AST) analyses were performed using an autoanalyzer
(Beckman Coulter AUG80), Total cholesterol, HDL-cholesterol, LDL-cholesterol, and TG were
expressed as mg/dL, and ALT and AST were expressed as U/L,

The levels of tumor necrosis factor alpha (TNF-a) and interleukin-10 (IL-10) in HC and
PFC were measured using commercial ELISA kits according to the manufacturer’s instructions

(Bioassay Technology Laboratory, Shanghai, China).
2.3 Behavioral tests
2.3.1 Morris water maze (MWM)

The MWM is a pool (75-cm height and 140-cm diameter) filled with water up to 50 cm,
It has a hidden platform, which was placed one cm below the surface. Each rat was tested in
MWM for four days and also tested on the fifth day for the probe trail, consecutively. The
hidden platform was pulled out. The experimental design was similar to our previous
investigations. Behavioral data that the latency period to find the platform and time spent in the
opposite and the target quadrants were evaluated using the Noldus Ethovision video tracking

system [24].
2.3.2 Open field test (OFT)

The open field test is generally useful for evaluating of anxiety-like behavior and
locomotor activity in rodents [25]. The open field is composed of a 1 # 1-m area surrounded by
a wall 50 cm in height. Each rat was placed in the middle of the OFT and then the movement
of the rat was recorded with a video camera that was installed 2,5 m above the open field
apparatus for 5 min in a soundproof area, [n the OFT, the time spent in different parts of the

open field and the distance moved by the rats were recorded and measured.
2.3.3. The elevated plus maze (EPM)

The elevated plus maze test (EPM) was used to evaluate anxiety-like behavior in rats [26].
EPM that composed of a central arca (5 em % 5 ¢m), two open arms (50 ¢m long, 10 em wide
and 0,5 em high borders) and two closed arms (50 em long, 10 em wide with 40 em high walls),
each elevated 50 ¢cm above the base. Mice were placed on the middle of the EPM and the area
facing the open am, and then the movement of rats was recorded with a video camera for 5

min. The time spent in the open and the closed arms and the number of entres into the open
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and the closed ams were evaluated. An increase in the time spent in the open arms of theEPM

was evaluated as decreased anxiety.
2.3.4. Forced swim test (FST)

The forced swimming test (FST), known as the Porsolt test, was useful for evaluating the
depression-like behavior in rodents [26]. Rats were placed individually into glass eylinders
(height 25 cm, diameter 10 em), which filled with 10 cm water and stayed there for 6 min. Both
the immobility and mobility times of the rats in FST were measured. An increase in the

immobility time or a decrease in the mobility time was evaluated as a depressive-like state.
2.4 Statistical analysis

All statistical analyses were performed using GraphPad Prism 9.0.0. The differences in
learning days between the experimental groups in the MWM test were evaluated using One-
way ANOVA- repeated measure, Two-way ANOV A and post hoc Bonferroni were performed
to compare the differences in biochemical measurements between the groups. Pearson
correlation analysis was used. Data are demonstrated as mean £ S.EM.; p<0.035 was considered

statistically significant.
3. Results
3.1. The effects of HP-EVOOQ and LP-EVOO feding on the body weight

All groups gradually gained weight during eight weeks. Additionally, the results showed

that there were no significant differences between the weight of the groups (Fig. /).
3.2, Behavioral measurements

The results of MWM showed that the mean latency to find the platform decreased
gradually for all rats. Although the results were not significant statistically, the time to find the
platform for four days decreased in the HP-EVOO and LP-EVOO groups compared to the
control group (p=0.05) (Fig 2 4. /). In addition to this, the time spent in both the target and
opposite quadrants in the probe trail Tor all rats was evaluated. While the time spent in the target
quadrant significantly increased in the HP-EVOO groups compared to the control group
(p=0.01), the time spent in the opposite quadrant significantly decreased in the HP-EVOO
group compared to the control group (p<0.05). There was not a significant difference between
HP-EVOO and LP-EVOQ in terms of time spent in both opposite and target quadrants (p=0.03)

Fig.2. 4.2.).
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The results of OFT showed that there was not significant between the groups in time spent
in the middle area (p>0.05). However, the time spent in the periphery walls of the open field
arena decreased in both the HP-EVOO and LP-EVOO compared with the control group (p<0.01
for both of them) (Fig. 2.5.1).

The results of EPM demonstrated that the time spent in the open arms increased
significantly in HP-EVOO compared to the control group (p<0.05), while there was no
significant difference between the HP-EVOO and LP-EVOO groups (p=>0.05). In addition to
this, the time spent in the closed ams decreased in the HP-EVOO and LP-EVOO groups
compared with the control group ((p<0.01 for both of them) (Fig. 7 5.7). There was no

significant difference between any groups in terms of immobility duration in FST (Fig.3.5.3).
3.3. Biochemical measurements of blood plasma and brain regions

TG levels of the HP-EVOO and LP-EVOO groups were significantly decreased
compared with the control group (p=<0.001 for both). However, TG levels were not significant
statistically between the HP-EVOO and LP-EVOO groups. There were no significant
differences between any groups in terms of TC level. LDL/HDL ratio in the HF-EVOO groups
significantly reduced compared to the control (p<0.05); however, there were no significant
differences compared within the HP-EVOO and LP-EVOO groups. There were no significant

differences in ALT and AST levels between the experimental groups and control (Table 1),

Neuroinflammation in the hippocampus (HC) and prefrontal cortex (PFC) was evaluated
as TNF- a/IL-10 ratio in this study. TNF- a/[L-10 ratio was significantly decreased in the HC
of the HP-EVOO group compared with the LP-EVOO and control groups (p=0.01 for control
and p<0.05 for LP-EVOO). Interestingly, TNF- o/IL-10 ratio in the PFC of both HP-EV OO
and LP-EVOO groups decreased compared with the control group (p<0.05 for bath of them)

(Fig. 4.).
3.4, Correlation analysis

A strong negative correlation was found between TG levels and the time spent on the
open arms of EPM Fig. 5. 4) (r= -0.84, p<0.01). There was a moderate positive correlation
between TG levels and both the time spent in the closed arms of EPM and the time spent in the
periphery walls of OFT (r=0.48, p<0.05 and r=0.58, p<0.01, respectively) (Fig. 5.5 and 5 ).

A moderate negative correlation was found between TG levels and time spent in the target
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quadrant in the probe trail in the MWM (r=-0.60, p<0.01) (Fig. 5. D). Addition, TG levels were
positively correlated with TNF-a/[L-10 ratio in PFC (r=0.64, p<0.01) (Fig. 5. E).

TNF-w/IL-10 ratio in both HC and PFC was a moderate negatively correlated with the
time spent on the open arms of EPM (r=-0.73, p<0.01 (for HC) and r=-0.57, p=0.01 (for PFC))
(Fig 3. F and 5. (), However, TNF-a/IL-10 ratio in HC was a moderate positively comelated
with the time spent in the periphery walls of OFT (r=0.60, p<0.01) (Fig. 5 H). TNF-a/IL-10
ratio in HC was a weak positively correlated with TG levels, although the correlation was not

statistically significant (r=0434, p>0.05) (Fig. 5.0).
4. Discussion

In this study, we investigated the effects of HP-EVOO and LP-EVOO on learning and
spatial memory, anxiety, and depresion-like behaviors in adolescence. In addition to this, we
investigated the effects of HP-EVOO and LP-EVOO changes inflammatory cytokines such as
TNF-a and IL-10 in the prefrontal cortex (PFC) and hippocampus (HC) of adolescent male rats.
Moreover, we assessed the effects of HP-EVOO and LP-EVOO on triglyceride (TG), total
cholesterol (TC), HDL-cholesterol, LDL-cholesterol, alanine aminotransferase (ALT), and

aspartate aminotransferase (AST).

In the literature, it is well-known the positive effects of HP-EVOO on learning and
memory functions. In the current study, we used to evaluate learning and spatial memory via
the Morris water maze (MWM). The results of MWM showed that the mean latency to find the
platform decreased progressively for four days in all groups. The mean latency to find the
platform in the HP-EVOO group decreased compared with the other groups in the first and
second days, although the differences were not statistically significant. Therefore, HP-EV0O
or LP-EVOO consumption may decrease the learning duration. In addition to this, we showed
that the time spent in the opposite quadrant of MWM decreased in the HP-EVOO group
compared to the control group, while there was no significant difference between the HP-EVOO
and LP-EVOO groups. Moreover, the time spent in the target quadrant in the MWM increased
in the HP-EVOO group compared to the control. Although, no significant difference was found
between the HP-EVOO and LP-EVOO groups, the HP-EVOO group found less time than LP-
EVOO in the opposite quadrant, and there was no considerable difference between the LP-
EVOO and control. However, we found that HP-EVOO had a more positive effect than LP-
EVOO in terms of learning and memory. Similar to our results, Luceri et al. showed that HP-

EVOO rich in phenols improved spatial memory and learning in MWM in both aged and young
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mice [27]. In addition to this, Cheema MAR et al. demonstrated that the oral administration of
0.1 ml’kg HP-EVOO improved cognitive performance in MWM and they suggested that the
long term of HP-EVOO inereases cognitive functions [28]. However, the effects of LP-EVOO
on memory were not as significant as the HP-EVOO, and the results of MWM showed that HP-

EVOO consumption may improve spatial memory in our study.

We also evaluated the effects of HP-EVOO and LP-EVOO on anxiety and depression-
like behaviors. [n OFT, we showed that there was not significant between the groups in the time
spent in the middle area of OFT, whercas HP-EVOO decreased in the time spent in the
periphery walls of OFT compared with the control; however, there was not a significant
between LP-EVOO and HP-EVOO. In addition to this, the LP-EVOO decreased in the time
spent in the periphery walls of OFT compared to control, while the difference between the HP-
EVOO and LP-EVOO was insignificant statistically in the time spent in the periphery walls of
OFT. Similarly, one study has reported that the HP-EVOO total phenolic content made a
significant treatment effect for center entries in OFT and low or high dose of the HP-EVOO by
intraperitoneally administration increased anxiolytic-like effect [29]. Furthermore, we used an
clevated plus maze (EPM) for evaluating of anxiety levels. Some studies have suggested that
an increase in the time spent on the open arms in EPM following long-term administration of
HP-EVOO or olive oil that HP-EVOO has an anxiolytic effect [28, 30]. However, the effects
of the LP-EVOO on anxiety behavior are not known clearly, In accordance with the literature,
we demonstrated that the time spent on open arms of EPM increased in both the HP-EVOO and
LP-EVOO groups compared with the control. However, no difference was found between the
HP-EVOO and LP-EVOO groups. On the other hand, we found that the time spent in the closed
ams of EPM decreased in both the HP-EVOO and LP-EVOO groups when compared with the
control group. We suggest that both the HP-EVOO and LP-EVOO decreased anxiety-like
behavior in rats. One study has indicated that repeated administration of HP-EVOO diminishes
depression behavior because of decreased the levels of brain 5-HT (5-hydroxytryptamine), 5-
HIAA (5-hydroxyindoleacetic acid), and levels of DA (dopamine); these findings suggest that
HP-EVOO decreases behavioral impaiment by changing 5-HT and DA metabolism [30].
Therefore, HP-EVOO could be used as a therapeutic substance for treating depression and
anxiety behaviors, In this study, the FST was used to evaluate the potential effects of HP-EVOO
and LP-EVOO consumption on depression-like behavior. The immobility time spent in the FST
was not a significantly different between the HP-EVOO, LP-EVOO, or control. We observed
that neither HP-EVOO nor LP-EVOO had effects on depression-like behaviors because of our
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findings. Therefore, further research is necessary for the effects of both the HP-EVOO and LP-
EVOO on some brain regions related to depression or anxiety-like behavior amygdala, PFC,

striatum, or hippocanipus.

In this study, we investigated the effects of HP-EVOO and LP-EVOO on blood
biomarkers such as triglyceride (TG), total cholesterol (TC), AST, and ALT levels ans
LDL/HDL ratio. We found that TG levels decreased in both the HP-EVOO and LP-EVOO
groups compared to the control. The LDL/HDL mtio of HP-EVOO rats decreased in
comparison to the control. In addition to this, there was an insignificant difference between the
LDL/HDL ratio of HP-EVOO and LP-EVOO. Santangelo et al. showed that LDL/HDL ratio in
patients with type 2 diabetes mellitus was not significantly ditferent between HP-EVOO and
LP-EVOO [31]. TC level increased in the HP-EVOO and LP-EVOO compared with the control,
although the differences were not significant statistically. That’s why, HP-EVOO or LP-EV0O
might increase the HDL level and decrease and/or does not change the LDL level. Similar to
our results, Mousavi et al. reported that a diet with low or high dose containing HP-EVOO
decreased the levels of both TG and TC in eight weeks old female C5TBL/6 mice, suggesting
that HP-EVOO improves lipid profiles [32]. ALT and AST were used as hepatic damage
markers. ALT levels decreased in the HP-EVOO and LP-EVOO groups, while AST levels
increased in HP-EVOO compared with the LP-EVOO and control groups. However, these
differences in ALT and AST levels were insignificant between all groups. In contrast to our
results, Santangelo indicated that HP-EVOO reduced ALT and AST levels in blood plasma in
patients with type 2 diabetes mellitus compared with the LP-EVOO [31].

In this study, we investigated how the HP-EVOO and LP-EVOO affect pro-
infalammatory (TNF- o) and anti-inflammatory cytokines (IL-10) in brain regions such as PFC
and HC, which are associated with anxiety, depression, or cognitive functions. TNF- ohas been
associated with the deficiency of memory and plasticity.In particular, overexpression of TNFa
in neurons or glial cells decreases memory, synaptic plasticity, and cerebellar learning [33]. Tt
is wellknown that pro-inflammatory cytokines may lead to change hippocampal learning and
the decrease in the levels of pro-inflammatory cytokines in the hippocampus were found to
improve learning, while the increase in the levels of pro-inflammatory cytokines (such as IL-
I and TNF-a) may cause to impair memory [33]. We observed that TNF-a levels in the HC of
the HP-EVOO group decreased compared to the LP-EVOO and control, while [L- 10 levels of
HC increased in both the HP-EVOO and LP-EVOO groups compared to the control. However,

there was no significant difference in TNF-a levels in PFC between all group while [L-10 levels
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of PFC in the HP-EVOO group increased compared to both the LP-EVOO and control. In
addition to these findings, we evaluated the effects of HP-EVOO and LP-EVOO on TNF-w/L-
10 ratio in PFC and HC. We found that HP-EVOO decreased TNF-0/IL-10 ratio in both PFC
and HC compared to control groups. Interestingly, HP-EVOO decreased this ratio in HC
compared to LP-EVOO however both the HP-EVOO and LP-EVOO decreased TNF-w/[L-10
ratio in PFC compared to the control. These findings suggest that HP-EVOO reduces
inflammation in both PFC and HC that improves leaming and spatial memory in line with the
results of MWM, as well as decreases anxiety-like behaviors in the EPM and OFT. However,
the decrease in TNF-o/[L-10 ratio in the PFC of the LP-EVOO group may reduce the anxiety
levels in the EPM and OFT. The limitations of our study are that we evaluated only two
cytokines (TNF-a and 1L-10) in two brain regions, and could have evaluated anxiety and
memory impairment in stress rat models instead of natural anxiety behaviour of adolescent
rodents. Therefore, further research is needed to investigate more pro- and anti-inflammatory
cytokines that evaluate the effects of LP-EVOO and HP-EVOO in terms of anxiety-like

behaviors in adolescent stress rat models

We found that both TNF-w/IL-10 ratio in PFC and HC and TG levels were negatively
correlated with the time spent on the open arms of EPM, while TG levels were positively
correlated with the fime spent in the closed arms of EPM. However, there was a positive
correlation between TG levels and the time spent in the periphery walls in OFT. Similarly, we
indicated that TNF-o/IL-10 ratio in HC was positively comrelated with the time spent in the
periphery walls in OFT. We observed that there was a positive correlation between TNF-a/IL-
10 ratio in PFC and HC and TG levels, Therefore, these findings showed that both HP-EVOO
and LP-EVOO consumption decreased anxiety-like behavior because of the decrease in TG
levels and TNF-w/IL-10 ratio in PFC in adolescence rats. Finally, we also found that the time
spent in the target quadrant in the MWM was negatively correlated with TG levels. Our findings
showed that HP-EVOO improved learning and memory because of decreasing of TG levels.
Although LP-EVOO improved learning and memory, HP-EVOO was more effective than LP-
EVOO for memory because of decreasing TG levels and TNF-o/IL-10 ratio in HC.

5, Conclusion

In conclusion, the current study demonstrated that both HP-EVOO and LP-EVOO
decrease anxiety levels but not depression in adolescent rats, The administration of HP-EVOO
and LP-EV OO decreases both TNF-a/IL-10 ratio in PFC and TG levels in plasma. The decrease
in anxiety levels is associated with a decrease in TG levels and TNF-o/IL-10 ratio in both the
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HC and PFC following HP-EVOO and LP-EVOO administration. Additionlly, we found that
HP-EVOO improved memory than LP-EVOO, and the increase in memory functions was
related to the decrease in TG levels i blood serum and TNF-w/IL-10 ratio in HC. Further
research 1s necessary for elucidating the exact inflammation mechanism by which the HP-
EVOO and LP-EVOO on anxiety, depression, and cognitive functions, especially to use more
inflammatory cytokines. Furthermore, the polyphenols of olive oil may be used to investigate

on anxiety and memory impairment in adolescent rat models.
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Figures

and Tables

Table 1.: The effects of HP-EVOO and LP-EVOO on biochemical markers of blood plasma

Farameters | TG (mg/dl) TC (mg/dl) | LDL/HDL ratio ALT(U/L) AST (U/L)
HP-EVOO | 43.09+4.34%* | T9.83£3.70 0.26£0.03* IR N9£5,18 136 48+ 11.65
LP-EVOO | 44.52+4.14%* | B3.60+5.12 0.31+0.06 37734462 111.79+3 41
CoN B6.31£3.72 66,0653 0.340.01 510150 111 .868+4.59

Values are shown as means £ SEM, HDL, high density lipoprotein; LDL, low density lipoprotein;
ALT, alanine transaminase; TC, total cholesterol; TG, trigheeride. Significant differences are shown by
#0005 and **p<0.01 vs control group; #p<0.05 and ##p=<0.01 vs LP-EVOO group.
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Fig.1. The effects of 8-week feding with HP-EVQO and LP-EVOO on body weight in
adolescent rats (Significant differences are presented by *p <0.05 and **p < 0.01). (n = 6-8

for each group).

Al

148



60 =
— -4 Con
P -2 HPOO
-
S 40- -&: LPOO
£
g
£
=
E 20+
o
&
"
:
=
Al 0 | 1 | T
Dayl Day2 Day3 Day4
T a0 X il
T Em Con
S B3 HPOO
; 20+ E=a LPOO
g
=
<
a
104
£
g
&
E 0 )
= target opposite

A2

Fig.2. The effects of HP-EVOO and LP-EVOO on learning and memory task. (A.1)
Latency period to find the platform during four consecutive training days. (A.2) Time spent in
target and opposite quadrants in the probe tral. (Significant differences are presented by *p

<0.05 and **p <0.01). (n = 6-8 for each group).

149



B.1

B.2

Time spent in the regions of OFT (s)

Time spent in different arms of EPM (5)

%%

* %
300
HE Con
BEa HPOO
200 - E LPOO
100 -
) =
middle periphery
* %
400
¥k mm Con
E=m [POO
300
Ea LPOO
200+
1004 *
0=
Open Arms closed arms

150



400
= m Con
't = HPOO
“ 3004
= B LPOO
P
£ 200+
< 100
H
£

0-

Fig. 3.: Behavioral test results. Open field test (OFT) resulis; (B.1) The etfects of HP-
EVOO and LP-EVOO on time spent in the middle and the periphery walls of OFT . Elevated
plus maze (EPM) results; (B.2) The effects of HP-EV OO and LP-EVOO on time spent in the
open and closed arms of EPM. Forced swim test results (FST); (B.3) The effects of HP-EVOO
and LP-EVOO on immobility time in FST. (Significant differences are presented by *p <003
and **p <0.01). (n = 6-8 for each group).
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Fig. 5.: Correlation Analysis Results, Correlation scatterplot between TG levels and
time spent in the open arms of EPM (A). Correlation scatterplot between TG levels and time
spent in the closed arms of EPM (B). Comelation scatterplot between TG levels and time spent
in the periphery walls of OFT {C). Correlation scatterplot between TG levels and time spent in
the target quadrant in probe trail (D). Correlation scatterplot between TG levels and TNFu
AL ratio m PFC (E). Correlation scatterplot between the time spent on open arms of EPM
and TNF-a /IL10 mtio in PFC (F). Correlation scatterplot between between the time spent on
open arms of EPM and TNF-a /IL10 ratio in HC (G). Correlation scatterplot between between
the time spent on open arms of EPM and TNF-o /IL10 ratio m HC (H). Correlation scatterplot
between between TG levels and TNF-a /IL10 mtio in HC (1)
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