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Ill. Introduction

The hypophysiotropic TRH neurons are the maigentral regulators of the
hypothalamuspituitary-thyroid (HPT) axis[1]. TheseTRH neurons are located in the
hypothalamic paraventricular nucleus (PV[2-4], integrate neuronal and humoral
signals and serve as a final common pathway in the regulation of the hypothalamic
pituitary-thyroid axis[5]. The axonsof the hypophysiotropic TRH neuromsrminate
outside the bloodbrain-barrier(BBB) in theexternal zone of theedian eminencéME)
where TRH is secreted to tipertal capillary system of the anterior pituitd]. From
these blood vessel§RH enters to the extracellular spacehe pituitary,andstimulates
the synthesis andecretion othyroid-stimulating hormoneT(SH) [5], the hormonéhat
regulates the hormone production of thyroid glafthyroid hormones(THs) have
widespread biological actioniacluding the regulation of energy metabolism through
influencing the basal metabolic rate, adaptive thermogenesis and feeding bahdvior
regulation of the development and normal functioning of the central nervous system
(CNS)[7-11].

1.Thyroid hormonesmetabolism, signaling and effects
1.1.The metabolisrof THs

Thyroid hormones 3 , 3thigd&hyronin (T3) andyroxine (T4) - are synthesized
in the follicles of thyroid gland by iodination of tyrosinesidues of thyroglobulifil2].
Although T4 isthe predominant product of the thyroid glad@® is the form of thyroid
hormones that cabind to thyrod hormone receptsrwith high affinity [13]. The
activation ofthyroid hormones by conversion of T4 to T3 and the degradation of these
hormones are catalyzed by deiodinase enzyjii@sl4]. Theseenzymes are critical for
the regulation of thyroid hormone levels in the circulating blood, but also for the tissue
specific, local regulation of thyroid hormone availabi[ity].

All  three known deiodinase enzyme$¢D1-3) are selenoproteins containing
selenocysteine residuetimeir activesite[16].

Type 1 deiodinase (DTan remove iodine from both the inner and outersraig Hs,
forming either T3 or the inactive reverse T3 (rT3) from T4 or convert T3 to the ieactiv

diiodothyronin (T2 [14, 16]. Since this enzyme can both activate and inactivate thyroid
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hormones,it has the leastclear physiological role in the deiodinase protein family.
Because D1 is able to convert T4le considerably activE3, initially it was thought to
be the main soura# extrathyroidal T3[16, 17]. Recently, howeveimcreasing evidence
indicatesthat D1 contributes significantly to the circulating T3 concentration anly
hyperthyroid patients, but not imealthy subject$18, 19]. Therefore currentlyD1 is
considered a thyroid hormone inactivating enzymeuthyroid conditions byproducing
inactive rT3 orT2 [14]. The liver and kidney, where Ddarticipates in the clearance of
TH derivativescontainsa relatively lage concentration ahis enzyme, but D1 is also
present in the anterior pituitgrytestine, placenta and thydayland[16, 20]. In rats D1
is also present in the cerebral cortexh relatively low activity but in humas, D1 is
absent from the CNR1, 22].

The main source of exttayroidal T3 is type 2 deiadase D2) that convers T4 to
T 3 b-monddé&odinatiorof the outer ring of the moleculd4, 18]. In addition to
regulatng circulating T3 concentrationhis deiodnase enzymalsoplayscritical role in
theorgan specific regulation of T3 availability5]. Although the adequate level of T3 is
essential for the sufficient neuronal activily3 can be transported through thBBB
remarkablylessefficiently than T4[23]. More than75% of T3 in the cortex is generated
locally by D2 catalyzed conversion of T4 to T24]. In humanD2 i s the only
deiodnase in the braifl5]. In accordance with this cardinal role, bds a widespread
expressionn thebrain[15, 16]. D2 is expressedredominantly in gliaelementsof the
neuronal tissue, such as tanycytes and astro@&gsThese glial cells have crucial role
in the maintenance of the adequate T3 level in the {2]S Tanycytes arespecialized
ependymalcells located in thebasal and lateral walls of the third ventrigte the
hypothalamu$26]. Hypothalamic D2 expressiongencentrated in the median eminence
andarcuate nucleus, where D2 is expressed primarily in tanyfytgsD2 activity is
absent frommost hypothalamic regions including the PVN where the hypophysiotropic
TRH neurons residg7]. This distribution of D2 isn contrast with the homogenous D2
expressn of astrocytes in other brain regidi&y-29]. D2 canalso be foundat high
levels in the pituitary, brown adipose tissue (BAT) and placeatalalsooccurs in the
gonads, pineal gland, thymus, mammary glaedonary artery and smooth muscle cells
of the aortd15, 16].
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In contrast to the role ofD2, the primarily function ofhe type 3 deiddase D3) is the
local inhibition of TH signalization bynactivation of THs. D3 performs inner ring
deiodnation converting T4 to rT3 and T3 to T[A5, 16]. This deiodnase enzyme is
primarily expressed in neurons in the ChisereD3 playsanimportant roldoy protecing
neurons frontheexces of T3[14, 3(]. In the brain D3 mRNA can be observetidely
in the cerebral cortex, hippocampal pyramidalszajranule cells of the dentate and
pyriform cortex In addition, lower level ofD3 expression can be found in hypothalamic
neurong 15, 16, 31]. Although the main function of D3 is to protect tissues from excess
THs, thesystemic administration of thyrotoxic doses of T3 induecgurprisinglymodest
increasein D3 expressionof the hypothalamusThis finding is in contrastwith
observations irother brain regionsuch as the cortethehippocampus anttheolfactory
bulb [31]. Hence,hypothalant deiodinase enzymeappear toconvert the changes of
peripheral THs to changes of hypothalamic T3 concentration alloV8rtg serve as a
regulatory signlafor neuroendocrinéunctions[14]. Besidests presencen the CNS a
remarkable amount of D3 B&lso expressed irmost of the fetal organs and placenta
confirming the essential role ahis enzyme inthe precise regulation of the TH level

during embryonic developme[R2].

1.2.The transport offHs

Although THs are lipd soluble molecules, tirvepassage through the cell membranes
and theBBB requires specific transporter molecul&s]. The transportof THs is
facilitated byat least thre&ransporter molecules: organic anion transponpiolgpeptide
1cl (OATP1Cl)monocarboxylate trapsrter 8 (MCT8)and 10 (MCT10]34].

OATP1C1 a member othe organic anion transporting familig highly speific for
T4, T3 andT4 sulfate[35, 36]. It binds T3 withmuch lower affinity [35, 36]. The
presence of OATEC1 has beendescribed in Leydig cells of the testis amdthe
capillaries ofthe brain [37-39]. In the rodentbrain, OATP1C1 is highly expressed in
cerebral microvesselmderliningits cardinal role in the TH transport through the BBB
[40]. OATP1C1 isalsoexpressed in hypothalamic tanycyfé§].

The most studied TH traporter isMCT8, a member ofthe monocarboxylate
transporter family with 12 helical transmembrane dosd®4]. This transporter

molecule has strong affinity for T3, T4 and rJ&l. MCTS8 is expressed in various

10
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tissues including heart, liver, kidney, adrenal and thygbaehd [42, 43]. MCT8 is also
present inmostareas of the CNSsuch as hypothalamus, choroid plexus, amygdala
hippocampus, olfactory bulb and corted0, 44-46]. Although MCT8 is the main TH
transporter of neuronsaanalsobe found in tanycytells]. The importance of MCT8 in
normal neurological function isnderlinedby thedemonstration of thenutation ofthis
gene in fanlies with inheritedmental retardatiomnd underdevelopmefd7, 48]. The
syndrome caused by this mutatisrcalledAllan-HerndorDudley syndromgewhich has
typical endocrine abnormaliti@s addition to the strong neurological phenotyglevated
serum T3 and reduced T4 and rT3 leydd . Although Mct8knockout (KO) mice have
the same alteration in the level of THgerestingly nanajorneurological abnormalities
were foundin these animal$50, 51] that suggests specispecific differences in the
neuronal transpordf THsandraisesthe possibility that in rodents, MCT8 is not the only
neuronal thyroid hormoneansporter

The amino acid sequence of MCT10 shows great degree of homology with MCT8
[34]. Although data abouits physiological function is limitedcell culture studies
demonstrate that MCT10 prefers T3 instead of32. This TH transporter molecule is
expressed inhie intestine, kidneyliver, muscle and placenta, but there is no data that
confirms its presence in the CNIS3-56).

1.3. TH receptors and signalization

The thyrod hormone receptors (TRs) are located in the mgaé cells and act on
thyroid hormoneresponse elemen(TRE) of DNA as liganedependent or independent
transcription factor$57, 58]. All the known types of TRs are encoded by two genes:
THRAand THRB[58]. Alternative splicing of th& HRAtranscript resultsin different
TRUsoforms, but only TRU%9.ahe otteefT R Hariamts f unct i ¢
seem to have inhibitory effect on TH induced gene expressiarvitto studies[59]. The
THRB gene also has two products TRb 1  a[58d Boih RffxHese receptoese
functional receptors and differ in the transcription initiation siteichresults in different
amino endoft he t wo TR®&)] Theofdrmsri buti onis of TRU
widespread, wireasT Rb 2 i s predgmiantyis ERIH neuronof thePVN and

in thyrothrop cells in the anteriguituitary [60-63].Ex a mi nati on of TRb KO

11
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KO animals confirmthattheT Rb 2 r playsaprucial role in mediatigthenegative
feedback effetcof THs on TRH and TSH syntheg$i&4, 65].

The thyroid hormone regulated genes can be divided into two main gagego
positively and negatively regulated gen&he mechanissiof positive and negative
regulation of thyroid hormone responsive genawnaskedlydifferent. Theeffect of T3
onthe positively regulated genissmainly mediated by the heterodimer compéa TR
and retinoic X receptor (RXRH6]. The TRRXR complex idully active whemot only
T3 binds to TR, butd-cis retinoic acid also binds to the RXR component of the
heterodime[67]. The transcriptional initiation of positively regulatgenegs facilitated
by the recruitment o€o-activator moleculeso theligand boundTR-RXR complex[58,
60]. In theabsencef T3, theunligandedlr R-RXR heterodimer complex is alassociated
with TRE, however, h the absence of T3Rs recruitco-repressor proteins mediating the
basa) ligand independemepression of the target gerjés, 69].

In contrast, the transcriptional activityof genes negatively regulated by T8
stimulated by the complex of the unliganded receptor and tieptessor molaules,
while the ligamled receptoco-activator complex suppresses these ggbls Although
it was déated for years, the action of TRs on the negatively reguliigénes alsappears
to require direct binding of the receptor to the TRE of gd@sr2]. The typical ce
activator moleculesteroid receptor cactivator 1(SRC1)has inhibitory effect on the
HPT axis[73] while the co-repressor molecul@uclear receptor ecepressor 1 (NCoR1)

is required for théigand indgpendentactivation of the HPT axigr4, 75).

1.4.Effects ofTHs

Thyroid hormones can influencevarietyof tissuetypes. Theyegulat theembryonic
neurogenesjsthemigration of pyramidal cells in the cerebral corf&g, 76-79], granule
cells in the hippocampal gyrus dentaff@8-82] and Purkinje cells in the cerebelly8s,
84]. Furthermore, they have effects affemh axonal growth[85 and dendritic
arborization [86, 87]. THs alsoinfluencelearningand memory in aduls [88, 89] and
influence wakefulnes§90] and mood[9]1]. In addition, THs influence energy
homeostasigiaincreasng the basal metabolic raf&0], stimulaing thedietinduced 92
and adaptive thermogene$B3], facilitating lipogenesig94, 95 and increasg food
intake[95].

12



DOI:10.14753/SE.2014.1934

One of the major effects of THs on energyexpenditureis the stimulationof basal
metabolic rateln cells regulated by TH¢hebasalmetabolic activity is stimulated kiie
increagd number angize of the mitochondrighe increasedxpression of the respiratory
chaincomponentsand theincreagd membrane permeability for Nand K, andthe
increased concentration of thiel/K* ATP-ase in the membrarjeg].

Thyroid hormonesalso increase theenergy expenditureby stimulating the
thermogenesis ithe BAT [97, 98]. The heat production of BATequires sympathetic
activation[97, 98], thyroid hormone$93] and local activation of T4 by DR9]. The
synergistic effect of the adrenergic sti mul
generated T3result in increasd uncoupling protein 1 (UCR) synthesis and
thermogenesif9, 10q. Without thyroid hormones or D2, sympathetic activity is unable
to increase UCR synthesis and thermogenel®8]. During cold exposure, the marked
increase of D2 expression also plagscritical role in the local increase of T3
concentration in the BATThisvirtually saturags all TRs in this tissugallowing thus
the cold induced thermogenesistioé BAT to be fully active even if circulating thyroid
hormone levels are slightBbovenormal[99]. The increased UCP levelinterrupts the
connection betweethe respiratoy chain and ATP synthesighis way, most of the

energy released by substrate oxidatissipats as heaf8].

2. Hypophysiotopic TRH neurons

The primary central regulatanolecule of thyroid hormone synthesis TRH, a
tripeptide amide (pGluHis-ProNH2)[1]. In the anterior pituitaryTRH stimulatesthe
synthesis and releasé BSH by acting on the G protein coupled type 1 TRH receptor
[10]]. In addition TRH increasgethe posttranslational glycosylation of TSWhichhas
animportant effect orthe biological activityof the moleculd102 103. The secreted
TSH then acts on the thyroid gland and regulates its hormone prodyittdh
Neutralization of endogenous TRH by administratioh anttTRH seruminduces
transient reduction of circulating level of TSH and TH®&5, 106 . In newbornTRH KO
mice no difference can be observed neither in the morphology of anterior pituitary nor in
thesynthesis of THat birthcompared to wild typ (WT) mice[107, 10§. However, the
gradual increase of the TH levels observed during the first postiagfin WT animals
is absent in the TRH KO micgl07, 10§. Furthermorethe lack of TRH causes a

13
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dramatic decrease in the number of the F&hunoreactivg-IR) cells in the anterior
pituitary and also in the TH levels after the'@ostnatal day[107, 108. These
observations suggest that TRH laagssential role in the early postnatal development of
the HPT axisand also in the maintenance of the activity of this neuroendocrine axis in
adult animalsThecritical importanceof TRH in the regulation othe HPT axis is also
demonstrated in some human patients vwdtbpathiccentral hypothyroidisnj109. In
these patients the release of biologically inactive TSH is geaniedby low circulating
levels of THs[109. This clinical picture can beured with chronic intravenous TRH
administratior{ 109, further demonstrating the key role of TRH in tientral regulation

of the HPT axis.

TRH is widely synthesized throughout the €N5], but only the so called
hypophysiotropic TRH neurorbatproject to the external zone of the median eminence
andsecret th&' RH into the portal capillary are involved in thegulationof HPT axig[3,

6]. These neurons are located in €N, abilateraltriange-shaped ndeusin the dorsal
margin of the third ventricle. THBVN can be dividednto two main divisions named
based orthe size of their neurons: the parvocellular and magnocellular divisions. In rats,
the parvocellular division can be further dividedo six subdivisions: the anterior,
medial, dorsal, periventudar, ventral and lateral subdivisions (fig.[11(0. TRH-
synthesizig neurons can be found in all parvocellular subdivisionsts[111]], but the
hypophysiotropic TRH neuroraelocatedexclusivelyin the periventricular ahmedial
parvocellularsubdivisions(fig.1.) [2, 3, 6, 111]. In rats,a distinctive feature of the
hypophysiotrophic TRH neurons their cocaineand amphetamine regulated transcript
(CART) expressionthis peptidehas notbeenidentified in any other TRkXpressing
neuron population of the brain2, 3, 6, 111]. Although the localization ofthe
hypophysiotropicTRH neurons is precisely determined in rats, limited information is
availablecurrentlyabout the distribution of these neurons in mibe most frequely
used animal model of the current days

3. The negative feedback regulation of the hypophysiotropic TRH neurond Hs
Sincethemaintenance of normal thyroid hormone levels is critical for the appropriate
functioning of the organism, the activity bbth the hypophysiotropic TRKproducing

neurons anthe TSH-expressing cells of the anterior pituitary ghtly regulated byhe

14
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negative feedback effect of TH8Q] (fig.2.). Hence,underbasalconditionsthe rise of

TH levels inhibits TRH and TSH expressidm contrastthe fallin circulating TH leved

has stimulatory effect on TRH and TSH secretidiZ. In the CNS, the TRH gene

expression is controlled by timegative feedback effeof thyroid hormones only in the
hypophysiotropidRH neuron$113. The observation that T3 administration to the PVN

of hypothyroid animals resulis a decrease of the TRH expressiexclusively in the

side of the implantation veré@sthat THs have direct effect on TRH neurdrdd4]. The
negative feedback effect of THs o464 TRH exp!
althoughresults ofstudiesusings i RN A me d igane glehcingiyfest hat TRbH 1
also contributego the ligand independent activation of TRH gene expredqdit§.

Interestingly hypophysiotropict RH neur ons alwhiohhasstimulaosys TRU1
effect on TRH expressidn the presence of T&5]. However thisT R Unlediatedeffect

I's masked by the i nhi baddltanimgal§6s 116 dncadditianf TRD r
to the direct effect of THs othe TRH gene,THs also modulat&# RH production by the
downregulation of prohormone convertage 1/3 and 2resulting inaccumulation of

immature proTRH derivativeend a decrease the production of mature TRH molecules

[117.
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Figure 1. Schematic drawingustrates the organization of the PVN in rats and
localization of the hypophysiotropic TRH neurons. The higher magnification baeses!
on the figures of Fekete et §.12 showthe subdivisions of rat PVN ithree different
antereposteria levels(B-D). Redareadndicate the presence bypophysiotopic TRH
neurons TRH neurons with ypophysiotopic function areabsenfrom the anterior leve
(B), but presenn themedial and periventriculaubdivisiors of the mid (C) and posterig
(D) levels of PVN

MN i magnocellular division

Parvocellular subdivisions:

PV 1 periventricular; AR anterior; VPi ventral; MPi medial;DP1 dorsal; LP- lateral
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TRH + TSH +
i s ((hyroid gland

Figure 2. Schematic illustration of the hypothalarmpituitary-thyroid axis.
Cell bodies of the hypophysioipic TRH neurons are located in the PVN and their a

ons

terminate in the ME wher€RH is released to the circulation. TRH reaches the anterior

pituitary throughthe hypophysiaportal system and stimulates the TSH secretion. TSH

stimulates the T3/T4 production thfe thyroid gland THs exert negative feedback effect

both on the hypophystropic TRH neurons and the thyrotrop cells of the anterior

pituitary.

4. Tanycytes: location in the ME and role ithe regulation ofthe HPT axis
4.1.The structure ofhe ME

The release of the hypophysiotropic hormones into the circulatiamrthe BBB
free ME, where the axons of the hypophysiotropic neurons termliha&. The ME can
be divided into three parts: ependymal layer, internal and external z¢heq.

Hypophysotropic neurosecretory cells, such as FRebrticotropinreleasing hormone

(CRH), gonadotropirreleasing hormone (GnRH) prolactininhibiting factor or

dopamine (PIF)-, growth hormoneeleasing hormone (GHRH)and somatostatin
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(SRIF)}producing neurongelease their substancesthe densely vascularized external
zoneof the ME[3, 6,118 120-124]. The hormones secreted by hypophysiotropic neurons
to the capillary loops are transported directlytlte anterior pituitaryy its long portal
vascular sym [125. The internal zone of the ME cahs the axons of the
magnocellular neurosecretormgells these vasopressi(AVP)- and oxytocin (OT)-
containing axongass through the Eland terminate in the posterior pituitasfnere the
hormones are secreted to the circulafib?6, 127]. The ependymal layehat fornms the
floor and ventrolateral wallsf the third ventriclecontainsthe cell bodies o$pecialzed

glial cells called tanycytef26]. The glial cells has essential role in the regulation of
HPT axis[5].

4.2. Tanycytes

Tanycytes are elongategtlal cellswith cell body located in the ependymal laj/24|.
Tanycytescortact thecerebrospinal fluid@SH with theirsurfacecovered with microvilli
and has a long basal procésgshe median eminence twr discretehypothalamic areas
[26].

Four subtypes of tanycytésU2l, -2fcan be distinguisheblased orher location,
morphology and functiof6, 12§.

Utanycytedine the lateral walls of the thdrventricle[26, 12§. The basal mrcess of
U ttanycytes project to the hypothalamic ventromedial (VMN) and dorsomedial nuclei
(DMN) where they terminate on neurowsh i | -mnydytes sentheir process to the
neurons anr capillaies of the arcuate nucleu¢ARC) and the lateral pa of the
tuberoinfundibular sulcu6, 12§|.

b-tanycytedine the floor of the third ventricléd itanycytesarelocated in the lateral
envaginations of the thirdrentricle and project to thetuberoinfundibular sulcus
terminating on the surface of tipars tuberalis of the pituitaf26, 128. b Zanycytes
which form the ventral wall of the third ventricle setheir basal proces® the portal
capillary system in the median eminen¢26, 128 whee the axons of the
hypophysiotopic neurons terminate releaseheirneurdiormonesnto thehypophysial
portalcirculation[11§ (fig. 3.).

A characteristic property di-tanycyteds their involvement in barrier formatiob. 1

tanycytes form a barrier betwettre arcuate nucleus aride BBB freemedianeminence
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[129 w h i | -tanydyt@s establish a barrier between CSF and the neuropil of the median
eminence[26]. b #tanycytesare linked together by zon@adheretes and macula
adheretes, whereasb Zanycytes are joined together by tight junci@and zonula
adheretes[26].

An important featur®f tanycytes ighat they establish connection with tG&Fand
also with blood vessel6]. Therefore, the tanycytes are in the anatomical position to
sense the alterations in the compositionhefCSF, but also the changes in the level of
blood-bornsubstanceg26].

4.3. The role of tanycytes in the regulation of hypothalamic T3 homeostasis

Increasing amount of data suggest that the tanycytes are not only suggoitBBB
forming cells, butthey also playa major role in the regulationf neuroendocrine axes
[26. The b2 tanycytes can inhibit the secret
the access of hypophysiotropic terminals to the fenestrated capillaries of the median
eminence[130. The coverage of the portal capillaries by teen d f &-¢ahycyie f b
processes is variable and depends on the physiological condit@®sl3]]. By this
plasticitytanycytesan separate the axon terminals from the capillariés tive opposite,
they can allow access of the terminals to the surface of blood vg48€ls The most
studiedexample for the tanycyte remodeling is the regulation ofatteess ofGnRH
nerve terminalséo the portakapillariesduring the different phases of thstious cycle.
In proestrusGnRHaxons terminate in th@ericapillary spaceesultingin massive GnRH
releasg13(. In contrastin diestrustanycyteend fest separate the GnRH axon terminals
from the portalkcapillaries contribuing to adecrease secretiorof GnRH[13(. Changes
in peripheral TH levels also indueemodeling of the end feet of tanycyte processes
around the capillariegl31]. This observation suggests that tanycytes may also regulat
the access of the pgphysiotopic TRH neurons to the capillaries and thiease off RH
to the circulation.

The importance of tanycytés the regulation ofthe HPT axisis further supportety
the datathat these glial cells expreasnumber ofproteinswhich areinvolved n the
hypothalamic TH metabolism and signaliamgdhave regulatory effecnthe HPT axis
These proteins includeRb 4132, the TH transporteDATP1cland MCT8[40, 133,
D2 that has capability to convert T4 to the active TH fofa7, 29, 134, T3, and D2
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inactivating WSB1 and reactivating USB3 enzymes[135. Therole of D2 in the
regulation of HPT axis is underlined by the fact thatrestoration operipherallT3 level

in hypothyroid ratdy administration of T3 withoutdalition of T4is unable talecrease

TRH gene expressiai euthyroidlevel [136], although T3 is the predominant form of
THs that acton TRs[13]. This observation can explanedby the fact thaT 3 is poorly
transporéd to the braifi35, 36], andthe majority of hypothalamic T3 is produced locally
from T4 by D2[16]. Although the main hypothalamic sources of D2 are tanycis,
canalso be foundn somehypothalamicastrocyteg25]. Interestinglyastrocyte specific

D2 knock outmice showno disturbance in the negative feedback regulatiohRif,
suggesng that astrocytedo not play a roleén the negative feedback effect of THs on
TRH neurong25]. In addition,in the hypothalamushypothyroidism induces onislight
increase ofD2 expression and no rise of D2 activifg7, 137, suggesting that
hypothalamic D2does not canpensate the changes in the circulating level of THSs.
Therefore, the changes of peripheral T4 levels are converted into changes of hypothalamic
T3 concentration that is critical for thfeedback regulation of TRH neurond.4].
Although it is clear that the B&ntaining tanycytes are tpencipalsource of T3acting

on hypophysiotrophic TRH neuror{d44], it has not been clarifiedyet how T3 is
transported from the tanycytes to the nucleus of the hypophysiotropic neurons in the PVN.
The perikarya of hypophysiotropic TRH neurons are located far from the tanycytes
therefore volume transmission between the tanycytes and the TRH neurons would be a
relatively slow process. In contrast, the tanycyte feletland the terminals of the TRH
neurons are closely associated in the external zone MENE26]. We have recently
hypothesized that T3 produced by tanycytes may be taken up by axon terminals of these
neurosecretory neurons in the ME and transported retrogradely to the nucleuseof the

cells.
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Figure 3. Schematic drawing presents the location bo&anycytes in the median
eminence.

The cell bodiesf b Zzanycytes can be found in the ventral and velateral walls of the
third ventricle, but they send processes to the capillary loops in the external zZone of
median eminence. Tanycytes are abl@ake up substances from balieblood flow and
the CSF and actively influence the compositiortted CSF.

[l 7 third ventricle; Ti b Zanycyte; Ai axon terminal of hypophysiotropic neurons.

5. Neuronal inputs of hypophysiotropic TRH neurons

In addition to receivinghumoral inputsthe TRH expression of hypophysiotrophic
neuronss alsoregulated byeuronal inputs to adapt the HPT axis to the changing internal
and external milieu. The hypophysiotropic TRH neurimtsgrate neuronal inputs from
variousareas of the central nervous systi&ih The mat extensivelystudied andest
known sources of thinnervation are the catecholaminergic cell groups of the brainstem,

the hypothalamic arcuate nucleus (ARC) and the OBIN
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5.1. Catecholaminergic neurons of the brainstem

Approximately 20% of the synapses on TRH neurons originate from the
catecholaninergic neurons of the brainstd3g, indicaing the critical importance of
this input in the regulation of HPT axiBhese axons mainly form asymmetricgyses
on the surface of hypophysiopic TRH neuronsvhich is indicative of theexcitatory
function of theseinputs[139. Two types of catecholaminergic neurons innenthte
hypophysiotropicTRH neuronswhich can bedistinguished bytheir neurotransmitter
content: adrenergic and noradrenenggurons[140. Approximately two thirds of the
catecholaminergic innervation is adrenergic and one third is noradrerjédfic
Adrenergic input originates fromthe C1-3 regions of the medulla wheas the
noradrenergic innervation of TRH neurarsives primarilyfrom the A1 and A6 areas of
the brainstenj141]. The caecholaminergic input of TRH neurons has been shown to
mediate the cold induced upregulation of the HPT E&isin cold environment, TRH
gene expression is rapidly and transiently increased in the R¥h in turn,causes
increasd peripheral TSH and TH leve[442. This activation of the HPT axis can be
important in the stimulation of thermogenesis in the lragipose tissue to prevent the
drop of body temperatuf®]. The cold inducedctivation of the hypophysiotropic TRH
neurons is mediated by the cdtelaminergic neurons of the meduyllas itcan be
inhibited by intraventricular a d mi ni st r @adrénergic artagonist§143.
Furthermorethe cold induced activation of tHePT axis is absent in rats duritigefirst
ten postnatal daywhen the catecholaminergic innervation of TRH neurons is immature
[144). The activation of the catecholaminergic inputs results in aightfie set point of
the negative feedback regulation of the hypophysiotropic TRH neimoasvay that
higher thyroid hormone levels are necessary to sspptee TRH gene expressifhj.

These changes le&olthe development of central hyperthyroidism in cold environment.

5.2. Arcuatenucleus
At least two separate neuron populations of the ARC send projections to TRH neurons
to mediate metabolic signals frothe blood to the PVN (fig.4).Thesetwo neuron
populatiors can be distinguished bgheir neuropeptide contentvhile one of these
neur onal popul a-me basosytng heti maviSH)tdndn g hor n

cocaine and amphetamine regulated transcript (CART), the other neuronal group
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produces agoutielated protein (AGRP) and neuropeptide Y (NPX/)145. While both
cell groupsare capable adetecing satiety signalstheyare regulated oppositely by these
signals andhey exeraintagonistic effestonthe hypophysiotropi@ RH neurong5, 145.

5.2.1.The anorexigenic neuronal population of the ARC

One of the feeding related neuronal groups of the arcuate nugyatigesizes two
anorexigenic peptided)MSH and CART[146, 147]. These neuronsre primarily
located in the lateral part of the arcuate nucenghave crucial role in the regulation of
energy homeostasid49. Intracerebroventriculaticv.) ad mi ni st rMSH bron of
CART markedly inhibit food intake and stimulate energy expendjtL48 149. -M3$H
exerts its central effects on the energy homeostasis via two G protein coupled receptors,
the melanocortin 3 and 4 receptors (MR2ind MC4-R)[150,151]. Bi ndi nMSHo f U
to either MC3-R or MC4-R induces cAMP mediatedsignaling[152 which resultsin
rapidphosphorylation ofhecAMP-responseslement binding protein (CREB)53. The
phosphorylated CREB (EREB) binds to the cAMP response element (CREbhe
promoter of the regulated gend$3.

The signaling pdaway of CART is less understood, becaakthe failureof previous
studiedo identifythe CARTreceptorHowever seseral second messenger systems were
identified that nght mediate the effestof CART on the target cells. In CRH neurons,
CART can indue CREB phosphorylatiofit54). In the hippocampus, CART inhibits
voltagedependent intracellular €asignaling probably through the inhibition oftipe
voltagegated C4" channel activity via a G protein dependent pathi#& . In addition,
in cell culture of AtT20 and PC12 cellCART induces the phosphorylatioof
Extracellular SignaRegulated Kinase (ERK)L56 157]. It seems possible that CART
also acts via a @protan coupled signaling pathway.

In addition to the anorexigenic effect of the centrally administered peptigesle
of 'MSH and CARTIn the regulation of energy homeostasisiso supported by the
phenotype oftransgenic animalsT h e | a-M8&H caued Hy the mutation of its
precursor proopiomelanocortin (POMC) gene results in hyperphagia and morbid obesity
in transgenic micg¢l58 159. This phenotype is aaed by the combined effect of the
increased food intake and the decreased energy expenditure of these [dhghaBd.

A highly similar phenotype was also discovered in humans due to the mutation of the
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POMC gend160. Mutation of the MC4R also resu$ in morbid obesity in both mice

and humang$16]]. Indeed, the most frequent monogenic cause of matbesity is the
mutation of thigeceptof162]. The absence of CART KO mice results in less profound
phenotype in young animals, but these animals also develop obesity when they are older
[163. The i mpo r-MSHCART neufonstirioey wélghtregulationgains

further support fronthe observation obbesity following the ablation oPOMCneurons

in adult animal$164].

T h e-MSBI/CART neurons express receptors for circulating metabolic signals
including glucosgeinsulin and leptin, anthe activity oftheseneurons is regulated by
nutritional conditiong165. Thea c t i v i t-MSHACART ndurens Bind theynthesis
of UMSH in these cells are markedly stimulated by both insulin and Igp&#. Leptin
also increases the synthesisGART [165. During fasting, when circulating lesebdf
leptinand insulinfall, -MSH neurons are inhibited andeth-MSH and CARTsynthesis
is repressed165. In contrast, éptin administration can prevent this fasting induced
i nhi bi t i-MSH/CART neurbng163

In the rat PVN, about 70% of TRH neurons in the periventricular parvocellular
subdivision and 34% in the medial -parvoce
MSH/CART neurongd166]. The axon terminals of anorexigenic neuronghaf ARC
typically form asymmetric synapses on the surface of TRH nelwsoggesting that these
neurons havstimulatoryeffect on theTRH neurong2]. Indeed central administration
of b o t -MSHUANnd CART have stimulatory effect ¢ime TRH gene expressioin the
PVN[2, 149 166 167.Ilcv.ad mi ni s t-M3H or @ART to fastedratstimulates
TRH synthesi$2, 164.

In the hypophysiotropicTRH neurons UMSH acts predominantly on type 4
melanocortin receptor (MCGR) [168 and induce a cascade that resulits P-CREB
binding tothe CREB response elemer@RE) of the TRH genepromoter[{169. This P-

CREB binding cortributes to the stimulation of TRH gene expression in
hypophysiotropic neurond.69, 170. Indeed, mutatin of the CRE element in the TRH
promoter can bl ock -MSHentkidpromateld® ory ef fect o

CART has a very similastimulatoryeffect onhypophysiotropicTRH neurong?2].

However, the effect of CART seems to be mediated by different second messenger
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pathway as centraCART administration does not indedCREB phosphorylation in
hypophysiotropic TRH neuroji54.

5.2.2.The orexigenic neuronal population of the ARC

The medially locatedeeding relatecheuronpopulation of the ARC express two
orexigenic peptides)europeptide Y (NPY) and agoutlated protein (AGRH)]. This
neuron population stimulasfood intake and decreases energy expendjtlifd]. The
central administration of AGRP or NPY daotent orexigenic effect{171]. In the
hypothalamus NPY acts on Y1 and Y5 recepf@®] which have Gprotein mediated
inhibitory effect on adenylyt y c | ase and S mdeced)sigsalizationt h U
[173. AGRPis an endogenous antagonist®fMSH on the MC3R and MC4R [174,
174 therefore, AGRP can also influence t#aMP-dependent pathwag thetarget cells

Toxin-mediated elimination ahe AGRP/NPY neuron population in adult transigen
miceproducesiramatically hypophagic animals with increased energy expen{ilic4e
Interestingly neither AGRP and NP¥KO animals northe double KO mice have
abnormally hypophagic feeding behavid76-178, suggeshg the development of
compensatory mechanisms

Similarly to the anorexigenic neuronal group, the orexigenic cell populatsm
expresssreceptors for leptin, insulin and glucdd&y, which confirms thathese cells
alsoplay role in the detection of metabolic signélsptin, insulin and glucosehibit the
gene expression of NPY, though AGRP synthesis is only influenced by leptin and not by
insulin or glucosg16Y5. All these metabolic signals inhibit the activity of these cells
[165]. During fasting when the circulating level of leptin is [dve AGRP/NPY neurons
are active and the level of both AGRP and NPY expression is eleii@gd Leptin
administration to fasted rats can decrease the AGRP and NPY synthesis to f&d level
indicaing that leptin isa keyregulator of the activity of AGRRPY neurong165.

The AGRP/NPY neurons densely innerviitehypophysiotropic TRH neurores the
PVN, butasoppo®dt 0-MS$H/CART neurons, theform inhibitory synapsegl79. In
addition, the chronic icv. administration of either NPY or AGieRFed ratcan markedly
decreas@ RH gene expression, similariy the effect offasting [180, 181].

In MC4-R KO mice AGRP has no effeon TRH gene expressipwhich confirms

that thepredominanitnelanocortin receptor for the regulation of hypophysiotropic TRH
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neurons is MCR [182. NPY can infuence the TRH gene expression via bothYte
and Y5 receptorgl83.

5.3. The hypothalamicatsomedial nucleus

The hypothalamic dorsomedial nucleus (DMN) alsannervates densely the
hypophysiotopic TRH neuronof the PVN[5]. Neurons ofthe DMN predominantly
form symmetrictype synapses on the surface of TRH neursnggesting an inhibitory
effect [184]. However,the DMN seems tacontain both orexigenic and anorexigenic
neuron population$185. While neurons of theDMN can directlydetect metabolic
signals such as leptin, insulin, ghrelin and gludd$%188§, they alsoreceive massive
i nner vat i o4MSH- and AGRP prodhcingineurons of thaRC, indicaing
thatthe DMN may also relaydirect metabolic information sensed by the ARC neurons
to the TRH systerfil89, 19(. Since the chemical ablation thfe ARCresults in the lack
of the regulation of TRH neurons by fasting or leptif]], it is likely that the regulatory
effect ofthe DMN on the hypophysiotropic TRH neurons is not independent from the
ARC inputs. Therefore, the AREOMN-PVN pahway may serveas an alternative
pathway in the mediation of metabolic signals to hypophysiotropic TRH neurons.

In addition,theDMN alsoreceives input fronthe suprachiasmatic nucleus (SCN), the
key regulator of the circadian rhythmi$12. Lesions of the DMN redusecircadian
rhythms of wakefulness, locomotor activity, feeding and serum corticosteroid levels
[192). The DMN has also been shown to play critical role in the food entrainable circadian
regulation of endocrine functiori293. These observations suggest it DMN may
integrate the ARC and SCN inpusd contribute taghe synchronization dfght- and

energy homeostasis mediated regulation of the HPT axis
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Figure 4. Schematic drawing illustrates the connectimtween the neuron populatidns

of the ARCand the hypophysiatpic TRH neuronsf the PVN.

The ARCcontains twaantagonisticeuron populationthat project tothe TRH neurons

i n t h e-M$HVnMNmunofkeactive neurons form excitatory synapses on thecsusfa
TRH neurons and also stimulate the -T
MSH and CART.To the @posite, AGRP neurons form inhibitory synapses on T

neurons and these neurankibit the TRH expression by AGRP and NPY release. D
receivess obust i nner v-M$H aodhAGRR neuronshaod pojeddto TH

neurons in the PVN.
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RH
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6. Regulation ofthe HPT axis during fasting and refeeding

During longer periods of restricted accés®nvironmental resources, the rapid and

precise adaptatiomtenergy availability has a critical role in survival. Fasting indic

markeddecreasén circulating levels of TH which is accompanieglower TSH levels

es

anda significant reduction of TRH gene express[d84-19€. Thisstatus referred to as
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central hypothyroidismpromotesenergyconservatiory decreasing basal metabolic rate
and reducing thermogenediS]. The fasting induced central hypothyroidism can be
prevented by the chemical ablationtbe ARC [19]]. Furthermore the lack of ARC
inhibits the stimulatory effect of leptin on TRH gene expression, andoal3&H and
TH release in fasting animdl$91]. After 24 hours of starvation when the massa/bite
adipose tissueWAT) is still not reduced significantly, the circulating level of leptin
already falls becausef its decreased releasem the pool stored in adipocytgs97].
The low circulating level of lapi n causes the | oMSH/CART t he
neuronswhich results in decreased stimulatory tone on TRH gene exprgd$én To

the gposite, during famg the decreased blogdevel of leptin stimulates NPY and AGRP
gene expression and the activity of these cellsch, in turnjnhibit TRH neurons in the
PVN [165] (fig.5.).

Leptin administered icv. to rats can induce the phosphorylation of signal transducer
and activator of transcription 3 (STAT3), an intracellular component of leptin receptor
mediated signalization machinery, in the TRH neurons in the P¥R. This suggests
that leptin can directly act on TRH neuroAs$though the distribution of phosphorylated
STAT3 (RSTAT3)}IR TRH neurons regulated directly by leptin and the patiéri
neurons that are activated b\MSH after leptin administratiooverlap only partially
This observatiosuggetsthat TRH neurons which are directly regulated by leptin differs
from theonesreceiving information about leptin concentration indirectly from the ARC
[198. The relevance of the AR{dependent leptin signalization pathway is unclear yet,
but the role of this direct leptin signaling pathway seems to be insignificant during fasting
as the inhibitory effect of fasting on the HPT axis is abseAR@ ablated rat§191] and

also indoubletransgenic mice lacking both melanocortin and NPY sign§liag.

7. Melanocortin resistance of the hypophysiotropic TRH neurons during the early
phase of refeeding

When animals are refed after fasting, they are satiated 2h after the onset of food intake
[204, but their energy expenditure is increased only after @thcidently with the
normalization of TRH gene expressi#01]. A quick satietyresponse of the animals is
accompanied by the presencedios, a member of the immediate early gene faamby

a marker of neuronal activatioim, 90%of the UMSH neuronsinthe AR@nd i-n t he
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MSH activated neurons of the ventral parvocellular subdivision of the P0N. In
contrastonly a modest increase in the presencefeds can be observedTiiRH neurons
andaccordingly,TRH gene TSH and TH levels are not influenced by this short period
of refeedind201]. The TRH mRNA expressian the PVNreturned to fed level only 24
hours after the start of refeedif2p1]. However, the activation of tHéMSH neurons of

the ARC plays critical role in the determination of meal size during the first two hours of
refeeding During this early phase of refeeding the hypophysiotropic TRH neseem

to beresistanto the stimulabry effect ofthese AROheurors [201]. The backgrund of

the melanocortin resigtae of TRH neurons during the early phase of refeeding is still

unidentified.
Fed

AGRP
» ?’ TRH s> TSH s>
N o-MSH &

Leptin

Fasted
AGRP
/ I
Lt ! TRH —=— TSH —=—
o-MSH <

Figure 5. Schematic illugttion of the regulaty effect of leptin ortheHPT axis.
In fed animalghe high circulating level of leptin facilitates the stimwat effect & - |U
MSH neurons on TRH synthesis and represses the inhibitory effect of AGRP neurons on
TRH neurons These actiongesult in the release of THs. During fastingduced
circulating leve$ o f | eptin i nduc eMSH hesirons and candelvhet i on
inhibition of AGRP neuronsThe altered activity of neuron populations of ARC results

in the repression of TRidynthesis which causes the fall of circulatirtg levels.
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8. Leptinrinduced synaptic rearrangement in the regulation of feedirgated
hypothalamt neuronal groups

Increasing evidence suggests that leptin can intheynaptic rearrangemeatf the
hypothalamic feedingelated neuronalircuitry. In the ARC, leptirrelated alteratiohas
beendescribed in the innervation of both feeding relatedarepopulationshatregulae
the TRH neurong202. In leptin deficientob/ob mice, a significant increase in the
number of excitatory postsynaptic currents (EfP8an be observed onto NPY neurons
compared to WT mice, while the frequendyimhibitory postsynaptic currents (IPSC)
o nt o -MSH-grodiiting POMC neurons was significantly higher in ob/ob mice than
in WT animalg[202. These observatisnwere confirmed by the electron microscopical
comparisorof ob/ob and WT micewhich revealealterations in the total number and
the ratio of excitatory and inhibitory synapses on the surface of both NPY and POMC
neurons in ob/ob mice compared to WT nii282. The lack of leptin increases the total
number of synapses on the perikarya of NPY neur@®d. Although a slight fall can be
observed in the number of inhibitory synapsesb/ob micethe dominant effeadf the
lack of leptinis themarkedincrease of excitatorgynapses on these cells when compared
to WT animds [202. In contrast when studying he perikaryd s u r f a c-RISHo f
neurons in ob/ob mica remarkable decrease can be observed in the number of excitatory
synapses ana slight, but not significant reductiom the number of inhibitory
connectiong202. In addition, leptin seems to induce changes not only irirtbielence
of synaptic input to UMSH/CART and AGRP/NPY neurons bititalso contributes to
altered axonal growth of these neurons during developfgégt In the PVN of 1eday
old ob/ob mice, 10 times less fibays ARC origin can be observed compared to WT
littermateg203. Although this disruption in the fiber density decreases in adult mice, a
3 to 4 foldlower densityof axons originating from thARC canstill be detectedh the
medial parvocellular subdivisioof the PVNof leptin deficient micd203. The chronic
intraperitoneali.p.) leptin injection to 4daysold ob/ob mice can prevent the disruption
of axonal growh fromthe ARC tothe PVN, corroboratinghe essential role of leptin in
the stimulation of the developmenttbehypothalant feedingrelated neuronal network
[203. Although leptin treatmermtf adult ob/ob miceloesnot reverse thdecreased ARC
innervation othePVN [203, transcriptionalprofiling studies suggestat in the PVN of
adult mice leptin regulasegeneslike basigin Bsg, apolipoproteinE ApoE), growth
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associated protein 4356p43, synucleina a n d a @GARePtdr associated protein
(Gabarap; these geneare involved in synapse formation and neuronal grq@4].
These data abouble of leptin in the regulation of hypothalamic synaptic plasticity
suggest that leptin maglsoregulate TRH gene expression by influencing the synaptic

plasticity of the arcuatparaventricular pathway.

9. Non-hypophysiotopic TRH neurons

Although the first decribed and most studied role of TRH is its hypophysiotropic
function, TRH is also released as a neurotransmitter modulating synaptic transmission
within the central nervous system. TRH synthesizing neurons are located in many areas
of the CNS, such as thafactory bulb[205, septum 206, brainsten{207], amygdala
[208, cerebellum209, cortex[21( and the hypothalamiVN [5, 211], periventricular
nucleug111, 211}, DMN [111, 211], perfornical areg111] and the lateral hypothalamus
[2117]. Thefunction of the norhypophysiotopic TRHexpressing neuron populations is
lesswell understood although TRid known to havevide norhypophysiotopic effects,
like analgesia, anticonvulsant activity, increa$@rousal, memory facilitation, increase
of locomotor activity, organ specific increase of blood flow and intensified
gastrointestinal activity5]. In addition, increasing evidence indicates that some of the
non-hypophysiotropic TRH neuron populations in the hypothalamus may also play role
in the reglation of enegy homeostasis; nemypophysiotopic TRHsynthesizing
neurons of the anterior PVNind perifornical area seem to be involved in the appetite
regulation[212 213.

Examination of TRH knock out (TRH{O) mice indicates that the lack of TRH
induces severalalterations that are related to the Aoipophysiotropic roles of TRH
[108. In these mice behavioral abnormalities like depressive mood and alcohol
intolerance can be observgt0g. In accordance, TRH expression is often altered in
psychiatric disorderg214]. Although centrally administered TRH has well known
anoreigenic effecf215, the data about the body weight and development of the TRH
KO animals is controversial. Interestingly, at the age of 4 weeks theKKRkiice were
smaller than WT animals, but no significant difference was observed between the two

groupsat postnatalveek8 [107].
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10. Identification of the actvated elements of neuronal networks

In the studies applying-Eos immunolabeling for the identification of the activated
neurons, the question of the neuronal input of identified cells is always difficult.
Generally, double labeling immunighochemical métods are used for the visualization
of the connection between axons and perik§iy®]. Althoughthe observation of axon
varicosities on the surface of a neuabrcell body cannotverfy the synaptic
communication butit indicates at leastthe anatomical connewtty of the two neuronal
structure. Therefore, analyses of the presence of immunoreactive boutons on the surface
of perikarya at light microscopic Vel can be helpful to estimate the extent of the
interaction of the two systems, if the presence of synapses is validated by electron
microscopy[1664].

Although c-Fos labelinganidentify the activated neurortbieanalysis of their inputs
is not possible with this techniguethe absencef cytoplasmic labeling in the activated
neurons.

The Nissistaining method is widely used counterstaining methadhich labels the
cytoplasm of neurons based on the interaction of basic dyes and the nucleic acid content
of the cell216 217]. These dyes, such as cresyl violet, toluidine blue, anylin, methylen
blue and thionine bind to the DNA with strong affinity and visualize primarily the cell
nuclei, but also label the cytoplasmic RNA content of the ¢21l§]. Since remarkable
amount of protein is continuously synthesized in neurons, a high concentration of rough
endoplasmatic reticulum can be obserirethe cytoplasm of these cql&l8 219. Nisst
staining is often usedn combiration with immunohstoctemical methods as a
counterstainingpproacho facilitate the mapping of the labeled cell populatif220-

227. Unfortunately, after the immunolabeling procesliNisstdyes often visualize only

the cell nuclei, but not the cytoplasmaking the counterstaining less valuaf®20-227.

In this case the individual detemmation of the contacts of theKos labeled neurons is

not possible. We hypothesized that the lack of cytoplasmic labeling after
immohistochemical processes is caused by the digestion of the RNA content of the
neurons by RNase enzyme contamination and the application of RNaskee
conditions and RNase inhibitors during the immustdthemical processes could
improve the labeling of cytoplasm by the subsequent Ntsshing.
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IV. Specific aims

1. To map the distribution of hypophysiotropic TRH nemsan the mouse hypothalamus

2. To determine the route of T3 transport between the thyroid hormone activating

tanycytes and the hypophysiotropic TRH neurons

3. To clarify the mechanism of the melanocortin resistance of the hypophysiotropic TRH

neurons drng refeeding

4. To develop anmproved method forthe combired useof immunocytochemistry and
Nisslstaining
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V. Materials and methods

1. Animals

The rodent species and strains used for the studies of the thesis are summarized in
Table 1.The animalswere housed under standard environmental conditions (light
bet ween 6: 00 A.M. and 6: 00 P.aMbituminthenper at ur
animal facility of the Institute of Experimental Medicine of the Hungarian Academy of
Sciences. All experimentptotocols were reviewed and approved by the Animal Welfare
Committee at the Institute of Experimental Medicine of the Hungarian Academy of
Sciences and carried out in accordance with legal requirements of the European

Community.

Table 1.Summary of anima used in different experiments

Study Species Strain Sex Weight

Mapping the distribution of
hypophysiotropic TRH neurons in
the mouse hypothalamus Mouse CD1 Male 28-30g

Identification ofthetransportroute

Rat Wistar Male 220-250
betweerthe thyroid hormone g

activating tanycytes and

hypophysiotropic TRH neursn Mouse CD1 Male 28-30g

Decipheringhe mechanism of the
melanocortin resistance of

hypophysiotropic TRH neurons TRH/Cre
during refeeding Mouse ZIEG Male 28-30g

Development of amproved
method for ombined useof
immunocytochemistry and Nissl
staining Rat Wistar Male 300-310g
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2. Tissue preparation and labeling
2.1. Methods used for mappittte distribution of hypophysiapic TRH neurons in the

PVN of mice
2.1.1. FloureGold injection and tissuerpparation for immunocytochemistry

To detect hypophysiotropic neurons, 4 mice received intravenous injection of-Fluoro
Gold(15wy/ g BW in 1000l 0.9% saline, Fl uorochr
days later, the mice were injected intraperitoneally e samedose of FluoreGold to
further enhancethe labeling in the hypophysiopic cell bodies. Fluor&old is a
retrograde tracewhich is not able to pass through the BBB. Therefore, only the axons
terminating outside of the BBB, including the axemtinals of hypophysiotropic TRH
neurons in the median eminence can take up FGald from the circulation and
transport it to their perikarya where the accumulation of this tracer cdetéeed. Since
northypophysiotopic TRH neurons have no directeeection with the circulation, they
are not able to concentrate Flugtold. Therefore the presence of FluoiGold uptake
in TRH-IR perikaryais indicatve of the hypoplsiothropic nature.

Five days after the second tracer injection, the deeply anesthanhimals (ketamine:
50 nyg/g; xylazine: 10ng/g body weight,i.p.) wereicv. treated with colchicine, an
inhibitor of axonal transport (frg/g body weigh} by injection through a 26 G needle
placed into the lateral ventricle under stereotaxic contrmbr@finates from Bregma:
antereposteriori 0.2 mm, lateral 1mm, dorsoventrali2.5mm)[223. The colchicine
treatment was applied to facilitate the detection of TIRHberikarya. In intact animals,
only a few TRHIR perikarya aredetectable with immunocytochemistry in the PVN,
because TRH is rapidly transported to the axdmscontrast, tB colchicine induced
inhibition of axonal transport markedly increases the Fd®Htent of cell bodies and
therefore, the detectability of thmerikara of TRH neurons. Control animals were not
injected with FluoreGold, but received icvcolchicine treatment as described above.
Twenty hours after the colchicine treatment, the animals were deeply anesthetized with
ketaminexylazine and perfusedhitough the ascending aorta with 10 phlosphate
buffered salineRBS pH 7.4), followed by 30 ml 1% acrolein + 3% paraformaldehyde
(PFA) in PBS, and finally 20 ml 3% PFA in PBS. Both PFA and acrolein form irreversible
crosslinks between theprimary aminogroups of proteinsresuling in the fixation of

tissues. PFA is used in most routine immunocytochemical detections. However, TRH is
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a very small peptide and the antibody used for the detection of TRH was produced against
TRH conjugated to bovine serum atin (BSA) with acrolein, which markedly modls
the structure of TRH. Therefore, the antisematised this wayan only recognize TRH
if the tissue islsoperfused withanacroleircontainingtissuefixative.
After perfusion, the brains were removed @nyoprotected in 20% sucrose containing
PBS at 4AC overnight, to  foreeananyice. Twentyz ei ng a
five micrometer thick, coronal sections through the restnadal extent of the PVN were
cut on freezing microtome (Leica Masystems, Weltzar, Germany), collected in four
identical sets in cryoprotective solution (30% ethylgheol; 25% glycerol; 0.05 M
phosphate buffer) and stored2t0 AC unt i | used.

2.1.2. Pretreatment for singledouble and triple labeling immunocytbemistry

The sections were treated with the strong reducing agent sodium borohydride (1% in
distilled water for 30 min) to extinguish the frededyde activity of acrolein by reducing
it to hydroxyl group. Then the sections were incubated in a mixtu@eséb Triton X
100, a detergent applied to increase the permeability of cell membranes, and-05% H
to inhibit the endogenous peroxidase activity (in PBS for 15 min). Nonspecific antibody
binding was blocked with 2% normal horse serum (NHS) in PBS forid5The sections
were then processed for singlelouble or triple labeling immunocytochemistry as

described below.

2.1.3. Singldabeling immunocytochemistry for TRH
The sections were incubated in sheep-&RiH serum (1:4000, generated in our
laboratay, # 08W2) in serum diluent (2% NHS, 0.2% PhotoFlo, 0.2% sodium azide in
PBS) for two days at 4AC, foll owledplgsy i ncub
(1:500, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for two hours at
room temperare. Then the sections were immersed in Awvigiatin-Peroxidase
complex (ABC) (1:1000 Vector Laboratories Inc., Burlingame, CA, USA) in 0.05 M Tris
buffer (TB) (pH 7.6) for 1 hour. The peroxidase activity of the antibbBZ complex
was visualized by NDAB developer[mixture of 0.05% diaminobenzidine (DAB),
0.15% Nickelammoniumsulfate, 0.005% bkD- in 0.05 M Tris buffe} that resulted a

dark blue precipitate in the TRHR neurons. Then the sections were mounted onto glass
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microscope slides from 0,3% pwinyl alcohol disolved in distilled water (Elvanol).
After dehydrating the sections in asding series of ethanol and xilene, they were
coverslipped with DPX mounting medium (Sigildrich Inc., St. Louis, MO, USA)

2.1.4.Triple-immunofluorescenabeling to detecFluoro-Gold, TRH and vasopressin or
oxytocin

Triple immunofluorescenlabeling was performed for Fluo®old, TRH and the
secreted peptide hormone of one of the two magnocellular neuron population: AVP or
OT, to map the hypophysiotropic TRHuarons in the PVN of mice and determineithe
relationship with the magnocellular neuronsAlthough FluoreGold shows
autofluorescence, the detection of the hypophysiotropic neurons was facilitated with
immunofluorescencent labeling of the tracer resultimgbrighter and more stable
fluorescent signal.

The sections were pretreated as described above and incubated in a mixture of rabbit
anti-Fluoro-Gold serum (1: 24,000, Chemicon, EMD Millipore Corp., Billerica, MA,
USA ), sheep alTRH serum (1:4000) anchouse antAVP-neurophysin (AVPNP)
antibody (1:500, P41, gift from Dr H.Gainer, NIH, Bethesda, MD, USA) or mouse-anti
oxytocin-neurophysin (OINP) (1:500, PS38; 1/1000, kindly provided by Dr. Sharon
Key, Public HealtlService, NIH, Bethesda, MD, USA) serum diluent for two days at
4 AC. Then, the sections were incubated i
biotinylated donkey antiabbit 1gG for detection of Fluor@old (1:500, Jackson
ImmunoResearch Laboratories, West Grove, PA, USAgxAIS55conjugated donkey
antisheep 1gG for detection of TRH (1:500, Invitrogen, Life Technoligies Corp., Grand
Island, NY, USA) and FIT&onjugated donkey anthouse IgG for identification of
AVP-NP or OFNP (1:50, Jackson ImmunoResearch Laboratoriesst\&eove, PA,

USA) in serum diluent at room temperature for 2 hodisis wasfollowed by an
incubation in ABCreagentat 1:1,000 dilution in 0.05 M TB for 1 hour. The
immunoreaction detecting Flueold was furtheramplified using the biotinylated
tyramide (BT) TSA amplification kit (Perkin Elmer Life and Analytical Sciences,
Waltham, MA, USA) according to the manufactdseinstructions. Finally, the sections
were incubated inCy5-conjugated streptavidin (1:200, Jackson ImmunoResearch

Laboratories, WesGrove, PA, USA) diluted in serum diluent, for 1.5 h. The sections

37



DOI:10.14753/SE.2014.1934

were mounted onto glass microscope slides from TB and coverslipped with Vectashield
mounting medium containing DAPI fluorescent counterstain (Vector Laboratories Inc.,
Burlingame, CA, USA).

2.1.5. Doubldabeling immunofluorescence for TRH and CART

The sections were incubated in sheep-@RiH serum (1:4000) and mouse aGART
antibody (1:1500, gift frondr. Jes Thorn Clausen, Novo Nordisk A/S, Denmark) for 2
days at 4AC. nswerh geated withhaemixtsire of tAlexa 5&&njugated
donkey antisheep IgG for labeling the antibodies against TRH (1:500, Invitrogen, Life
Technologies Corp., Grand Island, NY, USA) and Fddbjugated donkey anthouse
IgG for the visualisation of an€CART IgGs (1:300, Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) for 2 hours at room temperature. After the
immunocytochemistry the sections were mounted onto glass microscope slides from TB
and coverslipped with Vectashield mounting mediumaomg DAPI.

2.1.6. Nisslcounterstaining

To study the organisation tfePVN in mice, Nissicounterstaining was performed in
sections from different levels of the PVN. Nigslunterstaining facilitated the
discrimination of magnaand parvocellular sulvisions ofthePVN andhelped visualize
the borders of the nucleus. The sections without any pretreatment were mounted onto
gelatinecoated slides, dehydrated withascending series of ethanol, treated with xylene
for 5 min and rehydrated mdescendig series of ethanol and in MilliQ water. Then, the
sections were treated with 0.1% cregiglet solution (disolved in distilled water and
acidified by 0.31% acetic acid) for 3 min followed by differentiation in acetic acid in
100% ethanol (at 1:50,000 ldfion) for 5 sec[217]. Following dehydration inan
ascending series of ethanol, the sections were treated with xylene and coverslipped using
DPX Mounting medium.
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2.2. Methodso identify theroute of T3 transport between the thyroid hormone activating
tanycytes and the hypophysiotrodiRH neurons
2.2.1. Tissue preparation and singébeling immunocytochemistry for brightfield
microscopical detection of MCT8 in the median meninence

Deeply anasthesized mice (n=5) were transcardially perfused with 10ml PBS followed
by 30ml of 4% acrain + 2% PFA in PBS, and then 20ml 4% PFA in PBS. After that,
the brains were removed and cryoprotected
2 5 Gthick coronal sections were prepared from the braiitis a freezing microtome
(Leica Microsystems, WeltzaiGermany) and stored in cryoprotective solution. To
visualze the presence of MCT8 in hypophytsopic axon terminals othe mat
hypothalamus, sections were pretreated for immuncytochemical labeling as it was
described earlier iBection 2.1.2The sectns were then incubated in aMCT8 rabbit
polyclonal serum (1:5,00@jnd gift of Dr. TJ VisserRotterdam, The NetherlandS he
primary antiserumwvasreacted with biotinylated donkey amébbit IgG (1:500,Jackson
ImmunoResearch Laboratories, West &0 PA, USA for 2 hours, followed by
incubation in ABC (1:1,000) for 1 hour. The peroxidase signal was visualized using Ni
DAB developer. The resulting reaction product was sigg@d-intensified using the
Gallyas metho@i224]. The immunostained sections were mounted onto glass slides from
Elvanol, air dried, and coverslipped with DPX mounting medi@ngroaAldrich Inc.,
St. Louis, MO, USA.

2.2.2. Tissue preparation and sindébeling immunocytochemistry for eteon
microscopic detection of MCT8 in the median eminence

To study the cellular and subcellular distribution of MCT8 in the median eminence,
rats (n=5) were perfused transcardiafiyst with 50 ml PBS followed by 150ml 4%
acrolein + 2% PFA in phosphatriffer (PB)and 50ml 4% PFA in PB under deep
anesthesia. The brains were removed and postfixed in 4% PFA overnight. Next-day, 30
5 0 ethick coronal sections were cut on a Leica VT 1000®ratome (Leica
Microsystems, Weltzar, Germanyree aldehyde grpg and the endogenous peroxidase
activity were eliminated by treatment in 1% sodium borohydride (30 min in PBS) and in
0.5% HO- (15 min in PBS), respectively. The sections were cryoprotected in 15%
sucrose in PBS for 15 min, and thém30% sucrose in PB f or 1.Zhiswas 4 UC
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followed by permeabilization using three sequential frebaes cycles in liquid nitrogen.
Finally, 2% normal horse serum (in PBS) was app{i2imin) to prevent nonspecific
antibody binding. The pretreated sections were inegbat rabbit antMCT8 serum
(1:20,000 for two days at 4 Am@hbitlgCo(1l:30@awed by
Jackcon ImmunoResearch Laboratories, USA) for 2 h and ABC complex (1:1,000) for
1.5 h. The immunoreactivity was visualized with-DIAB devebper. Finally, the
immunoreaction product was intensified using the Gallyas sjoet method224]. The
sections were treated with 1% osmium tetroxide for 60 min. This treatment preserves the
lipid membranes of # sections, and the binding of heavy metal to the lipids also
facilitates the electron microscopic visualization of lipid membranes. The treatment in
2% uranyl acetate (prepared in 70% ethanol) for 40 min prefidther contrast to the

cell membranes. Thsections were then, dehydrated in an ascending series of ethanol and
propylene oxide, and fl@mbedded in TAAB 812 medium epoxy resin (TAAB
Laboratories Equipment Ltd., Aldermaston, United Kingdom) between a glass
microscope slide and a glass covergligcoated with liquid release agent (Electron
Microscopy Sciences, Hatfield, PA, USA). The embedded sections were photographed
and then, cut into ultrathin sections {60nm) witha Leica Ultracut UCT ultramicrotome
(Leica Microsystems, Weltzar, Germanyhe ultrathin sections were mounted onto
formvar-coated single slot grids, and contrasted with 2% lead citrate.

2.2.3. Tissue preparation and douimemunofluorescdnlabeling for the detection of
MCT8 and TRH in the median eminence

Doubleimmunofluoresernt labeling was carried out on tissue sections of rat
hypothalami perfused with 4% acrolein + 2% PFA as described abov&cilitate
antibody penetration and decreawn-specific labelingthe same pretreatments were
applied as described 8ection 2.2.. The sections were incubated in the mixture of rabbit
ant-MCT8 (1:1,000) and sheep aftRH (1:1,500, #08W2) antisera for 2 days. Then,
the primary antibodies were detected with AlexabbBjugated donkey artabbit IgG
(Invitrogen, Life Technologie€orp., Grand Island, NY, USAand FITGconjugated
donkey antisheep IgG Jackson ImmunoResearch Laboratories, West Grove, PA) USA
(both 1:500, for 2 hours). The sections were mounted onto glass slides from TB and

coverslipped with Vectashield mounting dnem.
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2.3. Methods used for studies focusing on the mechanism of the melanmstiance
of the hypophysiobpic TRH neurons during refeeding
2.3.1. Tissue preparation

Since colchicine treatment highly influesdbe neuronal transmission and therefore
the regulation of neuronal systems, we could not study the neuronal plasticity in the brain
of colchicine treated animals. Therefore, to facilitate the visualisation of TRH expressing
neurons, doubkransgenic mice were used in these studies. We haaseant floxed
indicator Z/EG mice (The Jackson Laboratory, Sacramento, CA, USA) that can express
green fluorescent protein (GFP) only in Cre recombinase expressing cells with TRH/Cre
mice (generated in our laboratory) that express Cre recombinase onlyHimdiRons.
The resultant doublgansgenic (TRH/CrZ/EG) mice expressed GFP only in the TRH
neurons.

The doubletransgenic animals were divided into 5 groups: 1) fed with standard rodent
chow (n=>5) 2) fasted for two days (n=5)f&ted for two days anefed for Zhours(n=3)
4) fasted for two days and refed for2durs(n=3) 5)Treatedwithl ept i n ( 12¢eg/ da
2 days)using anosmotic minipumpfor subcutarous infusion(1003D, Alzet Corp.,
Cupertino, CA, USA) during the two days of fasting h=At the completition of the
experiment, the mice were deply anaesthesized and perfused through the ascending aorta
with 10ml PBS followed by 40ml 4% PFA in PBS. The brains were removed and
postfixed for 2 hours in 4% PFA in PBS. After postfixatithe brainsvere cryoprotected
in 20% sucr os e andthen #o&eD onodvydce. riTivantivie O rthick
coronal sections through the rosttaudal extent of the PVN were cut arfreezing
microtome. The sections were treated with a mixtures8fdr ritonX-100 and (6% HO-
in PBS for 15min. Nonspecific antibody binding was blocked with 2% normal horse
serum (NHS) in PBS for 15 min.

2.3.2. Triplel abel ing i mmunofl uoreduSiednce for GFP,
Although the autofluorescence of the GFP expressed byRkeneurons can be

detected with confocal microscoffeeimmunofluorescentietection of GFP wasusedto

further facilitate thevisualization of TRH neurons. The pretreated sections were

incubated in a mixture of rabbit atAGRP (1:1,000, Phoenix Pharmateals Inc.,
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Burlingame, CA, USA), sheep aniMSH (1:10,000, kindly provided by Jeffrey B.

Tatro, Tufts Medical Center, Boston, MA, USA) and mouse -GRtP (1:5000,
Chemi con, EMD Millipore Corp., Billerica,
antibod/ diluent. Then, the sections were incubated in the following mixfuseaundary
antibodies: Alexa55%onjugated ants heep 1 gG f or -MSHEL5@0et ect i o
Invitrogen, Life Technologies Corp., Grand Island, NY, USA), Fdabjugated ami

mouse lgdor the intensification of GFP (1:250, Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) and biotitconjugated donkey antabbit IgG for the detection of

AGRP (1:500, Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Then

the sections ere treatedvith ABC (1:1,000 for 1h) an®T (1:1,000 for 10 min) and

finally, AGRP immunoreactivity was visuaed with Cy5conjugated streptavidin

(1:250, Jackson ImmunoResearch Laboratories, West Grove, PA, USA, for 2h). The
sections were mounted ongass slides from TB and coverslipped vith Vectashield

mounting medium.

2.4.Method for combied use oimmunocytochemistry and Nissthining

To demonstrate that the refeediacfivated neurons in the ventral PVN are contacted
by axons containing NPY, dblelabeling immunocytochemistry combined with Nissl
staining was performed. Since the presence of the activation mafk@s can be
observed exclusively in the nucleus of cells, the cytoplasmic staining bydyesss
essential for the visualization tifie contacts betweethe perikaryon of the activated

neurors andtheir NPY-containingafferentaxons.

2.4.1. Tissue preparation

Three male Wistar rats were fasted for 3 days, and then, refed for 2 hours before
perfusion.The animals were deeply anestlzesi and transcardially perfused with 20ml
PBS, followed by 150ml 4%PFA in PBShen, 25¢ nthick coronal sections were

prepared with &reezing microtome.

42



DOI:10.14753/SE.2014.1934

2.4.2. Standard doubl@beling immunocytochemistry foffos and NPY

The sections were treatedth 0.5% Triton X100 and 0.5% FD2 in 0.01M PBS for
15 min. To reduce nonspecific antibody binding, the sections were treated with 2%
normal horse serum in PBS for 15 min. Then, the sections were incubated in rabbit
antiserum againstEos (1:30,000, A, Calbiochem, EMD Millipore CorpBillerica,
MA, US A) for 2 days at 4 AcC. Durings,alit andar d
antisera were diluted in TB containing 2% normal horse serum, 0.2% Kodak-Pboto
and 0.2% sodiurazide. After the incubation ie-Fos antiserum, the sections were
washed in PBS and incubated in bietionjugated donkey antabbit IgG (1:500, 1,5h,
Jackson ImmunoResearch Laboratories, West Grove, PA,),UBAowed by an
incubation in ABCreagent 1:1,000 dilution in TBfor 1 hour Thesignalwas visualized
by Ni-DAB developemwhich resulted in a dark blue precipitate. Thére sections were
incubated in sheep aMiPY serum (1:100, 000, gi ft from
University of Maryland, School of Medicine, USA)for 1day 4 AC, rinsed in
incubated in biotinylated donkey astieep IgG (1:500, 2lJackson ImmunoResearch
Laboratories, West Grove, PA, URAThis wasfollowed by an ABC treatmentstep
(1:1,000, 1h). Thesignalwas visualized by 0.025% DAB/0.0036%®4 in TB. The
discriminationbetweenthe dark blue NDAB staining and the light brown DAB label
was facilitated by the different intracellular location of ttimomogensc-Fos was

detected in cell nucleivhereadNPY waslocated in axons in the PVN.

2.4.3.RNasefree doubldabeling immunocytochemistry forffos and NPY

For RNasdree immunocytochemistry, the sections were treated very similarly than
for standard immunocytochemistry, but with the following modifications. All solutions
were prepared with Mili Q water treated with diethyl pyl
overnight and autoclaved to destroy the potential RNase contamination. PBS stock
solution was also treated with DEPC (0. 2¢l
autoclaved. Antibodies were di$sed in the following solutions: 18BSA, 0.2% sodium
azide and 15 U/ml heparin in 0.01M PBS or 0.01M TB. &tapwas used to inhibit the
RNase activity in the antisera. The primary antibodies were wagdate following
dilutions rabbit antiserum againstfos 1:15,000 and sheep NPtiserum 1:50,000.
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2.4.4. Counterstaining

Nisskcounterstaining was performed identically that was described earkscion
2.1.6..The immunostained sections that were mounted on gelatiaied slides were
dehydratedvith ascending series of ethanol, treated with xylene for 5 min and rehydrated
in descending series of ethanol and in MilliQ water. Then, the sections were treated with
1% cresyl violet solutior(in 0,31% acetic acid diluted in distilled watdor 3 min
followed by differentiation in acetic acid in 100% ethanol (at 1:50,000 dilution) for 5 sec.
Then the sections were dehydrated again with ascending series of ethanol and xylene and

coverslipped with DPX mounting medium.

3. Image analyses

Table 3. summarizethe microscopitechniques used for image analysis.

Table 3. Microscopic techniques used for the analyses of inostaned sections in

different xperiments of the PhD thesis

Study Experiment Microscopic technige

Mapping the distribution

of hypophysiotopic TRH
neurons in the mouse Mapping of TRH-IR
hypothalamus neurons in the PVN Brightfield microscopy

Comparve analysis offte
distribution of
hypophysiotropic TRH
neurons and vasopressin
and oxytocin neurons in | Confocaland fluorescent

the PVN microopy

Co-localization of CART
and TRH in the PVN of Confocaland fluorescent

mice microscopy
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Identification ofthe
transportroutebetweerthe
thyroid hormone activatin¢ Pregnce of MCT8 in the
tanycytes and hypophysiotopic axon
hypophysiotropic TRH termnals in the median | Brightfield- and electron

neurors eminence microscopy

Co-localizationof MCT8
and TRH in
hypophysiotopic axon
terminals Confocal microscopy

Determination of the
Decipheringhe numb e fMSk- &ind U
mechanism of the AGRP-boutons in contact
melanocortin resistance o| with TRH neurons under
hypophysiotropic TRH different metabolic
neurons during reégling | conditions Confocal microscopy

Devebpment of an
improveal method for Comparisorof the efect

combired use of of standard and RNadeee
immunocytochemistry ang immunocytochemistry on

Nisskstaining Nisskcounterstaining Brightfield microscopy

3.1. Confocal microscopy

Images were takewith a Biorad Radiance 2100 confocal laseanning microscope
(Bio-Rad Laboratories, Hertfordshire, UK) usingX2 40X and 60X objectives and the
following laser lines: 488nm for FITC, 543nm for Cy3 and Alexa555 and 637nm for Cy5.
The following dicroic/emission filters were used: 560nm/A30nm for FITC, 650/560
625nm for Cy3 and Alexa555 and a 660lung pass filer for Cy5

To study theco-localization of TRH and FluoroGold, 40x magnification images were
t aken wi tsteps@hrobgh tbeventife PVN. The location of TRFuoroGold-,
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OT-NP-, AVP-NP- and CARTimmunoreactivieswas detemined on individual tgal
sliceswith thelmageJ software (http://rsbweb.nih.gov/ij/). The maps of the localization
of TRH neurons in the PVN were drawn in CoreIDRAW11 software. The presence of all
immunolabeled neurons in representative sections was marked on the maps.dmage
theblue DAPI signal were taken withxiolmager M1 microscope (Carl Zeiss, Inc., Jena,
Germany) anaverlaid with the fluorescent images of the immunostainings to facilitate
the differentiation between magnocellular and parvocellular divisions. dingasite
images were prepared with the Adobe Photoshop CS program. The borders of the
divisions were drawn in CoreIDRAW11 software based on B#&Rihing. The contrast

and brightness ares adjusted in Adobe Photoshop CS software.

The largest perikagn diameter of randomly selected 50 TR&hd 50 vasopressin
containing neurons antD0-100 randomly selected Nisstained neurons located in the
compact part of the PVN or in the melel medial part of the PVN, respectively, from
each animal was measuredwitnageJ software.

Todetermiret h e n u mMSHr ancdbAGRRIR axon varicosities in contact with
the surface of TRH neurons, one section from the leidl of the PVN wasnalyzed
from each animalThe selectedections werenatched to ensure the analysisdentical
section planegConfocal microscopic images were taken from both siddsedtVN at a
60X magni fication. The i-stepsghesnumberokAGRRA ken us
a n dMSH-IR boutons was determined on all TRH neurons on both sides of the PVN.
The TRH neurons wengsed for the analyses only if the perikaryon was present entirely

in the section.

3.2. Electron microscopy

The ultrathin sections were examined wihleot100C (Jeol Ltd., Tokyo, Japan)
transmission electron microscope. The brightness and contrastdifital photographs
wereadjusted in Adobe®toshop CS program.
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3.3. Brightfield microscopy

Images were taken witAn Axiolmager M1 microscope (Carl Zeiss, Inc., Jena,
Germany) using 10X, 20X and 60X objectiv@sightness and contrast were adjusted
with Adobe Photoshop CS software.

4. Statistical analyses
The statistical significance of the data was analyzed usHgst] ANOVA and

NeumanKuels analysesausing theStatistica9 softwarpackage

5. Specificity of the primary antisera
5.1. Sheep anfiRH serum

The $eep antiserum against TRH (# 08W2) was raised in our laboratory against TRH
conjugated to BSA with acroleif213. The specificity of the an@sum for
immunocytobemistry was tested by preabsorption with TRH (Bachem Corp.,

Bubendor f, Switzerl and) at 80 ¢eg/ ml concen

complete loss of immunostaining. The distribution of the immunoreactive elements was

the same as previously debed[111]].

5.2. Mouse monoclonal antibody against CART

CART immunoreactivity was visualized using a mouse monoclonal antibody raised
against purified regobinant CART(4189) [225. Recombinant CART(489) was
conjugated to ovalbumin with carbodiimide. The specificity of CART antiserum was
tested by the combinatior singlelabeling immunocytochemistry for CART andsitu
hybridizationusing antisense RNA probes directed against the rat CART cDNA (bp 226
411; GenBank accession number U1007Ihe distribution of CARTIR cells in
colchicinetreated materiahatched \th thein situhybridizationdistribution suggesting

that all cells expressing CART constitutively are visualiZet].

5.3. Monoclonal antibodies produced against-OF or AVRNP
For monoclonal artDT-NP and antAVP-NP antibodies, BALB/c mice were
immunized intraperitoneally with acgbluble extracts of rat neurointermediate lobes in

compl ete Freundds adjuvant. Spleen cell

47

S

o f



DOI:10.14753/SE.2014.1934

by fusion with myeloma cells. Each clone guging monoclonal antibodies were cultured
separately. The monoclonal antibodies of each clone was tested by
immunohistochemistry and solid and liquid phase radioimmunoassay. With light
microscopic immunohistochemistry, both a®ff-NP and antAVP-NP staned
exclusively the posterior pituitary, and the paraventricular and supraoptic nuclei of rat
hypothalamus. The radioimmunoassay demonstrated thaaRtigG (PS41) is highly
specific for the complex of AVAINP and does not crossact with OFTNP, wherea antt
OT-NP IgG (PS38) reacts with OINP exclusivelyln addition peptides synthesized in

the rat neurointermediate lobe, i.e., dynorphin A and dynorphin B (100 pmol/bdibe),
endorphin (100 pmol/tube)}MSH (1000 pmol/tube), and angiotensin Il (10,000
pmol/tube), did not affect antibody bindifi2R6.

5.4. Rabbit antFFluoro-Gold serum
Rabbit antiserum raised against Flu@old did not give any staining on sections

originating from mice without Fluor&old treatment.

5.5. Rabbit MCT8 antiserum

To test the specificity of the antlCT8 antibody in the examined region,
hypothalantc sections of MCT&O mice were used as a negative control (the MCT8
KO brain was kindly provided by Dr. H. Heuer, Jena, Germany). MCTS8

immunoreactivity was completely absent in the median eminence of the MOT8ice

[227.

5.6. Sheep antl-MSH serum

The specificity of the antiserum wagmonstrated by the loss of immunoreactivity
after preabsorption of the diluted antiserum with an excessyoh t hMSHi ¢ U
(10°mol/l) peptide[22§.

5.7. Rabbit antAGRP serum
The specitity of the polyclonal antibody was verified by preabsorbtion of the
antiserum with the peptidantigen fragment AGRP (8B32)}NH2 which resulted the

complete loss of the immunolabelifirg.
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5.8. Rabbit eé~os antiserum

The polyclonal antibody developéy Calbiochem (EMD Millipore CorpBillerica,
MA, USA) against synthetic peptide (SGFNADYEASSSRC) corresponding to amino
acids 417 of human d-os. However it reacts with mouse and r&bs and the retroviral
v-Fos proteins. The early response traipsion factor eJun do not affects the antibody
binding. The staining capability of the antiserum was tested by the producer on sections
of rat brain with induced-Eos expression which resulteda highly specific staining

pattern.

5.9. Sheep antiseruagainst NPY

The specificity of immunostaining witthe NPY antiserum was demonstrated by the
loss of immunoreactivity after priesorption of the diluted antiserum with an excess of
synthetic NPY peptidel0°mol/l) [22]].
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VI. Results

1. Distribution of hypophysiotropic TRH neurons in the mouse hypothalamus
1.1 The organization adhe PVN in mice

We observed that the organization of the mouse PVN is highlgreift from the
organization of the PVN in ratdherefore instead of using the nomenclature of the
mouse brain atlas by Paxinos and FrankR23 which was adapted the rat brain
nomenclaturg¢229, we have divided thmmousePVN into five parts (Fig. 6). These parts
are as follows:
- compact = a cell dense region in the midlevel of the R¥ith contains both magro

and parvocellular cells (Fig. 6B

- periventricular = 3&b cell wide zone adjacent to the third ventricle (Fig-GA

- anterior = cranial to the compact part (Fig. 6A)

- mid level medial = located between the compact part and the periventricular zone at the
midlevel of the PVN (Fig. 6B)

- posterior = located caudal to the compact part (Fig. 6C)

Figure 6. lllustration of the nomenclature useddefinethe parts of the mouse PVN.
Borders of the parts of the mouse PVN are labeled on images ofshisstd
preparations. AC represets three anterigposterior levels of the PVN. I, Third

ventricle; A, anterior part; C, compact part; M, nedel medial part; P, periventricular

zone,; PO, posterior part,; Scale bar=1000m;
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1.2. Distribution of TRHR neurons in the PVN

TRH-IR neurons werebserved in all parts of the PYBicept the periventricular zone
(Fig. 7). Moving from rostral to caudal portions of the PVN, FBdthtaining neurons
were observed in all three levels (anterior, mid and posterior levels), but the density of
these cells wathehighest at the anterior and nm@Vels (Fig. 7A, C). The largest number
of the TRH neurons was observed in the compact part of the PVN (Fig. 7C). The shape
and size of the TRH neurons located in the compact and in the other parts of the PVN
were similar (size of TRH neurons in midvel medial part of the PVMs.compact part
(Om)2. 15 vdll .. 06 N 0.02;: P=0.31).

1.3. Distribution of hypophysiotropic TRH neurons in the PVN
Fluoro-Gold accumulatn in neuronal perikarya was readily visz&d and had an

inhomogeneous and punctate appearance (Fig. 8B). Although the anterior part of the
PVN contained a large number of TRH neurons, only very few wetababted with
Fluoro-Gold (Fig. 8C; 9A; 10A). Similarly, none of the TRH neurons in thstexior

part of the PVN contained Flwi@old (Fig. 8D; 9G; 10G). Most doublabeled neurons

were located in the compact part of the PVN (Fig. 8A, BFOBOB-F).
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Figure 7. Distribution of TRH neurons in the PVN of mice.

Low magnification images illstrate TRHIR neurons at three, anteposterior levels o
the PVN (A, C, E). The borders of the PVN and the localization of the compact part are
illustrated on neighboringcresy i ol et st ained sections (B, D,
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Figure 8. Distribution of hypophysiotropic TRH neurons in the PVN of mice.
The hypophysiotropic TRH neurons containing both TRHagenta) and FluorGold-
immunoreactivity (green) can be observethatmid level of PVN (A, B). Arrowheads

point to doubldabeled neurons,whereas arrows point to singkabeled nomn

hypophysiotropic TRH neurons. Most of the hypophysiotropic TRH neurons are located

in the compact part demarcated by a broken line (Ajgh Hnagnification image (B
illustrates the Fluord&old immunoreactivitygreen)in the TRH neurons (magenta) [in
the compact part of the PVN. Flue@old immunoreactivity was absent from TRH
neurons in the anterior (C) and posterior parts of the PVN E2ch image represents
single optical slices. imMBE@e drmdioX nem|s

I, third ventricle; Scale barson-B = 50¢& m.

53



DOI:10.14753/SE.2014.1934

1.4. Compaative localization ofhypophysiotropic TRH neurons and vasopressin and
oxytocin neurong the PVN

AVP and OT neurons were observed primarily in the compact part of the PVN,
although scattered cells were also observed in théewidl medial part of PVN (Figs-9
11). The size of magnocel l ul ar AMder neur on
than the size of the TRH neurons (p<0.001). Hypophysiotropic TRH neurons containing
both FluoreGold- and TRH immunoreactivity were also observguimarily in the
compact part of the PViNhere theyntermingled with AVP and OT neurons (FiglQ).
No colocalization of TRH and AVP or OT was observed in this region (F1)9 In
addition, no cdocalization was observed in any other region of the PVN where OT and
AVP were identified.

To further clarify the presence of magnocellular and parvoeelbdlls in the compact
and midlevel medial parts of the PVN, histograms of the cell sizes were created using
the followingcriteria magnocellular neuron® 1 4 pdbvocellulaneurons< 14  Om.
In the compact part, an approximately equal number of cells lthdmetedower (49.3
N O0.addh)ghef 50. 7 N 0. 9ltwdhe midiemehmediat garnof PVN, the
vast majority of cells were smallerthard Om (96. 0 N 1.2%) and onl
adiameterequal to or abovd 4 Om (4.4 N 1.2 %) . The distri
neurons located in the mldvel medial part of the PVN and at the compact part of the
PVN is illustrated in Fig 12.
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Figure 9. Schematic drawings illustrate the distribution of hypophysiotropic TRH
AVP neurons at different antepmsterior levels of the PVN.

Open circles denote singlabeled TRH neurons; filled circles denote dotlblecled
TRH/FG neurons; crosse®mbte AVP neurons. The borders of the compact par

labeled with broken linedll, third ventricle.
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Figure 10. Schematic drawings illustrate the distribution of hypophysiotropic TRH
OT neurons at different antepmsterior levels of the PVN.
Open circles denote singlabeled TRH neurons; filled circles denote dotlblecled

TRH/FG neuronscrosses denote OT neurofi§.third ventricle.
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Figure 11.Simultaneous localization of TRH with oxytocin (OT) and vasopressin (AVP)
in the PVN of mice.

Medium-magnification confocal images illustrate the distribution of the TRidd),
AVP- (blue, Al), OF (blue, B2) and Fluor@sold-IR (green) cells at the mid level of the
PVN. Al-2 or B12 images represents the same field. Note that TRH is not colocalized
with the magnocellular peptide8vhile arows point to singldabeled TRH neurons,
arrowheads label the hypophysiotropic TRH neurons. Each image repeesents m |t hi c k
optical slice. 11, third ventricle|l, Scale
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Figure 12.Distribution of cell size in the mitkvel medial part of the PVN (black bars)

and in the compact part of the PVN (gray bars).

1.5. Colocalization of CART and TRH in the mens of the PVN

The localization of neurons &ynthesizng CART and TRH in the PVN of mice was
similar to that of the TRH neurons accumulating FleGad. Numerous CAR-TTRH
doublelabeled neurons were observed at the mid level of PVN in the compa(figart
13B-F; 14A, B). Celocalization of CART and TRH was not detected in the posterior
part of PVN, and only a few doublabeled cells were present in the anterior part (Fig.
13A, G). Calocalization of the two peptides was also detected in the axmings of
the median eminence (Fig. 14C).
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Figure 13.Schematic drawings illustrating-docalization of TRH and CART at differel
antereposterior levels of the PVN.

Open circles represent singibeled TRH neurons; filled triangles indicate doulk
labeled TRH/CART neurons. The borders of the compact part are labeled with

lines.lll, third ventricle.
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Figure 14.Co-localization of TRH with CART in the PVN and median eminence of m
Low (A)- and high (Bjpower images show docalization of RH (magenta) and
CART (green) in the compact part of the PVN. Arrowheads indicate the dableled
neurons, whreasarrows point to singkkabeled TRH neurons. @ocalization of TRH
and CART is also detected in the axon terminathemedian eminere(C). The
thickness of dmptB canidAsthdiGcrid, thirdsventricleg Scale

bar = 50&m.
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2. ldentification of the transport route the thyroid hormone activating tanycytes and
hypophysiotropic TRH neuros
2.1. Presence of MCT8 the hypophysiotropic axon terminals in the median eminence
To determine whether the hypophysiotropic terminals are capable of accumulating T3,
the distribution of MCT8mmunoreactivity was studied in the median eminence. Intense
and diffuse MCT8mmunoreatvity was observed in cell bodies and processes exhibiting
the characteristic distribution and morphology of tanycytes (Fig. 15A, B). In addition,
punctate MCT8mmunoreactivity was detected among the tanycyte processie
external zone of the medi@minence (Fig. 15C). Ultrastructural analysis of the MCT8
IR elements in the external zone of the median eminence demonstrategl MCT8
immunoreactivity distributed uniformly in the tanycyte processes (Fig. 16A). In addition,
MCT8 immunoreactivity waslao observed in axon terminals, where the silver grains
focally accumulated in a segment of the axon varicosities in close proxintiy ptetsma
membrane (Fig. 16B, C).

2.2. Colocalization of MCT8 and TRH in hypophysiotropic axon terminals

A series ofdouble immunofluorescetdbelingfor MCT8 and TRH demonstrated the
presence of MCT8R puncta on the surface of the vast majority of T&€ttaining axon
varicosities in the external zone of the median eminence (Fig. 17).
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Figure 15. MCT8 immunoreactiviy in the rodent mediobasal hypothalamus.

Low magnification photograph illustrates the presence of M@wBiunoreactivity,
associated with tanycyt€8). In the median eminence, strong MCiii@nunoreactivity
is observed in tanycyte procesg@ arrows) In adlition to occurring in tanycyt
processes (arrows), MCT@munoreactivity is also observed in small dot like structt
reminiscent of axon varicosities (arrowhea@®) |11, third veni{
i n A, 100 em in B, 20 em in C
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Figure 16. Ultrastructure of MCTER structures in the rat median eminence.

MCT8 immunoreactivity (silver grains) is associated with tanysyi&) and axon
varicositiegB, C)in the external zone of the median eminence. In the axon varicosities,
silver grains accumlate in a small region of the varicosity close to the cytoplasmic
membrandB, C). Scale bar: 500 nm.

Figure 17. MCT8 immunoreactivity in axom
varicosities of the rat hypophysiotropic TRF

neurons.

The immunofluorescent signal for MCT8 (red)
distributed as small dots throughout the extern
zone of median eminence and appea

(arronheads) on the surface of TRH

m~

Immunaeactive axon varicosities (green). Sca

bar : 2 &m.
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3. Clarification of the mechanism causing the melanocortin resistance of
hypophysiotropic TRH neurons during refeeding
3.1. AGRPa n dMSHEHR innervation of TRH neurons

A dense network of both AGRR n dMSH-IR axons was observed in the PVN
surrounding the TRH neur onMSH{dntaigng axbrs A) . Th
was slightly higher in theostralpart of PVN whereaghe network of the AGR#R axons
seemed to be denser in the posterior level of the PVN. In the same@odezoor level,
no difference was o0bs-B$H &ad AGRRIR axbneinthe nsi t vy
medial and compact part of the PVN. Large bemof AGRR a n dMSH-IR axon
varicosities formed juxtaposition with the perikarya and dendrites of the TRH neurons.
In the mid level othe PVN confocal microscopic analysatentifiedan average of 30.9
N 0. 3-IRAaGRP 19 . -BISHIR dxondaritdities on the surface oFRH-IR
perikarya and first order dendrites (fig. 19A). Table 2. summarizes the number and the
ratio of AGRR a n dMSH-IR boutons on the surface of TRH neurons in the PVN.

3.2. The effect ofFMSHarslAGRPR boatonsanffRH neuionsb er o f
Fasting caused a marked increase in the number of A@RMRnolabelled axon

varicosities on the surface of TRH neurons fdst.fed: 44.9N0.3vs.3 0. 9 adon 0. 3

varicosities / TRH neuron; P<0.004nd decrease in the nbero f -MSH-IR boutons

(fastedvs.fed: 13.6 N 0.7vs.1 9 . 3 aKon Qaricésities / TRH neuron; P<0.001)

contact with the TRH neurons in the PVN (fig. 19B). Therefore, fasting resulted in a 2.07

fold increase in the ratio of AGRR n dMSH-IR varicosites forming cordct with the

TRH neurons (fasteds.f ed: 3 wvs314 6 ON 20. 03; P<0.001) (fi

3.3.Effect of 2hvs. 24hofr ef eedi ng o04MSH dne AGREIRnDEtoNns i
contact with TRH neurons
Two hours after the start of refeadi the number of AGRIR boutons on the surface
of TRH neurons differed only slightly, but significantly from the fasted values (2h refed
vsf asted: v4648@. 6. 8.3 axon varicosities |/
the number of AGRHR inputsto TRH neurons was markedly elevated compared to that
foundin the fed animals (2h refecs.f ed: 4 6s5.20.N9 ON 30. 3 axon var

TRH neuron; P<0.001)Two hours after the onset of refeeding no significant alteration
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was 0bs er WM8Hinnervation of #RHUheurons compared to that observed in

fasted animals (2h refegs. fasted:13.9N0.8vs.13. 6 N 0.7 axon vari c
neuron; P=0.746(fig 18C, 19C)A t this timepoint, -MSHe ratic
containing boutons was unchanged when comparte tealue othe fasted animal@h

refedvs.f asted: v8. 33 38 WN. D. 2; CPm@ontas, 23 hofrs i g. 1 ¢
after the start ofood consumption a marked decrease was observed in the number of
AGRP-IR axon varicosities on TRH neurgmghencompared to fasted animals (24h refed

vs.f ast ed: vR4a.9M0.3kxolvarkosities / TRH neuron; P<0.pGithough

this number wast#l slightly higher than fed animals (24h refed.f e d : 34s.4 N 0.
30. 9 akbn Garicsities / TRH neurpi<0.001) (fig. 18D)At this timepoint, the

n u mb e tMSI8-IR bdltons in contact with TRH neurons was markedly incremsed

compaison with that of fasted animal§24h refedvs.f ast ed: v&D3 96 NN 00 67
axon varicosities / TRH neurpri’P<0.001) (fig. 8D) and there was no significant

di f fer ence -MBHE-tRvinaervationt oh ERH beurons in these mice and fed

animals (24h refeds.f ed: 2 Ovs.®9 .N3 (ol Qaricésities / TRH neurpn

P=0.153). The ratio of the AGRIR a n dMSH-IR varicosities of TRH nawns was

markedly lower than in fasted mice (24h refeif ast ed: $s.36.43 4N R0 .00.12 ;
P<0.001). In addition, no significant difference was observed in the ratio of ABRP

a n dMSH-IR innervation of TRH neuronsvhencompared tdhe ratio offed animals

(24hrefedvs.f ed: 1.v8.4. 611 0No0@. 03; P=0.866) (fig. 18

3.4. The effect of leptin treatmentonthe fastingd uc ed r e a r-MSikragde ment o
AGRRinputs toTRH neurons

Leptin administration by subcutaneously implanted osmofidpump completely
prevented the f ast i aMSH-IRAndarvaterdof TR aeupress 1 n  t
(leptintreated fagidvs.fased 2 0 . & N1 .. #&tonNariésities / TRH neurpn
P<0.001; leptirtreated fagidvs.f e d : 2 s 159 .N94 afbnlaricosities / TRH
neuron P= 0.178 and makedly attenuated the fasting induced alteration in the number
of AGRP-IR boutons on the surface of these cells (lepiteated fagtidvs.fased3 4 . 4 N
01vs.44.9 N 0. 3 dXRHmeuromPx0.0019 Isptirtreatedsfastd vs. fed:
34 . 4 viB .. 91 akdn @ricGsities / TRH neurpR<0.001) (18E). This treatment

also prevented the fastifigduced changin the ratio of AGRPa n dMSH innervation
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of TRH neurons (leptitreated fasidvs.fased 1. 6 7vs.8l. ®4 00 0. 02 ;

leptintreated fagidvs.f e d : 1 .v8.7.61N0.03;.P80193pP(18A, E; 19A, E)

Table 2.Aver age nMBH end AGRRIR boutons on the surface of TRH

neurons.

Control Fased Refed for2h Refed for24h | Faged
+ leptin
AGRP |30.9N0.3 |44.9N0.3 |46.0N0.? 34.4N0.1° 34.4N0.1°
UMSH [19. 94 1 13.6N0.7# | 13.9N0.& 20.9N0.6° 20.5N0.18
AGRP/ |1.61N0.03 | 3.34N0.2 | 3.33N0.2 1.64N0.7 1.67N0.0%
UMSH

a1 Significantly different from control (P<0.00Ijefed for2h (P<0.05)refed for24h
(P<0.001) and leptin treated fed{P<0.001) groups

b 1 Significantly different from control (P<0.001fastd (P<0.05),refed for 24h
(P<0.001) and leptin treated fad{P<0.001) groups

c 1 Significantly different from control (P<0.001), fast(P<0.001) andefed for2h
(P<0.001) groups

d i Significantly different from control (P<0.00lefed for24h r(P<0.001) and leptin
treated fastd (P<0.001) groups

ei Significantly different from fagtd (P<0.01) andefed for2h (P<0.001) groups
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Figure 18. Effect of fasting and refeeding on the AGRPg r e e n-MSHdR (tkd)
innervation of TRHheurons (bluein the PVN.

Medium-power images illustrate that fasting markedly increases the density of ASRP

axons (green), but -MSHdR axans (eed) surrbuadingl BRRs i t vy

neurons (blue) in the PVN (Byompared to fed animals (A)Vhile 2h after réeeding no
remarkable change can be obserfveth thefasedmice (C), 24hafterrefeeding the axo
densities are similar todseobserved in the PVN of fed animals (D). Subcutaneous ¢
infusion prevents the fastingduced changes in the innervatiohthe PVN (E). The
thickness of dlpthiidveattice.State bar 20m0em

)
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Figure 19. AGRP- a n dMSH-containing axon varicosities on the surface of TRH

neurons in PVN.
High magnification images demonstrate that fasting (B) resulted in an increase

number of AGRHR boutons (green) on the surface of TR#irons (blue), but decreased

t he numM8HIR lotitons (kéd) compared tioe values ofed animals (A). 4
after refeeding@) no major change was observed compared to fasted animalafte4
refeeding D) the AGRRIR innervationof TRH neurons ecrease, whereas the-MSH-

IR innervation increask in comparison with those désed animals. In leptirtreated

mice, no fasting induced alteration was obser&@dHach optical slice represeft . 5 O m

thickness. Scal e bar: 25em
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4. Development of ammprovel methodto combinat immunocytochemistryvith Nisst
staining
4.1. Effects of RN#efree immunocytochemical method on immunostaining

Two hours after refeeding, the hypothalamic nuclei including the ventral parvocellular
subdivision of theventralPVN (VPVN) showedhe samalistribution pattern of-¢osIR
neurons as it was described earl20Q.
The RNasefreeimmunohistochemical procedure did not irdhice the detectability of ¢
FosIR neurongFig. 20AD).

4.2. Analysis of the juxtaposition of varicosities and neurons using standard
immunocytochemical method combined with Nissinterstaining

After standard immunocytochemistriisslicounterstainingresulted insufficient
labeling ofthecell nuclei, but stained the neuronal perikaryly @ery faintly (Fig. 20A,
C, B. Numerous NPYR fibers were detected in the vPVN around tHeos containing
neuronskig. 20A, C, B. However, due to the very faioytoplasmic staining, theutlines
of cytoplasmwerenotclearly visible(Fig. 20C, B. Therefore, it was not possiblegafely

estimatehe number of ¢=0sIR neurons contacted by NPIR varicosities.

4.3. Analysis of the juxtaposition of varicositegsl neurons in t vPVN after refeeding
using RNaefree immunocytochemical method combined with Migghterstaining

After RNasefree immunocytochemistryhecresytviolet dye stained not only the cell
nuclei but also labeled the cytoplasm of neurong.(E0.B, D, F). This cytoplasmic
staining facilitated the identification of the different subdivisions of the PVN and the
correct locéization of the cFosIR cell populations (Fig. 20B). In addition, the clear
labeling of cytoplasm made the cell bordeisible (Fig. 20F).c-FosIR neurons in the
vPVN were contacted by numerous N fibers (Fig. 20D, F). By quantification of the
contacts, weould determineth®® 4 . 99 N -PosI® Bedrons Wereccontacted by

NPY-IR varicosities.
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Figure 20.Combination of doubldabeling immunocytochemistry for NPY (brown) and
c-Fos (black) with Nissétaining (violetyusing standard (A, C, E) and R&&free (B, D,
F) immunocytochemical techniques on sections containing the hypothalamic
paraventricular nucley®VN).

Rats ued for this experiment were fasted for 3 days and thefied for 2h. Low and
medium power micrographs illustrate the distribution of NPY aR@<€IR elements in
the PVN (A, B) and in the ventral parvocellular part of the PVNH)Crespeavely. The
distribution of the immunoytochemicalsignals is identical on section immunoséal
with standard (A, C) or RNfree (B, D) methodHowever, the Nissétaining resulted
in dominantly nuclear and no or very wealcytoplasmic labelingusing standard
immunocytochemistry (A, C)n contraststrong cytoplasmic Nisgdtaining is observed
after RNasefree immunocytochemistry (B, D). Higbower micrographs (E, F) illustrate
the relationship of NPMR varicosities and the-EosIR neurons in the verdl
parvocellular subdivision of the PVNlote that &#hough NP¥IR varicosities surround
the cFosIR neuronsn both images (E, F), the cytoplasmic border-#fosIR neurons
and the juxtaposition of NRYR varicosities (arrows}o c-FosIR neurons can be
recognized onlyn preparations stained with Rikfree immunocytochemistry (F). Scale
barin B = 100 em corresdmnls= t100 0A eam dc dBr,r esscpad r

D,scalebaon F = 20 em corresponds to E and F
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VII. Discussion

1. Distribution of hypophysiotropic TRH neurons ithe mousePVN

TRH neurons were detected in all partshe PVN of mice except the periventricular
zone. This distribution markedly differs from that observed in the rat brain in which only
a few TRH neurons can be identified in the magnocellular divigiéd]. In addition,

TRH neurons are completely absent from the periventricular zone in mice, where
numerous TRH neurons reside in the rat {Y1].

The predominant localization of TRH neurons in the compact part of the PVN in mice
raised the question whether these neurons have parvocellular or magnocellular
phenotype. To address this issue, théocalization of thegpeptides of the magnocellular
neurons, the vasopressin and oxytocin, with  TRH was studied by fluorescent
immunocytochemistry. Although TRHR neurons were intermingled with vasopressin
and oxytocinlR neurons in the compact part of the PVN;l@calizaion of TRH with
eitheroneof these two magnocellular peptides was not observed. In accordance with this
finding, morphometric analysis of TRNd vasopressilR neurons demonstrated that
TRH neurons located in the magnocellular division are signifigasitialler than the
magnocellular, vasopressin producing neurons and not significantly different in size from
TRH neurons residing in other parts of the PVN. This analysis indicates that TRH
neurons in all regions of the PVN have a parvocellular phenofygpthese parvocellular
neurons are intermingled with magnocellular vasopressin and oxytocin neurons in the
mouse brain ira region similar to the posterior magnocellular division in the rite
structural organization of this nucleappears to show robuspecies differences in rats
and mice. This observation is further supported by the morphometric analyses of the
Nisststained preparationsvhich showed that similar number of parvaand
magnocellular cells can be found in the compact part of the madse Pherefore, we
suggest that in the mouse, this part of
the high density of cells, instead of using the nomenclature adopted from rat studies. The
marked differences of the mouse &hdrat PVN was lateconfirmed by the work of
Biag et al[23(.

The observation that Fluoi@old containing hypophysiotropic TRH neurons were

detected only at the mid level of th¥IR further demonstrate the difference between the
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PVN of the two rodent species. In particular, TRH neurons in the posterior part of the
PVN that are distinctly hypophysiotropic in the [&t 4, 6, 112, did not concentrate
Fluoro-Gold in the mouse. Furthaore, the majority of hypophysiotropic TRH neurons

at the mid level othe PVN were concentrated in the compact part, with fewer neurons
organized in the adjacent malel medial part ofhePVN. Similar to the rat braif8, 4,

6, 231], however, was the absee of FluoreGold in TRH neurons residing in the anterior
part of themousePVN, establishing the nemypophysiotropic nature of this group of
neurons. In addition, simillr to observations orthe rat[2], hypophysiotropic TRH
neurons in the mouse also-eppress CART which is present in both the perikarya in the
mid level of the PVN neurons and in their axon terminals innervating the median
eminence. Cdocalization was only rarely observed in the anterior and posterior parts of
the PVN. Similar observations were published earlier by Broberger[284].

To confrm the immunocytochemical and tracing studies, have carried oun situ
hybridizationexperimentso study the effect of hypothyroidism on TRH gene expression
in different subnuclei of the mouse PVl has beerknown from data obtained in rats
that thyroid hormones exert negative feedback effect only on the hypophysioiipic
neurons. Thesdybridization studieson mice establishethat hypothyroidismonly
resulsin increased TRH gene expression in the compact part and in thevelidnedial
part ofthe PVN[233. In contrastit had no effect on TRH gene expression in the anterior
and posterior parts of the PVN. It is worth emphasizing, that this obiserisatefinitely
different from the phenomenon seen in the rat in which hypothyroidism increases TRH
MRNA throughout the medial and periventricular parvocellular subdivisions of the PVN
with a particularly robust response in the most caudal aspect BMN¢234].

Theresults of oustudies indicate that the organizationtlod PVN and in particular,
the distribution of hypophysiotropic TRH neurons, is markedly different in mice and rats.
Accordingly, we propose thattargeted physialgical and molecular studies of
hypophysiotropic TRH neurons in mishouldtake into consideration that these neurons
are located in the compact part and in the neighboring region in the mid level of the PVN

and absent from the anterior and posteriorspafrthe PVN.
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2. A new mechanismegulating thyroid hormone availability of hypophysiotropic TRH
neurons

The negative feedback effect of thyroid hormones on TRH gene expression of
hypophysiotropic neurons has essential role in the regulation thfe HPT axis[113.
Studies, however, demonstrated that wuid concentration of peripheral T3 alone is not
enoughfor the namal feedback regulation of the hypoplotsopic TRH neuron§l3q.
Conversion of T4 to T3 in the brain is also necessary for this pr¢t86s In the
hypothalamus, the tanycytes are the primary cell type in which the conversion of T4 to
T3 can be catalyzel@5]. However, tanycytes are relatively far from the PVN where the
hypophysiotropic TRH neurons reside. In the median eminence, the axon terminals of the
hypophysiotropic neurons and the p2ocesses

However, ithas not beenlear whetheor not,the axon terminals of hypophysiotropic
neuronsare capable otaking up thyroid hormones in the median eminence. To
understand th@athwaywherebyT3 can reach the nuclei of hypophysiotropic TRH
neurons, we studied the location and subcellular distribution of the major neuronal T3
transporter, MCT8, in hypophysiotropic neurons.

According to the literature, we have observed at ligitroscopic level that the
tanycyte processes are highly immunoreactive for MCT8. However, we have also found
punctate MCT8mmunoreactivityamongthe tanycyte processes in the external zone of
the median eminenceélsing electron microscopic examinationgvihave demonstrated
that the punctate MCT8nmunoreactivity is associatedith hypophysiotropic axon
terminals. By doubkabeling immunocytochemistry, we have shown that MCT8 is
present in the vast majority of the TRigntaining hypophysiotropic axon teimals. This
transporter is considered to be the predominant, neuronal T3 transporter, and its mutations
in humans is characterized by a severe neurolgggnotypg47]. As tanycytes express
MCT8, OATP1C1 thyroid hormone transportd, 133 and type 2 deiodinaq27,
29|, they seem to beapable of accumulating T4, converting T4 to T3, and, tted@asing
T3 into the surrounding neuropil. As axon terminals in the external zone of the median
eminence lie in close proximity to tanycyte endfeet, the observation that axon terminals
of TRH neurons in the median eminence express MCT8 indittzie T3 could readily
accumuate in the axon terminals of hypophysiotropic TRH neurons and ribach the

nucleus of these cells by retrograde transport. Further studies are needed to demonstrate
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the existence of the retrograde T3 transport in the hypophysiotropic axon ter@inals

note,a very fast retrograde axonal transport of biologically active molecules, like BDNF

hasalreadybeen reportef235-237].

¢ MCTS

Figure 21.Schematic drawinglustrates the pathway of T3 transport from tanycyte
the hypophysiotropic TRH neurons.

Tanycytes take up T4 from the blood flow or from the CSF. Then, type 2 deioc
present in tanycytes converts T4 to. Tanycytegelease this active form of THs the
surrounding neuropil. Axon terminals of the hypophysiotropic Tiedrongake up T3
with the help ofan MCT8-mediated transport mechanism and allocate it by retro
axonal transport to the perikarya of neurons located in the PVN. C=capillaanytyte
N=hypophysiotropic TRH neuron
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3. Fastingi nduced al t e rMSH-iandnASRRIRinnénfaton o TRH
neurons a possible mechanism ahelanocortin resistance during the early phase of
refeeding

Our data demonstrate that fasting resuls inr e mar kab | eMSHHRandye i n t |
AGRP-IR innervation of TRH neurons. Fasting induces a significant decrease in the
n u mb e ftMSIIR badudtons on the surface of TRH neurons, and a marked increase in
the innervation of these neurons by axons comtgiAGRP (fig. 2.)

These changes result in a two fold increase of the ratio between the inhibitory and
stimulatory inputs of the TRH neurgna&hich may contribute to the development of
fasting induced central hypothyroidism. These changes may enhane#etiteof the
fasting induced increase of the NRMSHand AGR
and CARTFsynthesis in th&RC neurons.

When ani mal s ar e r-MSHeeuromsfofttreARC dreaastivated g t he
within two hoursin parallel with he development of satiety after a period of vigorous
food intake [200 201]. The activation of these cellglays important role in the
determination of meal size during this early period of food intakesaaldo critical for
the refeedingnduced activation of the neurons in the ventral parvocellular subdivision
of the PVN[20(. Two hours after the onset of refeeding, the pattern cAR@ input
of the TRH neurons remarsimilar to thatit is observed during fasting: increased
orexigenic and decreased anorexigenii nput s. The neurMSHepti de ¢
IR and AGRPIR axons is regulated by nutritional signaléis could partly account for
the differences in thenmuncytochemicatletection of boutons on the surface of TRH
neuronsunderdifferent metabolic ceditions. Howeverwhile 2 hours after the onset of
r e f e e diMSH netrdngarelactivated and the neuropeptide expression of these cells
is increased201],t he number o fMSH boetondire comtactt wittd TR
neuronsstill remairs similar as during fastingrhis findingsuppors the concept that the
observed changes of innervation pattern is due to synaptic plasticity and not to the altered
peptide ontent of the varicositieslo provide further supporto this opinion,we are
currently crostng POMC-Cre mice with mice expressing miristilated GFP in Cre
expressing cellsin this double transgenic mice, we can study the entire length of the
axons of PMC neurons independently from the activity of cells, as the miristilated GFP

labels the entire cell membrane.
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After 24h of refeeding the fasting induced alterations in the AGRR dMSH-IR
innervation of TRH neurons become similar as observed in the fed animals. The AGRP
IR innervation of TRH neurons is decreasedemiasa marked elevatiocan beobserved
inthe n u mb-MBH-IR boutdihs on the surface of TRH neurotsmpared to the
early phase of refeeding.

These changes in the innervation of TRH neurons show similar timing as the changes
of the TRH gene expression in the hypophysiotropic ney&i. While dter two hours
of refeeding, both th&RC input to TRH neurons and the expression of TRH in the
hypophysiotropic neurons are simitarthose of fasted anirsaboth parametenseturn
to fed levels 24h after refeeding.herefore, weproposethat the fastingnduced
alterations of thé}*MSH-innervation of the TRH neurons contributes to the inability of
t he a c {MSH retranslito sfimulate TRH gene expression during the early phase
of r ef ee d-MSHgneuroSsiacticate thé) neuron population in the VP00,

207] it seems that the neuron populations of the PVN involved in food intake and energy
expenditure are differentially reguéat by melanocortins during the early phase of
refeeding. In accordance with the differential activation of these hypothalamic cell
groupsfood intake is inhibited 2h after the onset of refeeding, but the energy expenditure
increases only after 24201]. Therefore the melanocortin resistance of TRH neurons
during the early phase of refeeding may facilitateréiséoratiorof depleted energy stores
after fasting, while the rapid decrease of food intake after meal protects the
gastrointestinal tract from overdistension.

Since leptinis the main nutritional signal that regulates the hypophysiotropic TRH
neuronsas well aghe energy homeostasis related neuronalggad theARC [165, we
studied whetheor notleptin administration can prevent the fasting induced alteration in
the AGRRIR a n dMSH-IR innervations of TRH @urons. To prevent the fasting
induced fallin circulating leptin leves, leptin was continuously administered during
fasting by subcutaneously implanted osmotic minipuAihough fasting resulted in a
slight, but significant increase of the number of ABgdntaining axon varicosities in
contact with the surface of TRH neurons even in the lepgted mice, this increase was
markedly attenuated compared to the effect of fasting observed in thetszditeel
animals. In addition, leptin treatment complgtprevented the fastiAgduced decrease
of t he n-M3kbIR boutamd in ddntact with TRH neurons. Altogettfasting
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did not alter the ratio betweaghe AGRP-IR and the UMSH-IR innervation of TRH
neurons in leptin treated animals. These data demonstrate that leptinesedha
hypophysiotropic TRH neurons by exerting multiple effemtsARC neurons. Leptin
altersthe gene expression of feedirgjated peptides in these cells of &RC [165, and
influences their electrophysiological activity202), and at the same tim&lso causes
synaptic plasticity in the arcuafmaraventricular pathay [202 203. However, the
finding that the number of AGRBoutons in leptin treated fasted mice slightiffeds
from the fed values suggests that the innervation of hiettonsby AGRP neurons
might be also regulated by other signaling molecules.

The signaling pathways mediating the effects of the changes of leptin levels on the
axonal sprouting and retraati@re currently unknown, but one potential mediator could
be the phosphatidylinositoli@nasei mammalian target of rapamycin (PI3KTOR)
pathway. Leptin is known to upregulate both PI3K and mTOR in the feeding related
neurons of théRC [238. The critical role of the PI3K was demonstrated in the leptin
induced axonal growth during development in embryonic hippocampal ng@@gs
MTOR has also been shown to stimulate axonal growth after nerve |28y In
contrast, tk inhibition of MTOR signalization by rapamycin indutks autophagyto
axons in the CN§24(0. During fasting the falin circulating leves of leptin may nduce
autophagy in POMC neurons by the inhibition of PABROR pathway, wéreasthe
increasen the leptin level during refeeding activatesthe RlBKF OR p at RMBAEY i n
synthesizing neurorj241] to contribute to the regrowth of axons in the PVN. Since leptin
similarly regulates the PI3¥nT OR pat hway i n t heMSAH/GARF/ NPY
neurong241, 242, but has opposite effect on the axonal growth of these[26IB, it is
likely that the leptirmediated synaptic plasticity in the AGRP/NPY neurons are regulated

by different intracellular pathways.
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Figure 22.Schemat i ¢ drawing il | usiMEH: aind AGRP

innervation of TRH neurons in different metabolic stages.

Fasting induces an increase in the number of AGRRxon varicosities on the surfa
of TRH neurons and decreases the nurob&rMEH-containing boutons in contact wi
these neurons. The fastimgluced alteration in the AGRR n dMSH-innervation &

TRH neurons lasts at least after the start of refeeding. R4fterthe start of refeedin
a dramatic decrease can be obsgiivethe number of AGRBoutons on the surface

TRH neuronswhereast h e n u mM®H boutohs ot) TRH neurons is increas
Leptin markedly decreases the number of AGRPaxon varicosities in contact wit
TRH neurons and completely prevettie fastig induce fallin the UMSH innervation

of TRH neurons.
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4. The effect of RNas#ree immunocytochemical treatment on the cytoplasmic stain
with Nisstdyes

The Nisststaining combined with immunocytochemistry could deery useful

histological method fothe identification of the connections between neuronal perikarya

and chemically identified axon varicosities. Unfortunately, Nis&s tend to stain

ing

primarily the cell nuclei with only faint labeling diie cytoplasm of the neurons after

immunocytochemial detection of antigens. Since the basic dyes bind to the nucleic acid

content of cells and Rdde treatment during the posthybridization stepirofsitu

hybridization also results in the loss of the cytoplasmic staining with the basi2d#es

we hypothesized that the RBk contamination of the solutions used for
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immunocytochemistry may be the reasonthe lack of the labeling of Nissl bodies with
basic dyesThis hypothesis is also supported by data showing that immunocytochemistry
results in damage of RNA in samples processed for microarray anfyksTo test

this hypothesis, we have used DER€ated, autoclaved buffers and Riskefree
glassware for all steps of immunocytochemistry. To further prevent the potenaaéRN
contaminations, the Rade inhibitor heparin was added to all antibody containing
solutions. The RBesefree conditions slightly decreasethe sensitivity of the
immunocytochemistry, but it could m®mpensatedor by using an increasgatimary
antibody concentrationThis effect of RNisefree conditions is probably due to the
protease activity of heparin. The distribution of the immundr@agrodicts was not
influenced by the treatment. The Bé¢-free conditions, however, markedly changed the
result of the counterstaining. The Nisshining strongly labeled the cytoplasm of the
neurons and also resulted in a slightly more intense nualeeling. The combination of
RNasefree immunocytochemistry and Nisstiaining can be a very useful approach when
precise localization of immunostained neuronal elements is necessary: mapping the
localization of new peptides, proteins, identifying regiomsere anterogradely or
retrogradelylabeled structuresan be found[245 or mapping the localization of
activated neurons usingFos as a markgr244. In addition, the strongytoplasmic
labeling of neurons with Nisstaining can be helpful, when the innervation of a cell
group is studied at light microscopic level and the neuronal population is identified based
on a marker that is localized in the nucleus of cells, like aucdzeptors and transcription
factors. As an example, we show that it is very difficult to determine at light microscopic
level whether the NPYR varicosities are juxtaposed to the surface of Hi@<IR
neurons in the ventral parvocellular subdivisadthe PVN when the cytoplasm of cells

is not or very faintly stained. Due to the lack of the cytoplasmic staining, the borders of
the cFos expressing cells can not beualized. In contrast, when Rb&free double
labeling immunocytochemistry is combaheith Nisststaining, the brown DAB, theark
blueNi-DAB and the purple Nissdtaining that strongly labels the cytoplasm of neurons
can be easily distinguished. Therefore, the juxtaposition of-N®PWYaricosities to the-c
FosIR neurons in the vPVN can basly detected and quantifiedsingthis method we
observed that i n t he -FosRexphssi@8gneudois aié codtackd %

by NPY-IR fibers. In summary, we conclude that when standard immunocytochemistry
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iIs combined with Niss$taining, theloss of the cytoplasmic RNA content of neurons
results in the lack of cytoplasmic labeling with the N&slining. In contrast,
combination of RMsefree immunocytochemistry with Nisstaining preserves the RNA
content of neurons and results in a strogyigpplasmic counterstaining that can facilitate
mapping of immunostained neurons or the light microscopic examination of the

innervation of cells characterized by their nuclear protein content.
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VIIl. Conclusions

In summary, the organizationthiePVN in mice is markedly different from that observed

in rats. The so called magnocellular part of this nucleus contains approximately equal
numbes of parve and magnocellular neurons. Therefore, we suggest to call this part of
the PVN compact part based drethigh concentration of neurons in this division. The
distribution of hypophysiotropic TRH neurons is also different in mice than in rats. These
neurons are located exclusively in the mid level of PVN. Only a few hypophysiotropic
TRH neurons were found ithe anterior level of PVN, wdreasthis neuron type was
absent from the posterior level of the nucleus. Interestingly, no hypophysiotropic TRH
neuron was found in the periventricular zone of PVN of mice though numerous
hypophysiotropic TRH neurons are &ted in this zone of PVN in rats. In mice, most of
the hypophysiotropic TRH neurons are located in the compact part intermingled with
magnocellular neurons, but no-loralization of TRH and AVP or OT was observed
Based on their size, all hypophysiotrogi®H neurons are parvocellular cells. The
distribution of the hypophysiotropic and CART expressing TRH neurons oyerlap
suggesting that hypophysiotropic TRH neurons express CART in mice sinidatyg
observation#n rats.

The presence of MCT8 thyroisbimone transporter on the terminals of hypophysiotropic
TRH neurons in the median eminence suggests that these terminals can take up T3 from
the extracellular space of the median eminence and likely transport it to the nucleus of
hypophysiotropic TRH neurs. As the median eminence is located outside of the BBB
and contains D2 expressing tanycytes, the origin of the T3 content of this brain region is
unique: it derives from both the peripheral blood and the tanycytes. Therefore, the
hypophysiotropic TRH neons can be directly influenced by the changes of peripheral
T3 concentration, but also by the activity of tanycyid@ss gives high flexibility tothe
feedback regulation of TRH neurons.

In addition to the effects of fasting and leptin on the actbfityre feeding related neurons

of theARC, the nutritional signals may also influence the hypophysiotropic TRH neurons
by inducing synaptic plasticity in the arcugtaraventricular pathway. The fasting
induced increase of the AGRRnd d e cr eMSHaennesvhtiort ohT&RH kkurons

may facilitate the fasting induced inhibition of the hypophysiotropic TRH neurons. Since
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this change of the innervation pattern lasts at least 2 hours after the onset of refeeding, it
may contribute to the melanocortin resmsta of TRH neurons during this early phase of
refeeding. 24 hours after the start of refeeding the ratio between the-AGRBMSH-
innervation of TRH neurons reverts to fed level coincidently with the normalization of
TRH expression. Leptin administratiprevents the fastinigduced changes in the ratio
between AGRPa n d¢MSH-innervation of TRH neuronsuggesting that leptin is the
main factor that regulates the plasticity of the synaptic input of TRH neurons.

Our data demonstrate that the #&M conteination of materials used for
immunocytochemistry contributes to the decrease of cytoplasmic labeling of neurons with
basic dyes when Nisskaining is combined with immunocytochemistry. The application

of RNasefree techniques, therefore, can highly stshie deteabn of the cytoplasm with
Nisskstaining and facilitate the examination of the neuronal inputs of neurons identified

by their nuclear protein content.
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IX. Summary

Since the exact location of hypophysiotropic TRH neurons within the PVNa& m
was unknownwe have mapped the location of these cdllgpophysiotropic TRH
neurons were observeaainly at the mid level of the PVN, primarily in the compact part.

In this part of the PVN, TRkheurons werenixedwith oxytocin and vasopressin neurons,

but based on their size, the TRH neurons were parvocellular and did notncontai
magnocellular neuropeptidgSo-localization of TRH and CART were observed only in
areas where hypophysiopic TRH neurons were located. These data demonstrate that
the locaization of hypophysiotropic TRH neurons is highly different, while their peptide
content is similar in mice and rats. Thyroid hormones have negative feedback effect on
the TRH expression of hypophysiotropic neurons, but the route by which T3 can reach
the TRH neurons was unknown. By immunocytochemistry, we have detected the
presence of MCT8 in the hypophysiotropic TRbhtaining axon terminals in the median
eminence (ME) that suggests that T3 released by tanycytes or originating from the
peripheral circulabn may be taken up by axons of the hypophysiotropic TRH neurons in
the ME and transported retrogradely to the perykarya in the PgiNthe identification

of fasting and refeedingnduced synaptic plasticity of the input of TRH neurons, the
number of AGR- a n dMSH-IR boutons on the surface of TRH neurons was studied
by immunocytochemistry in different metabolic stages. Since AGRP acts as a
mel anocortin antagoni s t-MSHmaydascrdidalirote inlthet we e n
regulation of TRH expressionabting resulted a dramatic increase in this ratio that was
still high 2 hours following the start of refeeding. This alteration in the innervation of
TRH neurons may contribute to the melanocortin resistance of these neurons during the
early phase of refeéng. 24 hours after the the start of refeeding the ratio of AGR&
UMSH-innervation of TRH neurons reaches the fed value coincidently with the
activation of TRH neurons. Leptin administration prevented the fastthged alteration

of the ratio of AGRP- a n dMSH-innervation of TRH neurons.

To facilitate the identification of neuronal networks the method of Mtsshing
combined with immunocytochemistry was improved. The lack of cytoplasmic staining
by Nisstdyes after standard immunocytochemistasveompletely prevented by RNase

free conditions of immunocytochemistry.
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X. ¥sszefogl al §s

Mi vel a hipiofiegseifrek p&HMt os el hel yezked®s
eddi g nem volt ties mgeerjtt,e kf erletg@rskz® pSesZBRH, ke f aj b
i degsejteket el sRsorban a PVN k°z®psR s2kj ¢
sejtek oxitocih ®s v a z oipd eegsssezjitne k k e | keveredve fordu
TRH-i degsejtek m®r et e a parvocel lul 8ris tar

neuropeptidek sem voltak -bekhkalbkzgel epa A GAI|

TRH-i degsejtek®vel el hel yezked®s ®vel mut at ot
ut al nak, hogy a hipofiziotr . f TRH i degsejt
tartalmla hasonl - eg®r ben ®s patk8nyban. Noha a
hat a TRH expresszi - -ra, eddi g az YWt vonal ,
i degsejtekhez I smeretl en vol t . Il mmuncitok

hi pofi ziidegs¢ t e kTRIFi nenci a medi 8n8ban (ME) el
tartalmazz8k a T3 fR neur on-@tjamiarratutalahogy z por t e
a tanicit8k 8ltal fel sz-abadqadot tiTS®Kk ®pe kek
hi pofi zi-odgs¢-tfekTRaiHKk onv ®gz Rd®s e i felvenni, m
transzporttal e S eAjzt eBkh ez e®jst t®ess t g brea t e8lpjl ugtl t8as
szinaptikus 8trendezRd®sek megf-idepsepek ®s e ®r
felsz2n®n eRM®bWMEHEIKR dIROUWGOnok sz8&m8&t kel °nl
8l 1l apotokban. MM S/He | a ratza gAoQR Ps ta8zj alk ®nt hat, e
kul csfontoss8g% | ehet a TRH expresszi - sza
jel ent Rsen megnmR@g kK&t marg&wa lmaaza d¥%r at 8pl 81 8
i s, a mi magyar 8zhatja ezen i dRszakban a
rezisztenci 8j 8t . 24 -i-dreag seejttee kit @avket}i®g-8mi - kdonr ar ka
MSH-bei degz®s ¢k ar 8nyRH-i dergmelj it 2%l -bcka tdte.g z®s ®n
v8l toz8sa | eptin ad8§s8val kiv®dhetR volt.

Tov8bb8, az idegh8l : -zatok felt®r k®pez®s ®n
az immuncitok®mi-Beat ®kombyaBl v8§8Ntmentast 8t , me
k°or¢yen®nk©zt v®gzett I mmuncitok®mi ai el j 8r ¢
fest RdA®s hiangyy8am®mpenlsyci ¢ ok ®mi a ut8n 8l tal
j el ens®g.
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