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1 Uvod do problému

Ubytek $edé &i bilé hmoty CNS je pfedmétem zajmu i multidisciplinarniho vyzkumu
biologickych, lékafskych a technicky zamétenych obori, zejména v souvislosti s
psychiatrickymi onemocnénimi, jako je napf. skupina demenci. Malo pozornosti je
vSak vénovano stranovosti téchto ubytkli hmoty, neboli asymetrii, nebo také
lateralité. Piitom lateralita hemisfér, jader a bilé hmoty mozku je ptfitomna nejenom
u ¢loveéka a vysSich savci, ale také u obojzivelnikil, plazl, ptakiti a bezobratlych
zivocichl. Terminy asymetrie, lateralita nebo lateralizace jsou v literatufe pouzivany
jako synonyma, ackoliv asymetrie je vétSinou pouzivana pro morfologicky popis,
zatimco lateralita nebo lateralizace vice pro funkci.

V nasi praci jsme studovali objemové zmény a asymetrii zejména hipokampu jak u
laboratorniho potkana, tak u ¢lovéka, se zamétenim na nalezeni rozdilu mezi pravou
a levou stranou volumetricky. U laboratorniho potkana jsme asymetrii studovali jak
u kontrol, tak u farmakologického modelu chronického stresu, u které¢ho je fadu let
znamo zmenSeni objemu hipokampu. U dospélého ¢lovéka jsme in vivo sledovali
zmény ve velikosti hipokampu, pontu a mozecku u kontrol a u pacientti s klinicky
diagnostikovanou Alzheimerovou demenci, u které je v literatuie také popisovano
zmenSeni objemu hipokampu. Na autoptické tkani jsme pak sledovali u zemtelych
pacientil s klinicky 1 post mortem ovéfenou diagnézou Alzheimerovy nemoci
asymetrii planum temporale, struktury CNS s vyraznou pravo-levou asymetrii, které
se vyuziva k nepiimému urcovani levorukosti nebo pravorukosti. Ze snimki
z magnetické rezonance jsme pak provadéli virtualni rekonstrukce CNS pomoci
software FreeSurfer scilem zmapovani Ubytku Sedé¢ i1 bilé hmoty na dalSich
strukturach CNS (korové oblasti, podkorové oblasti, bild hmota hemisfér a mozecku
apod.) a jejich pripadnou asymetrii. Nakonec jsme provadéli programem MedINRIA
traktografie bilé hmoty scilem zjisténi ubytku v pravé ¢i levé hemisféie v
navaznosti na Alzheimerovu nemoc. Na ziskani vzorki mozkové tkané€ se podilely
tyto instituce: vzorky tkand mozku &lovéka z Ustavu patologie v Psychiatrickém
centru Praha a z Patologického oddéleni Nemocnice na Bulovce, magnetické
rezonance mozku z IKEM Praha a Neurologické kliniky 3. LF UK a FNKV a vzorky
mozkové tkang& laboratornich potkanti z Fyziologického ustavu AV CR v Kréi.

PIné znéni plivodnich studii je uvedeno na konci prace, poc¢inaje kapitolou 14.



2 Seznam pouZitych zkratek

AD - Alzheimerova nemoc

ACTH - adrenokortikotropni hormon

AX — axidlni koeficient

CA1l, CA2, CA3 —podoblasti hipokampu, corna ammonis

CA-CP osa - osa prochazejici predozadné pfes commissura anterior - commissura
posterior

CC — corpus callosum

CNS — centralni nervovy systém

CTA - conditioned taste aversion (reakce podminéné chut'ové averze)

DTI — diffusion tensor imaging (difizni tenzorové zobrazeni)

DWI — diffusion weight images (difizni vdzené snimky) na MR

EPI — echo planar imaging (rozliSeni na MR)

FA — frak¢ni anizotropie

FLAIR - fluid attenuated inversion recovery (sekvence na MR)

FgU AV CR v.v.i. — Fyziologicky ustav Akademie véd Ceské republiky

FOV - field of view (na MR)

FS - software FreeSurfer pro pfevod MR snimki do tetrahedronové matrice

GC — gyrus cinguli

hippo osa - dlouh4 osa hipokampu piredozadné

HPA osa - hypothalamo-hypofyzeo-adrenalni osa neuroendokrinni regulace
IKEM - Institut Klinické a Experimentalni Mediciny

MedINRIA — volna kolekce software pro zobrazeni a analyzu snimkd z MR,
vyvinuta v rdmci vyzkumného programu Asclepios

MMSE — minimental state exam (test kognitivnich funkei)

MPRAGE — magnetization for rapid acquisition gradient echo (sekvence na MR)
MR — magneticka rezonance

MRIcro — volné distribuované software k analyze snimki z MR

NNE — neonatal novelty exposure (vystaveni novym podnétiim)

PCP — Psychiatrick¢ Centrum Praha

RD - radialni koeficient

ROI — region of interest (oblast zajmu)



3 Védecka otazka a cile prace

Alzheimerova choroba je vedle demence frontotemporalni jednou z nejcastéjSich
demenci nejen u starnouci populace, ale i ve stfednim véku. Nastup tohoto
onemocnéni je morfologicky pozorovatelny zmenSenim pamétové struktury
hipokampu ve spankovém laloku. Proces atrofie nervové tkané ziejmé zacina
v pobliz se nachéazejicim gyrus collateralis a postupuje dale do mediotemporalnich
struktur, mozecku, mozkového kmene a do dalSich ¢asti mozkové kiry. Objemové
zmenSeni hipokampu u AD zacind byt klinicky jednim z dulezitych diagnostickych
nastroji in vivo na magnetické rezonanci. Zejména pak korelace baterie
neuropsychiatrickych vySetieni v kombinaci s volumetrii hipokampu, poptipade
likvorologické vySetteni je voditkem k diagnoze. Nase studie se zaméfily na otadzku,
zdali je mozné morfologicka data zptesnit, poptipadé zavést dalsi struktury, které by
bylo mozno pfifadit jako AD specifické. Jednim z dalezitych aspektii nasi prace bylo
sledovani asymetrie zmén ve velikosti struktur — tzv. laterality, kterd je ve vétSing
praci opomijend, ackoliv muze byt velice dulezitym kli¢em ke sledovani rozvoje
AD.

Chronicky stres je povazovan za jednu z moznych pfi¢in nastupu ¢i rozvoje
Alzheimerovy demence (Obr. 1). Je zndmo, ze dlouhodoby stres vede prave k atrofii
hipokampu. Pfesnd korelace neni mezi chronickym stresem a AD jesté¢ plné
objasnéna. Neni jasné, zdali dochazi spiSe k postiZzeni dendritii, nebo tél neuront,
pfipadné neuroglie. V pokusu na zvifeti jsme se proto pokusili zjistit, zdali
chronicky stres vyvolany farmakologicky vede ke zmenSeni objemu hipokampu a
hlavné, zdali je toto zmenSeni asymetrické. Dle udaja z literatury nebylo v té dobé
jednoznacné jasné, jestli neurodegenerace vlivem kortikoid vede k postizeni
neuronti, zmensSeni jejich objemu, nebo jaderné struktury jako celku, i
s mezibuné¢nou tekutinou, piipadné jedna-li se o ubytek poctu neuronti. Dale jsme
pak uvazovali, jestli je zmenSeni struktury hipokampu u clovéka doprovdzeno u
Alzheimerovy demence zmenSenim dalSich struktur CNS, jako je Varoliv most
nebo mozecek. Poté nasledovalo zaméieni se na dalsi struktury CNS — gyri, sulci,
podkorové oblasti, komorovy systém, bilou hmotu scilem zjisténi, zdali u
Alzheimerovy demence dochézi i zde k jednoznacn€ morfologicky odliSitelné zméné

objemu rekonstrukci a pocitaCovou analyzou v programu FreeSurfer
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(http://freesurfer.net/). U fornixli, commissura anterior, corpus callosum a gyrus
cinguli jsme pak stanovovali, zdali dochazi k specifickému ubytku vlaken bilé
hmoty, nebo jeji dezorganizace, popt. strukturdlnich zmén mikrotubull ¢i myelinu
axonl s cilem potvrzeni poSkozeni vlaken podilejicich se na konsolidaci paméti,
ktera spojuji zejména spankové laloky a asociacni oblasti kliry. Pouzili jsme
traktograficky software MedINRIA (http://www-
sop.inria.fr/asclepios/software/MedINRIA/) a DTI studio
(https://www.mristudio.org/). Shrnuto, nasi otdzkou bylo, jestli postizeni vybranych
struktur CNS u AD je asymetrické a jestli je v experimentu na zvifeti tato asymetrie
vazana na dlouhodobé podavani kortikoidd. Za timto ucelem jsme volili rizné

zobrazovaci techniky a metodologie in vivo a post mortem.



4 Hypotéza

Vychazeli jsme ze situace, kdy dlouhodobé¢ a opakované zvysena hladina stresovych
hormoni muZe zpisobit nevratné zmény ve velikosti citlivych struktur CNS
(hipokampus, prefrontalni klira, gasalni ganglia apod.). Paklize by vliv stresovych
hormonti mé¢l efekt zvySené pouze na pravou nebo levou strukturu CNS (napf.
hipokampus) mohlo by to znamenat, Ze tento efekt ma lateralizovany charakter a
postihne tedy napt. dominantni strukturu z hlediska jeji funkce (napt. u hipokampu
pokud bychom uvazovali o dominanci pravého ¢i levého ve vztahu k rukovosti, nebo
fecového centra). Na pocatku Alzheimerovy demence miize stat chronicky zvysena
hladina stresovych hormont (kromé¢ dalSich hypotéz o vzniku AD jako je
cholinergni hypotéza, amyloidni hypotéza a dalsi), protoze je prokazano, ze vede
k neurodegeneraci. Dale nas zajimalo, jestli je zndmé zmensSeni objemu hipokampu
v ptipadé AD nésledovano podobnym zmensenim Varolova mostu ¢i mozecku, tedy
struktur, u kterych by se to dalo pfedpokladat vzhledem k jejich zapojeni a icasti na
kognitivnich a motorickych funkcich. Mezi dal§imi strukturami nds zajimala oblast
v sousedstvi hipokampu — planum temporale na horni ¢asti spankového laloku, ktera
ma pravo-levy vztah k rukovosti a to dokonce i ve vztahu k pohlavi. Zde jsme
predpokladali, ze asymetrické zmény velikosti planum temporale by mohly slouzit
jako dalsi morfologicko-diagnosticky néstroj u Alzheimerovy demence. Poté se nas
zajem obratil na dalsi struktury CNS kde jsme ptedpokladali zmény u AD, jako je
nucleus acumbens, amygdala, mozkovy kmen jako celek, klira mozecku, velkosti
hemisfér mozecku, basalni ganglia a dal$i. Nas§ ptedpoklad byl podobny jako u
pfedchozich struktur — oc¢ekavali jsme asymetrické zmenseni oproti kontrolam vice
méné u vSech sledovanych struktur. Dalsi hypotézou bylo sniZeni objemu, ptipadné
zména prab¢hu ¢i tvaru, vldken fornixu a commissura anterior (zejména Casti
spojujici oba spankové laloky), corpus callosum a gyrus cinguli. Zde jsme ocekavali
snizeni objemu a poc¢tu vldken bilé hmoty a dalSich charakteristik axont
(neuspotadanost vldken, kontinuita mikrofilament a kvalita myelinu) mezi skupinou
AD pacientl a skupinou kontrolni a to opét jak symetricky, tak asymetricky v obou
hemisférach CNS. Posledni zkoumanou hypotézou byl vztah mezi tbytkem poctu
neurond v korovych i1 podkorovych oblastech CNS a sniZenim neuspofadanosti a

objemu ¢i poctu vlaken bilé hmoty propojujicich tyto oblasti postizené degeneraci.



S Piehled pouzitych metodik

5.1 Metodiky pouzivané pri prdci s mozkem laboratorniho potkana

5.1.2 Volumetrie CNS u potkana

Mozky potkani kmene Long Evans byly perfundovany intrakardidlné¢ 10%
pufrovanym roztokem paraformaldehydu, vyjmuty z lebky a ulozeny do roztoku 5%
sacharézy do klesnuti. Nasledné byly zamrazeny kryosprejem (Bamed, CR) a
ulozeny do -70 °C do zpracovéani. Na zmrazovacim mikrotomu Leica CM 1850 byly
pofizeny sériové fezy o tloustce 20 um a natazeny na podlozni sklicka potazena
10% roztokem Zzelatiny. Po zaschnuti byly fezy obarveny kresylvioleti dle Nissla a
uchovany pro dalsi analyzu. Velikost hipokampii byla stanovena pomoci svételného
mikroskopu Leica. Objemy granularni vrstvy a pyramidové vrstvy neuroni
vrozmezi poli CAl - CA3 a subiculum (bez podoblasti presubiculum a
parasubiculum) byly stanoveny podle Cavalieriho principu (Gundersen a kol., 1988).
Velikost celého mozku laboratorniho potkana byla stanovena z fezli mozkem pod
svételnym mikroskopem (bez bulbus olfactorius, chiasma opticum a cerebellum —
mozkovy kmen byl odfiznut t€sn€ nad colliculi superiores), které byly pfevedeny do
standardniho PC, kde byly plochy kazdého fezu ru¢né ohraniceny a zméfeny pomoci
voln¢ distribuovaného software Image J (http://rsbweb.nih.gov/ij/). V ptipadé
chybéjicich nebo poskozenych fezii (< 8 fezli v priméru na kazdy mozek) byla

chybéjici data kalkulovana jako primérnd plocha z ptedchoziho a nasledného fezu.

5.2 Metodiky pouzivané pri prdaci s mozkem clovéka

VSichni pacienti s diagn6zou AD splitovali kritéria NINCDS-ADRDA (McKhann a
kol., 1984). Pacienti i vékové odpovidajici normdlni seniofi byli testovani
nasledujicimi neuropsychologickymi testy: Mini-Mental State Examination
(MMSE), Mattis Dementia Rating Scale, Trail Making Test version A a B,
Disability Assessment in Dementia, 7-Minute Screen, test verbalni fluence a
Edinburgh Handedness Inventory. Podle vylepSené verze védeckych kritérii pro
diagnostiku AD (Dubois a kol., 2007) jsme pfidali skore medialni temporalni atrofie

(Scheltens a kol., 1992), zvlast' pro levou a pravou hemisféru.
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5.2.1 Magneticka rezonance

1.5T Siemens pfistroj

MR snimky byly pofizeny na 1.5T Siemens Vision MR skeneru se standardni hlavici
podle nésledujiciho protokolu:

T1-vazené snimky (T1W) 3D magnetizace pro rapid acquisition gradient echo
(MPRAGE) s parametry: velikost voxelu 1x1x1x mm?®, 160 sagitalnich fez{, echo
time (TE) 7 ms, opakovaci ¢as (TR) 2010 ms, flip tthel 10°, FOV 256 mm.

Diftizni vazené snimky (DWI) sekvence SE-EPI s parametry: TR = 6 s, TE = 110
ms, velikost voxelu 2,5x2,5x2,5 mm?®, 27 axialnich fezfi, 3 priméry, FOV = 320

mm, 6 difiznich sméri, dvé b-hodnoty: 0 a 1000 s/mm?

3T Siemens pfistroj

3T MR skener (Siemens Magnetom Trio, Erlangen, Germany) pomoci 12 kanald,
phased-array head coil s protokolem:

T1-vazené 3D MPRAGE s nésledujicimi parametry:

Velikost voxelu 0,85%0,85%0,85 mm?, 192 sagitalnich fezil, echo time (TE) 4,73 ms,
opakovaci ¢as (TR) 2000 ms, flip thel 10°, FOV 326 mm.

3D T2-vazené FLAIR s parametry: velikost voxelu 1x1x1 mm? 176 sagitalnich
fezl, TE 422 ms, TR 6000 ms a FOV 256 mm.

Difuzni vaZené snimky s SE EPI sekvenci s parametry:

Velikost voxelu 2x2x2 mm?®, TR 6000 ms, TE 93 ms, 44 axidlnich snimkd, tii
priméry, FOV=256 mm, podet difiiznich sméri 20, dvé b hodnoty: 0 a 1000 s/mm?

DTI protokol

Pro méteni DTI byla pouzita sekvence dvojitého spinového echa (SE) EPI (spin-
echo, echo-planar imaging) se dvéma pary bipolarnich gradientnich pulzi, které
vytvéieji celkovy b faktor b = 1000 s/mm? . Dva rtizné protokoly pro méfeni diflize,
které byly pouzity na pfistroji Siemens Trio 3T (s 12 kandlovou civkou), lokalizer
(min:s) (0:10), pocet vrstev 44, orientace transversalni, FOV (mm) = 256x256,
rozliSeni (mm) = 2x2x2, TR (ms) = 6000, TE (ms) = 93, pocet opakovani = 3, b-
faktor (s/mm? ) = 0 a 1000, pocet diftiznich smérti = 20, ¢as méfeni (min/s) = 6:38,

PAT faktor = 2.
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5.2.2 Autopsie mozkové tkané

Vzorky mozkové tkan¢ byly ziskavany v prabéhu let 2008-2010 z Patologického
oddg&leni Nemocnice na Bulovce a ptivodniho Ustavu patologie PCP. Celé mozky po
zvéazeni byly umistény do 10% roztoku paraformaldehydu s 5% roztokem alkoholu.
Po 30 denni fixaci byly z mozkt oddéleny sledované struktury (planum temporale,

hipokampus) a dale zpracovany.

5.2.3 Volumetrie CNS

Objem hipokampu, Varolova mostu a mozecku byl méfen volumetricky ze snimkt
magnetické rezonance. Tyto snimky byly nejprve ptfevedeny do jednoho souboru
pomoci voln¢ distribuovaného programu MRIcro. Déle byly pfevedeny ve frontalni
roving do stereologického volné distribuovaného programu Image J, ve kterém byly
méfeny plochy, jejichz souctem byl stanoven objem struktury. VSechny métené
struktury byly normalizovany vzhledem k velikosti mozkové tkané na fezu ve
frontalni roviné v misté commissura anterior. Pro statistickd méfeni byl pouzit
program Statistica v. 10. Objemy struktur v normé¢ a v patologii byly hodnoceny 2-

way ANOVA, pro vylouceni nulové hypotézy pak t-testem.

5.2.4 Pouziti polysiloxanové pryskyrice pro mereni plochy planum temporale

Omyté vzorky PT jsme umistili na Petriho misky a $téteCkem pokryli cely povrch
vzorkd, tj. Heschlovy gyri, ¢ast gyrus temporalis superior, pfechod do insuly a
dorzalni raménko, tekutou fazi kondenzac¢ni polysiloxanové pryskyftice
(STOMAFLEX CREME (SC)), latky ktera se b&Zné pouziva v dentalni medicing.
Duraz jsme pfitom kladli na to, aby se tekutina dostala do vSech nerovnosti a zdhybt
na povrchu PT. SC béhem péti minut zpolymerizovala a vytvofila tenkou otiskovou
vrstvu (masku) na vzorcich, kterou jsme opatrné¢ snali pinzetou. Touto cestou
vytvoiené masky povrchu PT jiz mély vyraznou 3D strukturu. V misté otiskl zarezii
mezi gyri jsme masky rozdélili do vice ¢asti tak, abychom dostali n¢kolik vzorkl
témer idedlniho 2D povrchu. Vsechny 2D vzorky zjednoho PT jsme z divodu
vytvofeni jednolitych ploch umistili mezi sklenénd podlozni sklicka o velikosti
50x50 mm, bézn¢ pouzivana v mikroskopii. Takto pfipravené vzorky fezli jsme pak
digitalizovali pomoci kamery Olympus 5050 pfipojené ke standardnimu PC a
nasledné je pak pouzili pro volumetrickou analyzu pomoci Image J software (Zach a

kol., 2006).
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5.2.5 FreeSurfer (FS) analyza

Analyza byla provedena na specialné konfigurovaném PC (Debian Linux 3.2.46-1
x86_64 operating system) s dvéma paralelnimi instalacemi FreeSurfer v5.2.0 a
v5.3.0 (http://surfer.nmr.mgh.harvard.edu/). DICOM MR snimky z 3T skeneru
skupin AD pacienti a kontrol byly pfevedeny do FS programu do formatu *.mgz
soubori pomoci piikazu mri_convert. Celkova rekonstrukce tetrahedronové matice
obrazli (korové a podkorové oblasti, mozkovy kmen, mozkomi$ni mok, komory, bila
hmota) byla provedena piikazem recon —all ve formatu recon-all —vw256 —s
jménopacienta —all —hippo-subfields. Recon —all procedura selhala u 2 kontrolnich
MRI — tyto byly z dalsi analyzy odstranény. Datové vystupni volumetrické soubory
pro statistickou analyzu byly pouzity z adreséfe /stats (aseg.stats, lh aparc.stats atd.)

z programu FS a pfevedeny do software Statistica 10.

5.2.6 Traktografie bilé hmoty (MedINRIA, SPMS)

DTI sken zachycuje Browntv pohyb molekul vody podél axont a urci tak diftizni
tenzor, ktery pro dany voxel ur¢i smér a orientaci vldken. Program MedINRIA i DTI
studio po oznaceni sledovanych struktur (commisura anterior, oboustrann¢ fornix,
corpus callosum a gyrus cinguli) zobrazi a vypocita soubory vldken a jejich
vlastnosti (délka, pocet a dalsi charakteristiky axontl). DTI data byla upravena kvuli
mozné  distorzi a  zpétnym  proudim  pomoci  programu  FSL
(www.fmrib.ox.ac.uk/fsl/index.html). EPI obrazy zDTI sady snimkd byly
adaptovany podle T1-vazenych 3D MPRAGE snimkid pro ziskani koregistracni
matrice, kterd byla nasledn¢ vyuzita pro dalsi EPI difuzni obrazy. EPI a TIW 3D
MPRAGE koregistrované obrazy pak byly normalizovany k T1 templatim.
Koregistrace a prostorovd normalizace byla provedena programem SPMS
(http://www. fil.ion.ucl.ac.uk/spm/ software/spm8). Normalizované DTI indexy (FA,
MD, Aax, a Arad) byly vypocitany pomoci software MedINRIA (Asclepios Research
Project—INRIA Sophia Antipolis,
http://wwwsop.inria.fr/asclepios/software/MedINRIA) a DTI studio
(https://www.mristudio.org/). Oblasti zajmu (dale ROI), tedy fornix a commissura
anterior, byly manudlné ohraniCeny v sagitalni a axialni projekci na TIW 3D
MPRAGE normalizovaném obrazu (Obr. 2). Corpus callosum i gyrus cinguli byly
parcelovany automatickou sekvenaci v programu DTI studio na 5 podcasti v ptipadé

corpus callosum - CC anterior, CC mid-anterior, CC centralis, CC mid-posterior a
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CC posterior (Witelson, 1989), a 2 podc¢asti gyrus cinguli - GC anterior a GC
posterior. Program nésledné vyhodnotil v ROI parametry délka, pocet a objem
vlaken bilé¢ hmoty, frakéni anizotropii (FA) — (mira neuspofaddanosti vlaken), axialni
koeficient (AX, svéd¢i o stavu mikrofilament) a radialni koeficient (RD, stav
myelinu). VSechny parametry jsme porovnali mezi skupinou AD pacientli a kontrol

s ptihlédnutim k lateralité.

5.3 Statisticka analyza

Ve vsech piipadech byl pouZit statisticky program Statistica 10 (StatSoft, Ceska
republika). Pro porovnani dat u pacientii s AD a kontrol (vpravo-vlevo) byla pouzita
ANOVA s opakovanym méfenim. Pro post hoc byla vyuZita Neuwman-Keuls
analyza. Pro ovéfeni nenulové hypotézy byl pouzit parovy nebo jednotlivy studenttiv
t-test. Pro ovéfeni kvality hypotézy a validity vysledkii byla pouzita ROC curve
analyza (http://www.rad.jhmi.edu/jeng/javarad/roc/JROCFITi.html).
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6 Zpisob organizace sbéru a ziskavani experimentalnich dat

6.1 Spoluprace s Poradnou pro poruchy paméti - AD centrem a pristup do databdze
snimkit MR pacientii s AD a kontrol

MR snimky jsme ziskavali vramci vyzkumného programu doc. MUDr. Alese
Bartose, Ph.D., Poradna pro poruchy paméti - AD centrum (dale AD Centrum Praha)
(projekt  MSMT  (1M0002375201) Centrum neuropsychiatrickych  studii
Neurobiologie v klinické aplikaci v letech 2005-2011), které byly pofizovany na
Pracovisti diagnostiky a interven¢ni radiologie IKEM a to od roku 2007 1,5T a od
roku 2008 3T. Zpracovana data z MR jsme uklddali do zalohované Excelové
databdze (sdileni soubori s AD Centrem Praha, kde se uchovévala vSechna
diagnosticka vySetteni, baterie neuropsychologickych testti, biochemické parametry,
kognitivni funkce, likvorologicka vysetfeni apod.) jak pro skupinu pacientd s AD,
tak pro skupinu kontrol. Data pii provadéni analyzy byla dvojité¢ slepé oznacena pro
vylouceni subjektivni bias. Zpracovani snimkii MR probihalo manuélné i
automaticky pomoci specialnich software (viz 5.2) na Ustavu anatomie 3. LF UK.
Celkem bylo zpracovano a archivovano v Excelové databazi od vice nez 250

pacientli s AD a kontrol.

6.2 Laboratorni potkani pro volumetrické studie

Byli pouziti potkani z chovu Fyziologického tustavu AV CR v.v.i., kmeny Long
Evans a Wistar, kde na ustavu Neurofyziologie paméti probéhla experimentalni ¢ast
stresové reakce a chutové averze. Pro provedeni fyziologické Casti pokust byly
jejich mozky dale neurohistologicky zpracovany na Ustavu anatomie 3. LF UK a
tamtéz probéhlo histologické zpracovani materialu, volumetrickd a stereologicka

meéreni.

6.3 Spoluprace s IKEM Praha, MR jednotka

Snimky magnetické rezonance s DTI sekvenci byly pofizeny na Pracovisti
radiodiagnostiky a interven¢ni radiologie IKEM. Traktografickd obrazovéa data
pacienti s AD a kontrol byla exportovdna na datové nosi¢e nebo pienosem
pocitacovou siti. Pacienti s AD i kontroly byli opét ukladani do Excelové databaze

sdilené s AD Centrem Praha (obsahujici podrobna vysSetfeni obou skupin, viz 6.1).
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Data byla po konverzi do PC na Ustavu anatomie normalizovéna pro zpracovéani na
dvou pocitacich s programy MedINRIA a SMP8. Numerickd i obrazova data pak

byla vyhodnocovana nezavisle po sobé dvéma vyzkumniky.

6.4 Autopticky material pro morfologii planum temporale

Autopticky material byl ziskan z ptivodniho Oddéleni patologie pifi Psychiatrickém
centru Praha v Bohnicich a déle z Patologického oddéleni Nemocnice na Bulovce —
zdravé kontroly a pacienti s diagnézou AD. Patolog odebirajici vzorky autoptického
materialu byl podrobn¢ seznamem s detaily umisténi a ohraniceni planum temporale
ve spankovém laloku mozku oproti ostatnim korovym strukturdm. Odebrané vzorky
byly nasledné zpracovany na Ustavu anatomie 3. LF UK. Veskery autopticky
materidl byl pofizen se souhlasem Etické komise 3. LF UK dle znéni ptedpist

v témze roce (2005).

16



7 VyuZiti a prinos vysledki

7.1 Shrnuti vyuZiti a vysledkii u cloveka
Post mortem studie i in vivo MR studie na ¢lovéku roz$ifuji moznosti stavajicich

zobrazovacich diagnostickych postupi v mnoha smérech.

7.1.1 Volumetricka analyza struktur mozku ¢loveka na MR

Analyza ukazala statisticky vyznamné oboustranné sniZzeni objemu hipokampu,
pfiCemz u pacienti s AD je vyznamnéjSi na pravé strané. V obou hemisférach
mozecku 1 v celé struktufe méfeného tseku pontu v mozkovém kmeni ke statisticky
vyznamnému ubytku hmoty u pacientd s AD nedoslo. Pro ucely v€asné diagnostiky
a stadia progrese AD onemocnéni tedy doporucujeme pouze métfeni zmén objemu
hipokampu, volumetrie mozecku a pontu neni pro skorovani zavaznost onemocnéni

vyuzitelna.

7.1.2 Kvantifikace volumetrickych zmen hipokampu bez reorientace MR snimkii
Ackoliv je kvantifikace volumetrickych zmén v hipokampu platnym diagnostickym
markerem onemocnéni AD, sama pozice hipokampu na MR miize byt ovlivnéna
vlivem natoceni hlavy, velikosti lebky, rotace mozkové tkdné uvnitt lebky a dal§imi
faktory. Naproti tomu jsme zjistili, Ze reorientace hipokampu do néckterych ze
standardné uzivanych rovin (osy commissura anterius a commissura posterius a
dlouhé osy hipokampu) neni nutna pro validni volumetrickd data a je mozné
pracovat s nativnim MR snimkem hipokampu (Obr. 3).

Hlavni praktické¢ vyuziti tohoto ndlezu je moznost analyzy jednoho specifického
snimku hipokampu na MR, tzv. optimalniho fezu nachazejiciho se v misté piechodu
alevus hipokampu do téla hipokampu, bez nutnosti slozité reorientace a tedy snazsi

vyuziti ve skorovani progrese AD v bézné klinické praxi.

7.1.3 Planum temporale a jeho asymetrie

Celkova velikost této struktury a tloustka jeji korové vrstvy mize slouzit jako dalsi
vhodny parametr pro stanovovani morfologickych rozdili mezi AD pacienty a
kontrolami. U kontrol pievladala pravo-leva asymetrie, zatimco u AD pacientli doslo

k obraceni této asymetrie do levo-pravé. Bylo by tedy mozné vyuzit asymetrie
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planum temporale na mozcich pacientli post mortem s vyuzitim nasi originalni
metodiky (potaZzeni struktury polysiloxanovou dentalni pryskyfici a méteni jeji
velikosti). Soucasné je ale mozné vyuzit zjisténych asymetrii PT pro zobrazovaci

techniky jako je MR a nésledné FreeSurfer analyzy.

7.1.4 Zmeny ve velikosti pyramidovych neuronu ze treti vrstvy PT

Na zaklad¢ zjisténé reverze asymetrie velikosti planum temporale jsme dale
sledovali zmény ve velikosti pyramidovych neuront ve tfeti vrstvé kiry PT.
Konkrétné jsme zjistovali délku pyramidovych neuroni ve ctyfech margindlnich
zonach planum temporale (pfechod do gyrus temporalis superior, Heschlovy gyri,
pfechod do insuldrni kiiry a pfechod do Sylviovy ryhy) u kontrol a pacientli s AD.
Piedpokladali jsme, Zze délka pyramidovych neuront bude celkové mensi u pacientti
s AD v porovnani s kontrolami a Ze bude pfitomna pravo-levéa asymetrie u kontrol a
jeji reverze u pacientl s AD, podobné jako u méteni plochy a tloustky ktry planum
temporale. Vysledky ukazaly asymetrii délky neuronti pouze u kontrol a to pouze
v pfipadé pfechodu do Sylviovy ryhy. Ostatni zény planum temporale byly bez
asymetrie u pacientil obou skupin. Detailni porovnani rozdild mezi kontrolami a
pacienty s AD dale ukazaly: a) absenci rozdilii v délce neuronti v pfechodu do gyrus
temporalis superior, b) vyznamné mensi délku neuronti u AD skupiny nez u kontrol
na ptechodu do insularni kiiry vlevo, ¢) vpravo i vlevo vyznamné mens$i délku
neuronti na prechodu do Heschlovych gyri u AD versus kontroly a d) vpravo na
ptechodu do Sylviovy ryhy vyznamné mensi délku neuroni u AD skupiny
v porovnani s kontrolami. Na zakladé¢ téchto vysledki miizeme doporucit tuto
metodiku stanovovani délky pyramidovych neuronii v planum temporale jako

dopliiujici metodiku k jiz existujicim neuropatologickym diagnostikdm AD.

7.1.5 Rekonstrukce struktur CNS pomoci FS u podkorovych a korovych struktur
Meéteni velikosti a asymetrie podkorovych oblasti CNS ukazalo kromé standardné
uznavan¢ho snizeni objemu hipokampu u AD versus kontroly diilezitost volumetrie
u dalSich dvou struktur — nucleus accumbens a amygdalarniho komplexu (Obr. 4).
V obou pftipadech rekonstruce odhalila vyznamné zmenSeni velikosti u AD.
Asymetrické zvétSeni celého objemu postranni komory vpravo FS analyzou ukazalo,
ze se netyka temporalniho rohu komory, ackoliv jsme oc¢ekavali jeho zvétSeni kvili

prokazané atrofii hipokampu, jehoz volny povrch vyc¢niva pravé do prostoru
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temporalniho rohu komory. Z toho vyplyva, Ze se zvétSeni postrannich komor musi
tykat nékteré ze zbyvajicich ¢asti — frontadlniho rohu, centrdlni casti nebo
okcipitalniho rohu. U fady dalSich méfenych struktur, putamen, pallidum, Seda kira
mozecku, pocet korovych defekti koncového mozku, byly ocekdvané vyrazngjsi
zmény u AD skupiny v porovnani s kontrolami, ale bez statistické vyznamnosti.
Pouze u né¢kolika dalSich métenych struktur jsme zjistili nasledujici statisticky
vyznamné rozdily: celkovy povrch Sedé¢ kiry koncového mozku vétsi u kontrol,
velikost ¢tvrté komory vétsi u kontrol a objem mozkomisniho moku vyssi u AD,
ziejme kvuli vétsimu prostoru komory.

Pravo-levé asymetrie byly rozlozeny jinak u AD nez u kontrol. V ptipadé AD
skupiny jsme zjistili vyznamnou asymetrii v poctu korovych defektii koncového
mozku (vpravo méné nez vlevo) a objemu postranni komory (vpravo mens$i nez
vlevo) a amygdaldrniho komplexu (vpravo vétsi nez vlevo). Naproti tomu jsme u
kontrolni skupiny zjistili vyznamnou asymetrii v objemu bilé hmoty mozecku
(vpravo vétsi nez vlevo), ale bez statistické vyznamnosti u mozeckové kiry (vpravo
vetsi nez vlevo).

Automaticka analyza nabizi v porovnani s manualni analyzou rychlejsi, standardni a

reprodukovatelna data pro klinicka pracoviste.

7.1.6 Traktografie bilé hmoty

Me¢éfeni poctu bilych vlaken ukézalo jejich statisticky vyznamny ubytek pouze v
pravém fornixu u pacientd s AD. Tento nalez dobtfe koresponduje s vyraznéjSim
pravostrannym ubytkem hmoty hipokampu v pravém spankovém laloku v porovnani
s levou stranou. V piipadé commisura anterior jsme nezjistili rozidly mezi skupinou
AD a kontrolami. Corpus callosum vykazuje statisticky vyznamnou zménu poctu
vlaken v nami sledovanych podcastech corpus callosum (CC anterior, CC mid-
anterior, CC centralis a CC posterior (Obr. 5)), mimo CC mid-posterior ¢asti. Stejné
tak obé podcasti gyrus cinguli (GC anterior a GC posterior) snaZeni poctu vlaken
neukazaly. U pacientii s AD jsme vSak v celé oblasti CC a GC nalezli statisticky
vyznamny posun ve vSech sledovanych parametrech traktografického zobrazeni:
frak¢ni anizotropie (FA), axialniho koeficientu (AX) a radialniho koeficientu (RD).
Tato data svédcici pro uporddani vldken, stavu mikrofilament uvnitt axonu a stavu
myelinu jsou dobie vyuzitelna pro ¢asnou diagnostiku choroby, nebot’ reflektuji jak

intracelularni zmény v ukladani tau proteinu, tak i vazbu mezi extracelularni
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akumulaci B-amyloidu a stavem myelinu. Tyto vysledky byly publikovany na
Morphology 2014 v Brné a v roce 2015 budou prezentovany na Morphology 2015 v

Olomouci a ptedpokladame jejich zvefejnéni v Casopise s IF v nasledujicim roce.

7.2 Shrnuti vyuziti a vysledkii u laboratorniho potkana

7.2.1 Volumetrie hipokampu u laboratorniho potkana ve stresu.

Studie vlivu chronického podéavani kortikoidl potkanovi méla objasnit, zdali dochéazi
ke zmenSovani velikosti neuront v hipokampu, jejich poctu, ptipadné celkového
objemu hipokampu. Tento model chronického stresu tvoii jednu z moznych hypotéz
rozvoje AD u cCloveéka — stresovy model vzniku a rozvoje AD. Zjistili jsme
vyznamné zmény objemu a zvlasté v asymetrii podcasti hipokampu mezi kontrolami
a skupinou potkant s podavanymi kortikoidy. Levy hipokampus mél signifikantné
vEtsi objem nez pravy u skupiny s kortikoidy, nikoliv u kontrol. U kontrolni skupiny
byl naopak objem pravého hipokampu vétsi nez levého. Zaveérem studie bylo
pozorovani, ze zmenseni objemu neni vazano specificky na neurony, ale také na
ostatni slozky (glie, extracelularni prostor) a Ze zmenSeni objemu je vyraznéjsi
vpravo nez vlevo.

Na tyto naSe pokusy navazovalo experimentalni podavani nootropik a sledovani
vyvoje degenerace nebo regenerace neuronti v hipokampu (gyrus dentatus) a také
asymetrie téchto zmén u skupiny s chronicky poddvanymi kortikoidy a kontrolami.
Na model asymetrického ovlivnéni hipokampu chronickym stresem mohou

navazovat rizné farmakologické studie ovliviiujici regeneraci neuront v této oblasti.

7.2.2 Podavani kortikoidit a CTA

Podobné jako v ptipad¢ bodu 7.2.1 podavani kortikoidli vedlo k naruseni formovani
podminéné reakce chutové averze, vyvojové jednoho =z nejstarSich reflexnich
syst¢tmii. Také vtomto modelu jsme nepozorovali morfologické zmény na
neuronech (nucleus parabrachialis, amygdalarnitho komplexu a mediélni frontalni
kirry), jejich subcelularni degeneraci, nebo snizovani jejich celkového poctu a to ani
na urovni glie ¢i extraceluldrniho prostoru.

Zde mohou navazovat dalsi experimenty zaméfené na studium systému neuroglie a

kvality sloZeni extracelularniho prostoru.
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7.2.3 Vyuziti neuroprotektiva pvi vaskularnich zmeéndach v CNS
Ve spolupraci s FgU AV CR jsme dopravovali po experimentalnich ischemiich
neuroprotektivum (modifikace pregnenolon sulfatu) do poSkozené mozkové tkané.

Cilem byla minimalizace ¢i zamezeni poSkozeni CNS ischemickymi zménami.

Vysledky by byly vyuzitelné pro vyvoj novych neuroprotektiv.
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8 Casovy harmonogram postupu experimentalni prace

2008

2009
2009

2010

2010

2011
2011

2012

2013

2014

2014

2014

2015

2015
2015

nauceni se odbéru vzorku planum temporale, dokonceni sbéru materialu a
analyza planum temporale, prace s polysiloxanovou pryskyfici, zvladnuti
prace s volumetrickym software na PC Image J, zvladnuti zikladnich
statistickych postupl (program Statistica, ANOVA, t-test, post hoc analyzy);
publikace ¢lanku na téma planum temporale;

podavani kortikoida laboratornimu potkanovi, analyza dat, zvladnuti techniky
fezani na kryomikrotomu, barveni fezi CNS podle Nissla, digitalizace fezii
mozkem potkana pro PC analyzu, prace s volumetrickym software;

publikace ¢lanku na téma vliv kortikoida na hipokampus u potkana;

podavani kortikoidl laboratornimu potkanovi a analyza vlivu na podminénou
chut’'ovou averzi;

publikace ¢lanku na téma vliv kortikoidll a chutova averze;

sbér magnetickych rezonanci pacienti s AD a volumetrickd analyza,
hipokampu, pontu a mozecku, analyza pozice hipokampu na magnetické
rezonanci, zvladnuti ohrani¢ovani struktur CNS v software Image J, ucast pfi
tvorbé skorovaciho systému ve vazbé na Neurologickou kliniku 3. LF UK a
FNKV;

publikace ¢lanku na téma volumetrie hipokampu, pontu a mozecku, zvladnuti
prace se software FreeSurfer, MedINRIA pro rekonstrukce a traktografie;
neurohistologicka analyza planum temporale u ¢lovéka, pyramidové neurony
a méteni jejich délky zobrazovacim systémem Leica;

publikace ¢lanku na téma zmén ve velikosti pyramidovych neuronli planum
temporale u AD;

publikace ¢lanku na téma pozice hipokampu na magnetické rezonanci;
prezentace vysledku traktografii Morphology 2014 v Brn¢;

podani ¢lanku na téma automatické volumetrie podkorovych struktur u AD a
kontrol na FreeSurferu;

prezentace vysledku traktografii na Morphology 2015 v Olomouci;

v ptipravé je CLARITY systtm pro zobrazeni mozku potkana pfi

experimentalnich ischemiich v kombinaci se zobrazenim v mikro CT.
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9 Diskuze

9.1 Planum temporale a zmény jeho velikosti u AD.

Nova volumetrickd metoda potazeni povrchu mozku polysiloxanovou pryskyfici je
zalozena na vlastnosti této pryskyfice, kterd, pokud je v tekuté fazi, mize kopirovat
povrch planum temporale, véetné zatezli, zakiiveni a dalSich nerovnosti. Po
zatvrdnuti pak vytvaii gumovy odlitek povrchu. Po sejmuti je mozno odlitek upravit
do pozadovaného tvaru, pfesné ohrani¢it okraje vzorku a uzpisobit je pro zasazeni
mezi dv€ podlozni sklicka do 2D pozice. Takto mohou byt snadnéji hodnoceny
volumetrické zmény v pfipadé nerovnosti a nepravidelnosti tvaru povrchu planum
temporale, v porovnani s jinymi komplikovan¢j$imi metodami post mortem evaluace
zmén v mozku (napf. Harasty a kol., 1999). Otisky pryskyfice by bylo mozné
teoreticky pouzit nejenom v pfipadé¢ plochy planum temporale, ale také dalSich
korovych oblasti CNS, jejichz plocha je post mortem jinak obtizné méfitelna. Jinym
piikladem vyuziti mze byt situace, kdy neni na zobrazovacich technikach
dostate¢né viditelné ohraniceni cytoarchitektonicky definovanych oblasti mozkové
klry, napt. prechod mezi senzorimotorickou klirou a premotorickymi oblastmi
¢elniho laloku.

U kontrol jsme zjistili mirnou pravo-levou asymetrii jak v plose, tak v tloustce klry
a objemu planum temporale. Takovyto nélez neni v souladu s Udaji v literatuie, kde
se uvadi opacnd, tedy levo-prava asymetrie (napi. Geschwind a kol., 1968;
Galaburda a kol., 1987). Vysvétleni je mozné kvuli rozdilnym popisim hranic
planum temporale oproti ostatnim strukturam (gyrus temporalis superior, zadni a
pfedni vzestupné raménko u Sylviovy ryhy) (Obr. 6). V pfipadé¢ AD jsme pozorovali
posun od pravo-levé asymetrie k levo-pravé asymetrii v piipad€ plochy, tloustky
kiry a objemu PT. Detailngjs$i analyza PT ukazala mirny pokles v uvedenych
parametrech vpravo a narist vlevo u AD v porovnani s kontrolami (Obr. 7). Je
mozné, ze prava strana PT bude vice poskozena v disledku neurodegenerace.
Takovyto nalez je v rozporu s pracemi uvadéjicimi vyrazné€jsi postizeni dominantni,
tedy levé hemisféry ve vétsSiné ptipad (Toga a Thompson, 2003). Pokud bude leva
strana PT vice postiZzena zanétem nebo gliézou vedouci k zvétSeni plochy a objemu
(Miller, 2004), v takovém ptipadé¢ budou ob¢ strany PT postizeny s podobnou

intenzitou. K projeviim zmén pak bude dochazet v druhostranné hemisfére.
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Histologicka analyza nepotvrdila vyznamnou asymetrii v denzité plakli v hipokampu
nebo v korovych oblastech, nicméné, v n¢kterych piipadech byla leva hemisféra

postiZena vyrazngji.

9.2 Planum temporale jako marker stranovosti u mozkové tkané post mortem

Leva hemisféra je u vétSiny populace dominantni z hlediska feCovych center
(ptiblizn€ 96 % pravaki a 73 % levaki vykazuje levostrannou lokalizaci fec¢ového
centra). V pfipad¢ lidské autoptické tkané nejsou potfebna data o rukovosti Casto
k dispozici. V takovémto ptipadé se ukazuje, ze data z volumetrickych asymetrii PT
by mohla slouzit jako marker, jelikoz stupenn asymetrie je vyS$i u pravakd, nez u

levakl (Toga a Thompson, 2003).

9.3 Zmény ve velikosti neuronii ve II1. korové vrstvé PT u AD a kontrol

Pro zjisténi povahy zmén velikosti PT u AD jsme dale méfili velikost pyramidovych
neuront ve III. vrstvé PT (v mistech pfechodu PT do gyrus temporalis superior,
pfechodu PT do insuly, ptechodu PT do Sylviovy ryhy a v misté¢ Heschlovych
zavitl). Ackoliv jsme netiidili v experimentu neurony dle velikosti, jejich délka se
nachézela vzdy v rozmezi 15 az 25 mikrometrti, bez ohledu skupinu. Nase vysledky
ukazaly, ze pouze oblast prechodu do Sylviovy ryhy méla vétsi objem tél neuronti
(vpravo vice vyjadien nez vlevo) a to pouze u kontrol. Tato ¢ast PT neni soucasti
auditorni ktiry, ale ucastni se senzorimotorickych integraci pii provadéni vokalizace
v hrtanu (Hickok a Saberi, 2012). U AD skupiny jsme nenasli v zddné podoblasti PT
signifikantni pravo-levou asymetrii v délce neuront. V misté pifechodu PT do insuly
jsme nalezli levo-pravou asymetrii v délce neuront, ale v piipadé ptfechodu do
Sylviovy ryhy byla délka neuronti téméf identickd. To je v kontrastu se studii
uvadéjici jednoznacnou levo-pravou asymetrii u kontrol (sledovany byly buiky
v auditorni nebo fecové oblasti, ale pouze magnopyramidalni tpy, Citajici pouzel0 %
ze vSech bunék) (Hutsler, 2003). Nami pozorovana absence pravo-levé asymetrie u
AD skupiny mtze byt hodnocena jako pokles pravé dominance, kterd je u kontrol
ptitomna. Podobné jako v piipad¢, kdy dojde k vymizeni bézné pritomné asymetrie
u pacient s AD v objemu hipokampu a navic az k reverzi této asymetrie (Mrzilkova
a kol., 2012). Zadni ¢ast PT tedy muize byt dalsi oblasti specificky postizenou pfi
AD onemocnéni, kromé jiz znamych oblasti jako je gyrus collateralis, entorhinalni

ktira, hipokampus a mozkovy kmen. Vzhledem k i€asti temporoparietalni kiry ve
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zpracovani fecové informace a zmensSeni velikosti pyramidovych neuront ze III.
vrstvy PT, predpokladdme moznou souvislost mezi vokalizatnimi potizemi a
postizenim deklarativni paméti u pacientli s AD. To by mélo platit pouze u populace
s pravostrannym umisténim fecového a sluchového centra, jelikoZz jsme nenalezli
zmensSeni délky tél neuronil na stran¢ levé. Kromé nami pozorovanych zmén u AD
bylo zmenseni velikosti neuronti ve II1. vrstvé PT také popsano u bipolarni poruchy,
nikoliv v8ak u schizofrenie nebo depresivni poruchy. Pii méfeni velikosti neuronti ze
vSech vrstev kiry PT (nikoliv pouze z vrstvy III), se ale Ubytek jejich délky
neprojevil (Beasley a kol., 2005). Redukce objemu tél neuronti byla také popsana ve
III. pyramidové vrstvé spankové asociacni klry u pacientll se schizofrenii (Sweet a
kol., 2003). Nami pozorované zkraceni délky neuronti ve III. vrstvé PT u pacientd s
AD by mohlo byt v budoucnu obdobné nalezeno v sousednich korovych asociacnich
oblastech. Nami pozorovand obracend asymetrie (vymizeni pravo-levé a posun
k levo-pravé) v prechodu PT do gyrus temporalis superior, je opakem k bézné
pozorované asymetrii u schizofrenie (pravo-levd) (Shapleske a kol., 1999). Ve III.
vrstvé kiry PT vétSinou nalézame jak malé a stfedné veliké pyramidové neurony,
tak 1 ostatni typy neuronti. Ackoliv pyramidové neurony jsou hlavnim cilem
interhemisférickych kortiko-kortikéalnich aferentti a také primarnim zdrojem kortiko-
kortikalnich eferentli, neni jasné, zdali byly ostatni typy neuront (interneurony,
granularni bunky apod.) postizeny také. Pravostranni asymetrie délky neuronti u
pacientll s AD se nemusi nutné omezovat pouze na III. vrstvu PT a tak studie méteni

velikosti neuronti v dalSich vrstvach by mohla byt cilem dalSich experimentd.

9.4 Volumetricka analyza hipokampu, pontu a mozecku u AD a kontrol na MR

Skupina AD pacientt i kontrol byla vékovée sparovana, ale nezohlednili jsme rozdily
mezi pohlavimi, a to kvili rozdilnému poc¢tu muzii a Zen v obou skupinach. U AD
skupiny s MMSE dichotomii a bez ni jsme nalezli oboustranné sniZzeni objemu
hipokampu v porovnani s kontrolami. Nenalezli jsme signifikantni asymetrii v Zzadné
z méfenych struktur jak u AD, tak u kontrol s vyjimkou hipokampu (pravo-leva
asymetrie u kontrol a levo-prava asymetric u AD skupiny s MMSE nad 18).
Normalizace objemu struktur k velikosti mozku nebo lebky mélo pouze maly efekt
na vySe uvedené vysledky a to pouze v pontu mozkového kmene. Necekanym
nalezem bylo sniZzeni objemu pravého hipokampu u AD skupiny v porovnani

s kontrolami sp <0,01 snormalizaci i bez normalizace k mozku nebo Ilebce.
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Objemové snizeni levého hipokampu u AD skupiny bylo vyznamné pouze pii
porovnani s kontrolni skupinou jak s normalizaci, tak bez normalizace k velikosti
mozku. Nenalezli jsme vyznamné sniZzeni objemu obou mozeckovych hemisfér ani
pontu mozkového kmene u AD skupiny v porovnéani s kontrolni skupinou. To lze
vysvétlit relativni stabilitou objemu mozkového kmene béhem procesu starnuti (Luft
a kol., 1999). Na druhou stranu auditorni asymetrie na irovni mesencephalon jsou
znamy, ale jejich propagace do pontu mozkového kmene neni popsadna
(Schonwiesner a kol., 2007). Pti pohledu na MR skeny pouhym okem jsme zjistili,
ze mozkovy kmen zdaleka nema v sagitalni roving rovny tvar, ale je vychyleny lehce
vlevo nebo vpravo, zvlasté pak u starSich pacientt. V takovém piipadé nemuize byt
pons mozkového kmene povazovan za rotaéné symetrickou strukturu. Abychom
zhodnotili vliv ,skoliéozy* mozkového kmene na levostranou volumetrickou
asymetrii, vybrali jsme Sest pacientli s AD s vyraznym zakiivenim prabéhu a méfili
pontinni asymetrii zvlast. Ackoliv jsme u téchto pacientl zjistili vyraznéjsi
pravostrannou asymetrii, t-test neodhalil vyznamny rozdil v porovnéni s celou AD
skupinou. Metodologicky jsme celili problému, jak ohranicit anatomicky dorzalni a
laterdlni stranu pontu. Rozhodli jsme se nepouzivat bézné¢ zavedenou
trigeminofacidlni ¢aru ohranicujici lateraln¢ piechod zpontu do mozeckovych
pedikla, jelikoz v sagitalni projekci neni tato linie na MR zietelna. Naproti tomu
jsme vyuzili velmi dobfe viditelny ptfechod (mezi pons dorsalné a tegmentum) na
snimcich v blizkosti stiedni ¢ary, zobrazeny jako kontrastni Sedobild linie ve tvaru
eplipsoidu, ktera lateralné postupné¢ vymizi. Takto jsme definovali lateralni
ohrani¢eni méfené struktury (Obr. 8). Pro diagnézu AD jsme vyuzili stara kritéria
(Khan a kol., 1994), ale zavzali jsme i1 skére mediadlni temporalni atrofie jako
moderni marker AD hodnoceni. Nevyuzili jsme markery mozkomiSniho moku u
AD, jelikoz v dobé odbéru vzorkii nebyly bézné k dispozici. Vybér pacienti
s MMSE skore pod 18 nevedl kvyrazné odliSnym vysledkiim v porovnani
s objemem a asymetrii AD skupiny s MMSE skore nad 18. Oc¢ekavali jsme, Ze AD
skupina s MMSE skore pod 18 bude vykazovat vys$§i zmény v objemu a asymetrii
v relativné malém poctu pacienti s AD a MMSE niz§im nez 18 (n=11). Nepodaftilo
se nam prokdzat, Ze by zmenSeni objemu hipokampu bylo na MR snimcich
doprovazeno podobnym snizenim objemu mozkového kmene (pons) nebo mozecku.

To neznamend, ze by imunohistochemické nebo molekularné biologické zmény
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nemohly v budoucnu odhalit poc¢atek AD zmén pravé zde. Ve shod¢ s literaturou
jsme potvrdili vyznamné objemové zmenSeni pouze pravého hipokampu u AD
skupiny. Pro dalsi studie se zda byt vhodné provadét manuélni volumetrickd méteni

hipokampu, zejména pak z hlediska odliSeni AD versus MCI (Teipel a kol., 2010).

9.5 Evaluace pozice hipokampu na MRI pro kliniku a experiment

Hodnotili jsme vliv rotace hlavy v sagitalni rovin€ na manualni méteni plochy fezu
hipokampu, kterd by mohla vést k nesourodym vysledkiim tam, kde se vyuzivaji
jednotlivé tezy pii manualnim ohraniceni struktur CNS. Celkové jsme nezjistili
zadny statisticky vyznamny rozdil mezi plochou hipokampu (AC-PC vs nat),
meéfenou na MR snimcich ve frontdlni rovin€ (v misté pfechodu alveus hipokampu
do téla hipokampu — ndmi definovan¢ho jako tzv. idedlni fez (Obr. 9)). To je
v rozporu s jednoduchym pozorovanim okem, kde se tvar hipokampu a temporalniho
rohu postranni komory mozku zda byt odlisSny ve tfech riiznych nato¢enich mozku
(AC-PC osa, dlouhd osa hipokampu a nativni snimek bez reorientace). Kromé toho
hipokampus ani temporalni roh postranni komory nejsou rota¢né symetrické v zadné
z geometrickych projekci (frontdlni, sagitdlni, horizontdlni). Také jsme zjistili
drobné¢ rozdily v natoCeni mezi plochou samotného hipokampu a plochou
hipokampu s temporalnim rohem postranni komory. Vysvétleni je mozné kvuli vlivu
vetsi celkové plochy na pozici mozku. Do méfeni jsme zahrnuli bez rozliSeni
kontroly i AD pacienty, rizné vékové kategorie a obé hemisféry mozku, protoze
naSim cilem bylo zjisténi vlivu mistni geometrie na ploSnou miru (coz je ptipad
veétsiny MR volumetrickych studii). Pokud ptihlédneme k rozdilim v téchto
kategoriich, AD pacienti vétSinou maji vét§i objemy temporalniho rohu postranni
komory v porovnani s kontrolami (Scheltens a kol., 1992). Takto by vice pacientil s
diagn6zou AD mohlo mit faleSné pozitivné vétsi plochy a tim odlisné vysledky.
Nepokouseli jsme se méfit objem celého hipokampu nebo spolecné hipokampu
a temporalniho rohu postranni komory, jelikoZ soucet plochy fezi celé struktury
(objem) by se nemél lisit v zadné roviné natoceni. Technicky plati, Ze poloha hlavy a
jeji lateralni rotace je vyloucena fixaci nastavecem béhem sniméni, zatimco poloha
hlavy v pfedozadnim sméru takto zabezpecena neni.

Pokud zohledniujeme pii méfeni pouze jeden zftezl,, neni jisté, zdali je mozné
vypocist, nakolik si mizeme dovolit rotovat mozek uvniti stereologického software,

aniz bychom vyznamné zménili vysledky méteni plochy dané struktury. Jinymi
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slovy, nenti jisté, jak je veliky uhlovy interval, v rdmci kterého miizeme manipulovat
s rotaci mozku, aniz bychom ziskali odlisné¢ vysledky. Zodpovézeni této otazky by
mélo velky vliv na vnitini porovnatelnost riznych studii volumetrie hipokampu, bez
ohledu na odli$né thly zobrazeni pii méfeni.

Mezi neocekavané nalezy patfila vysoka individudlni variabilita v rotaci mozku a
lebky na MR (az 35°). V ptipadé¢ rotace lebky jsme wvyuzili spolehlivou
antropologickou miru pro jeji evaluaci (Frankfurtskou horizontélu - ta je povaZzovana
za jednu z nejspolehlivéjsich antropologickych rovin). Porovnani nato¢eni mozku v
nami sledovanych rovinach (AC-PC osa vs. nat osa, hipp osa vs, nat osa) a rotace
lebky ukazovaly podobné individudlni variabilitu. Méfeni plochy v tzv. idealnim
fezu hipokampu ve vSech tfech nami sledovanych rovinach pak ukézalo, Ze
reorientace do AC-PC osy nebo nat osy vykazuje stejné vysledky. Naproti tomu
reorientace do hip osy a méfeni plochy dava vysledky vyrazné odlisné. Ukazali
jsme, ze reorientace do AC-PC osy, ktera je rutinn¢ vyuzivana pii volumetrickych
méfenich, neni nutna, Ize pouzit pfimo nativni rovinu zobrazeni.

V ptipad€ porovnani hipp osy vs. nat osy se ukazalo snizeni rozsahu dorzalni rotace
hlavy, nebo alespon jejiho temporalniho laloku, u AD pacientd a to zejména na levé
strané. Tento nalez je konzistentni s celkovym sniZenim objemu hipokampu u AD
pacientll. Zda se, Ze zmensSeni objemu hipokampu muize mit zvlastni efekt na pozici
celého mozku uvnitt lebky, zvlasté pak ve fossa cerebri media, kde se spankovy
lalok nachézi. Je otazkou, co piesné zodpovida za variabilitu pozice mozku uvnitf
lebky u AD pacientl a zdali je mozné ji piipsat rozdiliim v pozici lebky uvniti MR,
nebo geometricky specifické atrofii mozkové tkané. Pokud by atrofie byla pticinou
variability pozice, pak jakékoliv normalizace nejsou validni z diivodu torze tkané,
jeji elongace a mozna dosud nerozpoznané variabilité vnitini geometrie mozkové
tkané pii atrofii. V dostupné literatuie jsme nenalezli srovnatelné udaje popisujici

efekt atrofie CNS na jeho specifickou pozici uvniti lebky.

9.6 Vliv chronického stresu na hipokampus u laboratorniho potkana

Studovali jsme opozdény vliv zvysenych hladin kortikosteronu na volumetrii, pocet
neuronil a hrubé znaky neurodegenerace hipokampalni formace u laboratorniho
potkana kmene Long-Evans. Zvifata byla vystavena kortikosteronu po tii tydny
technikou podkoznich pelet (kontrolni skupina dostévala cholesterol). Métfeni poctu

neuront, hrubé znamky degenerace a objemy byly stanoveny za sedm tydnl po
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ukonceni podavani kortikosteronu. B€hem podéavani kortikosteronu jsme pozorovali
snizeni plasmatické hladiny ACTH. To Ize vysvétlit pfimou inhibici uvoliiovani
ACTH kortikosteronem z adenohypofyzy a nepfimou inhibici uvoliiovani ACTH
pfes CRH regulaci (Parker a Rainey, 2004). Protoze jsme se zamé&fili na dlouhodobé
ucinky, spiSe nez na kratkodobé, neprovedli jsme stereologické méfeni v momenté
suprese vrcholu ACTH. Zmény, ke kterym mélo dojit v obdobi mezi maximalni
redukci ACTH (tfeti tyden) a stereologickymi méfenimi (desaty tyden) by
zahrnovaly: pokles plazmatické hladiny kortikosteronu, obnoveni normalni funkce
HPA osy a vznik neuronalni a gliové reparativni jizvy. U kontrol byl objem pravého
hipokampu vyznamné vétSi v porovnani s levym k velikosti mozku a to i po
normalizaci. Nenalezli jsme vSak vyznamny rozdil v objemu mezi levou a pravou
hemisférou u kontrolni skupiny. Vétsi levou hemisféru v porovnani s pravou uvadi
(Sahin a kol., 2001), ale na vys$i hladiné¢ vyznamnosti v porovndni s nasimi
vysledky. Jind studia na samcich kmene Long-Evans ukézala opak - prava hemisféra
byla vétsi nez leva. Detailni analyza pak ukézala rozdil mezi tloustkou neokortexu
(vpravo siln€jsi nez vlevo), ackoliv méfeni prifezu hemisférami, hipokampy,
mozeckem, thalamem a mozkovym kmenem neprokdzaly spolehlivé rozdily (Kolb a
kol., 1982). NejvyznaméjSim vysledkem nasi studie bylo zmenSeni absolutniho
objemu pravého hipokampu u skupiny s podavanym kortikosteronem. Jelikoz
normalizace objemu hipokampu neméla vliv na toto snizeni objemu ani na
levostrannou asymetrii, je mozné vysvétlit objemové zmenSeni pravé hemisféry
zmen$enim objemu pravého hipokampu. Podobné vysledky jsou ve studii, kdy
kratkodobé a prechodna stimulace na pocatku zivota vedla k posileni pravostranné
hipokampélni volumetrické dominance v dosp€losti u kmene Long-Evans
(Vesrstynen a kol., 2001). Podobnég, vystaveni novym podnétim (neonatal novelty
exposure, NNE) a naslednd kratkodobd i dlouhodobad potenciace (dvé formy
synaptické plasticity majici dlouhodobé trvani), byly nalezeny pouze v pravém
hipokampu (Tang a kol., 2008). Krom¢ toho senzitivita synaptické plasticity pravého
hipokampu pfi dlouhodobém podavani kortikosteronu, méteno dlouhodobou
potenciaci in vitro, byla vyznamné zvySena po vystaveni novym podnétim (NNE) v
porovnani s kontrolami (Tang a Zhou, 2002). To je v souladu s nasimi vysledky, kde
byl zmenSen objem pouze pravého hipokampu vlivem podédvani kortikosteronu.
Ackoliv stres vétSinou redukuje objem hipokampu, pfinos nasi studie je ve zjisténi,

ze k této redukci dochdzi pouze na pravé strané. To potvrzuje nasi hypotézu, ze
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neonatalni vystaveni novému podnétu (NNE) zvySuje asymetricky objem pravého
hipokampu, zatimco podéavani kortikosteronu ma ucinek opacny, zvlast¢ pak v
subiculum a méné v gyrus dentatus a podc¢astech CA1-CA3. ZmenSeni objemu
hipokampu vpravo u skupiny s poddvanym kortikosteronem muze byt zpisobeno
snizenim poc¢tu neuront. Vyznamné sniZzeni poctu neuronti v gyrus dentatus a CA3
podoblasti hipokampu bylo ale nalezeno pouze u laboratorniho potkana
exponovaného glukokortikoidim v neonatalnim obdobi, ne v dospélosti (Sousa a
kol., 1998). Podobné, nase data ukazala pouze malé (CA1 a CA2 podoblasti) nebo
zadné zmény (gyrus dentatus a CA3) v poctu neuronti. Subiculum jsme do méfeni
poctu neuronit nezahrnuli. Ackoliv subikuldrni pyramidové neurony maji
morfologicky uniformni tvar, existuji kontroverze ohledn¢ jejich laminarni a
kolumndrni organizace a sublaminace (Ishizuka, 2001), coz komplikuje jejich
méfeni. Uspofadani neuront v pyramidalni vrstvé subiculum je volnéjsi v porovnani
s podoblasti CA1 a také elektrofyziologicky mizeme unikatné d€lit tyto neurony na
,oursting® a ,,spiking* neurony v porovnani s ostatnimi oblastmi hipokampu (Witter,
2006). Ackoliv jsme subiculum nezahrnuli do naSich méfeni, jedna se o dilezitou
podoblast hipokampu, kterou by bylo vhodné v dalSich studiich zohlednit.

V druhé casti experimentu jsme sledovali, zda objemové zmény hipokampu mohou
byt vysledkem probihajici neurodegenerace a proto jsme k volumetrii pridali jesté
méfeni poctu neuronit a hrubé znamky neurodegenerace. Nezjistili jsme ale
vyznamné zmény mezi kontrolami a skupinou, které byl podavan kortikosteron.
Pocty neuronti ani sledovani neurodegenerace tedy nevysvétluji snizeni objemu
hipokampu vpravo. Neurodegenerace hraje roli pouze ve specifickém kratkodobém
intervalu a pozorované objemové zmény tedy nemohou byt disledkem dlouhodobé
probihajici neurodegenerace. Vyznamné zmény v poctu degenerujicich neuront
jsme nepozorovali, jelikoz byly pravdépodobné odstranény imunitnim procesem
(neuroglie) nebo dalSimi reparativnimi procesy v CNS. Zmény v hladinach
kortikosteronu ale vedou ke zméndm v mikrostruktufe neurond, k hrubym znamkam
neurodegenerace a poskozeni kognitivnich funkci (Schubert a kol., 2008). VétSina
téchto zmén je ziejmé reverzibilni a pozd€ji je obtizné prokéazat je morfologicky
(Sousa a kol., 1999; Joé€ls, 2008). Permanentni zmenSeni objemu pravého
hipokampu u skupiny s podadvanym kortikosteronem mize byt vysvétleno
neuroplasticitou (zmensenim objemu cytoplasmy neuronu, ztratou synapsi apod.),

nebo zménami na Urovni molekularni biologie. Napt. funkéni asymetrie vysoce

30



afinitniho vychytavani cholinu (HACU) bylo nalezeno pouze v levém hipokampu u
Wistar potkanti a to pouze u dospélych samcii, nikoliv samic (KriStofikova a kol.,
2004). Neni také jasné, jestli sniZzeni objemu pravého hipokampu nésledkem
podavani kortikosteronu je anebo neni specifické pro kmen Long-Evans, nebo pro

laboratorniho potkana vibec.

9.7 Vliv chronického podavant kortikoidii na CTA

Chutova averze je integralni soucasti potravniho chovani. Je to biologicky dilezity
fenomén, jelikoz pfeziti organismu zavisi na schopnosti ucelné ziskavat a
zpracovavat potravu a vyhybat se moznym jedim. Potravni chovani a dlouhodoba
regulace vahy spole¢né sregulaci pfijmu potravy je synchronizovana slozitymi
interakcemi mezi CNS a perifernimi organy (regulace se ucastni dale, mimo jiné,
leptiny, glukokortikoidy, insulin, hormony GIT) (Dostalova a kol., 2007; Zach a
kol., 2006; Papezova a kol., 2005). Nase vysledky ukazuji na poskozeni utvareni
CTA vlivem chronického podavani kortikosteronu. Podminéna chutova averze je
dobfe zavedené behaviordlni paradigma uceni se a paméti, a predstavuje uziteCny
nastroj ke studiu neuronalni plasticity (mezi vyhody patii dobfe anatomicky
definované struktury, znamé fyziologické bunéné mechanismy a jednoducha
meéfitelnost) (Bures, 1998). Regulace je fizena z hypotalamu, prefrontalni kary
mozku, amygdaly, striata a z mezencefalonu. Vliv stresu a kortikosteronu na uceni a
pamét je vpopitedi zajmu védeckych debat, jelikoz se ucastni tady
neuropsychiatrickych onemocnéni. Morfologické studie ukézaly, ze dlouhodobé
vystaveni stresu nebo nadmérnym davkam glukokortikoida vede k ¢asove zavislému
poskozeni neuronil, rozsahem od pocate¢ni vratné atrofie dendritickych vybézkl
(Woolley a kol., 1990; Watanabe a kol., 1992a; Magarinos a kol., 1995) po
nevratnou ztratu hipokampalnich pyramidovych neuronii (Landfield, 1987; Sapolsky
a kol., 1985). Toto stresem nebo glukokortikoidy vyvolané strukturalni postizeni se
zd4 spojené s deficitem v uceni se, a v uchovavani informaci v paméti. Posilovani
tvorby CTA vlivem akutniho podévani kortikosteronu bylo popsano diive (Tenk a
kol., 2006). Efekt akutniho a chronického podavani kortikosteronu na kognitivni
schopnosti se strukturdln€ 1 funkéné velmi 1isi (Sousa a kol., 1999). Mozkova atrofie
doprovazejici poruchy pfijmu potravy je casné detekovatelnd. Strukturdlni
morfometrie mozku ukdzala, Ze objem jak bilé, tak Sedé¢ hmoty, je v ptipad¢ akutni

anorexie vyrazné snizen. Po Uspé$né realimentaci ma ale bilda hmota tendenci
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k ndvratu do puvodniho objemu, zatimco $Sedd hmota ne. To je mozné Castecné
vysvétlit trvalou ztratou neuront nebo glie zpiisobené napi. vysokymi hladinami
kortizolu. Mezi alternativni vysvétleni mizeme uvést, Ze ztrdta neuronll neni
nasledkem anorexie, ale abnormalniho vyvoje nervového systému. Vysledky ukazuji
na dlouhodobé zmény neschopnosti zviiete reagovat adekvatné na rizné kognitivni
ulohy, coz mitize byt spojeno se strukturdlnimi zménami v CNS (Bures, 1998).
Nenalezli jsme signifikantni zvySeni/snizeni po¢tu neuronii a hrubych znamek
neurodegenerace v prefrontalni kiife, amygdale, nebo hipokampu na fezech mozku
barvenych podle Nissla v experimentu na zviteti. Takovyto nalez je ve shod¢ s Tata
a kol. (2006), kde jsou popsany u experimentalniho zvitete subceluldrni zmény po
aplikaci kortikoidt. Dtivéjsi studie detekovaly pouze hrubé morfologické zmény tél
neurontt a dendritli (Sapolsky a kol., 1985; Wolley a kol., 1990), coz je mozné
castecné vysvétlit odlisSnou metodologii. Drobné ztraty poctu neuront v laterdlni
¢asti parabrachialniho jadra (neptevySujici 2 % z celkového poctu neurontl) je tieba
dale verifikovat imunohistochemicky pro zpfesnéni ndlezu. PosSkozeni
parabrachidlniho komplexu Ize ofekéavat kvili jeho zapojeni v okruhu CTA reakce.

Tato poSkozeni nevykazovala asymetrické zmény.

9.8 Automaticka analyza objemu struktur CNS na FS

Pro automatickou volumetrii hlavnich podkorovych struktur CNS u ¢lov€ka jsme
zvolili software FreeSurfer, ktery je Casto vyuzivan v teoretickych studiich pro
méfeni ubytku hmoty mozku u AD. Nasi hypotézou bylo snizeni objemu vsech
méfenych struktur, zvlasté pak amygdalarniho komplexu, ale opac¢né zvySeného
objemu komor u AD pacienti v porovnani s kontrolami. Dle ocekavani nase
vysledky byly v souladu s obecné pfijimanym konceptem snizeni objemu CNS u AD
(de Jong a kol., 2008; Philippi a kol., 2012). Pro vylouceni artefakti matematického
zpracovani jsme pouzili dvé verze programu FS — v5.2.0 a v5.3.0 a obé verze vedly
ke shodnym vysledkiim. Po diskuzi s tviirci programu FA (MGH/HST Athinoula A.
Martinos Center for Biomedical Imaging) jsme dosli k zavéru, ze nckteré
anatomické hranice oblasti CNS je potieba v budoucnu zpiesnit v software pro lepsi
vysledky (napt. podoblasti hipokampu). Prvni pokus o neurohistologickou
kolokalizaci podoblasti hipokampu na MR s vysokym rozliSenim jiz vedl
k znatelnému vylepSeni ohraniceni v prostfedi FS (Adler a kol., 2012). Pfesto vSak

A%

v nékterych ptipadech tézsiho postizeni mozkové tkané pii AD atrofii mohou byt
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hranice struktur tézko rozliSitelné. Na druhou stranu manualni a automaticka
segmentace mediotemporalnich struktur CNS u AD, MCI a kontrol, zaméfena
pfevazné na korové oblasti (entorhinélni, perirhindlni a parahipokampdlni kira a
hipokampus) se od sebe vyrazné nelisila (Insausti a kol., 2011). Podobné porovnani
manudlni a automatické volumetrie hipokampu u MCI a AD ukézalo, ze obé metody
koreluji vysledky s vysokou shodou, za piedpokladu zohlednéni véku, pohlavi a
normalizace k intrakranidlnimu objemu lebky (Shen a kol., 2010).

Analyza strukturdlni asymetrie ukdzala na rozdily mezi AD a kontrolni skupinou.
Ubytek hmoty nucleus accumbens byl oboustranng vyznamné snizeny u AD skupiny
v porovnani s kontrolami, podobné jako u Pievani a kol. (2013) a pouze lehce
snizeny v nucleus caudatus na strané¢ pravé. Tyto dvé sousedici struktury mayji
rozdilnou funkci. Ob& nalezi k bazdlnim gangliim, nucleus accumbens je vSak
zapojen v systétmu odmény a nucleus caudatus je soucasti okruhli motorické
regulace.

V piipadé kontrolni skupiny jsme nalezli statisticky vyznamné asymetrické zmény
objemu pouze u bilé hmoty mozecku, u mozeckové kiiry byla asymetrie hemisfér
statisticky nevyznamnd. V pfipadé AD skupiny jsme zjistili vyznamnou
asymetrickou distribuci v poctu telencefalickych korovych defektti vlevo a vpravo a
vyznamné asymetrické zmeény v objemu postrannich komor a amygdalarniho
komplexu. Objemovou asymetrii bilé hmoty mozecku i korovych objemi koncového
mozku v ptfipadé AD skupiny lze vysvétlit asymetrickou ztratou obou objemul
v procesu progrese AD onemocnéni (Colloby a kol., 2014). Ve skupiné pacientli
s AD jsme nalezli vétsi objem levé postranni komory v porovnani s pravou. Analyza
spankového rohu postranni komory asymetrické zmény objemu nezachytila, ackoliv
byl pfitomen lehce zvySeny objem levé komory oproti pravé. To naznacuje, ze
objem spankového rohu postranni komory nehraje zésadni roli v asymetrii objemu
postrannich komor jako celku u AD, coz povazujeme za vyznamny nalez. Znamena
to, Ze ostatni ¢asti postranniho komorového systému hraji v této asymetrii vétsi roli.
Neni zatim mozné touto metodou upiesnit, které podc¢asti komorového systému se na
tomto zvétSeni podileji, zda celni roh, centrdlni ¢ast, nebo tylni roh postranni
komory. Dle ocekavani jsme nalezli vyraznou pravostrannou asymetrii
amygdalarniho komplexu u AD skupiny, zatimco u kontrolni skupiny jsme zaddnou

asymetrii nepozorovali. Predpokladame, Ze asymetrie amygdaldrniho komplexu
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doprovazi podobnou distribuci asymetrie, objemovou ztratu a pravostrannou

asymetrii hipokampu u AD pacientli (Mrzilkova a kol., 2012).

9.9 Traktografie komisuralnich vidken u AD pacientu

Ubytek neuronii v §edé hmot& AD pacientdl 1ze pozorovat nepiimo traktografickym
zobrazenim a méfenim komisuralnich vlaken pfedevsim temporélniho laloku, ktery
se nejvice podili na konsolidaci paméti. Pfes pocet vldken komisurdlnich spojeni
temporalniho laloku a jejich dalSich charakteristik miiZeme piesnéji vyhodnotit
difuzni ubytek neuronti. Pamétova spojeni probihaji cestou obou fornixi a rovnéz
vyznamné interhemisferick¢é spojeni jde cestou commisura anterior. Corpus
callosum, zvlasté¢ pak ¢ast CC mid-posterior (Witelson a kol., 1989) propojujici
parietdlni asocia¢ni kliru s gyrus cinguli, se vyznamné podileji na konzolidaci
pamétovych okruhii (Papez, 1995).

Z DTI skentt 3T MRI z Pracovisté radiodiagnostiky a interven¢ni radiologie IKEM
pacientll 1 kontrolnich osob jsme vytvorili traktografické mapy, ze kterych jsme
vyhodnotili pocty vldken a dal$i charakteristiky axonl (neuspotadanost vldken,
kontinuita mikrofilament a kvalita myelinu) danych oblasti. Pomoci 3D rekonstrukce
z T1 vazenych fezti (MPR) jsme provedli vizualni kontrolu v 3D zobrazeni vlaken
v nami sledovanych oblastech.

Statisticky jsme nejprve porovnali vysledky méfeni poctu vldken fornixii a
commisura anterior, pficemz statisticky vyznamny posun jsme zaznamenali u
pravého fornixu, kdy u AD pacientti doslo k poklesu poctu vlidken. U levého fornixu
AD pacientii jsme statisticky vyznamny pokles poctu vlaken nezaznamenali a stejné
tak tomu bylo 1 u commisura anterior.

Pomoci traktografického zobrazeni komisur a jejich kvantifikace jsme zjistili, Ze
nedochdzi kubytku vlaken v commisura anterior, a tak predpoklddame, ze
k difaznimu ubytku neuronti v ji propojenych oblastech (spankovy lalok) také
nedochédzi. Pocet vlaken pravého alevého fornixu propojujicich hipokampus
s dal$imi strukturami CNS signifikantné klesd jen na pravé strané, a to pficitime
lateralizovanému ubytku neurondl mezi pravym a levym hippokampem (Mrzilkova a
kol., 2012).

Pocet vldken u pacientd s AD v porovnani s kontrolami je signifikantné snizen u
vSech podcasti corpus callosum (mimo CC mid-posterior). U gyrus cinguli a jeho

podcasti pocet vldken mezi obéma skupinami neklesl. V ostatnich charakteristikach
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jako je FA, AX a RD byl signifikantné¢ vyznamny rozdil ve vSech castech corpus
callosum 1 gyrus cinguli u pacientii s AD v porovnani s kontrolami (Wang a kol.,
2014). Z téchto vysledkli usuzujeme, ze zmény na subceluldrni Grovni axonu (stav
mikrofilament, myelinu a mira neuspofddanosti FA, AX, RD) zac¢inaji u AD dfive,
nez dojde k redlnému ubytku vlaken bilé hmoty a sniZeni jejich poctu. Prekvapivym
nalezem bylo, Ze v oblasti CC mid-posterior, kde jsme ocekéavali kvili propojeni
asociacni kiry parietdlnich laloka signifikantni ubytek, se paradoxné zmény
neprojevily. Je mozné, Ze pravé asociacni oblast parietdlni kiry kompenzuje u
pacientl s AD deficit kognitivnich funkci zpisobeny poSkozenim mediotemporalni

oblasti.
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10 Zavér

V experimentu na laboratornim potkanovi i u ¢loveéka jsme se pokusili kvantifikovat
zmény struktur CNS potiZené chronickym stresem a nemoci AD.

Nase nova volumetrickda metodika vyuZzivajici polysiloxanovou dentalni pryskyfici
je, v porovnani se zobrazovacimi metodami, relativné jednoducha a levna. Je také
dostate¢né¢ piesnd, ale nelze vyuzit v experimentu in vivo. Kromé potvrzeni alterace
(Hirayashu a kol., 2000) nase vysledky ukazuji poprvé zmény v lateralit¢ planum
temporale u pacientli s demenci, statisticky vyznamné zvlast¢ u AD skupiny.
Informace ohledn¢ stupné laterality planum temporale mohou byt vyuzity jako
dopliikovy materidl v situacich, kdy informace o rukovosti chybi, jako je tomu napf.
u zemielych pacientt.

Neurohistologickd evaluace zmén ve tfeti vrstvé pyramidovych neuronti planum
temporale (zvlasté pak podcasti piechodu do insuly, do Sylviovy ryhy a do gyrus
temporalis superior) u pacientl s AD navazuje na ptfedchozi vysledky volumetrické
metodologie méfeni planum temporale polysiloxanovou pryskyfici. Data ze studie
PT sledujici hrubé morfologick¢é zmény ukazala pravo-levy posun v asymetrii
korové tloustky, plochy a objemu u kontrol a obraceni této asymetrie do levo-pravé
u AD skupiny. V neurohistologické evaluaci zmén jsme nalezli podobnou pravo-
levou asymetrii u kontrolni skupiny a pokles, vymizeni, nebo obrat této asymetrie u
AD skupiny. Takto lze tedy hrubé morfologické zmény v planum temporale u AD
castecné vysvétlit neurohistologickymi zménami ve tieti vrstvé pyramidovych
neurontl. Navrhujeme, Ze by metoda méfeni délky pyramidovych neuront §la vyuzit
klinicky jako dalsi diagnostické, neuropatologické vysetfeni AD post mortem.
Evaluace volumetrie hmoty mozecku nebo pontu mozkového kmene ukézala, ze na
MR tyto zmény, ackoliv jisté existujici, nedavaji statisticky signifikantni vysledky,
vyuzitelné klinicky podobné¢ jako je tomu v ptipad€ volumetrie hipokampu. Pacienti
s AD tedy na MR vykazuji dobfe méfitelné objemové zmény hipokampu (a to 1
asymetricky), ale ne mozecku nebo pontu mozkového kmene.

Reorientace nativnich snimkl z magnetické rezonance mozku do AC-PC osy nevede
k vyznamnym zméndm ve velikosti plochy fezu hipokampem. Piedpokladame, Ze

nevyhnutelnd drobna sagitalni rotace hlavy pacienta (napt. kvuli velikosti zadovych
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svalii, abnormalnimu zaktiveni patete, tvaru lebky) nemé vyznamny vliv na méfeni
plochy mediotemporalnich struktur. Proto tedy pro rutinni méteni plochy hipokampu
v klinice mizeme pouZzit pouze nativni snimky, jelikoz jejich reorientace do
standardizované AC-PC osy neni nezbytna. Vliv ale mize mit asymetricka atrofie
mozkové tkané. Také mnozstvi a objem mozkomisniho moku v komorach nebo
subarachnoidalnim prostoru miize pfispét ke zménam v objemu nebo tvaru. Upon
dura mater na periostu lebky je variabilni a miize ovlivnit objem subduralniho nebo
epidurdlniho prostoru. To pak mulze vést k ventradlni nebo dorzalni torzi ¢elniho
laloku (Yakovlevska torze), ktera miize vést k vétSimu natoceni AC-PC osy,
v porovnani s nato¢enim dlouhé osy hipokampu nebo naopak. V piipad¢ atrofie
temporalniho laloku bude vétsi natoCeni thlu mezi AC-PC vs. hipokampem
vzhledem k poklesu pozice celého spankového laloku spole¢né s hipokampem do
sttedni lebni jamy. Shrnuto, do$li jsme k zavéru, Ze je obtizné vymezit vSechny
mozné efekty majici vliv na pozici mozku uvniti lebky, takze je otazkou, zdali jsou
reorientace v literature skutecné validni. Zjistili jsme ale, ze plocha fezu hipokampu
v ndmi definovaném optimdlnim fezu na nativnim snimku je srovnatelna s plochou
po reorientaci hipokampu do AC-PC osy, coz je dle literatury standardni procedura.
Pro kliniku je tato reorientace relativné ¢asové narocna, takze vidime vyznam nasich
vysledkt ve zjednoduSeni této praxe. Pro ¢asnou diagnostiku v klinické praxi neni
tedy nutnd reorientace.

Mefteni vlivu dlouhodobého podavani kortikosteronu na morfologii hipokampu u
laboratorniho potkana objevilo dvé zasadni skutecnosti. Prvni z nich byla vyznamna
objemova asymetrie hipokampu vpravo — vlevo. U kontrolni skupiny byl objem
pravého hipokampu vyrazné¢ vyS$s$i v porovnani s ostatnimi méfenymi objemy: s
levym hipokampem u kontrol a levym i pravym hipokampem u zvifat s podavanym
kortikosteronem. Objem levého hipokampu se mezi skupinami neliSil. Druhou
skutecnosti pak byl efekt dlouhodobého podavani kortikosteronu na pravy
hipokampus, kde jsme zjistili vyznamny rozdil v objemu a zvIast€ v asymetrii
podg&asti hipokampu mezi kontrolami a zvifaty s podavanym kortikosteronem. Rada
studii popisuje vliv kortikosteronu na objem hipokampu. Vysledky vSak nejsou
jednoznaéné. Vliv kortikosteronu na asymetrii hipokampu je malokdy sledovan.
V tomto je naSe studie unikétni.

Naruseni CTA reakce podle naSich exprimenti nevedlo k asymetrickym

morfologickym zménam v zaddné ze sledovanych struktur (prefrontdlni kira,
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Vv

obdobi po naruSeni CTA reakce by tyto zmény mohlo zachytit.

Pii automatické rekonstrukci snimkit MR v programu FS jsme pozorovali levo-
pravou asymetrii v poctu korovych defektii, objemu celé postranni komory a pravo-
levou asymetrii v objemu amygdalarniho komplexu u AD skupiny. To se ale
neptekryva sasymetriemi u kontrolni skupiny. DalSim dilezitym nalezem byl
vysoce vyznamny pokles objemu nucleus accumbens a amygdalarniho komplexu u
AD skupiny v porovnéni s kontrolami. Kromé toho jsme pozorovali vymizeni pravo-
levé asymetrie bilé hmoty mozecku u AD skupiny. Nepodafilo se nam prokazat
nartst pravo-levé asymetrie nebo vyznamné zmensSeni objemu u dalSich méfenych
struktur u obou skupin (napft. bazalni ganglia, bild hmota koncového mozku).
Pomoci traktografického zobrazeni komisuralnich vlaken a jejich kvantifikaci jsme
zjistili vyznamné snizeni poctu vlaken probihajicich pravym fornixem u pacientl s
AD. V piipad¢ levého fornixu jsme zjistili nevyznamny tbytek vlaken, stejn¢ tak
jsme nepozorovali ani rozdil v po¢tu vlaken probihajicich v commissura anterior u
pacientii s AD.

Corpus callosum i gyrus cinguli v charakteristikdch neuspofadanosti vlaken (FA),
stavu myelinu (RD) a integrity mikrofilament (AX) vykazovaly statisticky
vyznamné zmény u skupiny AD v porovnani s kontrolami ve vSech sledovanych
podc¢astech. SniZeni poctu vldken jsme u pacientli s AD nalezli pouze v oblastech
CC anterior, CC mid anterior, CC centralis a CC posterior. V gyrus cinguli, stejné
jako v oblasti CC mid posterior (propojujici asociacni oblasti parietalni kury), se

nepotvrdila nase hypotéza o tibytku vlaken u pacientii s Alzheimerovou nemoci.
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Obr. 1 Vliv chronického stresu na CNS (Amri, 2012)
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Obr 2 Traktografické zobrazeni vlaken fornixu v sagitalni roving.

Obr. 3 Poloha dlouhé osy hipokampu (pfedo-zadni) v nativnim snimku (A),
reorientace do hipo-osy (B) a reorientace do CA-CP osy (C) (podle Mrzilkovi a kol.,
2014)
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Obr. 4 Priklad automatické segmentace podc¢asti hipokampu na FreeSurfer (podle

Leemput a kol., 2009)

Obr. 5 Traktografie corpus callosum — CC posterior, porovnani poctu a zapojeni

vlaken. Vlevo kontrola, vpravo AD pacient.
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Obr. 6 Rozdil v makroskopickém uspotfaddani planum temporale vlevo a vpravo u

Simpanze (Gannon a kol., 1998)

Control

Alzheimer
disease

Schizophrenia

Obr. 7 Rozdil ve velikosti a tvaru planum temporale u kontrol, pacientl

s Alzheimerovou nemoci a se schizofrenii (Zach a kol., 2006)
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Obr. 8 Piiklad ohrani¢eni dorzalni a lateralni hranice pontu. Vlevo — Sipka ukazuje
velmi dobfe viditelny pfechod (mezi pons dorsalné a tegmentum) na snimku
v blizkosti stfedni ¢ary, zobrazeny jako kontrastni Sedobild linie ve tvaru eplipsoidu,
ktera lateralné postupné vymizi. Vpravo — Sipka ukazuje na prostor mezi crura
cerebri a pedunculi cerebelli, kde jiz pfechod pons — tegmentum neni patrny. Oba

snimky jsou v sagitalni orientaci (Mrzilkova a kol., 2012).

Obr. 9 Ukéazka ohraniceni hipokampu a spankového rohu postranni komory vlevo a

vpravo (Mrzilkova a kol., 2014)
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Obr. 10 Rozdil ve velikosti planum temorale vpravo a vlevo u pacienti se

schizofrenii (Hirayasu a kol., 2000)
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Abstract: Investigations of alterations in brain asymmetry often focus on the
planum temporale of patients with schizophrenia. Data also suggest changes in
laterality of demented patients associated with a more marked impairment of the left
hemisphere. Our study was performed on autoptic brain tissue of 84 patients, out of
which there were 25 non-demented non-psychotic controls, 50 demented patients
(34 Alzheimer's disease, 9 multi - infarct dementia and 7 mixed-type dementia
patients) and 9 people with schizophrenia. The plana temporalia were evaluated via
a new volumetric method using dental resin matter. Areas, cortical thickness and
volumes of the right and left planum temporale were evaluated without
normalization to brain weight in 60 patients and with normalization in 24 people. In
controls, a mild right/left laterality of areas, cortical thickness and volumes was
found. Moreover, in control women the areas of the left planum temporale were
smaller than those observed in control men. The shifts to left/right laterality of areas
and volumes were found in all demented groups. In the more numerous Alzheimer's
group, the change in laterality of an area was associated with a mild decrease on the
right and a mild increase on the left side. In contrast, marked but only bilateral area
shrinkage as well as reduced cortical thickness and brain volumes were observed in

schizophrenic patients.
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Abstract: Investigations of alterations in brain asymmetry often focus on the planum temporale of patients with schizo-
phrenia. Data also suggest changes in laterality of demented patients associated with a more marked impairment of the left
hemisphere. Our study was performed on autoptic brain tissue of 84 patients, out of which there were 25 non-demented
non-psychotic controls, 50 demented patients (34 Alzheimer disease, 9 multi - infarct dementia and 7 mixed-type demen-
tia patients) and 9 people with schizophrenia. The plana temporalia were evaluated via a new volumetric method using
dental resin matter. Areas, cortical thickness and volumes of the right and left planum temporale were evaluated without
normalization to brain weight in 60 patients and with normalization in 24 people. In controls, a mild right/left laterality of
areas, cortical thickness and volumes was found. Moreover, in control women the areas of the left planum temporale were
smaller than those observed in control men. The shifts to left/right laterality of areas and volumes were found in all de-
mented groups. In the more numerous Alzheimer group, the change in laterality of an area was associated with a mild de-
crease on the right and a mild increase on the left side. In contrast, marked but only bilateral area shrinkage as well as re-

duced cortical thickness and brain volumes were observed in schizophrenic patients.
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INTRODUCTION

The planum temporale (PT) is an area of the temporal
lobe located on the superior surface of the superior temporal
gyrus. The anterior portion of the PT is a part of the uni-
modal auditory association cortex (part of BA22) that sur-
rounds the Heschl’s gyrus, whereas the posterior portion
adjacent to the temporoparietal junction (other portions of
BA22 and a part of BA39-40) is partially coextensive with
the Wernicke’s area, consisting of heteromodal association
cortex [1, 2]. Cytoarchitecture has been studied to help de-
scribe the borders of the PT, but distribution of auditory as-
sociation cortex is not altogether confluent with it. Although
there is still a debate concerning the exact delineation of the
PT, Pfeifer’s definition [3, 4] adapted by von Economo and
Horn [5] is preferred at the present time.

Firstly, assessments of the PT area were carried out from
photographs of post-mortem brains and studies using mag-
netic resonance and computer tomography followed. In the
past, post-mortem studies concentrated only on measurement
of the length of the PT and this tendency was also seen in
magnetic resonance studies. Later studies have measured the
PT volume taking into account cortical depth.
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The PT area in the healthy human brain appears to be
predominantly left/right (L/R) lateralized [6, 7]. The laterali-
zation in a normal population lies along a continuum. This
continuum (normal distribution) is skewed to the L in the
normal population, with a few brains strongly asymmetrical
towards the R [8]. Despite difficulties with an exact relation-
ship between handedness on the PT size, there is a general
agreement that R-handers demonstrate a significant leftward
asymmetry of the PT in comparison to L-handed subjects,
whose plana temporalia are usually either symmetrical or
tend towards rightward asymmetry [9-11]. Little systematic
anatomical research has been done into the effect of sex on
structural differences in the PT. One such study reported that
females show more frequent reversals of PT asymmetry (i.e.,
R>L) [12]. Another study supported this finding [13]. One
study shows R/L asymmetry of the temporal region also in
healthy males [14].

Functional neuroimaging studies indicate that the PT has
a predominantly language related function. One study dem-
onstrated that the L PT becomes activated equally to tones
and words during passive listening and even greater activa-
tion was observed during active listening [15]. A further
study reports that the PT shows greater activation bilaterally
during a tone task compared with a semantic decision task
[16], although another study has shown significant activation
in the PT, particularly in the R hemisphere, when listening to
a variety of acoustic stimuli [17]. Patients with a variety of
lesions near or including the PT have been shown to exhibit
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a number of associated auditory discrimination and speech
comprehension deficits [18-20].

Data suggest atrophy of the medial and lateral parts of
the temporal lobe in patients with Alzheimer disease (AD)
when compared to the age-matched controls [21]. Moreover,
the changes in temporal-parietal cortices appear to be lateral-
ized. Namely, a spreading wave of grey matter loss occurs in
both hemispheres, however, L-hemisphere regions are af-
fected earlier and more severely [22, 23]. Nevertheless, an-
other study performed on the post-mortem brain tissue re-
ported either bilateral reduction of the PT volume in AD
patients when compared to the controls or no gender-
dependent differences in both groups [24]. In contrast to AD,
laterality of the PT has not been evaluated yet in patients
with multi-infarct dementia (MID).

Investigation of PT size or asymmetry differences in
schizophrenic (SCHIZ) patients when compared with con-
trols has yielded contradictory results. In the first-episode of
disease, bilateral volumetric deficits but no differences in PT
asymmetry were observed in patients when compared to the
controls [25] but another study reported the marked reduc-
tion only in the L PT volume [26]. In chronic SCHIZ pa-
tients, reversed asymmetry (R/L) of the PT e.g., [27-30],
bilateral reduction [31] or no changes when compared to the
controls [for review, see [8, 23] were observed.

As mentioned above, the PT structure has a curved rather
than planar surface. Besides, its anatomical borders have not
been unequivocally determined. A vast majority of recent
studies dealing with the PT were done only by magnetic
resonance or computer tomography and there does not seem
to be any recent purely anatomical study that would focus on
measuring the area and volume of the PT in autoptic human
brains. Thus the aims of the present study are as follows: 1)
to create reliable anatomical methodology for measurement
of the PT area and volume in autoptic human brains, and 2)
to evaluate alterations in laterality of demented or psychotic
patients compared to non-demented non-psychotic controls.

As for the anatomical terminology, the term planum tem-
porale (temporal plane) has been part of the anatomical no-
menclature since 1895. But the further terms concerning this
area are not incorporated in the Terminologia Anatomica
(TA, 1998), which is the last revision of the anatomical no-
menclature and is followed in this article [38].

MATERIALS AND METHODS
Histological Analysis of the Brains and Diagnosis

In total, 84 human brains with post-mortem delays
shorter than 24 hours were analyzed. Beside the PT, five
other brain areas from both hemispheres were dissected and
used for histological analysis. These include three neocorti-
cal areas (gyrus frontalis medius, gyrus temporalis superior
et medius and lobus parietalis inferior), one area of hippo-
campus (cornu Ammoni et gyrus parahippocampalis) and
one of cerebellum (lobulus semilunaris inferior). We used
the same histology examination methods and diagnostic cri-
teria as in our previous study [32]. Briefly, the clinical diag-
nosis of AD was confirmed via a silver stain technique based
upon the distribution of numerous senile plaques and neu-
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rofibrillary tangles. The criteria were consistent with those
used in the classification of Mirra [33]. Subsequently, the
samples were divided into five groups: non-demented non-
psychotic controls (patients without marked signs of demen-
tia or psychosis, number of senile plaques and tangles corre-
sponding to normal aging), AD (clinically diagnosed demen-
tia, number of senile plaques and tangles in given areas of
the cortex and hippocampus higher than would be expected
for age), MID (clinically diagnosed dementia, vascular
changes, neuropathologic lesions and gliosis, number of se-
nile plagues and tangles corresponding to normal aging),
MIX (clinically diagnosed dementia, changes due to the AD
and MID simultaneously) and SCHIZ (clinically diagnosed
schizophrenia, number of senile plaques and tangles corre-
sponding to normal aging). Information concerning handed-
ness of our patients was not available to us.

PT Delineation and Dissection

Literature offers more than one working definition of the
PT area anatomical delineation. We have selected the most
widely accepted anatomical definition according to two stud-
ies of Pfeifer [3, 4] and von Economo and Horn [5]. Briefly,
anterior border of the PT is defined as the transverse sulcus
located dorsally to the transverse Heschl’s gyrus, where the
transverse sulcus originates from the retroinsular region.
The situation, where two Heschl’s gyri are on the R side and
one Heschl’s gyrus is on the L side, is considered normal
anatomy. Sometimes the Heschl’s gyrus is divided into ante-
rior and posterior sections by an additional “transverse sul-
cus’, called the sulcus intermedius of Beck arising from the
lateral border. If, however, there is a second or a third trans-
verse sulcus arising separately from the retroinsular region,
then there should be by definition two or more Heschl’s gyri.
The posterior boundary of the PT is complicated by asym-
metries in the temporal lobe and the lateral sulcus (formerly
Sylvian fissure). As most others investigators we have used
an arbitrary cut-off point, where the horizontal lateral sulcus
either terminates or bifurcates into the posterior descending
ramus and/or posterior ascending ramus. The lateral border
has been uniformly defined as coincident with the supero-
lateral margin of the superior temporal gyrus. Since the PT
resembles an isosceles triangle with its apex pointing medi-
ally, the medial border is theoretically located where the an-
terior border heading posteromedially meets the posterior
border heading anteromedially behind the insula.

PT areas cuts from L and R hemisphere were carefully
dissected with sharp knife and placed into 8% paraformalde-
hyde solution.

Volumetric Analysis of the PT

60 out of the 84 analysed human brains were used for
determination of areas, cortical thickness and volumes of the
PT and were not normalized to brain weight. The remaining
24 brains were used for determination of areas normalized to
brain weights and of alterations in cytoarchitecture (data not
shown, the experiments are still in progress). The group to-
tally included 25 non-demented non-psychotic controls, 50
demented patients (34 AD, 9 MID and 7 MIX) and 9 psy-
chotic patients with different clinical subsets of SCHIZ.
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Dental Resin Impression of the PT Area

We washed the PT samples in water and placed them on
glass Petri dishes. We covered by means of a small brush the
whole surface of the samples with a liquid phase of conden-
sation curing polysiloxane impression material (STOMAF
LEX CREME (SC)), a substance conventionally used in den-
tal medicine. We made sure that liquid phase penetrated into
all irregularities on the PT surfaces. The SC polymerized and
formed a thin impression layer on the samples (mask), which
we then carefully removed via forceps and put back on Petri
dishes. This way created masks of the PT surfaces were
noted for irregular 3D shape. Using scissors, we have cut
masks in order to obtain several pieces with almost ideal 2D
surface. All 2D pieces from one PT were placed between two
glass slides normally used in microscopy. Images of these
slides were acquired by means of digital camera Olympus
5050 attached to standard PC.

The PT Cortical Width Measurement

The PT brain samples were washed by distilled water and
placed again on Petri dishes. Then five 4-5 mm thick slices
were carefully obtained using a sharp knife from the follow-
ing parts of every PT sample: transition to the lateral sulcus,
transition to gyrus temporalis superior, transition to the pos-
terior part of the PT, where tissue continues to ascending or
descending rami, the second Heschl’s gyrus, if present and
the center of the area dorsal to the second Heschl’s gyrus.
Knife cuts were done perpendicularly to the PT cortex in
selected parts, so that slices on the cut sides would have re-
liably exposed cortical width and subcortical white matter
for further examination. Slices were placed on antireflection
white paper and photographed with digital camera (Olympus
C-5050, light for photographing was obtained from Intralux
6000-1) into standard PC. The photographed pictures were
then processed using software Image J.31. Cortical thickness
in the samples was measured manually using mouse pointer.

Computer Measurement of the PT Dental Resin Impres-
sions

Slides with 2D SC masks together with a millimeter scale
were photographed with a digital camera (Olympus C-5050)
on tripod. We exported the pictures from the digital camera
to the software Image J.31 program in a TIFF format and set
the measurement scale. Then we delineated the PT SC masks
images with a mouse pointer and the software computed the
PT area in mm®. Cortical thickness and PT area data were
applied to calculate the volume of the PT.

Statistical Analysis

Lateralization index of the PT was obtained as (L-
R)/(L+R). To evaluate the experimental data, BMDP statisti-
cal software was used [34]. For global analysis, ANOVA
with repeated measures (program 2V) and one-way ANOVA
(program 7D) were applied. Student’s t-test (pooled vari-
ance) was calculated with respect to controls (* p < 0.05, **
p <0.01, *** p < 0.001) or to AD (+ p< 0.05, ++ p < 0.01).
Data in charts are presented as mean values + S.D.
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RESULTS

We obtained totally 25 brains of non-demented non-
psychotic control patients, 15 of whom were men (Tables 1
and 3). Non-psychiatric (n = 22, especially people with car-
cinoma) as well as neurological/psychiatric patients (Parkin-
sonism, n = 2 and oligophrenia, n = 1) were included in the
study. We observed a mild R/L laterality of the areas (Tables
2, 4,5 and 6) and of cortical thickness or volumes (Table 2).
In control women, L sides of PT area were generally smaller
when compared to control men, however, global tests did not
indicate statistically significant differences (Table 5).

There was totally 34 people in the AD group, who were
further classified according to plaque density (sparse, n = 3,
moderate, n = 9 and frequent, n = 22). 14 of the patients were
men (Tables 1 and 3). In most cases, the plaque density did
not differ between hemispheres, although in a few patients it
was higher in the L than R hemisphere. The group with pure
MID consisted totally of 9 people (5 men and 4 women) and
the MIX group only of 7 people (5 men and 2 women) with
sparse or moderate plaque density (Table 1). Mild shifts to
L/R laterality of the PT areas (Tables 2, 4 and 6) and vol-
umes (Table 2) were observed in all demented groups but
statistically significant changes supported by global tests
were found especially in the more numerous AD group. The
shifts were associated with a moderate shrinkage in the R
and a mild increase in the L sides of PT area (Table 6). In
addition, a pronounced reduction of cortical thickness in the
L side of the PT was found in the MIX group (Table 2).
Normalization of areas to brain weight did not significantly
influence the differences between the AD and the control
groups (see results of ANOVA with repeated measures, Ta-
ble 4).

SCHIZ group consisted of 9 patients, 5 of whom were
men (Table 1). Clinical diagnoses indicated residual (n = 4),
chronic (n = 3) and paranoid (n = 2) phase of the disease. In
patients with SCHIZ, marked but only bilateral alterations in
areas, cortical thickness and volumes of the PT were found
when compared to controls (Table 2). Beside these, we ob-
served shape abnormalities of the PT (Fig. 1).

DISCUSSION
New Volumetric Method

The SC substance, when in liquid phase, is capable of
replicating the surface pattern of the PT, including fissures,
twists and other irregularities, and after polymerization it
creates an ideal rubber mask of the surface. Then, with a
little skill, it is possible to flatten the whole imprint, or to
separate the problematic parts that stick out with scissors.
Then, the irregularities and non-linear shape of the PT sur-
face became easy to evaluate, in contrast to more compli-
cated methods of former post-mortem brain analyses e.g.,
[24]. We believe that SC could be potentially used for im-
prints of not only the PT area, but also of other cortical sur-
face regions that are difficult to measure. When histological
analysis of the brain tissue is performed, both area and vol-
umes can be evaluated.
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Table 1. Characteristics of Patiens, Where Brain Tissue, the Areas, Cortical Heights and Volumes of the PT were Determined
Without Normalization

Groups n Sex Age Cause of Death
(M/F) (years)
controls 16 11/5 68.0 +13.3 6xM, 2xCl, BP, A, MI, TC, BI, HC, P, U
AD 19 10/9 79.9 £7.9%** 13xCl, 2xBP, U, MI, ChP, EXS
MID 9 5/4 80.6 + 3.6** 8xCl, BP
MIX 7 5/2 79.7 £ 6.6** 6xClI, BP
SCHIZ 9 5/4 68.7 +10.5 4xBP, 3xCl, 2xPE
60 ANOVA: p = 0.0007

Sex: M — men, F - women

Causes of death: M — malignancy, CI - cardiac insufficiency, BP - bronchopneumonia, A — alcoholism, MI - myocardial infarct, TC - tumorous cachexia, BI - brain infarct, HC -

hepatocirrhosis, P - peritonitis, U - uremia, ChP - cholecyst perforation, EXS - exsanguination, PE — pulmonary embolism

Student’s t-test was calculated with respect to controls (**p < 0.01, *** p < 0.001)

Table 2.  Alterations in the Areas, Cortical Heights and VVolumes of the PT Without Normalization (Patients of Table 1)

Groups R L L-R/L+R
i) area mm? mm?
controls 1216.9 £ 396.6 1182.6 £487.9 -0.034 £0.183
AD 1044.1 £ 240.5 1195.2 £274.8 +0.067 £0.117*
MID 962.0 £472.5 1084.4 £403.4 +0.082 £0.111*
MIX 1031.0 £333.6 1223.1£430.1 +0.086 £ 0.102
SCHIZ 690.2 + 335.1%**" 719.1 +288.1%* +0.034 £ 0.129
ANOVA: p=0.0161 p =0.0297 p=0.1523
ii) cortical height mm mm
controls 3.154 £0.372 3.030£0.334 -0.019 £ 0.082
AD 2.875+£0.511 2.777 £0.364 -0.014 £ 0.077
MID 2.810 £0.533 2.943£0.519 +0.024 £ 0.068
MIX 2.795 £ 0.364 2.404 + 0.299%**" -0.075 £ 0.052
SCHIZ 2.622 £0.714* 2.545 £ 0.441** -0.005 +0.107
ANOVA: p =0.1305 p =0.0033 p=0.1958
iii) volume mm? mm?
controls 3850.6 +1381.6 3591.8 +1530.7 -0.052 £0.209
AD 2979.9 +800.4* 3293.0 £763.2 +0.053 £0.130
MID 2854.4 +1884.7 3252.4 £1532.4 +0.105 £ 0.153*
MIX 2946.7 £1144.1 2993.7 £1195.6 +0.012 £ 0.085
SCHIzZ 1676.0 £ 653.5 1801.8 £ 730.8 +0.029 £ 0.174
*xKTt *xKxTt
ANOVA: p =0.0023 p=0.0118 p=0.1792

ANOVA with repeated measures i) for area: groups - F(4,55) = 3.44, p = 0.0141, laterality — F(1,55) = 5.31, p = 0.0250, interaction — F(4,55) = 1.30, p = 0.2820, ii) for for cortical
height: groups — F(4,55) = 3.56, p = 0.0119, laterality — F(1,55) = 2.70, p = 0.1062, interaction — F(4,55) = 1.15, p = 0.3439 and iii) for volume: groups — F(4,55) = 4.92, p = 0.0018,

laterality — F(1,55) = 0.76, p = 0.3871, interaction — F(4,55) = 0.87, p = 0.4865
Student’s t-test was calculated with respect to controls (* p< 0.05, **p < 0.01, *** p < 0.001) or to patients with AD (+ p< 0.05, ++ p < 0.01)
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Table 3. Characteristics of Patients in which Brain Tissue the Areas of the PT were Normalized to Brain Weight
Groups n Sex Age Brain Weight Cause of Death
(MIF) (years) @)
controls 9 4/5 76.1+15.7 1103.3 £102.7 5xCl, 2xA, BP, H
AD 15 4/11 779+79 1157.3 £178.7 12xCl, 3xBP

24 8/16 ANOVA: ANOVA:
p=0.7178 p = 0.4189
Sex: M —men, F - women

Causes of death: Cl - cardiac insufficiencia, A — asphyxia, BP — bronchopneumonia, H — hepatocirrhosis

Table4. The Areas of the PT Without Normalization to Brain Weight when Compared to the Normalized (Patients of Table 3)
i) without normalization ii) normalized
Groups R L L-R/L+R R L
mm? mm? mm?/g mm?/g
controls 936.9+106.5 873.4+226.0 -0.045+0.112 0.853+0.104 0.790+0.177
AD 952.6+225.8 1026.7+309.6 +0.030+0.157 0.827+0.170 0.901+0.296
ANOVA p=0.8473 p=0.2108 p=0.2284 p=0.6778 p=0.3232
ANOVA with repeated meaures:
i) for areas without normalization: groups — F(1,22) = 1.05, p = 0.3164, laterality — F(1,22) = 0.01, p = 0.9291, interaction — F(1,22) = 1.34, p = 0.2594
ii) for normalized areas: groups — F(1,22) = 0.34, p = 0.5665, laterality — F(1,22) = 0.01, p = 0.9186, interaction — F(1,22) = 1.70, p = 0.2062
Table5. The Areas of the PT Without Normalization Of All Controls
Sex n R L L-R/L+R
mm? mm?
M 15 1186.1 £391.4 1198.6 +483.2 -0.013+£0.177
F 10 1011.0 £ 252.3 880.4 + 269.4* -0.075+£0.126
25 ANOVA: ANOVA: ANOVA:
p =0.2246 p=0.0718 p=0.3523
Sex: M —men, F - women
ANOVA with repeated measures: sex — F(1,23) = 3.17, p = 0.0881, laterality — F(1,23) = 0.72, p = 0.4063, interaction — F(1,23) = 1.05, p = 0.3163
Student’s t-test was calculated with respect to controls (*p<0.05).
Table 6. The Areas of the PT Without Normalization of All Controls and All Patients with AD
Groups n Sex R L L-R/L+R
(M/F) mm? mm?
controls 25 15/10 1116.1 + 347.7 1071.3+434.4 -0.038 £ 0.158
AD 34 14/20 1003.7 £ 235.2 1120.9 £298.4 +0.051 £+ 0.135*
59 29/30 ANOVA: ANOVA: ANOVA:
p =0.1440 p = 0.6055 p =0.0246
Sex: M —men, F - women

ANOVA with repeated measures: groups — F(1,57) =0.17, p = 0.6811, laterality — F(1,57) = 0.80, p = 0.3752, interaction - F(1,57) = 4.00, p = 0.0504
Student’s t-test was calculated with respect to controls (*p<0.05).
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Fig. (1). The right and left PT of controls or of Alzheimer disease and schizophrenic patients. Typical examples of shape of the right and left
PT of controls, Alzheimer diesease and schizophrenic patients (from above down, attached is millimeter scale).

When compared to highly expensive imaging techniques,
further advantages of the method are as follows. In volumet-
ric studies, delineation methodologies used in the imaging
techniques (magnetic resonance, computer tomography) fit
basically into the two categories. Firstly, there is manual
delineation of structures of interest, based on direct recogni-
tion by investigator eye. The second approach is voxel-based
volumetry. Delineation of structures of interest is done
automatically by computer. Distinguishing mark is there
grey scale of pixels (voxels) ranging from white to dark.
There are many structures, where this grey scale gradient
serves well, since these structures have more or less sharp
anatomical boundaries with contrast white-dark pixel (voxel)
transitions. Among these structures belongs e.g. the hippo-
campus. On the other hand, many cortical areas of the human
brain are anatomically defined within context of neuronal
cytoarchitecture (for example subdivisions of the medial
frontal cortex or parietal cortex). When delineating these
structures via imaging techniques, we have to approximate
selected regions, often taking into the account well visible
surrounding structures or areas. Our volumetric method can
be a good substitute in the cases when imaging techniques

have problems with exact delineation of rather cytoarchitec-
tonically defined parts of brain cortex.

Although we did not observe marked alterations between
our data without and with normalization to brain weight (Ta-
ble 4), we recommend using it to eliminate possible sex- or
age-dependent differences. However, area or volume of the
brain at the level of the commissura anterius could be used
to normalization, too.

Controls

We have found the mild R/L laterality in area, cortical
thickness and volume of the PT (i.e., negative indexes of
laterality on average, see Tables 2, 4, 5 and 6) in the non-
demented non-psychotic controls. The results are not in a
good accord with many data in literature reporting L/R
asymmetry e.g., [6, 7], however, they can be supported by
another studies e.g., [14]. Discrepancies can be associated
e.g. with differences in PT delineation derived from various
definitions of the PT borders. It results sometimes in incor-
poration of adjacent areas (gyrus temporalis superior, poste-
rior ascending ramus and posterior descending ramus).
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Moreover, even if area delineation is comparable, there are
still differences in morphological settings of the PT as obvi-
ous from naked eye observations of the PT and sometimes
only approximation of PT borders is possible. And finally,
we suppose that differences between R and L sides of the PT
are too small on average to correctly evaluate laterality of
healthy controls in relation to their low number in our study.

Although global statistical analysis did not support pro-
nounced sex-dependent differences in the controls, border-
line results of ANOVA with repeated measures and signifi-
cant result of pair-wise t-test did not exclude it (Table 5). It
seems that R area of the PT is bigger than L area in women
which could be associated with enhanced reversal asymme-
try in women when compared to men. The result is in a good
accord in literature [12].

Demented Groups

We have observed generally shifts to L/R laterality in
area, cortical height of volume of the PT in all demented
groups, however, global statistical analysis supported it only
in the case of AD (Tables 2 and 6). A more detailed analysis
of the PT area revealed the mild decrease in the R side but
the mild increase in the L side in AD group when compared
to the controls (Table 6). As our experiments evaluating
changes in PT cytoarchitecture are not yet terminated, we
can only speculate about the reasons. Firstly, the R side of
the PT could be more damaged by neurodegenerative proc-
esses in AD especially via atrophy. This finding is however
in contradiction with works reporting a more pronounced
damage of the dominant, i.e. L hemisphere, in the majority
of cases [23]. Secondly, the L side of the PT could be more
afflicted through processes of inflammation and gliosis lead-
ing among others to increased area and volume [35]. And
finally, both sides of the PT could be impaired but antagonis-
tic changes should occur in the R and L hemisphere. His-
tological analysis did not reveal marked laterality in the
plague densities in the hippocampal or cortical areas, never-
theless, the L hemisphere was impaired in a higher degree in
same cases (data not shown).

Schizophrenia

We have found the reduction in the PT area, cortical
thickness and volume in patients with SCHIZ (Table 2) in
accordance with most previously published studies [8, 23].
However, bilateral decreases were not followed by signifi-
cant changes in laterality, in contrast to some studies e.g.,
[27-30]. Nevertheless, our results can be supported by the
others e.g., [31].

Our most prominent findings in SCHIZ patients, i.e. the
striking shape abnormalities of the PT on both sides were
observed when compared to the controls or to patients with
AD (the typical examples are shown in Fig. 1). Sometimes
the abnormalities were different in the L and R PT within
one brain. Moreover, it was often extremely difficult to esti-
mate borders of these PT areas by application of anatomical
delineation mentioned above, since the superior part of the
temporal lobe was of almost rectangular shape, often without
Heschl’s gyri and/or visible transition to the lateral sulcus.
Therefore, a question arises whether estimation of the PT
area in patients with SCHIZ can be reliable.
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PT as a Marker of Handedness

Although the left hemisphere is dominant for language in
the majority of people (approximately 96% of R- and 73% of
L-handers show L-hemisphere language localization), the
dominant hemisphere or handedness should be determined to
correctly evaluate brain laterality e.g. at biochemical level. In
human autoptic tissue, the relevant information is often not
accessible, data however suggest that volumetric asymmetry
of the PT could be used as a possible marker since the degree
of its laterality is higher in R- than in L-handers for review,
see [23].

We used our new method to evaluate laterality of mito-
chondrial enzyme 17B-hydroxysteroid dehydrogenase type
10 [36] or of nitric oxide mediator system [37] in the hippo-
campus of people with AD, MID and SCHIZ. However, no
marked correlation was found on the controls. The negative
result suggests that there is no simple relationship between
e.g. asymmetry of endothelial nitric oxide synthase and
handedness or more universally either between laterality at
biochemical/volumetric level or between laterality of various
brain regions. Nevertheless, it is important to point out that
the number of our control samples was too small to reveal
subtle links. On the other hand, the volumetric asymmetry of
the PT sensitively reflected alterations due to pathological
processes [36, 37].

CONCLUSION

Our new volumetric method using SC dental resin matter
is relatively simple and cheap when compared to imaging
techniques. It is also sufficiently precise but cannot be used
in experiments in vivo. Beside confirming the alterations in
the PT of SCHIZ patients previously described in the litera-
ture, our results demonstrate for the first time changes in
laterality of the PT in demented patients, statistically signifi-
cant especially in the AD group. Causes leading to these
changes will be evaluated in our future research. Information
about the degree of PT lateralization could be used as a sup-
plementary source of data in situations where information
concerning handedness is missing, such as in already dead
subjects.
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ABBREVIATIONS

AD = Clinically diagnosed dementia, number of senile
plagues and tangles in given areas of the cortex
and hippocampus higher than would be expected

for age
L = Left
MID = Clinically diagnosed dementia, vascular

changes, neuropathologic lesions and gliosis,
number of senile plagues and tangles corre-
sponding to normal aging
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MIX = Clinically diagnosed dementia, changes due to

the AD and MID simultaneously

PT = Planum temporale

R = Right

SC = Stomaflex creme (polysiloxane substance)

SCHIZ = Clinically diagnosed schizophrenia, number of

senile plagues and tangles corresponding to
normal aging
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Abstract: We studied delayed effects of elevated plasma levels of corticosterone
(Cort) on volumetry, neuronal quantity, and gross marks of neurodegeneration in the
hippocampal formation of Long-Evans rats. Animals were exposed to increased
CORT levels for three weeks via implanted subcutaneous pellets. Volumetry,
neuronal quantification and gross marks of degeneration were measured seven weeks
after the termination of CORT treatment. We observed significant differences in
volumes and especially in laterality of hippocampal subfields between control and
CORT-treated animals. We found that the left hippocampus was substantially larger
than the right hippocampus in the corticosterone-treated group, but not in the control
group. In the control group, on the other hand, right hippocampal volume was
markedly higher than all other measured volumes (hippocampal left control,
hippocampal left CORT-treated and hippocampal right CORT-treated). Left
hippocampal volume did not differ between the groups.
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Summary

We studied delayed effects of elevated plasma levels of
corticosterone (Cort) on volumetry, neuronal quantity, and gross
marks of neurodegeneration in the hippocampal formation of
Long-Evans rats. Animals were exposed to increased CORT levels
for three weeks via implanted subcutaneous pellets. Volumetry,
neuronal quantification and gross marks of degeneration were
measured seven weeks after the termination of CORT treatment.
We observed significant differences in volumes and especially in
laterality of hippocampal subfields between control and CORT-
treated animals. We found that the left hippocampus was
than the in the

corticosterone-treated group, but not in the control group. In the

substantially larger right hippocampus
control group, on the other hand, right hippocampal volume was
markedly higher than all other measured volumes (hippocampal
left control, hippocampal left CORT-treated and hippocampal
right CORT-treated). Left hippocampal volume did not differ

between the groups.
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Introduction

Neurotoxicity of corticoids is a subject of

ongoing debate. Animal models show that the exposure
to high and/or long-term doses of corticoids or intensive
stress leads to structural and behavioral changes and often
to hippocampal neuronal death. Patients suffering from
diseases connected with high levels of corticoids at onset
(e.g. post traumatic stress disorder) or during the course
of the illness (affective disorders, Alzheimer’s dementia
and also consummatory disorders such as anorexia
nervosa or bulimia), show important shrinkage of the
hippocampus and deficits in short-term memory tests in
comparison with healthy controls (Brunner et al. 2005,
Gluck et al. 2005, Alfarez et al. 2006). Different effects
on neuronal and/or glial morphology in the hippocampus
were observed after acute or chronic administration of
corticoids to rats. Significant reductions in the volume of
the dentate gyrus and the CA3 subfield were observed in
rats acutely exposed to higher doses of corticoids, without
neuronal loss (Sousa et al. 1998). Repeated stress is seen
to exert similar effects as corticoids on dendritic
remodeling in CA3. A key feature of prolonged stress is
the alteration in dendritic spine number and morphology
in the hippocampal formation. These changes could be
the neurobiological substrate of stress-induced changes in
behavior and reactivity.

Despite intensive investigations, the
neurobiological mechanisms of the effects of stress and
corticoids on the molecular level remain poorly
understood (for review see Joéls 2008, McEwen 2008).
Generally, most of the studies in animals and humans
report a negative correlation between corticoid levels and
hippocampal volume (Sousa et al. 1998, Tessner et al.
2007), studies in humans

although some support
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otherwise conflicting view (MacLullich et al. 2005).
Similarly, several studies found significant neuronal
death within hippocampal subfields (Sapolsky 1985, Tata
et al. 2006), whereas others did not (Sousa et al. 1998).
Laterality changes in brain structure are another
important aspect of stress. Hippocampal theory of
cerebral lateralization posits that neuroanatomical,
neurophysiological, and neurochemical asymmetries exist
in the hippocampus. Besides, there are several models
showing how this hippocampal asymmetry can be
experimentally induced in vivo. Well documented are for
example experience-dependent modifications (neonatal
novelty exposure or long-term potentiation) or effects of
neuromodulators (Tang 2003). The effects of corticoids
on the laterality of various brain structures, particulary
the hippocampus, remain poorly understood. Therefore,
we examined if long-term exposure to corticoids
asymmetrically affected hippocampal structure. The main
(1) Does

corticosterone treatment have a lasting effect on

goals of our study were: exogenous

hippocampal structure weeks later? (2) Does this
corticosterone treatment affect the hippocampus in an
asymmetric manner? We expected the changes in
neuronal quantity, volumes of hippocampal subfields and
hemispheres and in laterality.

Methods

Subjects

The experiments were performed on 3-month-
old male hooded rats of the Long-Evans strain. A total of
20 animals were used in the study. Ten animals received
the corticosterone treatment and 10 animals served as a
control group. The animals were obtained from the
breeding colony of the Institute of Physiology AS CR
(Prague) and housed in a room with a constant
temperature (20-22 °C) and 12 h/12 h light/dark cycle
with the lights on at 7 AM. All animal procedures
complied with the Animal Protection Law of the Czech

Republic and the European Communities Council
directive 86/609/ECC.
Corticosterone administration

Subcutaneous  corticosterone  pellets  were

implanted in the regio interscapularis. Each pellet
contained 200 mg of corticosterone released over 21 days
(pellets purchased from Innovative Research of America
Ltd.).
cholesterol (Innovative Research of America Ltd.) All

Control animals received pellets containing

animals were regularly weighed first 1 week before the
onset of the experiment and then regularly each week.
Animals were killed in the seventh week after the peak
corticosterone application (for details see Fig. 1). In order
to minimize the activation of complex anti-stress systems
of an organism (both humoral and cellular), we did not
use animal stress model. Exogenous corticosterone
treatment is pharmacologically important in animal stress
model as well as in medicine.

A
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weeks

Fig. 1. A. Weight of the animals in the course of the experiment.
Control group (ctrl) and corticosterone-treated group (cort).
B. Plasmatic levels of the ACTH. *** — significant difference
between groups for (p<0.001). Data presented as means values
+ S.E.M. C. Time schedule of experiment.

The ACTH determination

Repeated blood samples were collected from the
tail vein no longer than 90 s after handling the rat one
week prior to onset of experiment, in the third week
during corticosterone application, and finally in the fifth
week after corticosterone application (for details see
Fig. 1). Samples were collected in a separate sterile room
at 9:00 in the morning. The blood was put into a test tube
with EDTA. The collected blood was centrifuged at
3000 rpm for 15 min and the plasma was then
immediately frozen and stored in —80 °C freezer. ACTH
level was determined using a ,,sandwich type® immuno-
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radiometric assay (Immunotech, France). The procedure
of sample analysis has been described in detail previously
(Simtinkova et al. 2008).

Neurohistology

Animals were deeply anesthetized with
pentobarbital (30 mg/kg i.p., Sigma) and perfused with
10 % saline-buffered paraformaldehyde solution and
stored overnight in 10 % paraformaldehyde solution. The
brains were removed and saturated in sacharose gradient
solutions (10 %, 20 %, 30 %) for a total of 48 h, then
quickly frozen on dry ice for 10 min, and stored in
—20 °C. Whole series of 25 um thick coronal sections
(section thickness less than 20 pm should be avoided in
case of stereology measurements due to shrinkage in
z-axis — Keuker et al. 2001) were cut in cryostat Leica
CM1850. The sections were stained with cresyl violet and
mounted on histological glass slides with DPX mount
(Sigma). Anatomical boundaries of the hippocampal
formation and its subparts were distinguished under light
microscope according to The Rat Brain Atlas (Paxinos
and Watson 1998). Granular layer of the dentate gyrus
and pyramidal layers in CA1-CA3 and subiculum were
analyzed. Polymorphic layer (or hilus) was not included,
so that only one layer from each subfields was selected.
Pyramidal cell layer of subiculum was excluded from
neuronal counts. Borders of dentate gyrus, CA1 and CA3
subfield and subiculum were recognized according to
neuronal shape of granular/pyramidal cell layer. Borders
of CA2 in Nissl stain are generally more difficult to
estimate, so that stereological measurement of CA2
subfield are usually included into CA3 subfield. Since we
worked with coronal brain sections, it was easier to
distinguish borders between subfields. We used two
markers for CA2 delineation: i) CA2-CAl transition on
the inner side of pyramidal cells is visible as a zone
where CA3-like dark stained pyramidal neurons of CA2
become less stained and they are relatively smaller
compared to CA1 subfield, ii) neuronal bodies in CA3 are
more intensively stained than in CA2 pyramidal cells.
Although not-so-well visible, stratum lucidum in non-
primates terminating at the apical dendrites corresponds
to narrowing of pyramidal cell layer. The mossy fibers do
not extend into CA2, roughly delineating CA2-CA3
transition, but that is not readily visible using Nissl stain
(Paxinos and Watson 1998). There is also higher density
of granule cells close to CA2-CA3 transition, whose
small nuclei are darkly stained and well visible.

Neuron number estimation

Neuronal quantity was estimated using the
method, as described earlier
1988a,b, West et al. 1991). A
systematic random sampling strategy and fractionator

optical fractionator

(Gundersen et al.

with an optical dissector were deployed. Every tenth
section and beginning at a random starting position,
visual fields were sampled by step-size movements of
150 um in the x- and y- axis for all hippocampal
formation subdivisions. Step size movements in X and y
axis were measured as previously described (Kaplan ef al.
2001, Adiguzel et al. 2003). This technique uses two dial
indicators (KBN instruments, Czech Republic) attached
to the microscope stage. One of them measures the length
of the stage movements along the x direction and the
other in the y direction. Cells were counted in every
frame using the optical dissector with a fixed height of
10 pm for granule cells of the dentate gyrus and for
CA1-CA3 pyramidal cells at a final magnification of
x2520. Dissector height and section thickness (including
simple calibration method) was measured according to
Korkmaz and Tumkaya (1997). This technique uses
projection of rotation of the fine focus knob of the
microscope onto enlarged circular scale. Section
thickness was measured prior to counting at random part
of each section and overall varied between 16-21 um.
Shrinkage of the tissue in the z-axis then varied between
4-9 um. The areas of the counting frames at level of the
tissue, were 125 pm? for the dentate gyrus, 280 pum? for
the CA1 subfield, 100 pm® for the CA2 subfield and
320 um® for the CA3

differentiated from other cells on the basis of nuclear size

subfield. Neurons were
(larger in neurons than in glial cells), a prominent
nucleolus, and the shape of their perikarya attributable to
dendritic emergence. Gross marks of neuronal
degeneration were considered utilizing the following
signs: swelling of the cytoplasm, pyknosis of the nucleus
and loss of Nissl tigroid substance (Peinado et al. 1997).
We did not select special sampling procedure for
counting degenerated neurons. Numbers of degenerated
neurons were counted together with neuronal quantity at
times, when normal neurons appeared within counting
frames. In this way, degenerated neurons were included
in normal neuronal quantity. Light microscope (Leica
DMLB; Leica Microsystems, Inc., Wetzlar, Germany)
attached to standard PC with monitor and Leica adapter

was used.
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Hippocampal formation volume

The volumes of the granular cell layer of the
dentate gyrus and pyramidal neurons within CA1 - CA3
subfields and subiculum (without presubiculum and
parasubiculum) were estimated on the basis of the
1988b). The
sampling procedures for selecting the sections were the

Cavalieri principle (Gundersen et al

same as used by Gundersen and Jensen (1987). Starting at
a random position, every fifth section was subject to
sampling. An average of 18 sections were analyzed par
each hippocampal subfield. The areas of all hippocampal
subfields were estimated by the point-counting test point
system (lattice) on a monitor connected to a light
microscope with a final magnification of x110. The
distance between points at the tissue level was 150 um
for granular cell layer of the dentate gyrus and pyramidal
layers of the CA1-CA3 subfields and 300 pm for
subiculum. Total volumes of hippocampal formation
subfields were subsequently calculated from the numbers
of points and distances of sampled sections.

Brain volume

Light microscope images of whole brain sections
(without olfactory bulbs, pineal and pituitary gland, optic
chiasma and cerebellum — brain stem was cut
immediately above colliculi superiores) were transferred
to the standard PC where areas of sections were manually
delineated and computed with Image J freeware PC
program. In the case of missing or damaged sections (less
than 8 sections in average for all brains) data was
matematically calculated as average area values from

preceding and following sections.

Data analysis and statistics

Normalized hippocampal volume was calculated
as percentage of the volume of hippocampal formation
from the volume of the whole hemisphere. Normalized
hippocampal volumes were calculated separately for right
(R) and left (L) hemispheres. Lateralization index was
calculated as (R-L)/(R+L)*100. A repeated measures
two-way ANOVA with lateralization (right, left) as the
within-subject group
corticosterone) as the between-subject factor compared
of the
hippocampus. Newman-Keuls test was used for post-hoc

factor and (control  and

the volumetry of the different subregions

analysis of significant main effects and interactions. For
statistical analysis of the laterality index, independent
samples t-tests were used to examine group differences.
One-sample t-tests were used to examine whether the

laterality index differed within each group. Significance
was accepted at the 5 % level of probability. We did not
use three-way ANOVA for
hippocampal subregions as a within-subject factor,

analysis of various
because we did not compare hippocampal subregions

between themselves. The statistical analyses were

computed using program Statistica v.5.5 (Statsoft, CR).

Neuron number estimation

Section sampling fraction (ssf) was 1/10, since
each tenth section was used for analysis. Total neuronal
quantity (N) for left and right hippocampal subfields
(dentate gyrus, CA1-CA3) were calculated according to
formula by West et al. (1991):

N(total) = (ZQ_) *(U/ssfYy*(1/asf)*(t/h)

> Q7 is the total quantity of neurons counted in
the dissectors on the sampled sections, ssf'is the section
sampling fraction, asf is areal sampling fraction, ¢ is the
mean thickness of the sections (um) and % is the optical
dissector height (um).

CE (coefficient
separately for each hippocampal formation subfield and

of error) was calculated
left and right side and CV, coefficient of variation was
estimated as CV = S.D./mean (Table 2), as described by
West et al. (1991). For overview of stereology parameters
used in the study see Table 3.

Results

Neuron number estimation (Table 1)
No changes were observed in the dentate gyrus.

CAl subfield

We found higher neuronal quantity on the right
CAl in the controls, but not in the CORT group. The
two-way ANOVA found significant main effects of group
(Fi15=5.4, p<0.05) and lateralization (F;;s=115.7,
p<0.001) and a significant interaction between group and
lateralization (F; ;5=157.7, p<0.001). Post-hoc analysis
revealed: a) higher neuronal quantity on the right CA1l in
the controls (p<0.001) and b) higher neuronal quantity on
the right CA1 in the controls compared to the right CA1
in the corticosterone-treated rats (p<0.05). Independent
samples t-test confirmed the difference in lateralization
difference between groups (p<0.001). One-sample t-test
confirmed rightward laterality in the control group
(p<0.001).
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Table 1. Neuronal quantity (x10°) and neuronal degeneration in control group (ctrl) and corticosterone-treated group (cort).

DG L DGR CAl1L CAIR CA2L CA2R CA3L CA3R
Neuronal
quantity ctrl 484.449.8 483.549.9 160.2+6.7 169.8+7.2 48.9+£3.1 47.9+3.5 953+6.1  94.8+£5.5
Neuronal
quantity cort 482.849.5 481.549.2 158.2+6.8 157.546.9 47.5£24 492432 97.5+58 101.1%6.2
Neuronal
degener. ctrl 4.9+0.6 5.5+0.7 3.4+0.6 4.9+0.4 2.310.2 4.1£0.71  8.1£0.5 7.240.6
Neuronal
degener. cort 5.1£0.5 7+0.8 4.4+0.3 5.5+0.4 2.4+0.4 3+0.5 8.6+0.6 10.94+0.7
CE (mean) 0.05 0.05 0.06 0.05 0.05 0.05 0.05 0.06
cr 0.02 0.02 0.04 0.06 0.05 0.06 0.05 0.06

DG - dentate gyrus, L — left, R — right. CE is the intra-animal and between subfields estimated coefficient of error, see Table 2. CV was
calculated as S.D./mean. Neuronal quantity data are presented in thousands. Neuronal quantity and neuronal degeneration data are
presented as means + S.E.M. Neuronal quantity. In the right control group CA1 was found significantly higher number of neurons
compared to left one (R ctrl > L ctrl (p<0.001)) and in rigth control group CAl1 was found significantly higher number of neurons
compared to right corticosterone-treated group CA1 (R ctrl > R cort (p<0.05)). In left control group CA2 was found significantly higher
number of neurons compared to right one (L ctrl > R ctrl (p<0.01)) and in right corticosterone treated group CA2 was found
significantly higher number of neurons compared to left one (R cort > L cort (p<0.001)). Neuronal degeneration. In the right
corticosterone-treated group CA3 was found significantly higher number of neurons compared to left one (CA3 — R cort > L cort
(p<0.05)) and in the right corticosterone-treated group CA3 was found significantly higher number of neurons compared to right control

group (R cort > R ctrl (p<0.01)).

CA?2 subfield
The control group displayed leftward laterality
while the corticosterone-treated group showed opposite
(rightward) laterality. We found higher neuronal quantity
on the left CA2 in the controls compared to the left CA2 in
the CORT group. Also, lower neuronal quantity was found
on the right CA2 in the controls compared to the right CA2
in the CORT group. The two-way ANOVA found a
significant interaction between group and lateralization
(F116=31.9, p<0.001). Post-hoc analysis revealed: a) higher
neuronal quantity on the left CA2 in the control group
(p<0.01) and b) higher neuronal quantity on the right CA2
in the CORT group (p<0.001). Independent samples t-test
between
showed

showed lateralization difference groups
(p<0.001). t-test leftward
lateralization in the control group (p<0.001) and rightward

lateralization in the CORT group (p<0.05).

One-sample

CA3 subfield

The two-way ANOVA found no significant
effect of laterality, group or interaction. Only one-sample
t-test detected rightward lateralization in the CORT group
(p<0.001).

Degenerated neuron number estimation (Table 1)
No significant changes were observed in the

dentate gyrus or CA2 subfield.

CA1I subfield

The two-way ANOVA found a significant effect
of lateralization (F;,5=16.9, p<0.05). One-sample t-test
detected rightward laterality
(p<0.05).

in the control group

CA3 subfield

The corticosterone-treated group had more
degenerated neurons compared to the control group on
both sides. The two-way ANOVA found a significant
main effect of group (F; ;5=9.6, p<0.01) and a significant
interaction between group and lateralization (F,,5=5.6,
p<0.05). Post-hoc analysis revealed a) more degenerated
neurons on the right CA3 in the CORT group (p<0.05),
and b) more degenerated neurons on the right CA3 in the
CORT group compared to the right CA3 in the control
group (p<0.01). Moreover, independent samples t-test
revealed lateralization difference between the groups
(p<0.05).

Volume estimation (Figs 2 and 3)
Dentate gyrus and the CA1-CA3 subfield

The CORT group showed smaller volumes of
the dentate gyrus (Fig. 4a) and the CA1-CA3 subfields
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Table 2. Example of CE calculation for neuronal numbers in the right CA1 subfield in control animal no.2.

Section No. o 0xQ (A) 0xQ.;(B) 0xQ .+, (C)
2 3 9 18 36
3 6 36 72 48
4 12 144 96 108
5 8 64 72 32
6 9 81 36 54
7 4 16 24 44
8 6 36 66 60
9 11 121 110 88
10 10 100 80 60
11 8 64 48 56
12 6 36 42 54
13 7 49 63 28
14 9 81 36 27
15 4 16 12 32
16 3 9 24 27
17 8 64 72 96
18 9 81 108 36
19 12 144 48 96
20 4 16 32 24
21 8 64 48 32
22 6 36 24 30
23 4 16 20
24 5 25

(¥2)=162 A=1299 B=1071 C=1068
CE(Y%)=0.05

The CE was calculated separately for each structure (left and right) and animal according to this formula:

_J34+C-4B)/10

2.0

CE(Y.?)

2@ is the sum of the number of neurons counted in the sections used in the analysis, A is the sum of the squares of the number of
neurons counted in each section, Bis the sum of @ of section times @ from the next section and Cis the sum of @ of section times ¢

from the second next section.

(Fig. 4b) compared to the control group on both sides.
The two-way ANOVA found a significant main effect of
lateralization (F,,5=5.3, p<0.05 and F,,5=8.11, p<0.01)
and a significant interaction between group and
lateralization (Fy ;5=7.53, p<0.05 and F, ;5=10.4, p<0.01)
in the dentate gyrus and the CA1-CA3 subfields,
respectively. Post-hoc analysis revealed higher dentate
gyrus volume on the right in the control group (p<0.01),
as well as higher CA1-CA3 subfields volume on the right
in the control group (p<0.0001). Independent samples
t-test revealed lateralization difference between the
groups in the dentate gyrus (p<0.05) and in the CA1-CA3
subfields (p<0.01). One sample t-test found rightward
laterality in the dentate gyrus (p<0.001) and in the CA1-
CA3 subfield (p<0.001) in the control group.

Subiculum (Fig. 4c)

We found higher volume of the right subiculum
in the control group compared to the left subiculum in the
control group and opposite for the CORT group — volume
of the right subiculum smaller compared to the left
subiculum. The two-way ANOVA found a significant
main effect of group (F;;5=7.13, p<0.05) and significant
interaction between group and lateralization (F; ;5=38.8,
p<0.001). Post-hoc analysis revealed: a) higher volume
of the right subiculum compared to the left one in the
control group (p<0.01), b) higher volume of the left
subiculum compared to the right one in the CORT group
(p<0.001), and c) higher volume of the right subiculum in
the CORT group compared to the volume of the right
subiculum in the control group (p<0.001). Independent
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Table 3. Overview of the stereological parameters used in the study. Table illustrates in details method of measurement.

Neuronal quantity Granule cells Pyramidal Pyramidal layer = Pyramidal Pyramidal
measurement of the DG layer of the of the CA2 layer of the layer of the
CAl CA3 SUB
h 10 pn 10 10 10 n -
t 18 n 19 18 u 17 18 n
ssf’ 1/10 1/10 1/10 1/10 -
asf 125 2 280 p? 100 p? 320 p? -
Volume measurement Granule cells ~ Pyramidal layer = Pyramidal layer
of DG of the CA1- of the SUB
CA3
Interpoint distance 150 p 150 p 300 p
ssf 1/5 1/5 1/5

h - optical dissector heigh, t - mean section thickness, ssf - section sampling fraction, asf - area sampling fraction, DG - dentate gyrus,

SUB - subiculum.

samples t-test revealed lateralization difference between
the groups (p<0.001) and one sample t-test showed
rightward lateralization in the control group (p<0.001)
and leftward lateralization in the CORT group (p<0.01).

Hemispheres

Left hemispheres were larger in both groups.
Right hemisphere was smaller in the CORT group than in
the control group and the left hemisphere was smaller in
the control group than in the CORT group. The two-way
ANOVA found a significant effect of lateralization
(F1.15=9, p<0.01). Post-hoc test revealed larger left
hemisphere compared to the right hemisphere in the
CORT group (p<0.05).
revealed lateralization difference between the groups

Independent samples t-test

(p<0.05) and one sample t-test showed leftward
lateralization in the CORT group (p<0.05).
Hippocampal formation as a whole

Control group showed leftward volume

lateralization and the CORT showed the opposite —
rightward volume lateralization. Lower volume on the
right was observed in the CORT group compared to the
control group. The two-way ANOVA showed significant
group effect (F;;5=15.8, p<0.001) and
interaction between group and lateralization (F,;5=48,

significant

p<0.01). Post-hoc test revealed: a) volume of the right
hippocampal formation was higher than the left one in the
group (p<0.001), b) volume of the Ileft
hippocampal formation was smaller than the right one in
the CORT group (p<0.001), c) volume of the right

control

hippocampal formation in the control group was higher
compared to the right one in the CORT group (p<0.001),
and d) volume of the left hippocampal formation in the
CORT group was higher compared to the Ileft
hippocampal formation in the control group (p<0.001).
t-test

difference between the groups (p<0.01) and one sample

Independent samples revealed lateralization
t-test showed leftward lateralization in the CORT group
(p<0.001) and rightward lateralization in the control

group (p<0.01).

Normalized hippocampal formation
The
hippocampal formation as a whole. Control group had

results were similar to volumes of
higher volume of the right hippocampal formation and
CORT group had higher volume of the left hippocampal
formation. We also found volume decrease on the right
side in the CORT group compared to the right side in the
control group. The two-way ANOVA found a significant
effect of group (F,;5=57.1, p<0.001), lateralization
(F1,15=31.7, p<0.001) and significant interaction between
group and lateralization (F; 5=107.4, p<0.001). Post-hoc
test revealed: a) higher volume of the right hippocampal
formation compared to the left one in the control group
(p<0.001), b) higher volume of the left hippocampal
formation compared to the right one in the CORT group
(p<0.001), c) higher volume of the right hippocampal
formation in the control group compared to the right
hippocampal formation in the CORT group (p<0.01), and
d) higher volume of the left hippocampal formation in the
CORT group compared to the left hippocampal formation



992 Zachetal. Vol. 59
14.5 S
® o H# Cctrl (N=10) c
14 = = _
Q E mcort(N=10) O 8 4 88§ _
E ~ 135 6 O£ 3 Cctrl (N=10)
HitHt o —
S CIEJ . o Tag 2 M cort (N=10)
A O S ;-C a 1
% o 12.5 = 8 7 0
= > 12 ONE y
L R 823
TEL 2 §§
(@)
c
164 Fig. 3. Laterality index of normalized hippocampi. We found
&J ;g 162 Olctrl (N=10) laterality index in control group significantly above zero — right
Q £ 160 M cort (N=10) hippocampal formation volume is significantly higher compared
£ 7 1s8 to left one. Also laterality index in corticosterone-treated group
B oo 156 # below zero - significant decrease of the right hippocampal
w E 152 formation. It shows that corticosterone treatment affected mostly
E >} dominant - right hippocampal formation. Laterality index was
o) (_) 152 calculated as (R-L)/(R+L)*100 in %. R — right and L — left."§"
c > 150 means significantly different value relative to 0. Data are
|_ R presented as means values + S.E.M. Control group (ctrl) and
corticosterone-treated group (cort).
(0]
e 9 o group slightly increased every week until the end of
= —g . Oetrl (N=10) experiment. The CORT group initially showed increase
,qj = 86 M cort (N=10) in the weight (in the first week of corticosterone
C TEU gi 51 Hitth application), followed by sudden weight drop (in the
5 % - i second week of corticosterone application) compared to
.2 .
c 8 8 the control group. Then the CORT group weight
& 8 L R increased similarly to the control group, but remained
=

Fig. 2. Overview of volume measurement of hippocampal
formation (A), hemispheres (B) and normalized hippocampal
formation (C) in mm? in control group and corticosterone-treated
group. We found rightward laterality in hippocampal formation in
control group as well as in normalized hippocampal formation of
control group. Volume differences were not found in control
group. In corticosterone-treated group we found rightward
volume decrease of both non-normalized and normalized
hippocampal formation. Interestingly, we also found mild but
significant decrease of right hemisphere volume in the
corticosterone-treated group. "*" means significant difference
between groups and "#" between L and R in the same group for
* p<0.05, ** p<0.01, *** p<0.001. Data are presented as
means values £ S.E.M. Control group (ctrl) and corticosterone-
treated group (cort), left (L) and right (R).

in the control group (p<0.001). Independent samples
t-test revealed lateralization difference between the
groups (p<0.001), one sample t-test showed leftward
lateralization in the CORT group (p<0.01) and rightward
lateralization in the control group (p<0.001).

Animal body weight
The groups had similar weight one week before
corticosterone application (Fig. 1). Weight of the control

lower. The ANOVA showed time effect (Fg;6,=39.1,
p<0.001) and interaction between group and time (weeks)
(Fy,162=4.1, p<0.001).

ACTH determination

Unexpectedly, plasma level of the ACTH in the
control group was slightly lower (p<0.05) compared to
the CORT group. In the third week, plasma level of the
ACTH in the CORT group was significantly lower
(p<0.001) compared to the control group (Fig. 1). In the
seventh week, plasma level of the ACTH in the CORT
group was still lower compared to the control group. The
ANOVA showed time effect (F,,=7.8, p<0.01) effect
and interaction between groups and time (weeks)
(F226=12.6, p<0.001).

Discussion

We studied delayed effects of elevated levels of
corticosterone on volumetry, neuronal quantity and gross
marks of neurodegeneration in the hippocampal
formation of Long-Evans rats. Animals were exposed to

corticosterone treatment for three weeks by means of
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Fig. 4. Volume distribution without normalization in @) dentate
gyrus (DG), b) CA1-CA3 and c) subiculum (SUB) on the left (L),
right (R), between control group (ctrl) and corticosterone treated
group (cort). Data are presented in mm?® for individual animals.
Figure 4a shows right hippocampal formation volume significantly
higher compared to left one in control group (p<0.01). Figure 4b
shows right hippocampal formation volume significantly higher
compared to left one in control group (p<0.001) but in
corticosterone treated group absence of right hippocampal
volume dominance. Figure 4c shows right hippocampal formation
volume significantly higher compared to left one in control group
(p<0.01), left hippocampal formation volume significantly higher
compared to right one in corticosterone treated group (p<0.001)
and right hippocampal formation in control group significantly
higher compared to right hippocampal formation in
corticosterone treated group (p<0.001).

subcutaneous pellets (control group received cholesterol

pellets). Neuronal quantification, gross marks of

degeneration and volume were estimated seven weeks
after the termination of corticosterone treatment.

We observed a decrease in plasma ACTH during
the corticosterone treatment (Fig. 1) This could be
explained by direct inhibition of the ACTH release by
corticosterone in the adenohypophysis and indirect
inhibition of the ACTH release vie CRH regulation
(Parker and Rainey 2004). Since we focused on the
effects that develop over time rather than the acute
effects, we did not perform stereological assessment at
peak ACTH suppression. Changes that may have
occurred in the period between the maximum ACTH
reduction (week three) and the stereological experiments
(week ten) could include: drop in the corticosterone
plasma level, restoration of normal HPA axis function
and neuronal and glial reparative processes.

The right
significantly larger compared to the left one in the control

hippocampal  formation  was

group even when the volumes were normalized.
However, we have found no significant volume
differences between left and right hemispheres in the
control group.

Larger left hemisphere compared to the right one
was found in the study of Sahin ef al. (2001), although it
was more significant compared to our results (Fig. 2).
Another study on male Long-Evans rats showed the
opposite — right hemisphere was larger than the left one,
measured by brain weight or surface dimensions.
Detailed analysis showed difference in the thickness of
neocortex (right thicker than left), although measurement
of cross-section areca of hemispheres, hippocampi,
cerebellum, thalamus and brain stem did not show
reliable differences (Kolb et al. 1982).

The most interesting result of this study is the
decrease in absolute volume of the right hippocampal
formation in the corticosterone-treated group. Since
normalization of the hippocampal formation volume did
not show the effect either on this decrease or on leftward
asymmetry, volume decrease of the right hemisphere could
be explained by hippocampal volume decrease as well. It is
well known that brief and transient early life stimulation
increases the right hippocampal volumetric dominance at
mid-adulthood in Long-Evans rats (Verstynen ef al. 2001).
Accordingly, novelty-induced increases in short- and long-
term potentiation, two relatively longer-lasting forms of
synaptic plasticity,
hippocampus (Tang et al. 2008). Moreover, the sensitivity

were found only in the right

of synaptic plasticity in the right hippocampus to

corticosterone  treatment measured on  long-term
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potentiation in vitro was significantly increased after
neonatal novelty exposure compared to controls (Tang and
Zou 2002). This is in a good agreement with our results,
where volume of only right hippocampal formation was
affected by corticosterone treatment. Although stress
generally reduces hippocampal formation volume, novel
contribution of our study is that reduction of hippocampal
formation volume occurs only on the right side. We
hypothesize that if neonatal novelty exposure increases
of the
formation, corticosterone treatment does the opposite —

asymmetrically volume right hippocampal

asymmetrically decreases the volume of the right
hippocampal formation, mostly in the subiculum and less
in the dentate gyrus and the CA1-CA3 subfield (Fig. 2).
Decrease of the right hippocampal formation volume in the
corticosterone-treated group may be due to decreased
quantity of neurons. However, significant reduction in the
quantity of neurons in dentate gyrus and CA3 hippocampal
subfield was only found in rats exposed to glucocorticoids
in the neonatal period, not in the adulthood (Sousa et al.
1998). Similarly, our data show only little (CA1 and CA2
subfield) or no changes (dentate gyrus and CA3) in the
neuronal quantity (Table 1). Unfortunately, we did not
include subiculum in neuronal quantity measurement due
to the following reasons. Although subicular pyramidal
cells are morphologically uniform in their shape, there are
controversies concerning their laminar and/or columnar
organization with distinct sublamination present (Ishizuka
2001). The cell packing in the pyramidal layer of the
subiculum is looser than that seen in area CAl and
electrophysiologically, there is unique division into
bursting and regular spiking cells compared to other
hippocampal subfields (for review see Witter 2006).
Nevertheless, since volumetric changes of subiculum were
the most important in our study, we recommend to
measure their neuronal quantity in the future.

We used different systems for hippocampal
subfield volume estimation and hemispheric volume
estimation. We have selected unbiased point lattice
system for volumetry of hippocampal subfields with high
accuracy of estimation (West ef al. 1991). We measured
hemisphere volume with more biased manual structural
delineation method, similar to that described by
(2001).
normalization of hippocampal subfields to hemisphere

Verstynen et al Interestingly, volume
volumes showed no significant effect. CE and CV were
estimated only for neuronal quantity but not for numbers
of degenerated neurons.

In the second part of the experiment we

examined, whether hippocampal volumetric changes could
be the result of ongoing degeneration processes. That is
why in addition to volumetry, we also measured neuronal
quantity and gross marks of neuronal degeneration, but we
did not observe any significant differences between the
corticosterone-treated group and controls. We have
calculated CE (coefficient of error) only for neuronal
quantity measurements and not for neuronal degeneration.

Neither neuronal quantity nor neurodegeneration
data explain the decrease in right hippocampal formation
volume in corticosterone-treated group. Neuronal
degeneration plays a role only in specific short-time
interval and therefore observed volume changes cannot be
attributed to presently ongoing degenerative processes,
since these would have already been terminated. We
observed no significant changes in numbers of degenerated
neurons, because these neurons were already destroyed by
immune system, or other reparation processes.

Alterations of circulating corticosterone levels
lead to changes in neuronal microstructure, gross marks
of neuronal degeneration, and disruption of cognitive
functions (Schubert ez al. 2008). However, most of these
changes are reversible and later it is difficult to detect
them on the morphological level as time progresses
(Sousa et al. 1999, Joéls 2008).

Permanent volume decrease of right hippocampal
formation in corticosterone-treated group could be
expained by neuroplasticity (cell cytoplasm volume
synapses  etc.).
corticosterone-mediated decrease of only the

decrease, loss of Mechanism of
right
hippocampal formation could be found on the molecular
level. Several studies confirm asymmetrical distribution of
hippocampal neuronal receptors or enzyme systems.
Synaptic distribution of N-methyl-D-aspartate (NMDA)
receptor GIluR epsilon2 (NR2B) subunits in the adult
mouse hippocampus shows asymmetry between left and
right hippocampus and between apical and basal dendrites
of single neurons (Kawakami et al. 2003). Functional
lateralization of the high-affinity choline uptake (HACU)
system was found in the hippocampus of Wistar rats.
Markedly increased HACU activity was found in left
hippocampal formation compared to the right one of adult
male, but not female, rats (Kristofikova ef al. 2004).

We do not know whether a decrease of the right
hippocampal formation in corticosterone-treated group is
specific for the rat, or even only for Long-Evans strain.
On the other hand, it is not possible to rule out the
hypothesis that it is a more general phenomenon of
delayed corticosterone effect on the brain. Unfortunately,
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most studies known to us do not include laterality
estimations. Sometimes it is not clear, whether the
reported volumes are only from one hemisphere or from
both hemispheres summed together.

Conclusions

Taken together, animals received corticosterone
for three weeks by means of subcutaneous pellets.
Volumetry, neuronal quantity and marks of neuronal
degeneration were estimated seven weeks after the
termination of corticosterone treatment. The first main
finding of our study is significant volume laterality of the
hippocampal formation in the Long-Evans rats. In the
control group right hippocampal volume was markedly
higher than all other measured volumes (hippocampal left
control, hippocampal left corticosterone-treated and

hippocampal right corticosterone-treated). Left
hippocampal volume did not differ between the groups.

The second main finding of our study is delayed

permanent effect of corticosterone on the dominant

hippocampal formation. We observed significant
differences in volumes and especially in laterality of
subfields

corticosterone-treated animals. Many studies describe

hippocampal between  control  and
corticosterone effect on volumetry of hippocampal
formation. The results are very often not consistent. The
lateralization effect of corticosterone treatment in most of
the studies is neglected. Major contribution of our study
is in its focus on the lateralization of the hippocampal

formation under corticosterone treatment.
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Abstract BACKGROUND: Long term permanent changes of eating behavior and concomitant
structural changes in the CNS are matter of debade in literature. Often there is not
enough distinction beween acute and chronic exposure to corticoids in evaluating
its effect on behavior and/or brain structural changes. For behavioral evaluation
we used well established conditioned taste aversion (CTA) paradigm and coronal
Nissl-stained brain sections for evaluation of neuroanatomical changes. The CTA
is part of complex adaptive behavioral processes controling food intake. It is well
established methodological tool for study of biological substrates of learning and
memory.

AIM: Our hypothesis was that long term changes in laboratory rat behavior
induced by exogenous corticosterone are not accompanyied by neurohistological
changes in the rat brain, previously described in literature.

RESULTS: Firstly, our results support CTA paradigm as promising tool for test-
ing chronic influence of stress hormones on eating behavior and memory. The
results support fact that previous long term elevated corticosterone levels disrupt
normal eating behavior and it could also lead to structural changes, which could
be biological substrates of behavioral changes. The fact we have not found signifi-
cant morphological changes in brain strengthen the notion of possible subcellular
impairment taking place instead of simple neuronal loss.

INTRODUCTION

Neurotoxicity of corticoids belongs to actually
debated problems. Animal models shows, that
exposition to high and/or long-term function-
ing doses of corticoids or intensive stress leads
to structural and behavioral changes and often to
hippocampal neuronal death. Also patients suf-
fering from diseases connected with high levels of
corticoids at the onset of disease (post traumatic

stress disorder) or during illness course (afective
disorders, Alzheimer’s dementia and also group
of eating disorders, such as anorexia nervosa or
bulimia (Gluck, 2006), showed statistically impor-
tant shrinkage of hippocampus and worse results
in tests focused on short term memory evaluation
in comparison with control groups (Alfarez et al.
2006; Brunner et al. 2005).

...........................................................................



In the literature often appears to be discrepancies in
description of categories of corticoids administration
as for the timing. There exists at least following pos-
sibilities concerning timing of corticoids administra-
tion to the laboratory rat: acute effect and chronic effect
(Skérzewska et al. 2006). Acute effect of corticoids
manifests primarily on non-genomic level of changes,
on the contraty chronic effect of corticoids adminis-
tration targets primarily genomic level, which include
also onset of permanent degeneration changes (de Vries
et al. 2002). In the acute administration there is vital
dosing of the corticoids. Corticoids in a given range
dose are inevitable for learning and memory formation
(Payne & Nadel 2004).

Chronic corticoids administration to artificially high
levels induces apical dendritic retraction and debranch-
ing (20%) in rat CA3c pyramidal neurons (Watanabe et
al. 1992b; Woolley et al. 1990), while longer durations of
corticoids administration result in more substantial hip-
pocampal damage, such as neuronal death, gliosis, and
atrophied perikarya in principal layers, most notably in
the CA3c region (Sapolsky et al. 1985). Repeated stress
exerts similar effects as corticoids on dendritic remod-
eling in CA3. One key feature of prolonged stress is the
alteration in dendritic spine number and morphology
in the hippocampal formation. These changes could be
neurobiological substrate for behavioral changes and
stress induced reactivity.

The aim of our experimental work was to find out
whether long term behavioral changes induced by
chronic corticosterone treatment are followed by sig-
nificant gross neurohistological changes in the selected
structures — hippocampus, amygdala, prefrontal cortex
and parabrachial nucleus of the brain stem.

MATERIALS AND METHODS

Characteristics of experimental animals

The experiments were performed in 3-month-old male
hooded rats of the Long-Evans strain. In total 21 ani-
mals were used in the study. The animals were obtained
from the breeding colony of the Institute and housed in
a room with constant temperature (20-22°C) and 12
h/12 h light/dark cycle with the light switched on at 7
AM. While standard food was freely available, access to
water was limited as described later. The experiments
were performed in agreement with the Animal Pro-
tection Law of the Czech Republic and corresponded
fully to the European Communities Council recom-
mendations for the use of laboratory animals (directive
86/609/ECC).

Corticosterone administration

Corticosterone was administered by means of subcuta-
neous pellets. Pellets were inserted in the regio interscap-
ularis. Each pellet contained 200 mg of corticosterone,
release time 28 days (pellets purchased from Innovative
Research of America Ltd.). Control animals received

Corticoids and taste aversion learning

equivalent pellets containing cholesterole (pellets pur-
chased from Innovative Research of America Ltd.)

CTA procedure

Water-deprived rats were trained for 2 days to drink
their daily supply of water during a 15-min interval in
the drinking box (40x30x20cm3). It was equipped
with an array of ten calibrated pipettes (2ml each)
arranged along the shorter wall of the box. Rats were
placed into the drinking box individually and the fluid
consumed from all ten pipettes was measured for each
animal. On day 3, the rats were offered 0.1% solution of
sodium saccharin in all pipettes. Thirty minutes after
drinking the rats received i.p. injection of lithium chlo-
ride (LiCl; 0.15M; 2% b.w.). On day 4 the animals were
again offered water in the drinking box for 15 min. For
the retrieval test on day 5, the pipettes were alternately
tilled with water and saccharin solution and the indi-
vidual preference scores for each rat were expressed as
the percentage of saccharin intake from the total fluid
consumption.

Time schedule of experiment

First, to the animals were implanted subcutaneous pel-
lets containing corticosterone (resp. cholesterole in con-
trol group). Animals were allowed spontaneous activity
during this phase. Substances from pellets were released
for 28 days, (Figure 1). Following three weeks were ani-
mals left without any behavioral manipulations. Next
week followed behavioral procedure in order to reveal
delayed effect of corticosterone on CTA formation. The
animals were for last two weeks again left without any
behavioral manipulations. Animals were enabled spon-
taneous activity during this phase. At this point were
animals ready for histological analysis.

Histology

Animals were perfused with 4% paraformaldehyde
under deep pentobarbital anesthesia. Brains were
removed from the skull and embedded in paraplast.
Serial sections (in coronal plane) of whole brains were
performed (20 ) on table microtome (Leica). All brain
sections were then mounted on microscope slides and

GCinfusion CTA

perfusion

Fig. 1. Time schedule of experiment. The animals were implanted
with subcutaneous pellets containing corticosterone (GC
infusion) (resp. cholesterole in control group). Substances from
pellets were released for 28 days. Following three weeks were
animals left without any behavioral manipulations. Next week
followed behavioral procedure in order to reveal delayed effect
of corticosterone on CTA formation.
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stained according to Nissl. Brain sections were then
viewed on Leica light microscope attached to the stan-
dard PC computer with Leica IM 1000 stereology/data-
base software (Leica Microsystems, GmbH, Wetzlar,
Germany).

Neurohistology and stereology

Brain regions (prefrontal cortex (PFC) - it’s infralim-
bic, prelimbic and cingulate portion, CA3 of hip-
pocampus, central nucleus of the amygdala and ncl.
parabrachialis - its medial and lateral groups of subnu-
clei) were distinguished using Paxinos atlas of the rat
brain (Paxinos & Watson 2005). We have started always
with the cell numbers measurement in the middle of
the selected structure of the interest of the rat brain
(except for PFC) (West et al. 1991). Since all crossec-
tions were obtained in the frontal plane, optimal shape
of the structure was approximated as ovoid (except for
PEC, where we have selected lateral part of PFC accord-
ing to Paxinos atlas without estimating ovoid shape).
All stereology procedures were performed according
to (Cerqueira ef al. 2005). Average cell numbers were
estimated using the optical fractionator method, as
described previously (West et al. 1991). Briefly, for anal-
ysis were selected always 5 sections depending on the
region being analyzed. Beginning at the central area of
the structure of interest (except for PFC), a grid of vir-
tual three-dimensional boxes (30x30x15 um) that were
equally spaced were used and neurons were counted
whenever their nucleus came into focus within the
counting box. Neurons were differentiated from other
cells on the basis of nuclear size (larger in neurons than
in glial cells), a prominent nucleolus, and the shape

of their perikarya attributable to dendritic emergence
(Peinado et al. 1997).

Neuron number estimation and statistics

Section sampling fraction and total neuronal quantity
of hippocampus, amygdala, PFC and PBN were cal-
culated according to formula by (West et al. 1991). CE
(coefficient of error) was calculated separately for each
structure and CV, coefficient of variation was estimated
as CV=SD/mean as described in (West et al. 1991).

A repeated measures two-way ANOVA (lateraliza-
tion - right, left) as the within-subject factor and group
(control and corticosterone) as the between-subject
factor compared neuronal numbers in the right and
left hippocampus, amygdala, PFC and PBN. Newman-
Keuls test was used for posthoc analysis of significant
main effects and interactions. For statistical analysis of
the laterality differences, independent samples t-tests
were used to examine group differences.

RESULTS

Behavioral results

Twenty one male rats were randomly assigned to two
groups. First group was implanted with corticosterone
pellets (n=9). Second group was control (n=12). All
groups did not differ in total amount of liquid con-
sumption as shown on Figure 2. This was confirmed by
two-way ANOVA with repeated measures (F, ;5=0.66,
p>0.05). The mean saccharin preference scores during
the retrieval test performed on day 5 are shown on
Figure 3. T-test (two-sample assuming unequal vari-
ances) indicated significance between groups (t,,=2.94,
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Fig. 2. Liquid consumption during experiment. The groups

did not differ in total amount of liquid consumption. Each
column represents the mean (£SEM) of total amount of fluid
consumption in each days. Y-axis data are in ml. On the X-axis -
15t and 2nd day rats received only water, on day 3 received 0.1%
solution of sodium saccharin with LiCl, 0.15 M; 2% b.w.

Fig. 3. The delayed effect of previous chronic corticosterone
administration on CTA. Data show that corticosterone group
differed from control group. Each column represents the mean
(£SEM) percentage of saccharine intake from total fluid intake
during the retrieval test. Y-axis shows saccharine preference in
%. X-axis shows two groups - control and corticosterone.
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p<0.01). These findings show delayed effect of previous
chronic corticosterone administration on CTA.

Neurohistology and stereology results

In the PFC in the layers II and III there was not sig-
nificant reduction of the numbers of neurons of experi-
mental animals compared to controls. In experimental
group there were only rare neurons with clear marks
of degeneration (pyknosis and swelling of cytoplasm).
In all subsets of neurons within CA3 field (CA3a-c)
there were also solitary neurons with clear marks of
degeneration compared to control group. In the central
nucleus of the amygdala (in the central region, contain-
ing more densely packed cells) we have observed no
neurons with clear marks of degeneration in the experi-
mental animals compared to controls. In the lateral part
of parabrachial nucleus there was small reduction (less
than 2% neurons totally) of the numbers of neurons of
experimental animals compared to controls and there
was no difference in the numbers of neurons in the
medial part of the parabrachial nucleus of experimental
animals compared to controls. It is necessary to men-
tion, that due to relatively small numbers of neurons in
the parabrachial nucleus, approx. hundreds of neurons
(Petrovicky & Kolesarova 1989) even small changes
in the total number could be potentially functionally
important.

In the first three structures (PFC, hippocampus,
central nucleus of amygdalar complex) there are only
rare cases of neuronal degeneration in the experimental
group compared to control group. On the contrary in
the parabrachial nucleus there are couple of neurons
with marks of neuronal degeneration compared to con-
trol group. Summary of these results are in Table 1. We
have not found significant effect of laterality on neuro-
nal numbers in all structures.

DISSCUSION

Our results document impairment of CTA formation
due to previous chronic administration of corticos-
terone (Figure 3). These results point to long term
changes of animal inability to adequatly react on dif-
ferent cognitive tasks, which could be associated with
structural changes of the brain.

Conditioned taste aversion is well established behav-
ioral paradigm of learning and memory and represents
good tool for studying neuronal plasticity (advantages
of this paradigm are mainly well described anatomical
structures and physiological cellular mechanisms and
easy and precise measurability) (Bure§ 1998). Taste
aversion is integral part of eating behavior. It is bio-
logically important phenomenon because survival of
all organisms depends on their capabilities efficiently
acquire and use food and avoid poisoned one. Eating
behavior and long term weight regulation and food
intake is arranged by complex interactions of CNS and
peripheral organs (leptin, glucocorticoid, insulin, hor-

Corticoids and taste aversion learning

mones of GIT) (Dostalova et al. 2007; Zach et al. 2006;
PapeZova et al. 2005). Regulation is maintained primar-
ily by hypothalamus, prefrontal cortex, amygdala, stria-
tum and midbrain.

Influence of stress and corticosterone on the learn-
ing and memory is in the center of scientific discussions
because it participates in a number of neuropsychiat-
ric disorders (from the point of this work especially in
eating disorders). Morphological studies have shown
that prolonged exposure to stress or to excess gluco-
corticoids results in time-dependent neuronal damage,
ranging from an initial and reversible atrophy of den-
dritic processes (Woolley et al. 1990; Watanabe et al.
1992a; Magarifios ef al. 1995) to the irreversible loss
(Landfield 1987; Sapolsky et al. 1985) of hippocampal
pyramidal cells. This stress- or glucocorticoid-induced
structural damage appears to coincide with learning
and memory deficits.

CTA formation enhancement by acute corticoste-
rone administration was shown previously (Tenk et
al. 2006). Nevertheless, there are marked differences
between acute and delayed effects of corticoids expo-
sure on the cognitive abilities. Acute administration
of corticoids has been shown to facilitate the acquisi-
tion of conditioned taste aversions to a novel-flavoured
solution paired with the visceral illness inducing toxin,
lithium chloride (Kent et al. 2002).

On the contrary design of our experiment was setup
to monitor long term permanent changes of eating
behavior and concomitant structural changes in the
CNS. It is intensively discussed in literature, that pre-
vious elevated levels of corticoids or stress events lead
to delayed changes in the eating behavior and probably
participate in the pathophysiology of eating disorder
(PapeZova et al. 2005).

Tab. 1. Neurohistological changes in the brain structures 4 weeks
after corticosterone application termination.

We have not found significant changes in numbers of Niss| stained
neurons in any of selected brain region of animals who received
corticosterone, except for nc. parabrachialis compared to controls,
where was . Number of severely damaged neurons observed by
Niss| staining has not exceeded 5 of them in all selected brain
regions in animals, who received corticosterone.

mo—

Ctrl Exp Ctrl Exp
NN NN ND ND

PFC no significant difference rare

Hipp no significant difference rare

Amyg no significant difference none

PBN

lateral slightly lower in Exp rare

medial no significant difference none

PFC - prefrontal cortex, Hipp - hippocampus, Amyg - amygdala,
PBN - parabrachial nucleus, NN - neuronal numbers, ND - neuronal
damage, Ctrl - control animals, Exp - experimental animals.
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Cerebral atrophy accompanying eating disorders is
early detectable. Structural morphometry of the brain
has shown that volume of either white and gray matter
in case of acute anorexia is severely reduced. But white
matter has tendency return to normal after successful
realimentation, while gray matter deficit remains. This
could be partially explained by permanent loss of neu-
rons and/or glial cells, caused for example by cortisol
elevation. Alternative explanation could be: loss of neu-
rons is not effect of anorexia, but its cause and it reflects
abnormal neural system development. Our results sup-
port the fact, that previously long term elevated corti-
costerone levels disrupt normal eating behavior.

Previous stress event plays a role in subsequent onset
of eating disorders in animals as well as in humans.
Most famous are examples of pig eating disorders,
described as wasting pig syndrome (WPG) and thin
sow syndrome (TSS), which are connected with stress
in critical period of weaning and in lactation period in
adult female pigs manifesting as growth slowdown and
bodily weight loss and finally loss of fertility and death.
Similar situation is described for humans by Schmidt et
al. (1997) where there is always preceding stressing life
event to onset of anorexia and bulimia.

We have not found significant increase/decrease in
neuronal numbers and gross neuronal degeneration
in PFC, amydala nor hippocampus using Nissl stain-
ing protocol in experimental animals. These findings
are in a good accord with study (Tata et al. 2006) where
mainly ultrastructural changes are described in corti-
coid treated animals, although previous studies (Sapol-
sky et al. 1985), (Woolley et al. 1990) were able to show
even gross changes in neuronal bodies and dendrites.
Partly this could be due to different methodologies
used.

Minor loss of neurons in lateral part of the parabra-
chial nucleus (not exceeding 2% neurons totally) needs
further verification by means of immunohistochemis-
try to prove it more securely. Damage of parabrachial
complex neurons nucleoli could be anticipated due to
its prominent position in CTA reaction neuroanatomi-
cal circuitry.

Our results show only minor damage of CNS struc-
tures participating in taste aversion formation, but sig-
nificant behavioral changes. Our study offers insight
into time delayed situation, where neurodegenerative
and neuroreparative processes take place. We can spec-
ulate that permanent changes in the CNS are way too
subtle for gross morphological methods of detection.
Another explanation is that atrophy or neuronal loss
after acute stress or acute corticoids application (Sapol-
sky et al. 1985) is later almost completely reversed by
reparative processes.

Our results show that longer term exposure to glu-
cocorticoids lead later to impaired ability to form taste
aversion. Contemporary findings of morphological
impairment of brain structures are relatively not consis-
tent. Meanwhile some authors describe moderate atro-

phy or hippocampal neuronal loss (Woolley et al. 1990),
other studies do not confirm that (Tata et al. 2006).
Similarly, our results show only moderate permanent
changes. It is possible to conclude that even significant
behavioral impairment may not be accompanied by
gross neuronal changes. Our model offers possibility
for further study of more precise mechanisms of corti-
coids effect on memory and eating behavior.
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Abstract

Background/Aims: Our goal was to find out whether a de-
crease in hippocampal volume in Alzheimer’s disease mea-
sured via magnetic resonance imaging is accompanied by a
similar volume decrease in the pons and cerebellum. We also
tried to evaluate whether there are any accompanying hip-
pocampal, pontine and cerebellar asymmetries between
the left and right side. Methods: We performed a manual
volumetric magnetic resonance analysis of the pons, cere-
bellum and hippocampi in 29 healthy controls and 26 pa-
tients with Alzheimer’s disease, divided into two groups ac-
cording to the Mini-Mental State Examination score. Re-
sults: We confirmed a known decrease in hippocampal
volume in Alzheimer's disease patients but found that there
is no similar volume decrease in the pons or cerebellum that
could serve as a radiologic diagnostic tool in Alzheimer’s dis-
ease diagnosis. Also, there was no statistically significant

right-left asymmetry in all three measured structures. Con-
clusion: Only hippocampal volume and not pontine and
cerebellar volumes could serve as a magnetic resonance di-
agnostic tool in Alzheimer’s disease.

Copyright © 2012 S. Karger AG, Basel

Introduction

Volumetric changes of the hippocampi play an impor-
tant role in the diagnostic evaluation of Alzheimer’s dis-
ease (AD) [1]. A decrease in volume of the right or left (or
both) hippocampi in patients with AD was measured on
magnetic resonance imaging (MRI) and described in nu-
merous studies, for example in Scher et al. [2]. In addition
to the hippocampi, a reduction in cerebellar volume was
also observed in patients with AD [3] and in patients with
cerebellar atrophy via the semiautomated volumetry
method [4]. Observed changes were correlated with an
overall volumetric decrease in molecular and granular
layers of the cerebellum and a decrease in the total count
of Purkinje cells as opposed to healthy controls. On the
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other hand, volumetric changes of brain stem structures
(pons) in patients with AD are not well known, probably
due to difficulty with anatomical borders with these
structures on MRI. As an example, thioflavin-S-stained
sections of the brain stem revealed impairment of reticu-
lar nuclei, colliculi superiores et inferiores and many oth-
er brain stem neurons [5]. Nevertheless, a novel hypoth-
esis was suggested for the pathogenesis of AD, i.e. that a
degeneration of adrenergic neurons in the locus coeru-
leus and/or of serotonergic neurons in the raphe nuclei
leads to impairment in metabolic and functional interac-
tions between neurons and astrocytes (in the cerebral
cortex and hippocampus as well as in nucleus basalis
magnocellularis) [6]. At the same time, brain stem vol-
ume (including the mesencephalon, pons and oblongata)
does not significantly change during the ageing process
[7]. In our previous study, we measured cortical thickness
and volume of the planum temporale, a structure in the
supratemporal plane of the temporal lobe, and found
mild right/left laterality of both measures in controls and
left/right shift in patients with AD [8].

The aim of our present study was:

(a) to evaluate volumetric changes of the hippocam-
pus, pons and cerebellum with and without normaliza-
tion to the brain and skull in patients with AD,

(b) to find whether eventual volume changes are later-
alized to the left or right sides and

(c) whether a hippocampal volume decrease is accom-
panied by similar cerebellar and/or pontine volume
changes in patients with AD when compared to a control

group.

Materials and Methods

Diagnosis of AD

This study utilized 26 patients with confirmed AD diagnosis
based on NINCDS-ADRDA criteria [9]. All patients with AD and
29 healthy seniors underwent MRI of the brain. Both groups were
tested with the following neuropsychological tests: Mini-Mental
State Examination (MMSE), Mattis Dementia Rating Scale, Trail
Making Test version A and B, Disability Assessment in Dementia,
7-Minute Screen, verbal fluency tests and Edinburgh Handedness
Inventory. According to the revised version of research criteria for
the diagnosis of AD [10], we added medial temporal lobe atrophy
score [11], separately for the left and right hemisphere (table 1).

Personal Characteristics of the Control Group and the AD

Patients

The control group consisted of 29 cognitively normal elderly
controls who were either recruited from the Third Age University
of the Charles University at Prague, Czech Republic (educational
courses for seniors) or among healthy volunteers visiting the AD

Hippocampus, Pons and Cerebellum
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Center at Prague. All of them reached 55 years of age, had Czech
as their native language, and no self-reported memory impair-
ments. Exclusion criteria included a history of psychiatric treat-
ment, the use of psychoactive medications (e.g. antidepressants,
neuroleptics, anxiolytics, or hypnotics), a history of episodes of
unconsciousness lasting longer than 5 min, seizures, any serious
brain damage (stroke, trauma, neuro-infection, operation, tu-
mor), and drug/alcohol abuse. Normal cognitive functions were
determined using the MMSE, the 7-Minute Screen and verbal flu-
ency tests (1-min version: 3 phonemic, with the initial letters of
NKP, and 3 semantic, using fruits, animals, and shopping items)
[12].

For both groups, the following data were collected: detailed
anamnesis, mapping potential comorbidities (hypertension, dia-
betes, cardiovascular diseases, hyperlipidemia, smoking, kidney/
liver diseases, psychiatric illnesses, ictus, epilepsy and neurologi-
cal diseases), medical treatment (antidepressants, antipsychotics,
anxiolytics, hypnotics, nootropics, cognitive treatment and oth-
ers) and basic demographic data (living standards, years of educa-
tion, highest education). All patients were subjected to an EEG to
exclude abnormal signal presence. Patients with AD were moni-
tored for several years and annually underwent all examinations.
All participants signed an informed consent. The research was
approved by the Ethics Committee of the University Hospital
Kralovske Vinohrady, Prague, Czech Republic.

MRI Specifications

Three-dimensional MR images were acquired on a 1.5-tesla
scanner Siemens Vision 1.5T by magnetization-prepared rapid
gradient echo sequence in the sagittal plane, software version
VB33G, scanning sequence IR, voxel size 1 x 1 x 1 mm, number
of layers 160, TE 7 ms, TR 2,130 ms, matrix 258 x 258 and folding
angle 10°. All scans were performed at the Institute of Clinical and
Experimental Medicine (IKEM), Prague, Czech Republic.

Computer Analysis

MR images were exported as multiple file data formats to a
standard PC. AIl MR images of the brain were then converted into
DICOM stack files by MRIcro freeware. MR images of the brains
from the stack files were then analyzed on Image ] freeware
(http://rsbweb.nih.gov/ij/) onastandard PC in frontal and sagittal
planes. Areas (in cm?) of hippocampal, cerebellar and pontine im-
ages (structures of interest) were manually delineated indepen-
dently by two experienced neuroanatomists. Volumes of the
structures of interest were then calculated by summing up all the
areas together in Excel program.

Anatomical Boundaries of Structures of Interest

All patients were scanned in the horizontal position while ly-
ing on their backs. Their head was oriented fronto-occipitally to
the vertical line; we assumed that the pons or cerebellum is posi-
tioned rotation symmetrically to the brain stem, especially to the
sylvian canal of the mesencephalon, which we used as midline
border between the left and right halves of these structures. In the
sagittal plane, a whole stack always had 160 MR images.

Pons

The pons was viewed in sagittal sections, mostly without pe-
dunculi cerebellares and considered rotationally symmetrical,
similarly as in Raz et al. [13]. Areas of the pons were delineated
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Table 1. MTA score

1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
AD R 1 3 2 1312214 3 2 3 1 2 3 2 01 3 3 4 3 3 4 3
r1 3 324 22313 2 2 4 1 3 4 2 1 2 1 3 4 2 2 3 3
Ctrl R 1 1 1 1.0 0 0 0 0 0 0 O 0O 0 0 0 1 0 2 0 0 1 1 1 1
L 11 112000 0 o 60 o0 1 1 1 0 1 2 2 1 0 4 0 0 0 1 0 1

MTA score for controls (Ctrl) and patients with AD and for the right (R) and left (L) hemisphere. Shown are all 26 controls and 29

AD.

manually on each image containing pons segments. All mea-
sured pontine areas were then summed up to obtain the total
volume of the pons. First, we located the image where the sylvian
canal of the brain stem had the largest diameter. This image
served as a reference to determine the border between the right
and left halves of the pons. The number of images containing the
pons differed amongst investigated brains between 15 and 21 im-
ages. There were always more images containing the right half of
the pons compared to the left half. The lateral border of the pons
is usually described in the literature as trigeminofacial line (line
connecting the emergence of the nervus trigeminus and nervus
facialis from the brain stem); however, this delineation is not us-
able in the sagittal view on MR images. Therefore, we came up
with our own definition of the lateral border based on observa-
tions from postmortem brains in the anatomy dissecting room.
On MR images, the last image laterally from the midpoint was
estimated as the one prior to the point where the trunk of the
brain stem becomes visually split into the upper and lower mass-
es — cranially crura cerebri and caudally cerebellar pedunculi.
We checked the position of this image on the paraformaldehyde-
fixed postmortem brains and found that it is located approxi-
mately 2 cm rostrally from the pontomesencephalic junction
(along the substantia perforata posterior and oculomotor nerve
emergence).

The ventral border of the pons is clearly visible, bordered by
the sulcus bulbopontinus caudally and the pontomesencephalic
junction rostrally.

The dorsal border is mostly seen as gray/white line, separating
the pons dorsally from the bottom of the fourth ventricle, espe-
cially in the first 5-8 images from the midline. On other, more
lateral images, this line cannot be found so we came up with an-
other approximation. This was done by an ovoid-shaped curve
that copies the ventrally extending visible part of the pons (pon-
tine white matter irradiates into brain stem without gross struc-
tural shape changes) (fig. 1).

Hippocampus

Anatomical boundaries of the hippocampus were set in the
coronal projection: (1) the anterior border level: at which the head
of the hippocampus first appears below the amygdalar complex;
(2) the posterior border level: where the superior and inferior col-
liculi are jointly visualized; (3) the medial border transition: be-
tween the subiculum and parahippocampal gyrus, and (4) the lat-
eral border: temporal horn of the lateral ventricle.

226 Dement Geriatr Cogn Disord 2012;34:224-234

Cerebellum

Cerebellar hemispheres were measured in the sagittal projec-
tion. The measurement starting point (from the midline) was set
similarly as in the pons - the image with the widest diameter being
the sylvian canal of the mesencephalon. Depending on the brain
shape and size, the number of measured images within one hemi-
sphere was 48-67. We included in our measurements all folia, ver-
mis, paravermal parts and lateral hemispheres of the cerebellum.
We delineated the external outline of the mentioned structures
without any attempt to parcellate separate lobuli and subtract vol-
umes of the empty spaces in between them. The only exceptions
were fissura prima, fissura posterolateralis, and spaces separating
vermis from hemispheres. At the point where the brain stem gives
rise to the velum medullare superius et inferius, connecting with
the vermis of the cerebellum and paravermal parts, we delineated
a border with a straight line, so that the pedunculi cerebellares
were not included in the measurements. Volumes of the left and
right cerebellar hemispheres were also measured separately.

Measurements and Mathematics

Volumes of the left and right hippocampi were measured in
the coronal projection. Volumes of the left and right halves of the
pons and left and right halves of the cerebellum were measured in
the sagittal projection. The starting section for measurements in
the sagittal projection was the sylvian canal in its widest lumen
(this was considered a midpoint between the left and right halves
of these structures). For volume normalization purposes, areas (in
cm?) of the brain and the skull were also measured at the level of
the commissura anterior. Anatomical delineation of the brain
consisted of the manual tracing of all gyri on coronal projections
between the cingulate gyrus (just above the callosal body) and
parahippocampal gyrus disappearing into the temporal horn of
the lateral ventricle. The area of the skull at the level of the com-
missura anterior was measured by delineating the periost of the
calva’s concavity till the fissura lateralis cerebri (sylvian fissure)
on the left and right side was reached. Ends of these delineation
points were then joined together by a straight line.

Absolute volumes of the left and right hippocampus, and left
and right halves of the pons and cerebellum were then mathemat-
ically normalized to both the brain and skull area [unpubl. data].
Volumes normalized to the brain area were calculated as volume
of the hippocampus (pons, cerebellum) divided by area of the
brain and multiplied by 100. Similarly, volumes normalized to the
skull were calculated as volume of the hippocampus (pons, cere-
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(S

Fig. 1. Examples of delineation of dorsal and lateral borders of the pons. a The arrow points to the spot where
on the next image would be a gap (this image was not measured). The ellipsoid delineates the area of the mea-
sured pons and shows the approximation that we made in delineating the dorsal border - with the bottom of
the fourth brain ventricle. Image No. 69 from the MR image stack. b The arrow pointing to the gap between
crura cerebri and cerebellar pedunculi. This is the image, where the pontine area was not measured (last mea-
surement was made on the previous image). This image demonstrates our approximation of the lateral border
of the pons. Image No. 68 from the MR image stack. Both images are viewed in the sagittal projection.

bellum) divided by area of the skull and multiplied by 100 [unpubl.
data]. In order to express structural asymmetry, the laterality in-
dex between left and right sides was calculated as (L - R)/(L + R).

Statistics

Patients with AD were divided into two groups based on the
MMSE score (15 patients with an MMSE score >18 and 11 pa-
tients with an MMSE score <18) to correlate volumes with mild-
er or more severe neuropsychological impairment. A 2-way
ANOVA with repeated measures was selected to determine sig-
nificant interactions between groups (control group and AD
group). Within-subject factors were right-left side (lateraliza-
tion) and structures of interest (hippocampus, pons and cerebel-
lum). For significant main effects and interactions (post hoc
analysis), the Newman-Keuls test was utilized. Whenever post
hoc analysis reached significance, a paired t test was used to com-
pare the lateralization effect between the right and left sides of
the structure, separately for both the control and AD group. The
laterality index for the cerebellum, pons and hippocampus
(based on absolute volumes, without normalization to the brain)
was evaluated by t test for independent samples and separated by
groups (control and AD). Significance was accepted at the 5%
level of probability. Finally, real usefulness of the findings was
tested with ROC curve analysis to see whether areas may dis-
criminate between control and AD group with appropriate sen-
sitivity and specificity. ROC curve analysis was performed for
each structure (hippocampus, pons and cerebellum), separately
for both the right and left sides. Briefly, controls were assigned
with the number 0 and AD patients were assigned with the num-

Hippocampus, Pons and Cerebellum
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ber 1. Using an online ROC analysis Web-based calculator, we
selected data format 5 (fig. 2).

All statistics was done on Statistica v.6 software and ROC
curve analysis using an online program (http://www.rad.jhmi.
edu/jeng/javarad/roc/JROCFITi.html).

Results

The study included a total of 55 patients (29 healthy
controls and 26 patients with AD). Since the AD group
was composed of patients with a wide range of dementia
severity, from mild to severe (table 2), we compared brain
volumes at different stages of severity. Therefore, the AD
group volume results were calculated separately for AD
patients with an MMSE score <18 (11 patients) and for AD
patients with an MMSE score >18 (15 patients) (table 3).

Hippocampus

A significant volume decrease of both left and right
hippocampi (normalized to the brain area at the com-
missura anterior) was present in the AD group compared
to the control group in both groups of AD patients, i.e.
those with an MMSE score 218 (p = 0.006) and those
with an MMSE score <18 (p = 0.02) (fig. 3a, b). Although
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Fig. 2. ROC curve analysis. Volumes of the structures in AD patients were compared to volumes in the control
patients, separately for the right and left side. ROC curve was generated in the free online ROC curve calculator
(http://www.rad.jhmi.edu/jeng/javarad/roc/JROCFITi.html). Data were inserted into data table in format 5.
None of the volume measurements belonged to the true positive fraction area above the diagonal line, but at the
same time none of the volumes fit into the false-positive fraction below the diagonal line.
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Fig.3. a, b Normalized hippocampal volumes in control and AD groups. Data are presented in cm® + 0.95 con-
fidence intervals. a AD group had an MMSE score >18. Figures are least squares means. Wilks’lamba = 0.80806,
F(2,40) = 4.7507, p = 0.1409. Effective hypothesis decomposition; vertical bars denote 0.95 confidence intervals.
b AD group had an MMSE score <18. Figures are least squares means. Wilks’ lamba = 0.86556, F(2, 36) = 2.7958,
p = 0.7436. Effective hypothesis decomposition; vertical bars denote 0.95 confidence intervals. Hippo r = Right

hippocampus; Hippo 1 = left hippocampus.

Table 2. Clinical and personal characteristics of healthy controls
and patients with AD

Control group AD group
Number of subjects 26 29
Age, years 70 M/66 F (60-79) 74 M/77 F (57-81)
Female sex, % 80 62
Education, years 12 M/13 F (12-19) 13 M/12 F (8-20)
mostly high school mostly high school
with national exam w/o national exam
Right handedness, % n.a. M/100 F n.a. M/100 F
(only one subject 40)  (all right handers)
AD duration, years n.a. 2.9 M/3 F (0-6)

MMSE score 29.3 M/29.5 F (26-30) 16.5 M/19 F (2-26)
MDRS score 141 M/141 F (133-144) 90 M/98 F (8-129)
TMT A, s 37 M/38.5F (19-76) na.

TMT B, s 90 M/88 F (38-177)  n.a.

DAD, % 100 M/100 F (n.a.) 62 M/64 F (7-80)

Values are presented in the following format: average (mini-
mum-maximum). MDRS = Mattis Dementia Rating Scale; TMT
A, B = Trail Making Test version A, B; DAD = Disability Assess-
ment in Dementia = percentage of daily activities maintenance;
n.a. = not suitable, or not available; M = male; F = female.
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Table 3. Volumes of the hippocampus, cerebellum and pons in
AD patients (MMSE score <18 and MMSE score >18) and controls
without normalization

Controls  AD group AD group
(n=29)  (n=15)(MMSE (n=11) (MMSE
score >18) score <18)

Hippor,cm®  2.21+0.44 1.83%0.5 1.84+0.35
Hippo 1, cm® 2.1140.39  1.84+0.5 1.78+0.41
CRBLr, cm?® 64.5+6 62.5+4.9 58.1+4.2
CRBL], cm? 63.7+49  61.1+4.9 59.1+5.5
Pons r, cm? 4.3+0.9 3.7+0.8 4+0.9
Pons 1, cm? 4.1+0.7 3.5+0.7 3.740.8
CAskull, cm®>  69.1+53  67.2+5.5 68.248.5
CAbrain,cm? 51.1+4.1  47.1+3.5 47.7+4.9

Hippo r = Right hippocampus; Hippo 1 = left hippocampus;
CRBL r = right cerebellum; CRBL | = left cerebellum; Pons r =
right pons; Pons | = left pons; CA skull = area of the skull at coro-
nal section at the level of commissura anterior; CA brain = area
of the brain at coronal section at the level of commissura anterior.
Values are presented in cm? + SD.
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Fig. 4. Box-and-whisker plot. Volumes of the right (a) and left hippocampus (b) in the control and AD group,
without normalization to the brain volume. Data are presented in cm? + SE.

this volume decrease was present in both right and left
hippocampi, it was more pronounced on the right side
(tig. 4a).

The normalization of brain or skull volumes did not
lead to different results compared to absolute hippocam-
pal volumes, both in terms of asymmetry as well as the
lesser volume of the AD group compared to the control
group. We found right > left asymmetry in both the con-
troland AD group (p = 0.26) (fig. 5), which was decreased
in the AD group because of the right hippocampal vol-
ume decrease in the AD group (fig. 4a, b).

Pons

We did not find a significant difference in volumes
between the AD and control group (either absolute, with
and without normalization to the brain or skull), al-
though slight differences were present (fig. 6a, b). Vol-
umes of the AD group with an MMSE score <18 were
almost equal to the control group (p = 0.87), while vol-
umes of the AD group with an MMSE score >18 were
lower compared to the control group (p = 0.12) for both
left and right sides. A slight right > left asymmetry was
not significant either in the control or the AD group, al-
though in the control group the right-left interval was
smaller (p = 0.9) compared to the AD group (fig. 7).

Cerebellum

Similar as in the pons, we did not find a significant
difference in volumes between the AD and control
groups (either absolute, with and without normalization
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Fig.5. Box-and-whisker plot of the laterality of the hippocampus.
Hippocampal asymmetry in the control and whole AD group
without MMSE dichotomy (p = 0.38). Data were calculated as
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to the brain or skull). In the case of the AD group with
an MMSE score <18, both right and left sides were
smaller compared to the control group with more pro-
nounced differences on the right compared to the left
side (p = 0.38) (fig. 8b). On the contrary, in the case of
the AD group with an MMSE score >18, the right side
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Fig. 7. Box-and-whisker plot of the laterality of the pons. Pontine
asymmetry in the control and whole AD group without MMSE
dichotomy (p = 0.9). Data were calculated as (L - P)/(L + P).

was almost equal to the controls and the left side was
slightly larger compared to the control group (p = 0.96)
(fig. 8a). Analysis revealed nonsignificant right > left
asymmetry for both AD and control groups (p = 0.9)

(tig. 9).
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Discussion

In the whole AD group with or without MMSE dichot-
omy), we found a bilateral hippocampal decrease in the
AD group compared to the control group, although we did
not evaluate gender differences, due to the lack of equal
numbers of male and female patients in both the control
and AD group. We did not find a significant lateralization
in any measured structures in both the AD and control
groups, with the exception of the hippocampus (right > left
asymmetry in both the control and AD group). Normal-
ization to the brain and skull area had only a limited effect
on the outcome of the above-mentioned results, mostly in
the pons. Interestingly, a volume decrease of the right hip-
pocampus in the AD group compared to the control group
was set at p < 0.01 either with or without normalization to
the brain and skull, which we think denotes great signifi-
cance. Volume decreases in the left hippocampus in the
AD group were only significant when compared to the
control group without normalization but with normaliza-
tion to the brain. We did not find significant cerebellar or
pontine volume reduction in the AD group compared to
the control group. This could be explained by the relative
stability of brain stem volume during the ageing process
[7]. On the other hand, at the level of the midbrain, audi-
tory asymmetries are frequently reported [14], but their
propagation into the pons is not known. When viewing
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Fig. 9. Box-and-whisker plot of the laterality of the cerebellum.
Cerebellar asymmetry in the control and whole AD group without
MMSE dichotomy (p = 0.9). Data were calculated as (L - P)/(L + P).

MRI scans, we found, even with the naked eye, that brain
stem is not straight in the sagittal projection, but tends to
turn slightly to the left or right, especially in older patients.
If this is the case, then the pons cannot be in such cases
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regarded as rotational symmetrical at all. To evaluate the
influence of brain stem ‘scoliosis’ on the left-right volume
lateralization, we selected 6 patients from the AD group
with clear turn bias of the brain stem and measured pon-
tine lateralization separately. Although we found greater
rightward laterality in those 6 selected patients, t tests re-
vealed no significant difference compared to the whole AD
group [unpubl. results].

Methodologically, we faced the problem of how to de-
lineate the dorsal and lateral part of the pons. Firstly, we
decided not to use the commonly accepted trigeminofa-
cial line for the lateral border, delineating laterally the
transition from the pons to cerebellar pedunculi, because
in the sagittal projection this line is not visible on the MRI
scans. Secondly, the transition between the pons dorsally
and the tegmentum is visible very well as a gray/white
line, but only on images close to the midline. On further
images, this transition disappears. Therefore, in these
images we approximated the dorsal border via an ellip-
soid curve, copying the shape of the present ventral pon-
tine outline. Furthermore, it would be more appropriate
to say that we measured an approximated volume of the
pontine mass, not the pons as a whole structure. We be-
lieve that this pontine shrinkage is still valuable informa-
tion for neurological evaluation.

We used old criteria for the AD diagnosis evaluation
[9], although we implemented the medial temporal lobe
atrophy score as a modern biomarker of AD evaluation.
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We did not use cerebrospinal fluid markers of AD, since
at the time of collection of our patient group, it was not
regularly performed (since 2001). Although we acknowl-
edge new modern AD diagnostic criteria [10, 15, 16], there
is also controversy concerning their accuracy, especially
in pre-AD settings [17].

Surprisingly, selecting AD patients with an MMSE
score <18 did not yield significantly different results,
compared to the volumes and lateralization of the AD
group with MMSE scores >18 . We expected that the AD
group with an MMSE score <18 would have greater dif-
ferences in volumes and laterality, due to severity of neu-
ropsychological impairment. A possible explanation
could be the relatively low number of patients in the AD
group with an MMSE score <18 (n = 11).

From an overall perspective, the brain undergoes
general volume shrinkage over the course of AD pathol-
ogy [18]. We failed to confirm that hippocampal shrink-
age on the MRI scans would be accompanied (or maybe
started) by similar volume decreases of the brain stem
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structures (pons) and cerebellum. This is not to say that
changes in the brain stem observed by other methods
(immunohistochemistry and molecular biology) may
not prove the onset of AD from there. In accord with the
literature, we confirmed a significant volume decrease
of only the right hippocampus in the AD group (the
whole AD group, as well as AD group with an MMSE
score <18).

For further studies, it appears reliable to perform
manual volumetric hippocampal analysis in multicenter
MRI acquisition as a biomarker of AD versus mild cogni-
tive impairment [19].
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Abstract: We measured the length of the pyramidal neurons in the cortical layer III
in four subregions of the planum temporale (transitions into superior temporal gyrus,
Heschl's gyrus, insular cortex, and Sylvian fissure) in control group and Alzheimer's
disease patients. Our hypothesis was that overall length of the pyramidal neurons
would be smaller in the Alzheimer disease group compared to controls and also
there would be right-left asymmetry in both the control and Alzheimer's disease
groups. We found pyramidal neuron length asymmetry only in controls--in the
transition into the Sylvian fissure--and the rest of the subregions in the control group
and Alzheimer's disease patients did not show size difference. However, control-
Alzheimer disease group pyramidal neuron length comparison revealed (a) no length
difference in superior temporal gyrus transition area, (b) reversal of asymmetry in
the insular transition area with left insular transition significantly shorter in the
Alzheimer's disease group compared to the control group, (c) both right and left
Heschl's gyrus transitions significantly shorter in the Alzheimer's disease group
compared to the control group, and (d) right Sylvian fissure transition significantly
shorter in the Alzheimer's disease group compared to the control group. This
neuronal length measurement method could supplement already existing

neuropathological criteria for postmortem Alzheimer's disease diagnostics.
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We measured the length of the pyramidal neurons in the cortical layer III in four subregions of the planum temporale (transitions
into superior temporal gyrus, Heschl’s gyrus, insular cortex, and Sylvian fissure) in control group and Alzheimer disease patients.
Our hypothesis was that overall length of the pyramidal neurons would be smaller in the Alzheimer disease group compared to
controls and also there would be right-left asymmetry in both the control and Alzheimer disease groups. We found pyramidal
neuron length asymmetry only in controls—in the transition into the Sylvian fissure—and the rest of the subregions in the control
group and Alzheimer disease patients did not show size difference. However, control-Alzheimer disease group pyramidal neuron
length comparison revealed (a) no length difference in superior temporal gyrus transition area, (b) reversal of asymmetry in the
insular transition area with left insular transition significantly shorter in the Alzheimer disease group compared to the control group,
(c) both right and left Heschl’s gyrus transitions significantly shorter in the Alzheimer disease group compared to the control group,
and (d) right Sylvian fissure transition significantly shorter in the Alzheimer disease group compared to the control group. This
neuronal length measurement method could supplement already existing neuropathological criteria for postmortem Alzheimer

disease diagnostics.

1. Introduction

Neurodegeneration in Alzheimer disease (AD) affects struc-
tures of the temporal lobe (MTA) and in particular the
supratemporal plane of the temporal lobe—planum tempo-
rale (PT) (for review see [1]). PT is mostly a heteromodal
auditory association region whose asymmetry is established
by 31 weeks of gestation. Functionally, it is involved in
auditory and spatial objects processing, auditory-motor inte-
gration, music pitch and tune recognition, and sound local-
ization functions [2], and its structural and functional orga-
nization was recently revised. Neuroanatomical and neuro-
physiological evidence suggest subdivision of the PT into
anterior and posterior parts. The anterior part belongs to
the auditory cortex proper supporting spatially related but
not spatially specific functions like stream segregation. The
posterior part is not part of the auditory cortex and it supports
sensory-motor integration of the vocal tract actions [3]. At

the gross anatomy level, the PT exhibits leftward asymmetry
(approx. in 60% of the population) of its length and/or area. In
clinical populations was observed reversal of this asymmetry
in dyslexia and a loss of asymmetry combined with an
increase in right PT size in schizophrenia [4]. Anatomical
changes of the PT in dementia were not extensively studied.
Microanatomical changes were found in the cortex of the PT
in patients with AD in the form of minicolumn thinning,
although this finding was not well correlated with decline in
cognitive functions [5]. Age associated minicolumn thinning
in normally aged people was found in the medial temporal
gyrus and temporal lobe association cortex but not in Heschl’s
gyrus [6]. Our previous anatomical study of PT in AD
revealed overall volume and cortical width decrease in AD
compared to controls together with rightward asymmetry
reversal in AD [7]. We were interested in whether this gross
anatomical finding could be correlated with the histological
level. If so, PT could be another brain region (besides
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the hippocampus, prefrontal cortex, gyrus collateralis, locus
coeruleus of the brain stem, and cerebellum) that is included
in neuropathological examinations in postmortem AD diag-
nostics.

In our present study, we measured shrinkage of layer III
pyramidal neurons in four different parts of the PT (transition
to superior temporal gyrus, transition to Heschl’s gyri, and
transition into insula and posterior part of Sylvian fissure) on
the left and right side. Cytoarchitectonically, the first three
parts are classified as auditory parakoniocortices (internal:
PaAi, external: PaAe, and caudodorsal: PaA) with prominent
granularity in layer IV and sparse layer V. The fourth part
is nonauditory temporal-parietal area—Tpt—occupying the
posterior side of the PT with a weak layer IV and prominent
layer V. The reasons for selecting layer III pyramidal neurons
for shrinkage measurement were anatomical abnormalities
of the PT were observed particularly in the upper cortical
layers I-IIT of the Tpt part of PT in the left hemisphere in
schizophrenics [8], axons of layer III pyramidal neurons do
not project outside the cortex and their apical dendrites are
most prominent, and finally relative homogeneity in the pres-
ence of layer III pyramidal neurons across the PT compared
to other layers.

We expected more prominent pyramidal neuron size loss
in AD compared to controls and also a change towards
rightward asymmetry in AD compared to controls.

2. Materials and Methods

This study uses the same brain PT tissue samples that were
conserved from our past anatomical study on a new volumet-
ric method of AD postmortem diagnosis. Clinical diagnosis
of AD as well as postmortem verification on autoptic tissue,
demographic data, method of extraction of PT samples from
postmortem brains, brain tissue fixation, control patient
characterization, and other data were fully described in our
previous study [7]. Out of 84 formerly studied postmortem
brains, we selected 10 AD PT and 7 control PT (age and sex
matched, similar severity of neuropathological findings in the
case of AD).

Out of each PT embedded in paraplast four samples were
cut at the following anatomical localizations: (1) at the lateral
border as the superolateral margin of the superior temporal
gyrus (STG), (2) at the medial border of the PT at the point
of transition into the insular cortex (I), (3) at the ventral
border at the point of transition into one of the Heschls
gyri (HG), and (4) at the dorsal border at the point where
the Sylvian fissure terminates or bifurcates into posterior
descending ramus (SR) (Figure 1) (for more detailed regional
description see [1]). All samples were cut on a standard
rotary microtome Leica (30 um slice thickness) with the
knife positioned vertically to the cortical surface. Slices
were mounted on poly-lysine coated glass slides and stained
according to standard Nissl cresylviolet staining. Pyramidal
neurons from layer III of the cortex (where most disorgani-
zation was previously reported [6]) were studied on a Leica
DMLB microscope with 10x magnification and images were
digitally captured. Digital images were transferred onto a
standard PC and opened in freeware image analysis program
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FIGURE 1: Example of the PT sample from ctrl and AD group (above
view, left and right control and AD). Four symbols indicate four
positions within the PT where brain tissue was collected and where
pyramidal neurons in the cortical layer 3 were measured (STG, HG,
I, and SR). Ctrl = control group, AD = Alzheimer disease group, L =
left, and R = right. Equations in the lower half of the picture show
asymmetries within ctrl, AD, and between ctrl and AD.

Image J 1.47 (http://rsb.info.nih.gov/ij/download.html) with
implemented stereological tools. Image | was first calibrated
using a calibration slide micrometer (OptixCam, USA).
Length of the pyramidal neurons was measured manually by
PC mouse pointer after software magnification of the images.
Briefly, a thin line was drawn by mouse from the apical den-
drite towards the midst of the base of the pyramidal neuron
where basilary dendrites were emerging. Measured data in
micrometers were stored in the Excel database. All length
measurements were done blind to the status of the AD or
controls using double blind labeling system of the glass slides.

Measured neurons were selected according to their
pyramidal shape and horizontal position. Their length was
estimated by our modification of the nucleator method [9].
Instead of measuring the length of 3 isotropic random lines
from a nucleolus to the cell periphery, we measured a straight
line connecting the apical dendrite with the point on the
opposing cell membrane in between two emerging basilary
dendrites. Criteria for inclusion of pyramidal neuron into
measurement were position in the cortical layer II1, triangular
shape of the cell body and clearly visible whole cytoplasmic
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(a)

e

()

FIGURE 2: Shape of selected pyramidal neurons of the PT cortical layer III from STG, HG, I, and SR subregions. (a) Base of the arrow represents
the starting and tip of the arrow represents the terminating point of the length of the cell body measurement. Tip of the arrow is pointing to
the apical dendrite. Only neurons having at the same time visible apical dendrite, both basilary dendrites emerging from the cell body and full
contour of the cytoplasm membrane with nucleus inside, were selected into measurement. The ratio of the size of cell, basilary dendrites, and
apical dendrite is only for illustration in this picture. (b) Typical pyramidal neuron selected for measurement (in the middle), Nissl stained

section, 30 ym thickness, magnification 400x.

membrane and clearly visible apical dendrite leaving the cell
body and at the opposite side of two or more emerging
basilary dendrites. This way we believe we avoided anisotropy
in the shape and orientation of the sampled neurons as
mentioned in [9]. Such criteria should guarantee horizontal
position of the pyramidal neurons relatively to the camera
view (see Figure 2). Always five randomly selected neurons
were measured in all of the samples (STG, I, HG, SR) on the
left (L) and right (R) sides so we measured 680 neurons in
total.

The data were exported from Excel into Statistica 10 soft-
ware. ANOVA with repeated measures was selected for
control-AD group differences and Newman-Keuls post hoc
analysis for statistical significance [10]. t-test for dependent
samples was used to evaluate R/L asymmetries within control
and AD group. Statistical significance was accepted at P =
0.05.

3. Results

In all subregions (STG, I, HG, SR), length of pyramidal
neurons was higher in the control group compared to the AD
group. Dependent t-test showed that within the control
group, there was R > L length for all subregions except for
I (L > R) (Figure 4). Within the AD group, there was R > L
for STG, reversal of asymmetry (L > R) for HG, decrease of
L > R asymmetry (but still L > R) for I, and R = L for SR.
Comparison of control-AD group by ANOVA with repeated
measures yielded mixed results: no significance in STG, L
AD < L control in I, both L and R AD < control in HG
and R AD < R control in SR (Figure 3). In terms of within
groups asymmetry, we found significance only in the SR of
the control group (R > L).

3.1. STG. R > L in both control (w/o significance) and AD
groups (w/o significance). No significant difference exists
between control and AD groups on both sides.

ctrl-AD; LS means
Wilks lambda = 0.70750, F(8, 70) = 3.6174, p = 0.00143
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals

22

21

20

19

18

17

16 t -

15 ‘

ctrl AD
ctrl-AD

I SRL <+ HGL
= SRR = HGR
= STGL = IL
% STGR IR

FIGURE 3: Lenght of pyramidal neurons in cortical layer 3 of the PT
subregions in control and AD groups for R and L sides. Length of
the cell bodies is in gm. Abbreviations: R: right, L: left, STG: PT
transition to superior temporal gyrus, HG: PT transition to Heschl’s
gyri, I PT transition to insula and SR: PT transition to Sylvian
fissure, ctrl: control group, and AD: Alzheimer disease group.

3.2. . L > R in control (w/o significance) and AD groups
(almost equal, P = 0.78). L is significantly shorter in AD
compared to control group (P = 0.04).

3.3. HG. R> Linthe control group (w/o significance) and L >
R in the AD group (w/o significance). Both R and L are sig-
nificantly shorter in the AD group compared to control group
(R; P=0.001, L; P = 0.01).
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FIGURE 4: Left-right asymmetries in the length of the layer III pyramidal neurons in the PT of the control (left) and AD (right) groups. Y-
axis data are in ym. Data are presented as means + SE. Abbreviations: SR: transition to Sylvian fissure, STG: transition to gyrus temporalis
superior, HG: transition to Heschl’s gyri, I: transition to insula, L: left side, and R: right side. Significance between left and right side estimated
by dependent samples ¢-test at P < 0.05 is marked by .



BioMed Research International

3.4. SR. R > L in the control group (P = 0.04) and R =L
in the AD group (P = 0.98). R is significantly shorter in AD
compared to control group (P = 0.003).

4. Discussion

We measured length of PT cortical layer III pyramidal
neurons in 7 controls and 10 AD patients on postmortem
brain tissue. As mentioned in our previous study [7], PT
tissue samples of AD patients and controls were embedded in
paraplast in 2009, so we expected unavoidable tissue shrink-
age. We presume similar tissue shrinkage due to the same
paraplast embedding protocol for all samples. Also, all para-
plast embedded PT tissue samples were stored in the same
dry boxes at room temperature until sectioning. Interestingly,
although we did not sort out pyramidal neurons according
to their cell body size, our results ranged typically from 15 to
22 ym regardless of AD or control groups. If there would be
a significant difference in shrinkage between samples, then
the neurons would exhibit greater size variability. This is the
reason we did not calculate tissue shrinkage corrections [11].

Our findings show that only one subregion of PT, SR, had
larger cell bodies (R > L) and only in the control group. This
part of the PT is a nonauditory cortex involved in sensory-
motor integration of vocal tract actions [3]. In the AD group
in all subregions, we did not find significant R/L asymmetry.
One region (I) showed that L > R, and one region (SR) is
almost equal to R = L. This is in contrast with a study report-
ing that L > R in controls (cells in the auditory or speech
areas—but only magnopyramidal cells accounting for 10%
of the cells sorted for binomial analysis for hemisphere
lateralization out of great size variability of total pyramidal
neurons were measured [12]). Our observation of the lack of
R/L asymmetry in the AD group could be seen as a decrease
of rightward dominance that is normally present in controls.
Similarly, well-known rightward decrease in hippocampal
volume in AD leads to call-down of normally present asym-
metry in controls [13]. Therefore, the posterior part of the PT
can be another area specifically lesioned by AD, in addition
to the gyrus collateralis, entorhinal cortex, hippocampus, and
brain stem. Due to participation of Tpt in the vocal process-
ing streams, its decreased size layer III pyramidal neurons
could contribute to vocalization problems in patients with
AD in combination with declarative memory impairment.
This would however be valid only for population with right-
ward lateralized auditory and speech centers since we did not
find a decrease in neuronal size on the left side. Reduced
neuronal size in layer IIT of the PT was also observed in bipo-
lar disorder [14] but not in schizophrenia and major depres-
sive disorder, and significance was lost when adjusted for
six layerwise comparisons. Also reduction of somal volume
of the layer III pyramidal neurons of the temporal association
cortex was described in schizophrenia [15], so our finding
may not be limited to the extent of the PT but rather with
overlaps to neighbouring regions. Our observed reversal of
asymmetry in the HG region (R > L to L > R) is opposite to
reversals of PT asymmetry observed in schizophrenia (R > L)

1].

Layer III: external pyramidal layer of the cortex predomi-
nantly contains small- and medium-sized pyramidal neurons
and also nonpyramidal cells. Pyramidal cells are principal
targets of interhemispheric corticocortical afferents and also
a primary source of corticocortical efferents. Rightward later-
alized decrease of their size in AD may not be restricted only
to the layer III, and that could be a topic of further studies.

5. Conclusion

We present neurohistological methodology of measuring
length changes in layer III pyramidal neurons in the PT
(especially in its subparts of I, SR, and HG) in patients with
progressed Alzheimer disease. The data from our previous
study [7] showed right/left laterality in the cortical thickness,
area and volume of the PT in controls, and change into
left/right laterality in the AD group. In the present study, we
found similar right/left laterality in the control group and a
decrease, disappearance, or reversal of this asymmetry in the
AD group. Therefore, gross changes in the PT in AD may
be at least partially attributed to neurohistological changes in
the layer III pyramidal neurons. We suggest that this method
of pyramidal neuron length measurement could be used in
addition to existing clinical neuropathological evaluations of
AD in hospitals.
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Abstract: In clinical practice as well as in many volumetric studies we use different
reorientations of the brain position towards x and y axis on the magnetic resonance
imaging (MRI) scans. In order to find out whether it has an overall effect on the
resulting 2D data, manual hippocampal area measurements and rotation variability
of the brain (in two reoriented axes) and the skull were performed in 23 Alzheimer's
disease patients and 31 healthy controls. After the MRI scanning, native brain scans
(nat) were reoriented into the two different artificial planes (anterior commissure-
posterior commissure axis (AC-PC) and hippocampal horizontal long axis (hipp)).
Hippocampal area and temporal horn of the lateral ventricle was measured manually
using freeware Image J program. We found that 1) hippocampal area of nat images
is larger compared to hipp images, area of the nat images is equal to the AC-PC
images and area of the hipp images is smaller compared to AC-PC images, 2)
hippocampal area together with the area of the temporal horn for nat images is larger
compared to hipp images, area of the hipp images is smaller compared to the AC-PC
images and area of the nat images is smaller compared to the AC-PC images. The
conclusion is that the measured area of the hippocampus in the native MRI is almost
the same as the area of MRI reoriented only into the AC-PC axis. Therefore, when
performing 2D area studies of the hippocampus or in the clinical practice we
recommend usage of not-reoriented MRI images or to reorient them into the AC-PC
axis. Surprising finding was that rotation of both AC-PC and hipp line towards x-
axis among patients varies up to 35° and the same is true for the skull rotation so that

it is not only a matter of the brain position.
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Abstract

In clinical practice as well as in many volumetric studies we use different
reorientations of the brain position towards x and y axis on the magnetic resonance
imaging (MRI) scans. In order to find out whether it has an overall effect on the
resulting 2D data, manual hippocampal area measurements and rotation variability
of the brain (in two reoriented axes) and the skull were performed in 23 Alzheimer’s
disease patients and 31 healthy controls. After the MRI scanning, native brain
scans (nat) were reoriented into the two different artificial planes (anterior
commissure — posterior commissure axis (AC-PC) and hippocampal horizontal long
axis (hipp)). Hippocampal area and temporal horn of the lateral ventricle was
measured manually using freeware Image J program. We found that 1)
hippocampal area of nat images is larger compared to hipp images, area of the nat
images is equal to the AC-PC images and area of the hipp images is smaller
compared to AC-PC images, 2) hippocampal area together with the area of the
temporal horn for nat images is larger compared to hipp images, area of the hipp
images is smaller compared to the AC-PC images and area of the nat images is
smaller compared to the AC-PC images. The conclusion is that the measured area
of the hippocampus in the native MRI is almost the same as the area of MRI
reoriented only into the AC-PC axis. Therefore, when performing 2D area studies of
the hippocampus or in the clinical practice we recommend usage of not-reoriented
MRI images or to reorient them into the AC-PC axis. Surprising finding was that
rotation of both AC-PC and hipp line towards x-axis among patients varies up to 35°
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and the same is true for the skull rotation so that it is not only a matter of the brain
position.

Introduction

Visualization of the medial temporal structures, especially the hippocampus, plays
an important role in the clinical evaluation of the Alzheimer’s disease (AD) [1, 2].
There are numerous methods of hippocampal atrophy classification using
magnetic resonance imaging (MRI) [3]. Most of them utilize frontal sections of
the hippocampus. In order to evaluate hippocampal atrophy in neurological
practice, we often look at the transition from the hippocampal alveus into the
hippocampal body which we call optimal section. At this section we can observe
the area of both hippocampus as well as temporal horn of the lateral ventricle in
its prime (other more frontal or dorsal sections does not fully cover structure).
From our experience the severity of the hippocampal atrophy can be best scored
there. However, the absolute position of the brain structures commonly used for
evaluation, such as anterior and posterior commissure and the hippocampus may
vary for example due to cellular changes accompanying aging process [4].

1.1 Head and brain stabilization and possible bias during MRI
scanning

During MRI scanning of the brain the patient’s head is stabilized in default
position without any movements. Nevertheless, the real position of the head may
differ from one case to another. It may happen so due to a simple rotation of the
head or neck in the sagittal plane. If we rule out head instability during MRI
scanning, among other factors could be the amount of the musculature and the
adipose tissue, difference in the shape of the skull (i.e. dolichocephaly etc.) or the
presence of lordosis/kyphosis of the cervical/thoracic vertebras. But according to
the radiologists’ reports, even the most precise instructions followed by the
patient’s cooperation may not guarantee the same position of the head during
MRI data acquisition, which may lead to a source of variability in MRI studies
[5, 6]. Interestingly, previous research investigating a similar problem in the
functional magnetic resonance imaging (fMRI) studies found that head-
repositioning did not decrease the reproducibility of the results [7]. We were
interested in finding out whether the position of the head plays an important role
in manual area measurements and volumetric software processing. When
considering other brain MRI studies focused on 2D or 3D analysis it is not clear
whether researchers have taken repositioning into account or not. In some
articles, the authors reoriented native MRI scans into the standard orientation
relative to anterior and posterior commissure line (AC-PC) [8—11]. In another
study [12] the MRI images were adapted from a midsagittal sections to the
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brainstem axis. However, in several other articles it is not specified whether the
head was reoriented into the midsagittal axis or not [13, 14]. In order to evaluate
the influence of the head rotation in the sagittal plane on the hippocampal area
measurement, we introduced one more axis — the hippocampal long axis. We
compared it with the commonly used AC-PC axis and native scan (images w/o
any reorientations — as they are after MRI scanning).

We aimed to investigate how much the view of the hippocampus differs in
native and optimal section compared to various axial reorientations that are
commonly used in research and clinical practice. We were also interested in
finding out whether the position of the head can limit the reliability of the MRI
evaluations. Therefore, our goals were firstly to evaluate the rotation of the head
in sagittal axis by comparing hippocampal area measurement of native images to
the standardized AC-PC axis reoriented images and to the hippocampal long axis
reoriented images. Secondly, to evaluate our hypothesis that area measurements in
the hippocampal long axis reorientation of MRI images would yield similar results
compared to the native images and be thus more useful for clinicians, in
comparison with the AC-PC axis reorientation. Thirdly, to find out how much
variability during MRI scanning is there in the skull rotation.

Material and Methods

2.1 Study population

This study utilized 23 patients (average age 76 + 6 years, 8 males and 15 females)
with confirmed AD diagnosis based on the NINCDS-ADRDA criteria [15]. All
patients with AD and 31 healthy seniors underwent MRI of the brain. Both groups
were tested with the following neuropsychological tests: Mini-Mental State
Examination (MMSE), Mattis Dementia Rating Scale, Trail Making Test version
A and B, Disability Assessment in Dementia, 7-Minute Screen, verbal fluency tests
and Edinburgh Handedness Inventory. According to the revised version of
research criteria for the diagnosis of AD [16], we added medial temporal lobe
atrophy score [12], separately for the left and right hemisphere. The control group
consisted of 31 cognitively normal elderly persons (average age 82+ 8 years, 7
males and 24 females), who were either recruited from the Third Age University of
the Charles University at Prague, Czech Republic (educational courses for seniors)
or among healthy volunteers visiting the AD Center at Prague. All of them reached
55 years of age, had Czech as their native language and no self-reported memory
impairments. Exclusion criteria included the history of psychiatric treatment, the
use of psychoactive medications (e.g. antidepressants, neuroleptics, anxiolytics, or
hypnotics), the history of unconsciousness lasting longer than 5 min, seizures, any
serious brain damage (stroke, trauma, neuro-infection, operation, tumor), and
drug/alcohol abuse. Normal cognitive functions were determined using the
MMSE, the 7-Minute Screen and verbal fluency tests (1-min version: 3 phonemic,
with the initial letters of NKP, and 3 semantic, using fruits, animal, and shopping
items). For both groups, the following data were collected: detailed anamnesis,
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mapping potential comorbidities (hypertension, diabetes, cardiovascular diseases,
hyperlipidemia, smoking, kidney and liver diseases, psychiatric illnesses, ictus,
epilepsy and neurological diseases), medical treatment (antidepressants, anti-
psychotics, anxiolytics, hypnotics, nootropics, cognitive treatment and others)
and basic demographic data (living standards, years of education, highest
education). Patients with AD were followed for several years and the healthy
seniors underwent neuropsychological testing bi-annually. All participants signed
an informed consent. The research was approved by the Ethics Committee of the
University Hospital Kralovske Vinohrady, Prague, Czech Republic.

2.2 MRI specifications

Three-dimensional MRI images were acquired on the scanner Siemens Trio 3 T,
TQ-engine gradient system, and 18 RF channels. Acquisition parameters for the
volume analysis were: 192 sagittal layers, 3D sequence MP-RAGE, resolution
0,85 x 0,85 x 0,85 mm, (FOV 326 mm, matrix 384 x 384), TE 4,73 ms, TR

2000 ms, TI 800 ms, declination angle 10° bandwidth 130 Hz/pixel, acquisition
time 10:50 min.

2.3 Area measurement and computer analysis

The MRI images were exported as a multiple data format files into a standard
computer. The MRI images of the brains were then converted into the stack of
files by the MRIcro freeware and analyzed on Image ] freeware. The areas of the
hippocampi in (mm®) and hippocampus with temporal horn of the lateral
ventricle (both at the level of the transition of alveus into the hippocampal body)
were manually delineated independently by two experienced neuroanatomists.
Hippocampal areas solely and collectively with the temporal horn of the lateral
ventricle areas were measured in the three different rotational scan stacks of the
MRI. Firstly, we measured areas in the “native” (nat) unaltered MRI scan stacks
(Fig. 1a) as we obtained it from the MRI scanner. Secondly, we measured areas in
the MRI scan stacks that were rotated using the MRIcro program so that the
hippocampal long axis in the sagittal projection was parallel to the x-axis (hipp).
Finally, the MRI scan stacks once again were rotated using the MRIcro program so
that the sagittal projection line connecting the AC-PC was parallel to the x — axis
(AC-PC). The areas of the hippocampi and hippocampus together with temporal
horn of the lateral ventricle were calculated separately and adjusted to the areas of
the brain and skull at the frontal cross-section at the level of anterior commissure;
to exclude the impact of the brain and the skull size. The areas were adjusted
according to formula (area of the hippocampus/area of the brain (skull) * 100. We
did not observe statistically significant differences between adjusted and non-
adjusted areas (unpublished results) so that we used in the calculations data w/o
brain or skull adjustment.
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Fig. 1. a,b,c Examples of the sagittal view of the right hippocampus on the MRI in one native and two reoriented axis. MRI sections were selected
according to the best visibility of the of the hippocampus on the sagittal sections (its long or dorsoventral axis), a) position of the hippocampus on the “native”
MRI scan, b) reorientation of the “native” MRI scan into the hipo-axis axis (where long axis of the hippocampus is parallel to the horizontal axis), c)
reorientation of the “native” MRI scan into the CA-CP. White lines represent long axis of the hippocampus.

doi:10.1371/journal.pone.0115174.9001

2.4 Anatomical delineation of the hippocampus and temporal horn
of the lateral ventricle

We measured only the area of the hippocampus proper — without subiculum and
parahippocampal gyrus. However, these measurements did include dentate gyrus
due to its close position to the hippocampus on the frontal section (Fig. 2). This
method is in line with a large amount of studies that use a similar protocol for
hipppocampal delineation, for example [17]. The inferior border of the measured
area was a clearly visible line between hippocampus and the grey matter of
parahippocampal gyrus medially and directly caudally white matter of the
subiculum. The caudo-medial border was set as cerebrospinal fluid (CSF) filled
space between hippocampus and crura cerebri on both sides and cranio-medial
border as the point where fornix (included in the measurement) inserts on the
roof of the temporal horn of the lateral ventricle via stria medullaris. The lateral
border of the measured area was a clearly visible round shape of the hippocampus
with dark black color of the cerebrospinal fluid in the temporal horn of the lateral
ventricle.

2.5 Rotation of the AC-PC and hipp axes of the brain

In case of AC-PC axis we measured together controls and AD patients (w/o left or
right side dichotomy since AC-PC axis is midline structure without laterality)
because there are no data in the literature about its impairment in the AD
compared to healthy controls. On the other hand the measurement of the hipp
axis rotation was performed separately in controls and AD patients (with left and
right side dichotomy) due to its well known atrophy in AD compared to the
controls. We opened brain scan files in MRIcro program in mid - sagittal
projection and we rotated the brain so that AC-PC line was parallel to the x — axis
(Fig. 1c). As next step we scrolled from the mid — sagittal projection laterally till
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Fig. 2. Example of manual anatomical delineation of the hippocampus (white line with grey area inside)
and temporal horn of the lateral ventricle (white line with black area inside) on the left and right side.
Coronal sections of the MRI are located at the transition from the alveus of the hippocampus into the
hippocampal body.

doi:10.1371/journal.pone.0115174.g002

we reached long axis of the hippocampus (Fig. 1b). At this point we got the
rotation angle between long axis of the hippocampus and AC-PC line previously
set parallel to x axis. This was done separately for the right and left sides.

2.6 Rotation of the skull (Frankfurt auriculo-orbital plane)

We evaluated the anterior-posterior rotation of the head by Frankfurt plane [18]
which is the most reliable anthropological measure defining position of the
human skull. We measured the angle between a line connecting the upper margin
of meatus acusticus externus with the inferior margin of the orbita on the maxilla
(at the level of equator of the eyeball) and x-axis in the MRIcro program.

Statistics

3.1 Hippocampal area analysis

Statistical analysis was performed for all variables (nat, hipp and AC-PC) by the
non-parametrical Friedman Analysis of Variance (ANOVA) and then each two
variables together by parametrical paired t-test. In case of statistical significance
we continued with Wilcoxon paired test for each grouping (hipp vs nat, AC-PC vs
nat and AC-PC vs hipp). For the evaluation of the Friedman’s test we did
normalization by Kendall’s coefficient of concordance W (0 — no agreement to 1 —
complete agreement).

3.2 Relationship between nat, hipp and AC-PC brain rotations
Rotation of AC-PC axis vs nat axis was evaluated by the histogram (Fig. 3).
Rotations of the left and right hipp axes vs nat axis (separately for controls and
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Fig. 3. Brain rotation variability of AC-PC vs nat on MRI. The extent of the brain rotation in AC-PC vs nat is
shown in decimal degrees on x-axis (— counter clockwise and + clockwise rotation) (p<<0.05).

doi:10.1371/journal.pone.0115174.g003

AD patients groups) (Fig. 4) and rotations of the AC-PC axis vs hipp axis was
evaluated by parametrical paired t-test.

3.3 Relationship between skull rotation and AC-PC brain rotation
The Frankfurt plane variability for the whole group was evaluated by the
histogram (Fig. 5). Similarity as in the case of skull and brain rotation (for the
whole group) statistics was evaluated by dependent paired t-test (Frankfurt plane
vs AC-PC axis) (Fig. 6).

Results

The area of the hippocampal cross-section was measured in 54 subjects (31
controls and 23 AD patients of heterogeneous age category) in three types of brain
rotation (nat, hipp and AC-PC) so that for each brain rotation (3x) we accounted
216 area measurements (2 x 108 - left and right together). Hipp axis rotation
variability was measured separately on the left and on the right in controls (n=31)
and AD patients (n=23). Nat and AC-PC axes rotation variability were calculated
as one group (w/o sidedness and grouping effects).
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Vertical bars denote 0,95 confidence intervals
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Fig. 4. Brain rotation variability of hipp vs nat on MRI. Data showing difference between left and right hipp
axes (in the left and right hemisphere). There is a significant difference between left hipp axis rotation in the
AD patients compared to the controls (p=0.008). The right hipp axis rotation in the AD patients compared to
the controls are not significant (p=0.08). ANOVA F (2, 51) =2.54.

doi:10.1371/journal.pone.0115174.g004
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Fig. 5. Skull rotation variability in MRI. Skull dorsal and ventral skull rotation expressed as Frankfurt plane
angles in decimal degree on x-axis (- counter clockwise rotation or dorsal and + clockwise rotation or ventral).

doi:10.1371/journal.pone.0115174.g005
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Fig. 6. Relationship between brain and skull rotation. The brain rotation in AC-PC axis and the skull
rotation (Frankfurt plane) exhibit a similar degree of variability (- counter clockwise or dorsal). AC-PC axis,
Mean =-8.57°, SE=9.2°. Frankfurt (auriculo-orbital) plane, Mean =—16.3°, SE=8.02".

doi:10.1371/journal.pone.0115174.9006

4.1 Effect of brain rotations on the extent of hippocampal cross
section area

There was no significant difference between the measured area of hippocampus in
nat compared to AC-PC (p=0.82, W=0.17). On the other hand, the area of the
hippocampus in nat was larger than the area in hipp (p<<0.05, W=0.17). The area
of the hippocampus in hipp was smaller compared to the area in AC-PC (p<<0.05,

W=0.17) (Fig. 7).

4.2 Effect of brain rotation variability on the extent of the area of
hippocampus and ventricle

We found a significant difference between nat compared to hipp (p<<0.05,
W=0.27) as well as between hipp compared to AC-PC (p<<0.05, W=0.27). This is
on the contrary to the hippocampal area measurement only, where we found also
a significant difference between nat compared to AC-PC (p<<0.05, W=0.27)

(Fig. 8).

4.3 Relationship between nat, hipp and AC-PC brain rotations and
skull rotation

The degree of the AC-PC axis rotation vs nat varies from —27°to +16° (Fig. 3).
On the contrary we found that both the left and right hipp axes are rotated largely
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Fig. 7. Effects of the brains rotations on the area measurements of the hippocampus on the MRI. Three
groups are presented on the x-axis — nat (as the unaltered MRI scans were exported for 2D area analysis),
hipp (x-axis is parallel to the long axis of the hippocampus) and AC-PC (x axis is parallel to the line connecting
anterior and posterior commissure). On the y-axis, 2D area values of the hippocampi in mm? are presented.
Results are presented as median + min-max.

doi:10.1371/journal.pone.0115174.g007

ventrally (+) and fewer dorsally (—). We also found that the left hipp axis in
controls is rotated significantly more ventrally than the left hipp axis in AD
patients (p=0.008). Similarly, although without statistical significance, the right
hipp axes in controls compared to AD group are also rotated more ventrally
(Fig. 4).

We found that skull was rotated almost exclusively dorsally (—), only in one
case ventrally (+) (Fig. 5). Comparison of the brain rotation in AC-PC axis vs
skull rotation showed similar degree of variability (AC-PC, Mean —8.57°, SE 9.2°
and Frankfurt plane, Mean —16.3° SE 8.02°) (Fig. 6).

Discussion

We evaluated effects of the rotation of the head in the sagittal plane on the manual
2D area measurements of the hippocampus that could lead to incongruent results
between MRI evaluations where the manual delineation of the structures is
deployed. After all we did not find any significant statistical differences in the
areas of the hippocampus (AC-PC vs nat), measured on the regular coronal plane
images (in the transition of the alveus into the body of the hippocampus). This
contrasts with a simple observations made by the naked eye, where the shape of
the hippocampus and temporal horn of the lateral ventricle seems different in all
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Fig. 8. Effects of the brain rotation variability on the extent of the cross-section area of hippocampus
and ventricle on the MRI. On the x-axis, three groups are presented — nat (as the unaltered MRI scans were
exported for the 2D area analysis), hipp (x-axis is parallel to the long axis of the hippocampus) and AC-PC (x-
axis is parallel to the line connecting anterior and posterior commissure). On the y-axis, 2D area values of the
hippocampi in mm? are presented. Results are presented as median + min-max.

doi:10.1371/journal.pone.0115174.g008

the three brain rotations. Besides this, neither the hippocampus nor temporal
horn of lateral ventricle is rotationally symmetrical in all the geometrical
projections (frontal, sagittal, horizontal). Also, we found distinct, yet not
significant differences between the areas of the hippocampus compared to the
hippocampus with temporal horn of lateral ventricle. This could be possibly
explained by effect of the higher total area; leading to the higher impact on the
overall brain position. Furthermore, we included into the measurements together
the controls, AD patients, different age categories and left-right hemispheres since
our interest was in the effect of the regional geometry on the areas (which is often
the case in most of MRI volumetric studies). Taken these differences in
categorization into account, AD patients have generally larger volumes of the
temporal horn of the lateral ventricle compared to healthy controls [12]; therefore
more patients with this diagnosis could have larger areas and thus possibly leading
to the different results. We did not try to measure volumes of the whole
hippocampus and/or whole volume of the temporal horn of lateral ventricle, since
the effect of the brain rotations would manifest in terms of absolute values and
this way it would be eventually nullified. Assessing our eventual experimental
limitations, we worked with magnetic resonance images from the same institute
and the same magnetic resonance scanner. This could add to the causes biases,
since different setups and protocols in different radiology/MRI departments may
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lead to incongruent results. Moreover, we did not measure the effects of the lateral
head/brain rotation, whose effect may have similar impact on the area
measurement as the sagittal rotation.

If we stop thinking of the previously discussed rotations of the head or brain
during MRI processing, further rotations could be conceived for different good
reasons (i.e. change of the angle of the coronal plane of the MRI stack, to see
better borders of the hippocampus, etc.) within the stereological software itself.
We are not certain, whether it is possible to calculate how much we can afford to
rotate the brain within the stereological software, while not changing 2D area
results significantly. In another words, it is still unknown how large is the interval
within which we can afford to manipulate the rotation of the brain, while still
getting undistorted area results. Once this information is known, then we can rely
more on inter reliability of different studies on the volumes of hippocampus,
regardless of different view angles. This would be another interesting topic to be
further studied. In addition to the previously discussed biases, our research was
performed using only one MRI scanner, and it would be impossible to conclude
that similar results could be obtained by the MRI scanners worldwide. Therefore it
is necessary to perform similar measurements on different MRI scanners to find
out whether these differences exist.

Unexpected finding was high inter — individual variability in the brain and skull
rotations in the MRI (up to 35°). Both AC-PC vs nat as well as hipp vs nat and
skull rotations showed similar trend. This finding was very surprising. In case of
the skull rotation we used reliable method for its evaluation (Frankfurt plane is
considered to be the most reliable skull anthropological measure) so that it would
be easy to explain this phenomenon by a wrong head fixation protocol during the
MRI processing. But our results from hipp vs nat rotation showed significant
decrease in the dorsal brain rotation (or just its temporal lobe) in AD patients,
especially on the left side. This finding is consistent with the overall hippocampal
volume decrease in AD but it is showing more. It appears that hippocampal
volume shrinkage may have specific effect on the position of the brain inside the
skull, especially in the middle cerebral fossa where the temporal lobe resides. It is a
matter of dispute what exactly accounts for the variability of the brain position
inside the skull or if this could be attributed to the differences in the skull position
or also to geometrically specific tissue shrinkage. If this is the case then any
normalization of the brain positions are questionable because of the great
variability in the tissue torsion, elongation and eventually not yet recognized
patterns of the brain internal geometry variations. We did not find any suitable
reference in the current literature describing similar anatomical features.

Conclusions

In order to quantify the effect of 3 different brain positions (native position and
position according to hippocampal long axis or AC-PC axis) on the hippocampal
area measurement, we rotated the brain manually in the MRIcro program prior to
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the area measurements of the hippocampus alone and hippocampus with the
temporal horn of the lateral ventricle. We found differences of the brain/head
position in the sagittal plane in the native MRI stacks (unavoidable rotations of
the head during MRI data acquisition). Also we found significant effect of the 1st
artificial rotation (hipp axis) on the manual volumetric area measurements of the
hippocampus and significant effect of the 2nd artificial rotation (hipp vs nat and
AC-PC vs nat) of the hippocampus with temporal horn of the lateral ventricle in
the frontal plane. In other words, reorientation of native MRI images into AC-PC
axis does not make any significant difference on the measurements of the
hippocampal area. However, this does not say other MRI scanners would produce
the same results. We recommend performing similar measurements on several
different MRI scanners for comparison. Regardless of this we presume, that
inevitable head rotation of the patient (due to for example the size of the posterior
neck muscles) does not have significant impact on the measurements of areas of
the medial temporal structures. For the routine area measurements we can use
“native” images and the reorientation of images into the standardized AC-PC axis
is not crucial in the research or clinical practice. The head may be flexed dorsally
or ventrally due to the volume of the neck muscles or adipous tissue on the back
or due to different shape of the skull (dolichocephaly, microcephaly, etc.) and
maybe for plenty other reasons. The brain may suffer inconsitent atrophy of the
temporal lobe or the frontal lobe or cerebellum (although in the cerebellum we
did not observe significant atrophical changes [2]. Also the amount and volume of
the CSF in the interventricul or subarachnoid space may contribute to change in
the shape or volume. Furthermore, insertion of the dura mater on the periost
inside the skull may differ significantly and this may affect the volume of the
subdural or epidural space. This may cause for example ventral or dorsal torsion
of the frontal lobe (sometimes reffered to as Yakovlevian torsion), which would
lead to the higher AC-PC rotation angle compared to the hipp rotation angle or
viceversa. In the case of the temporal lobe atrophy there would be increased
rotation angle between AC-PC vs hippo due to the descensus of the whole
temporal lobe together with hippocampus into the middle cerebral fossa. Taken
together we came to the conclusion, that it is hardly possible to account for all
possible effects and so it is questionable if any normalizations and brain subparts
delineations in volumetric studies are valid as presented in the literature.
Nevertheless, we found that the area of the hippocampus in the optimal section in
native is statistically comparable to the area of the hippocampus reoriented into
the AC-PC, which is according to literature taken as standard procedure. For
clinicians this reorientation is a relatively complicated and time consuming
process, therefore we see the advantage of our results for simplification of the
clinical practice.
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Abstract: We studied volumes and other parameters of lateralized and non-
lateralized brain regions by FreeSurfer v5.2.0 and v5.3.0 automated segmentation
software in patients with Alzheimer's disease (AD) and the normal elderly people. In
many analysed structures eg. putamen, pallidum, cerebellar grey matter, number of
the cortical holes we found non significant difference between AD group and control
group. Only in some structures we found statistically significant differences between
the control group and the AD group, eg. in overall brain cortical area, size of the
fourth ventricle, volume of the cerebrospinal fluid, left inferior horn of the lateral
ventricle, nucleus accumbens, amygdalar complex. Interestingly, righ-left
asymmetries showed different results in case of AD group and control group. In AD
group we found significant difference in the number of the cortical holes between
left and right side and asymmetrical volumes in case of lateral ventricles and
amygdalar complex. In control group we found significant difference in the
cerebellar white matter and cerebellar cortex. Two robust findings of ours was 1)
bilateral decrease of the volume of nucleus accumbens in AD group compared to
control and 2) absence of asymmetrical volume increase of the temporal horn of the
lateral ventricle — that suggests that lateralized volume increase of the lateral
ventricles in the AD has to be attributed to either cornu frontale, pars centralis or

cornu occipitale.



Introduction

FreeSurfer (FS) automated reconstruction of the brain structures (Van Leemput et
al., 2009) seems to be a new promising tool in the diagnostics of the Alzheimer
disease (AD). However, automatization of the brain structures bordering using
different pre-made atlases (Talairach, Tournoux) may pose a problem of
discrepancies between actual structures and approximated ones. In the literature
there are reports of three cathegories concerning the validity of automated brain
parcellations: a) the manual segmentation is to the present moment more precise
compared to the automated one, b) both manual and automated segmentations are
equivocal in their results and finally, ¢) automated segmentation is more advanced
and precise compared to the manual one. In our study we tried to evaluate automated
FS volume segmentation of AD patients compared to the normal elderly in terms of
the most lateralized and non-lateralized structues of the brain that more or less have
precise anatomical borders towards white matter. Rarely in the literature is
mentioned lateralization of volume changes of structures in AD patients. Therefore
we included detailed analysis of the asymmetrical nature of these changes both in
AD group and control group. We also presumed to find more pronounced right-left
asymmetry in most of the studied structures in the AD group compared to the

controls.

Materials and methods

Diagnosis of AD

We evaluated 26 patients with diagnosis of probable AD based on NINCDS-
ADRDA criteria (McKhann et al., 1984). All patients with AD and 27 normal
seniors underwent MRI of the brain. Both groups were tested with the following
neuropsychological tests: Mini-Mental State Examination (MMSE), Mattis
Dementia Rating Scale, Trail Making Test version A and B, Disability Assessment
in Dementia, 7-Minute Screen, verbal fluency tests and Edinburgh Handedness
Inventory. According to the revised version of research criteria for the diagnosis of
AD (Dubois et al., 2007), we added medial temporal lobe atrophy score (Scheltens et
al., 1992), separately for the left and right hemisphere.



Personal Characteristics of the Control Group and the AD Patients

The control group consisted of 27 cognitively normal elderly controls who were
either recruited from the Third Age University of the Charles University at Prague,
Czech Republic (educational courses for seniors) or among healthy volunteers
visiting the AD Center at Prague. All of them reached 55 years of age, had Czech as
their native language, and no self-reported memory impairments. Exclusion criteria
included a history of psychiatric treatment, the use of psychoactive medications (e.g.
antidepressants, neuroleptics, anxiolytics, or hypnotics), a history of episodes of
unconsciousness lasting longer than 5 min, seizures, any serious brain damage
(stroke, trauma, neuro-infection, operation, tumor), and drug/alcohol abuse. Normal
cognitive functions were determined using the MMSE, the 7-Minute Screen and
verbal fluency tests (1-min version: 3 phonemic, with the initial letters of NKP, and
3 semantic, using fruits, animals, and shopping items) (Budson et al., 2011). For
both groups, the following data were collected: detailed anamnesis, mapping
potential comorbidities  (hypertension, diabetes, cardiovascular diseases,
hyperlipidemia, smoking, kidney/ liver diseases, psychiatric illnesses, ictus, epilepsy
and neurological diseases), medical treatment (antidepressants, antipsychotics,
anxiolytics, hypnotics, nootropics, cognitive treatment and others) and basic
demographic data (living standards, years of education, highest education). Basic
biography characteristics about patients are summarized in Table 2. The normal
elderly and AD patients were followed up for several years and annually underwent
some neuropsychological examinations. All participants signed an informed consent.
The research was approved by the Ethics Committee of the University Hospital
Kralovske Vinohrady, Prague, Czech Republic.

MRI Specifications

Three-dimensional MR images were acquired on a scanner Siemens Vision 1.5T by
magnetization-prepared rapid gradient echo sequence in the sagittal plane, software
version VB33G, voxel size 1 x 1 x 1 mm, number of slices 160, TE 7 ms, TR 2.130
ms, matrix 256 x 256 and flip angle 10°.

FreeSurfer (FS) analysis
Analysis was performed on single table PC (Debian Linux 3.2.46-1 x86 64

operating system) with two installed versions of FreeSurfer (freesurfer-Linux-



centos4 x86 64-stable-pub-v5.2.0 and v5.3.0 program,
http://surfer.nmr.mgh.harvard.edu/). DICOM MR images from the scanner of the
controls and the AD patients were converted into FS program *.mgz files by
mri_convert command. Full images reconstruction (cortical and subcortical areas,
brain stem, cerebrospinal fluid, ventricles, white matter) was done by recon —all
command. Recon —all procedure failed in 2 control MRI — these were removed from
analysis. Volume datasets for statistical analysis were taken from /stats directory
(aseg.stats, lh aparc.stats, etc.) within FS program and exported into Statistica 10

software.

Statistics

ANOVA with repeated measured was used for left and right volumes in both
controls and AD groups followed by Newman-Keuls post hoc analysis. For non-
paired structures (brain stem volume, CSF volume, volume of the third and fourth
ventricle) t-test for independent samples was used. Lateralization between left and
right side for both the AD group and controls we evaluated by t-test for dependent
samples. Statistical significance was accepted for the p<0,05*, p<0,01** and

p<0,001*** levels.

Results

Volumetry and cortical defects

We evaluated lateralized and non-lateralized brain structures in 26 patients with AD
and in 27 normal elderly people. Most of the lateralized brain structures showed
expected volume decrease in the AD group compared to controls - number of
cortical defects (cortical holes defined as incongruencies in the structure of the gray
matter of different origin — vascular lesions, atrophic foci, lacunae etc.) (Fig. 1),
volumes of the whole cerebral cortex (Fig. 2), lateral ventricle (Fig. 3), inferior horn
of the lateral ventricle (Fig. 4), cerebellar white matter (Fig. 5), whole cerebellar
cortex (Fig. 6), caudate nucleus (Fig. 7), putamen (Fig. 8), pallidum (Fig. 9),
amygdalar complex (Fig. 10) and nc. accumbens (Fig. 11). For the non-lateralized
brain structures we evaluated volumes of the third ventricle (Fig. 12), the fourth
ventricle (Fig. 13), volume of the cerebrospinal fluid (Fig. 14) and the whole brain
stem (Fig. 15).



Statistically significant volume decrease of selected structures in AD group
compared to controls were found in the case of brain cortical area (both left and right
hemispheres, p<0,001), lateral ventricles (left side, p<0,001 and right side, p=0,002),
inferior horn of the lateral ventricle (left side, p<0,001), cerebellar white matter
(right side p=0,03), caudate nucleus (right side, p=0,02), amygdalar complex (left
side, p<0,01 and right side, p=0,02), nucleus accumbens (left side, p<0,001 and right
side, p=0,001), lower volume of cerebrospinal fluid in ctrl compared to AD
(p=0,001) and smaller volume of brain stem in AD compared to ctrl (p=0,03), see
Table 2.

Left-right asymmetry within AD group and control group

For the AD group we found significant laterality between left and right side only in
the case of number of the cortical holes (left > right, p=0,02, Fig. 16), volumes of the
lateral ventricles (left > right, p=0,01, Fig. 17) and volumes of the amygdalar
complex (right>left, p=0,02, Fig. 18).

For the control group we found significant laterality between left and right side only
in the case of cerebellar white matter (right>left, p<0,001, Fig. 19) and cerebellar
cortex (right>left, p=0,02, Fig. 20).

Discussion

We used FreeSurfer automated procedure for volumetric measurement of the major
important structures of the human brain whose volume decrease is often used for AD
evaluation. Our hypothesis was that we find volume decrease of generally all
measured structures, especially smaller amygdalar complex but increased volume of
the ventricles in AD patient compared to controls. As expected our results are in
agreement with general concept of structural brain volume decrease in AD so far (de
Jong et al., 2008; Philippi et al., 2012). In order to rule out artifacts of the
mathematical processing we used two consecutive versions of the FS program —
v5.2.0 and v5.3.0. and both runs gave exactly the same data results. After discussion
with the creators of the FreeSurfer software (MGH/HST Athinoula A. Martinos
Center for Biomedical Imaging) we came to conclusion that several of the brain
regions anatomical borders needs to be improved in the software in order to give
even more reliable results. An attempt for neurohistological collocalization of the

hippocampal formation subfields with the high-resolution ex-vivo MRI already led



to significant improvement of its borders within FS environment (Adler et al., 2012).
Nevertheless in the cases of the severe brain tissue impairment due to the AD
atrophy borders of the brain structures may become undistinguishable. On the other
hand, a comparison of the manual and automated segmentation of the temporal lobe
structures in the AD, MCI and control groups focused mostly on the cortical areas
(entorhinal, perirhinal and parahippocampal cortices plus hippocampal formation)
showed close overlap in the bordering of the structures (Insausti et al., 2011).
Similarly, comparison of manual and automated determination of hippocampal
volumes in MCI and early AD showed that both methods derived highly correlated
results with strong agreement. After controlling for the age, sex and intracranial
volume in statistical group analysis, both the manual tracing and FreeSurfer methods
yield similar patterns (Shen et al., 2010).

Structural volume loss between AD group and control was bilaterally significant in
nucleus accumbens (similarly as in Pievani et al., 2013) and only slightly significant
in nucleus caudatus on the right side. These two neighbouring structures have
different function. Both belong to the basal nuclei but nucleus accumbens is part of
reward system and nucleus caudatus belongs to motor regulation circuit.

Analysis of the volume structural lateralization showed difference between AD and
control group. In case of the control group we found asymmetrical distribution only
in the cerebellar white matter and cerebellar cortex. In case of the AD group we
found asymmetrical distribution of number of the cortical holes between left and
right side and asymmetrical volumes in case of lateral ventricles and amygdalar
complex. Dissapearance of the cerebellar white matter and cortical volumes
laterality in case of the AD group could be explained by rather assymetrical loss of
the both volumes during disease progression (Colloby et al., 2014). Also in AD
group we found higher volume of the left lateral ventricle compared to the right one.
Analysis of the inferior horn of the lateral ventricle itself showed no such significant
asymmetry, although non-significant higher volume of the left ventricle compared to
the right one was present. This suggests that volume of the inferior horn of the
lateral ventricle does not play crucial role in the asymmetry of the lateral ventricles
in the AD. Other parts of the lateral ventricular system has to account for this
asymmetry. We do not know presently which part would it be - cornu frontale, pars
centralis of the lateral ventricle or cornu occipitale. As expected we found

pronounced rightward asymmetry of the amygdalar complex in the AD group while



in the control group we did not observe any asymmetry of the amygdalar complex.
We presume that this accompany similar distribution of volume loss and rightward

asymmetry of hippocampal formation in AD patients (Mrzilkova et al., 2012).

Conclusion

We observed left-right asymmetry in number of cortical holes, volume of the whole
lateral ventricle and right-left asymmetry in volume of the amygdalar complex in
AD group. Interestingly, this does not overlap at all with asymmetries in control
group where we found right-left asymmetry in cerebellar cortex and cerebellar white
matter. Another important finding was higly significant bilateral volume decrease of
nucleus accumbens and amygdalar complex in the AD group compared to the
control. We failed to observe increased right-left laterality of the volume loss in

many structures in AD group compared to controls.
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Control group AD group
Number of | 27 26
subjects
age (years) 70/66 (60-79) 74/77 (57-81)

females (%) 80 62
12/13 (12-19) 13/12 (8-20)

education (years)

mostly  University  with | mostly University w/o

graduation graduation
Dominant  right | NA/100 (only one subject | NA/100  (all  right
hander * 40) handers)
Illness duration | NA 2.9/3 (0-6)
(years)
MMSE (body) 29.3/29.5 (26-30) 16.5/19 (2-26)
MDRS (body) 141/141 (133-144) 90/98 (8-129)
TMT A (sec) 37/38.5 (19-76) NA
TMT B (sec) 90/88 (38-177) NA

DAD (%)

100/100 (NA)

62/64 (7-80)




Table 1. Clinical and neuropsychological characteristics in control and AD group.
Data are stated in the format of average/median (minimum-maximum). MMSE —
Mini Mental State Examination, MDRS — Mattis Dementia Rating Scale, TMT A,B
— Trail Making Test version A, B, DAD — Disability Assessment in Dementia —
percentage of maintenance of the daily activities, na — not available or not found, *

expressed in % according to Edinburgh Handedness Inventory.

Brain cortical area Left hemisphere Right hemisphere

AD<ctrl p<0.001*** AD<ctrl w/o significance
Lateral ventricle Left side Right side

ctrl<AD p<0.001*** ctrl<AD p=0.002%**
Temporal horn of the | Left side Right side
lateral ventricle ctrl<AD p<0.001*** ctrl<AD w/o significance
Cerebellar white | Left hemisphere Right hemisphere
matter AD<ctrl w/o significance AD<ctrl p=0.03*
Caudate nucleus Left side Right side

AD<ctrl w/o significance AD<ctrl p=0.02*
Amygdalar complex Left side Right side

AD<ctrl p<0.01** AD<ctrl p=0.02*
Nucleus accumbens Left side Right side

AD<ctrl p<0.001*** AD<ctr]l p<0.001***
Cerebrospinal fluid Volume in ctrl<AD p<0.001***
Brain stem Volume in AD<ctrl p<0.03**

Table 2. Structures whose right or left side shows statistically significantly volume
changes in AD group compared to control on FS. In table not included structures

with non significant volume changes.
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Fig. 1 Overall number of brain
cortical holes in ctrl vs AD. ANOVA
w repeated measures F(2.44) p=0.16.
Post hoc Newman-Keul p=0.06 (L),
p=0.1 (R). Data on y axis are in
absolute numbers.

Fig. 2 Overall brain cortex area in
ctrl vs AD. ANOVA w repeated
measures F(2.44) p=0.001***, Post

hoc Newman-Keul p<0.001*** (L),

p<0.001* (R). Data on y-axis in mm?>.
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Fig 4 Volume of inferior horn of the
lateral ventricle in ctrl vs AD.
ANOVA w repeated measures F(2.44)
p<0.001. Post hoc Newman Keul
p<0.001 (L)*** and p<0.001 (R)***.
Data on y-axis in mm?.
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repeated measures F(2.44) p=0.09.
Post hoc Newman Keul p=0.11 (L)
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Fig 6 Volume of cerebellar cortical
grey matter in ctrl vs AD. ANOVA w
repeated measures F(2. 44)=1.1693,
p=.32005. Post hoc Newman Keul
p=0.23 (L) and p=0.15 (R). Data on y-
axis in mm?.
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Fig 7 Volume of caudate nucleus in
ctrl vs AD. ANOVA w repeated
measures F(2, 44)=2,8071, p=,07122.
Post hoc Newman Keul p=0,07 (L)
and p=0,02 (R)*. Data on y-axis in
mm?.

Fig 8 Volume of putamen in ctrl vs
AD. ANOVA w repeated measures
F(2, 44)=1,4760, p=,23965. Post hoc
Newman Keul p=0,18 (L) and p=0,09
(R). Data on y-axis in mm3.
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Fig 9. Volume of pallidum in ctrl vs
AD. ANOVA w repeated measures
F(2. 44)=1.6472. p=0.20425. Post hoc
Newman Keul p=0.43 (L) and p=0.07

(R). Data on v-axis in mm?.

Fig 10. Volume of amygdala in ctrl vs
AD. ANOVA w repeated measures
F(2. 44)=4.4391. p=.01753. Post hoc
Newman Keul p<0.01 (L)** and

n=0.02. (RY* Data on v-axis in mm3
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Fig 13. Volume of the 4th ventricle in
ctrl vs AD. T-test for independent
samples by groups p=0.4. Data on y-

axis in mm®.

Fig 14. Volume of the CSF in ctrl vs
AD. T-test for independent samples by
groups p=0.001***, Data on y-axis in

mm’.
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Fig 15. Volume of the brain stem in Fig 16. Laterality of cortical holes in
ctrl vs AD. T-test for independent AD group. T-test for dependent
samples by groups p=0.03**. Data on samples by groups p=0.02**. Data on

y-axis in mm?. y-axis in absolute numbers.
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Fig 17. Laterality of volume of the
lateral ventricle in AD group. T-test
for dependent samples by groups

p=0.01**, Data on y-axis in mm>.

Fig 18. Laterality of amygdalar
complex in AD group. T-test for
dependent samples by groups

p=0.04**, Data on y-axis in mm3,
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Fig 19. Laterality of cerebellar white
matter in ctrl group. T-test for
dependent samples by groups
p<0.001***, Data on y-axis in mm?>.

Fig 20. Laterality of cerebellar cortex
in ctrl group. T-test for dependent
samples by groups p=0.02*. Data on
y-axis in mm?>.




	2014-MRZILKOVA-Plos-One.pdf
	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Figure 1
	Section_9
	Section_10
	Section_11
	Section_12
	Figure 2
	Section_13
	Section_14
	Section_15
	Figure 3
	Figure 4
	Figure 5
	Section_16
	Section_17
	Figure 6
	Section_18
	Figure 7
	Figure 8
	Section_19
	Section_20
	Section_21
	Section_22
	Section_23
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18




