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REGULATION OF POSTNATAL NEUROGENESIS AND 
BRAIN ANGIOGENESIS BY THYROID HORMONE 

Liqun Zhang 
Center for Brain Repair and Rehabilitation, Institute for Neuroscience and 
Physiology, Sahlgrenska Academy at University of Gothenburg, Sweden 

ABSTRACT
Thyroid hormone (TH), which is secreted by the thyroid gland, exerts significant 
effects on the central nervous system (CNS), especially during development, so 
that delayed treatment of perinatal hypothyroidism results in severe cognitive 
retardation. Continuous postnatal neurogenesis occurs throughout adulthood in 
the subventricular zone (SVZ) of the lateral ventricle wall and in the subgranular 
zone (SGZ) of the dentate gyrus (DG) of the hippocampal formation. The neural 
stem cells in these regions undergo proliferation, migration, differentiation into 
functional neurons, and integration into neural networks. These two highly 
specialized regions are termed ‘neurogenic niches’, which mainly contain neural 
stem cells, endothelial cells, astrocytes, and microglial cells. In the SVZ, there 
are also ependymal cells. Many factors, including growth factors and hormones, 
have been implicated in the regulation of neurogenesis.  

The overall aim of this thesis was to investigate the effects of TH on the different 
cell types, including neural stem cells, endothelial cells and astrocytes, in two 
neurogenic niches. A postnatal hypothyroidism rat model was set up by adding 
PTU to the drinking water from Postnatal Day 1 (P1) to P21. We studied the 
acute and long-term effects of postnatal TH deficiency (PTHD) on both 
neurogenesis and angiogenesis in the SVZ and dentate gyrus.  

In Paper I, we show region-dependent responses to PTHD. The proliferation of 
neural stem cells and the total number of granule neurons in the dentate gyrus 
were significantly reduced in PTHD rats at P21, whereas no effects on the 
SVZ/OB system, as compared with control rats. In addition, after the withdrawal 
of PTU at P22, hippocampal neurogenesis increased as a result of increased cell 
survival. These changes were paralleled by alterations in the gene expression 
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patterns of growth factors and apoptotic factors, i.e., Fgf2, Ngf, Wnt3a, Vegfa 
and Bcl2, at both P21 and P90.  

In Paper II, we describe a reduction in angiogenesis at P21 due to PTHD, as 
evidenced by reductions in the complexity and density of the microvessels, both 
in the neocortex and dentate gyrus. However, these defects were fully recovered 
by P90, following PTU withdrawal at P22. In the neocortex, these changes were 
paralleled by altered levels of VEGFA and FGF2. Furthermore, we report that 
the physiologic plasma concentration of TH promotes proliferation and tube-
like structure formation, and inhibits the death of brain-derived endothelial 
(RBE4) cells in vitro.  

In Paper III, we investigate the region-specific contribution of astrocytes to the 
activities of neural stem cells after T3 (50 nM) treatment. Conditioned medium 
(CM) was collected from cultures of SVZ and hippocampal astrocytes after T3 
(50 nM) treatment, and was added to the cultures of neural stem cells (NSCs) 
from the corresponding brain regions. The CM from T3-treated hippocampal 
astrocyte cultures promoted hippocampal NSCs survival by increasing the 
proliferation and decreasing the cell death, whereas the CM from T3-treated SVZ 
astrocyte cultures did not have similar effects on the activities of the SVZ NSCs. 
Interestingly, the migration of neuroblast from both SVZ and hippocampus was 
significantly increased after culturing with CM after T3-treatment from 
corresponding regions. Furthermore, the astrocytes after T3-treatment from these 
two regions displayed different expression patterns for the Bdnf, Noggin, Wnt3a, 
Pedf, and Thrb genes, which are implicated in the regulation of neurogenesis.  

In summary, this thesis demonstrates the hyper-susceptibility of hippocampal 
neurogenesis to PTHD including NSCs and astrocytes, and provides evidence of 
a strong linkage between brain angiogenesis and thyroid hormone levels.  

 

Key words: thyroid hormone, neurogenesis, angiogenesis, SVZ/OB, 
hippocampus, neural stem cells, endothelial cells, astrocytes   
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POPULÄRVETENSKAPLIG SAMMANFATTNING PÅ 
SVENSKA

Sköldkörteln, thyroidea, är en körtel som sitter på halsen strax under 
struphuvudet. Sköldkörtelns hormon är bland annat viktiga för normal tillväxt 
under uppväxten. Brist på sköldkörtelhormon (hypothyreos) under tidiga 
barndomsår, samt fördröjd behandling, kan leda till kognitiv utvecklingsstörning, 
eftersom sköldkörtelhormonerna också har en betydande inverkan på det centrala 
nervsystemet. I vuxen ålder förekommer det nybildning av nervceller 
(neurogenes) i två regioner i hjärnan: i subventrikulärzonen (SVZ) i den laterala 
ventrikelväggen och subgranulärzonen (SGZ) i hippocampus. För att 
nervcellsnybildningen ska vara möjlig krävs en speciell miljö, den så kallade 
neurogena nischen. Stamceller, astrocyter och endotelceller är viktiga celltyper i 
denna miljö. Stamcellerna genomgår tillväxt, migration samt differentiering till 
funktionella nervceller och integreras i neurala nätverk.  

Syftet med avhandlingen var att förstå de akuta och/eller långsiktiga effekterna 
av postnatal sköldkörtelhormonbrist på neuronala stam/progenitorceller, 
astrocyter och endotelcellerna i de två neurogena regionerna.  

Vi observerade en skillnad mellan de två neurogena områdena i deras svar på 
akut sköldkörtelhormonbrist. Tillväxten av neuronala stam/progenitorceller och 
det totala antalet nervceller i hippocampus minskade avsevärt, men ingen effekt 
sågs i luktbulben. Nervcellsnybildningen i hippocampus återhämtade sig dock 
efter att normala sköldkörtelhormonnivåer hade återställts, detta genom ökad 
cellöverlevnad.  

Astrocyter, isolerade från SVZ och hippocampus, har visat sig olika 
uttrycksmönster vid sköldkörtelhormonbehandling in vitro. Hippocampala 
astrocyter stimulerade av sköldkörtelhormon främjade tillväxt och neuronal 
differentiering av hippocampala stamceller, men inte astrocyter isolerade från 
SVZ. Dessutom konstaterade vi att sköldkörtelhormonbrist in vivo, orsakade 
minskad nybildning av blodkärl (angiogenes) i både hippocampus och 
hjärnbarken i unga individer, vid vuxen ålder återgick angiogenesen till normala 
nivåer. Vi har även visat att fysiologiska koncentrationer av sköldkörtelhormon 
in vitro, främjar spridning, angiogenes och hämmar celldöd hos endotelceller.  

Sammanfattningsvis visar denna avhandling att nervcellsnybildningen i 
hippocampus är mer mottaglig för postnatal hypothyreos, samt att en stark 
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koppling existerar mellan hjärnans angiogenes och dess sköldkörtelhormon-
nivåer.  
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ABBREVIATIONS USED 

Aif: apoptosis-inducing factor  

BDNF: brain-derived neurotrophic 

factor  

BrdU: bromodeoxyuridine  

BSA: bovine serum albumin 

OB-PGL: periglomerular layer of 

olfactory bulb  

PDGF: platelet-derived growth factor 

 PTHD: postnatal thyroid hormone 

deficiency 

CM: conditioned medium  PTU: 6-N-propyl-2-thiouracil 

CNS: central nervous system  

DCX:  doublecortin 

Q-PCR: quantitative polymerase chain 

reaction 

DG: dentate gyrus  RBE4: rat brain-derived endothelial cell 

ECM: extracellular matrix RMS: rostral migratory stream 

ECs: endothelial cells SGZ: subgranular zone 

EGF: epidermal growth factor SVZ: subventricular zone 

FGF2: fibroblast growth factor 2 T3: tri-iodothyronine 

FT4: free tetra-iodothyronine T4: tetra-iodothyronine 

GCL: granule cell layer Thr 1: thyroid hormone receptor alpha 1

GFAP: glial fibrillary acidic protein Thrb1: thyroid hormone receptor beta 1 

IL6: interleukin-6 Thrb2: thyroid hormone receptor beta 2 

IQ: intelligence quotient Thrs: thyroid hormone receptors 

Lif: leukemia inhibitory factor TRE: thyroid hormone response element

MBP: myelin basic protein TRH: thyrotropin-releasing hormone 

NB: neurobasal medium TSH: thyroid stimulating hormone 

NSCs: neural stem cells  

OB: olfactory bulb 

VEGFA: vascular epidermal growth 

factor A 
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TH receptors and inhibitor 
The actions of TH are mediated through binding to the TH receptors (Thrs). The 
major forms of Thrs are: TH receptor 1 (Thra1), TH receptor 1 (Thrb1) and 
TH receptor 2 (Thrb2). The expression patterns of the Thrs are region- and 
developmental state-dependent. For example, Thra1 is predominantly expressed 
in the hippocampus, whereas Thrb is predominantly expressed in the neocortex 
[3, 4]. Thrs are members of nuclear receptor family and bind both TH and the 
TH response element (TRE) located in the promoters of target genes. The 
genomic actions of TH are mediated through the TRE, while the non-genomic 
actions of TH are mediated through binding beyond TRE [5]. A potent TH 
antagonist both in vivo and in vitro is NH-3, which binds TH directly, interacts 
with TRE and inhibits TRE-responsive genes [6].  

Adult Neurogenesis
New neurons are generated throughout life through multiple processes, such as 
neural stem cell (NSC) proliferation, migration, survival/death, differentiation, 
and functional maturation into neurons [7]. NSCs are found in two distinct 
regions of the brain: 1) the subgranular zone (SGZ) of the dentate gyrus (DG); 
and 2) the subventricular zone (SVZ) of the later ventricle wall [8]. 
Bromodeoxyuridine (BrdU) is widely used to track the newly generated cells 
from the neurogenic regions. BrdU, which is a thymidine analogue, is 
incorporated into the DNA strands of dividing cells during the S-phase of the cell 
cycle and it can be detected by immunocytochemistry [9]. The following factors 
are known to regulate ongoing neurogenesis: trophic factors, such as brain-
derived neurotrophic factor (BDNF) and fibroblast growth factor 2 (FGF2) [10, 
11]; hormones, such as estrogen and adrenal steroids [12, 13]; neurotransmitters, 
such as acetylcholine and serotonin [14, 15]; and extracellular matrix (ECM) 
components, such as fibronectin and laminin.  

Neurogenesis in the adult hippocampus 
Hippocampal NSCs located in the SGZ proliferate and give rise to neuroblasts, 
and then migrate to the granule cell layer, in which they send out large dendritic 
processes. However, they become neurons only after extension of their axons 
along the mossy fibers to the CA3 region. In the adult hippocampus, 
approximately 9,000 new cells are generated daily [16]. However, most of these 
new cells do not survive for more than 2 weeks [17]. Those cells that survive for 
longer periods differentiate into neurons and become involved in the short-term 
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spatial learning and memory processes [18]. Under physiologic conditions, 
exercise stimulates hippocampal neurogenesis [19], and the enriched 
environment promotes the survival of newly generated granule cells [20] and 
even in the aging brain [21]. Under pathologic conditions, epilepsy [21] and 
irradiation [22] modulate the mobility of hippocampal stem/progenitor cells.  

Neurogenesis in the adult olfactory system 
The NSCs in the SVZ proliferate locally, migrate along the rostral migratory 
stream (RMS), and differentiate into either periglomerular neurons or granule 
cells in the olfactory bulb (OB) [23-25]. Approximately 30,000 new cells are 
generated daily in the adult mouse OB [8]. The number of new cells is 
stringently regulated by sensory activity [26]. Recently, it has been demonstrated 
that neural stem/progenitor cells in the SVZ are heterogeneous and specify the 
neuronal fate commitment based on the original position of the cells in the SVZ 
[27].  

Neurogenic niches 
The microenvironments of the NSCs in the SVZ and SGZ are termed neurogenic 
niches. In addition to NSCs, the niches include astrocytes, endothelial cells, 
microglial cells, mature neurons, extracellular matrix and so on. In the SVZ, the 
neurogenic niche also includes ependymal cells. In the SVZ neurogenic niche, 
primary progenitor cells (type-B, GFAP /S100 /Nestin /Sox2 ) give rise to 
transient proliferating cells (type-C, Mash1 ) cells, which develop into migrating 
neuroblasts (type-A, PSA-NCAM ) [28-30]. The SGZ neurogenic niche includes 
radial glia-like astrocytes (GFAP /Sox2 /Nestin ), which give rise to transient 
proliferating progenitor cells, which differentiate into DCX  neuroblasts, and 
subsequently into granule neurons in the dentate gyrus [31]. The differences in 
the subtypes of neural stem cells between these two regions indicate the 
existence of region-specific neurogenic niches in the adult brain. Furthermore, 
the interactions that occur between the different cell types are of crucial 
importance for neurogenesis in each region. In the SGZ of the DG, a dense 
cluster of dividing cells is located close to the microvessels, which indicates that 
neurogenesis occurs within an angiogenic niche [32]. Consequently, soluble 
factors secreted from endothelial cells can promote neuronal differentiation from 
NSCs [33]. Astrocytes isolated from the hippocampus, but not those from the 
spinal cord, have been shown to promote neurogenesis from NSCs in a co-
culturing system [34]. Although non-neurogenic neural stem/progenitor cells 
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collected from the spinal cord can differentiate into neurons only after 
transplantation to the neurogenic region of the adult brain [35, 36].  

Neural stem cell culturing
Neural stem cell (NSCs) isolated from the SVZ or SGZ of the adult mammalian 
brain can differentiate into neurons, astrocytes and oligodendrocytes when 
cultured in serum-free medium without growth factors [37]. Furthermore, NSCs 
can proliferate when cultured in adequate concentrations (20 ng/ml) of growth 
factors, e.g., FGF2 and EGF [38]. Currently, two NSCs culture systems are used 
[39, 40]: 1) monolayer culturing on a plastic surface that is coated with 
fibronectin or laminin; and 2) suspension “free-floating” neurosphere culturing. 
The monolayer culturing allows better access to the environmental stimuli, 
whereas neurosphere culturing results in improved cell expansion and survival 
[41].  

Astrocytes
Astrocytes, which are the major cell type of the CNS, are characterized by 
staining for glial fibrillary acidic protein (GFAP), which appears as “stars” [42]; 
these cells reveal very fine processes when filled with dye [43, 44]. Astrocytes 
represent a heterogeneous cell population, and mRNA array studies with 
astrocytes identified different astrocyte-specific gene expression profiles of 
astrocytes isolated from the different brain regions [45]. In addition to their 
traditional roles in neuronal support and neurotransmitter re-uptake, astrocytes 
produce numerous peptide factors, such as interleukin 6 (IL6), which are 
implicated in the regulation of neurogenesis [46]. Furthermore, astrocytes 
isolated from the hippocampus, in contrast to those isolated from non-neurogenic 
regions, such as the spinal cord, can support neuronal differentiation [34].  

Angiogenesis in the brain 
Brain angiogenesis is the process by which new blood vessels are formed from 
pre-existing microvessels. The angiogenic mechanism is influenced by both 
physiologic and pathologic conditions [47, 48]. New blood vessel formation is 
stimulated by the release of proteases from “active” endothelial cells (ECs), 
which in turn leads to degradation of the basal membrane. The ECs then migrate 
to the interstitial space, proliferate, form the lumen of the new vessel, generate a 
new basal membrane, and recruit pericytes. Many factors contribute to 
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angiogenesis, e.g., the members of the vascular epidermal growth factor (VEGF) 
family [49], FGF2 [50], and platelet-derived growth factor (PDGF) [51].  

TH and disease
Diseases related to TH have been identified. Hyperthyroidism is caused by the 
overproduction of TH, and the major cause in humans is Graves’ disease, which 
involves autoimmune-related over-functioning of the thyroid gland, whereas 
hypothyroidism is caused by the reduced production of TH. In the peripheral 
system, TH controls energy metabolism and the basal metabolic rate. In the CNS, 
TH controls each step of neurogenesis and TH receptors are predominantly 
expressed in neurons, although are also present in oligodendrocytes [52], 
astrocytes [53], and microglial cells [54] in vitro. The degree of neurologic 
damage depends on the magnitude and duration of the TH reduction, as well as 
the developmental stage in which the reduced level of TH occurs. If not 
corrected shortly after birth, both hyperthyroidism and hypothyroidism lead to 
irreversible brain damage [55]. The adult-onset hypothyroidism is not so sever as 
in the development stage, whereas depression, mental fatigue and reduced 
memory function are the most significant symptoms.  

In the developing brain, TH deficiency leads to various neuronal abnormalities in 
the CNS and cretinism is the severe congenital hypothyroidism in infants. It is 
manifested by significant long-term defects, such as visual-spatial impairment, 
language problems, and a lower intelligence quotient (IQ) level in later 
childhood [56, 57]. These abnormalities include irregular neuronal proliferation 
[58], delayed migration [59], decreased dendritic densities, and impaired 
synaptic transmission [60] from specific brain regions. During the maturation of 
the cerebral cortex, TH deficiency results in a poorly defined cortical layer due to 
altered migration and inter-hemisphere connections [61, 62]. This may be due to 
changes in the ECM proteins and dramatic morphologic changes in the 
cerebellum [63]. In addition, TH promotes in a dose-dependent manner neuronal 
survival, by preventing the apoptosis of newly formed granule neurons through 
the action of BCL2 [64]. 

Astrocytes play a central role in the metabolism of TH, by transporting T4 across 
the blood-brain barrier into the neural tissues [65, 66] and by converting the non-
active T4 form to the active T3 form. TH regulates astrocyte morphology and 
promotes astrocyte differentiation and maturation [67, 68]. Interestingly, 
neonatal cerebellar astrocytes increase their proliferation without morphologic 
differentiation in response to TH [68]. This differential response to TH indicates 
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that TH-mediated effects are dependent upon the stage of astrocyte development. 
Furthermore, TH regulates ECM components [69, 70], such as laminin and 
fibronectin, as well as the secretion of growth factors [71], such as FGF2 [70] 
and EGF [72]. Moreover, TH increases the number and differentiation of 
microglial cells [54]. 

TH plays an important role in oligodendrocyte function. In vivo, postnatal TH 
deficiency leads to significantly decreased myelination, which is correlated with 
the cerebral concentrations of T3 [73]. Culturing of dissociated brain cells 
without T3 results in the diminished synthesis of myelin-associated glycolipids, 
and this reduction can be reversed by adding T3 to the medium [74].  
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AIMS OF THE STUDIES 

The overall aim of this thesis was to investigate the responses of different cell 
types in the neurogenic niches to thyroid hormone. 

 

Specific aims 
To investigate the acute and long-term effects of PTHD on neurogenesis in two 
adult neurogenic regions.   

 

To investigate the acute and long-term effects of PTHD on brain angiogenesis 
and the effect of TH on RBE4 cells in vitro.  

 

To investigate the effects of astrocyte-secreted soluble factors after T3-treatment, 
on the activities of NSCs from the corresponding adult neurogenic regions.  
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METHODS

Ethical approvals and animals (Papers I, II and III) 
All animal experiments were performed in accordance with the ethics guidelines 
of the University of Gothenburg, and were approved by the Gothenburg 
Committee of the Swedish Agency for Animal Welfare (permits 421-2004 and 
26-2008). Wistar rats (Charles River, Sulzfeld, Germany) were used in all the 
animal experiments.  

Pregnant rats (Papers I and II) were housed singly in cages until they gave birth, 
after which the litters were culled to 8 pups per cage. The litters were randomly 
divided into control and hypothyroid groups. To establish the hypothyroidism rat 
model, 6-N-propyl-2-thiouracil (PTU; Sigma-Aldrich, St. Louis, MO, USA) was 
added to the drinking water (0.1% w/v). The drinking water was replaced daily 
with fresh PTU solution. Animals underwent PTU treatment from birth until 
postnatal day 10 (P10) or 21 (P21), and were subsequently sacrificed. For the 
long-term survival group, PTU treatment was terminated at P22. The pups were 
weaned at P25, separated according to gender, and housed in groups of 3-4 
animals until P90. The P21 rats were used for the isolation of cortical 
microvessels (Paper II).  

Cultures of primary astrocytes (Paper III) were prepared from P1 rats, and 
cultures of neural stem cells (Paper III) were established from P21 rats.  

Immunohistochemistry and immunofluorescence staining 
(Papers I, II, and III) 
For the tissue analyses, rats were deeply anesthetized with isofluorane and 
perfused with 0.9% NaCl, followed by 4% paraformaldehyde. The brains were 
removed, post-fixed in paraformaldehyde, and then transferred to a 30% sucrose 
solution. The brains were sagitally cut into 40 m thick sections and stored at 
4°C until further analysis. For the in vitro analyses (Papers II and III), cells were 
fixed with Histofix (Histo Lab AB, Gothenburg, Sweden) and permeabilized 
with Triton X-100 before staining.  

For immunohistochemical staining, the following primary antibodies were used: 
purified monoclonal mouse anti- -tubulin III (1:200 dilution; Covance, Denver, 
PA, USA); mouse anti-thyroid hormone receptor beta 1 (THRB1; 1:500; Santa 
Cruz Biotechnology, Santa Cruz, CA, USA); mouse anti-RECA (1:300; AbD 
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Serotec, Dusseldorf, Germany); mouse anti-NeuN (1:200; Chemicon/Millipore, 
Billerica, MA, USA); rat anti-BrdU (1:250; BioSite, Täby, Sweden); polyclonal 
rabbit anti-GFAP (1:200; Dako, Glostrup, Denmark); rabbit anti-thyroid 
hormone receptor alpha 1 (THRA1; 1:500; Santa Cruz Biotechnology); rabbit 
anti-phosphor-histone H3 (pHH3; 1:200; Upstate Biotechnology, New York, NY, 
USA); rabbit anti-tyrosine hydroxylase (1:500; Chemicon); rabbit anti-Prox1 
(1:4000; Chemicon); goat anti-DCX (1:250; Chemicon,); goat anti-thyroid 
hormone receptor beta 2 (THRB2; Santa Cruz Biotechnology); and sheep anti-
S100  (1:500; Swant, Bellinzona, Switzerland). For immunoperoxidase 
detection, the following biotinylated secondary antibodies were used: donkey 
anti-mouse IgG; donkey anti-rat IgG; donkey anti-rabbit IgG; and donkey anti-
goat IgG (all at 1:1000; Jackson ImmunoResearch, West Grove, PA, USA). For 
fluorescence detection, the following secondary antibodies were used: Alexa 
488-conjugated donkey anti-mouse IgG; Alexa 555-conjugated donkey anti-rat 
IgG; Alexa 555-conjugated donkey anti-rabbit IgG; Alexa 555-conjugated 
donkey anti-goat IgG; and Alexa 647-conjugated donkey anti-sheep IgG (all at 
1:1000; Jackson ImmunoResearch).  

PCR and Q-PCR analyses (Papers I, II, and III) 
For tissue collection, each animal was deeply anesthetized with isofluorane and 
euthanized by decapitation. The brain was removed and the midline was 
separated. A portion of the neocortex was removed, to access the lateral ventricle 
wall. A strip of tissue, which contained both ependymal and sub-ependymal 
tissues, was pinched off. Hippocampal tissue was collected by removing the 
entire hippocampal formation, including the DG and CA regions. The dissected 
tissues were placed in RNA-later (Qiagen, Hilden, Germany), stored at 4°C for 
24 hrs, and then transferred to -20°C until total RNA extraction.  

For microvessel isolation, the cortex was removed, followed by homogenization 
and centrifugation at 1,000 × g for 10 min. The collected pellet was suspended in 
17.5% dextran, and centrifuged at 4,400 × g for 15 min. The pellet was 
suspended in 1% bovine serum albumin (BSA), and passed through 100 m and 
20 m nylon meshes; the isolated microvessels were stored at -80°C until further 
total RNA extraction.  

Total RNA was extracted using the RNeasy Mini kit (Qiagen), and DNase I 
(RNase-free, Qiagen) was used to remove genomic DNA. cDNA was 
synthesized from 2 g of total RNA at 37°C in a 50 l reaction mixture that 
contained RNase inhibitor, random primers, dNTPs, and M-MLV reverse 
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transcriptase (all from Promega, Madison, WI, USA). For the self-designed 
primers, the following sequences were used: for Thra1, forward 5 -
cccccatctcttctctcctt-3  and reverse 5 -aagttcatttgtcgccctgt-3 ; for Thrb1, forward 
5 -tcgctgtagacttggtgtgg-3  and reverse 5 -ctctttggacggagaactgg-3 ; and for Thrb2, 
5 -ggtggttattcatcccctctc-3  and reverse 5 -tggcacgcagtagttcattt-3 . For Q-PCR, 
thermal cycling was initiated at 95°C for 5 min activation, followed by 40 cycles 
at 95°C for 10 sec, and at 60°C for 30 sec. The primers (Qiagen) for the Aif 
(QT00180943), Bad (QT00190407), Bax (QT01081752), Bcl2 (QT00184863), 
Bclxl (QT01081346), Bdnf (QT00375998), Bmp4 (QT00180474), Egf 
(QT00183449), Fgf2 (QT00189035), Flk (QT00408352), Flt1 (QT00183498), 
Gadph (QT00199633), Gdnf (QT01084132), Lif (QT00189147), Ngf 
(QT00506884), Noggin (QT00379337), Pedf (QT00187243), Shh (QT00184912), 
Thra (QT01169791), Thrb (QT00193690), Vegfa (QT00198954), and Wnt3a
(QT00472794) genes were used.  

Electron microscopy (Paper II) 
Animals were anesthetized with isofluorane and euthanized by decapitation. The 
neocortex was removed and fixed in Karnowsky solution, followed by post-
fixation in OsO4 and potassium ferrocyanide. The tissues were treated with 
uranyl acetate and embedded in agar resin. Sections were examined by electron 
microscopy, following contrast staining with lead citrate and uranyl acetate.  

Assays for plasma T3 and free T4 (Papers I and II) 
Animals were sacrificed with isofluorane. Blood was collected from the heart 
and centrifuged at 3000 × g for 20 min to separate out the plasma. The plasma 
was collected and stored at -20°C. The concentrations of plasma T3 and free 
tetra-iodothyronine (FT4) were determined using a radioimmunoassay kit (MP 
Biomedicals; Orangeburg, NY, USA).  

Cell counting, microvessel assessments and volume 
measurements (Papers I and II) 
The total numbers of cells and microvessels, branching points, and diameters of 
the microvessels were estimated using a stereology system (StereoInvestigator; 
MicroBrightField, Williston, VT, USA), which provides a consistent quantitative 
estimate using unbiased random sampling. In principle, cells or objects of 
interest located within the counting frames are counted. Two of four counting 
frame borders were predetermined to be exclusion planes. This counting 
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principle was also applied in the Z-axis. Every 12th DG, SVZ, and cortex, and 
every 6th OB section were analyzed. The total volume was determined by tracing 
the area, and the sum of all the areas multiplied by the section thickness and 
serial section factor (e.g., 12 for the 1:12 series).  

The total number of granule cells in the DG was counted in 50 × 50- m counting 
frames, which were placed in a 250 × 250- m counting grid. The total number of 
BrdU  cells in the granule cell layer of the OB (OB-GCL) was counted in 100 × 
100- m counting frames placed in a 500 × 500- m grid. The total numbers of 
microvessels and branching points, and the average diameters of the 
microvessels were estimated in 50 × 50- m counting frames placed in a 250 × 
250- m counting grid. The numbers of BrdU  cells in the DG and in the 
periglomerular layer of the OB (OB-PGL) were counted.  

Quantification of VEGFA and FGF2 levels in neocortex (Paper II)  
Neocortex tissues were dissected out as described above and stored at -80°C 
until further analysis. To measure the protein concentrations, the tissues were 
homogenized in a solution of protease inhibitors (Roche, Basel, Switzerland), 
phosphatase inhibitor (Sigma-Aldrich), and sodium orthovanadate (Sigma-
Aldrich). The supernatant was collected after centrifugation at 3,000 × g for 10 
min at 4 C. To obtain the cytosolic fraction, the supernatant was centrifuged at 
15,000 × g for 30 min at 4 C. Aliquot of 30 g of total protein were used in the 
VEGFA and FGF2 assays described below.  

Quantification of VEGFA and FGF2 levels in cell culture 
supernatant (Papers II and III)  
Culture medium was centrifuged at 1,500 × g for 10 min at 4°C, to remove 
particles, and then diluted 10-fold with calibrator diluent RD57, as recommended 
by the manufacturer. The amounts of VEGFA and FGF2 in the culture medium 
were measured using the mouse VEGFA and human FGF2 immunoassays (R&D 
Systems, Minneapolis, MN, USA), respectively, which have cross-reactivity of 
98% to rat VEGFA and 96% to rat FGF2, respectively. 

RBE4 cell culturing (Paper II) 
For the culturing of rat brain-derived endothelial (RBE4) cells, the culture plates 
or flasks were coated with 100 g/ml of type I collagen (Roche Applied Science, 
Indianapolis, IN, USA) before use. The RBE4 cells were maintained in 1:1 (v/v) 

MEM/Ham’s F12 medium (Invitrogen, Carlsbad, CA, USA) that contained 10% 
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FBS, 30 mg/ml Geneticin, 1 ng/ml FGF2, and penicillin/streptomycin solution 
(all from Invitrogen). The RBE4 cells were passaged before they reached 
confluence, and the medium was replaced every other day. To remove TH from 
the culture medium, charcoal-stripped FBS (Gentaur, Brussels, Belgium) was 
used in place of FBS. T3 (10 nM; Sigma-Aldrich) or T4 (100 nM; Sigma-
Aldrich) was added to the charcoal-stripped culture medium to investigate the 
effect of TH on the activities of RBE4 cells [75, 76]. The pan-TH receptor 
inhibitor NH-3 was used at a concentration of 10 M [6].  

Primary astrocyte culturing (Paper III) 
Primary astrocyte cultures were prepared from P1 rats. Both the hippocampus 
and SVZ were dissected out [77, 78]. The tissues were mechanically passed 
through an 80 m nylon mesh into MEM (Invitrogen), which was supplemented 
with (v/v) FBS Gold (PAA Laboratories GmbH, Pasching, Austria), 1% 
penicillin-streptomycin (Invitrogen), 1.6 × amino acids (Invitrogen), 3.2 × 
vitamins (Invitrogen), 1.6 mM L-glutamine (Invitrogen), 7.15 mM glucose, and 
48.5 mM NaHCO3. The medium was changed after 3 days of culture and 
thereafter three times per week. Astrocytes were used after 14 or 17 days in 
culture when a confluent layer had formed. 

Primary neural stem cell culturing (Paper III) 
Primary NSCs was prepared from the P21 rat hippocampus and SVZ. The tissues 
were mechanically dissociated by incubation in warm 0.01% Papain 
(Worthington, Lakewood, NJ, USA)/0.1% Dispase II (Sigma-Aldrich)/0.01% 
DNase I (Worthington). The dissociated cells were grown in Neurobasal medium 
(NB; Invitrogen) that was supplemented with B27 (Invitrogen), GlutaMAX™ 
(Invitrogen), 100 g/ml penicillin-streptomycin (Invitrogen), 2 g/ml heparin 
(Sigma-Aldrich), 20 ng/ml FGF2 (PeproTech, Rocky Hill, NJ, USA), and 20 
ng/ml EGF (Invitrogen). The growth medium was renewed every second day. 
Primary cultures were passaged by incubation with TrypLE Express (Invitrogen). 
The number of viable cells was determined by Trypan blue exclusion before use. 
Cells between the 3rd and 9th passages were used in the assays.  

Adhesion assay for RBE4 cells (Paper II) 
RBE4 cells were tested for adhesion in 96-well plates that were pre-coated with 
collagen [79].The wells were blocked with BSA, and loaded with 1 x 105 cells 
per well in 250 l of charcoal-stripped medium with or without TH (10 nM T3 or 
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100 nM T4). The plates were incubated for 2 hrs or 4 hrs before gentle washing. 
The total numbers of attached cells were measured with the CyQUANT NF Cell 
Proliferation Assay Kit (Invitrogen).  

NSCs proliferation assay (Paper III) 
NSCs proliferation was determined using the BrdU incorporation assay. The 96-
well plates were loaded with 800 NSCs per well in 150 l of NB/B27 that was 
supplemented with growth factor FGF2 and EFG, and 150 l of conditioned 
medium (CM) from astrocyte culturing from the corresponding region. For the 
control wells, astrocytes-derived CM from untreated astrocytes was 
supplemented with the same amount of residual T3 detected in the CM after T3 
treatment. BrdU (10 M) was added to the NSCs for 2 hrs. The incorporated 
BrdU was quantified using a BrdU labeling and detection ELISA kit (Roche 
Diagnostics, Indianapolis, IN, USA).  

Migration assay for RBE4 cells (Paper II) 
RBE4 cell migration was measured using an 8 m pore size Transwell system 
(Corning Life Sciences, Lowell, MA, USA). The upper chamber was coated with 
collagen before use, and then loaded with 1 × 105 cells in 100 l of charcoal-
stripped RBE4 culture medium. The lower chamber was filled with 600 l of 
charcoal-stripped culture medium with or without TH (10 nM T3 or 100 nM T4). 
The Transwell apparatus was incubated at 37°C for 4 hrs, after which the cells in 
the upper chamber were gently washed away. The total number of migrated cells 
in the bottom chamber was quantified under a microscope in ten random fields at 
20 × magnification.  

Migration assay for neurosphere (Paper III) 
Neurosphere migration in response to astrocytes-derived CM was determined by 
measuring the area of migrating neuroblasts embedded in the Matrigel (BD 
Biosciences, San Jose, CA, USA). Neurospheres of similar size from the 
hippocampus and SVZ were used in this assay. Neurosphere cells in 250 l of 
NB/B27 medium without growth factors were mixed with 750 l of Matrigel. 
Then, 60 l of the mixture was added to each well of a 96-well plate and 
incubated at 37°C for 30 min to allow gel formation. Thereafter, culture medium, 
which consisted of 50% NB/B27 without growth factors and 50% astrocytes-
derived CM after T3-treatment, was added. For control wells, 50% CM collected 
from untreated astrocytes was supplemented with the same amount of residual 
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T3 detected in the CM after T3 treatment. This combinatorial medium was 
renewed daily for 3 days. The wells were fixed with Histofix (Histo Lab). 
Images were taken and analyzed using the ImageJ software (available at 
http://rsb.info.nih.gov; developed by Wayne and Rasband, National Institutes of 
Health, Bethesda, MD) and the NeuronJ plug-in (available at 
http://www.imagescience.org/meijering/software/neuronj; developed by Erik 
Meijering, Swiss Federal Institute of Technology, Zürich, Switzerland). 

Tubulogenesis assay for RBE4 cells (Paper II) 
The tubulogenesis of RBE4 cells in response to TH was assessed by the total 
length of the tubes formed in the Matrigel. In total, 8.75 × 104 cells were mixed 
with 500 l of Matrigel, and 50 l aliquots of this mixture were loaded into the 
wells of a 96-well plate and incubated at 37°C for 30 min to allow gel formation. 
Then, 250 l of RBE4 cell culture medium was added and the plate was 
incubated at 37°C for 48 hrs. After washing, the cell medium was replaced with 
charcoal-stripped RBE4 cell culture medium with or without TH (10 nM T3 or 
100 nM T4). The medium was replaced daily for 4 days. Images were captured, 
and the total length of the capillary-like network that formed in the Matrigel was 
measured using the ImageJ software and the NeuronJ plug-in. 

Expansion assay for RBE4 cells (Paper II)
RBE4 cell expansion was determined in a collagen-coated 96-well plate. Thus, 
5,000 RBE4 cells in 250 l of RBE4 medium were added to each well and 
incubated at 37°C for 4 hrs to allow cell adhesion. After gentle washing, 250 l 
of charcoal-stripped RBE4 medium was added to each well with or without TH 
(10 nM T3 or 100 nM T4). The medium was replaced daily for 4 days. The total 
cell number was determined using the CyQUANT  NF Cell Proliferation Assay 
kit (Invitrogen).  

Expansion assay for NSCs (Paper III) 
NSCs expansion was determined in a 96-well plate that was coated with 
polyornithine (10 g/ml; Sigma-Aldrich) and fibronectin (1 g/ml; Sigma-
Aldrich). Thus, 400 cells were added to each well of a 96-well plate in 300 l 
NB/B27 medium that was supplemented with factors (heparin, FGF2, and EGF). 
The NSCs were incubated at 37°C for 36 hrs, to allow attachment. Thereafter, 
the medium was switched to 50% NB/B27 supplemented with the above factors 
and 50% CM collected from T3-treated astrocytes. As a control, the astrocytes-
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derived CM from untreated astrocytes was supplemented with the same amount 
of residual T3 detected in the CM collected after T3 treatment. The medium was 
renewed every 2 days for a period of 8 days. On Day 8, 10 l of Premix WST-1 
were added to each well, followed by incubation for 4 hrs. Cell expansion was 
determined using a cell proliferation assay (Premix WST-1; TaKaRa Bio). 

Cell death assays for RBE4 cells and NSCs (Papers II and III) 
RBE4 cell death was determined in collagen-coated 24-well plates. Thus, 5,000 
cells were added to each well and incubated at 37°C for 24 hrs. After washing, 
the medium was replaced with charcoal-stripped RBE4 culture medium with or 
without TH (10 nM T3 or 100 nM T4). Medium replacement was performed 
daily for 4 days.  

The NSCs death assay was determined in 24-well plates that were coated with 
polyornithine (10 g/ml; Sigma-Aldrich) and fibronectin (1 g/ml; Sigma-
Aldrich). A total of 2.78 × 105 NSCs was cultured for 36 hrs in NB/B27 that was 
supplemented with growth factors, to allow cell attachment. After gentle 
washing, the medium was switched to medium that contained 50% NB/B27 and 
50% CM collected from T3-treated astrocytes. For the control wells, the CM 
collected from untreated astrocytes was supplemented with the same amount of 
residual T3 detected in the CM after T3 treatment. The medium was renewed 
daily for 3 days.  

The attached cells were detached using Trypsin (Invitrogen) and divided into two 
parts. One part was used for the measurement of cytoplasmic histone-associated 
DNA fragments using the Cell Death Detection ELISA kit (Roche), while the 
remaining part was used for total cell measurement using the Premix WST-1 cell 
proliferation kit (TakaRa Bio, Otsu, Japan). Cell death was calculated as the total 
amount of DNA fragmentation with correction for the total cell number in the 
corresponding well.  

NSCs differentiation assay (Paper III) 
NSCs differentiation assay was performed in an 8-well chamber slide (Daigger, 
Vernon Hills, IL, USA) that was coated with polyornithine and laminin before 
use. In total, 5 × 103 NSCs were loaded into each chamber and cultured in 
medium that contained 50% NB/B27 culture medium without growth factors and 
50% CM from T3-treated cultures of astrocytes derived from the corresponding 
region of the brain. For the control wells, CM collected from untreated astrocytes 
was supplemented with the same amount of residual T3 detected in the CM after 
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T3 treatment. This combinatory medium was renewed every 3 days for 12 days. 
The following primary antibodies were used in the assays: for neurons, purified 
monoclonal mouse anti-  tubulin III (1:200; Covance); and for astrocytes, 
polyclonal rabbit anti-GFAP (1:200; Dako). The following secondary antibodies 
were used: Alexa 488-conjugated donkey anti-mouse IgG; and Alexa 555-
conjugated donkey anti-rabbit IgG (both at 1:1000; Jackson ImmunoResearch). 
ProLong Gold with DAPI (Invitrogen) was used to label the nuclei. 
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RESULTS AND DISCUSSION 

Paper I: Neurogenesis 

PTU-induced PTHD results in decreased brain volume and 
neurogenesis of the dentate gyrus at P21 
In the postnatal rat brain, important developmental processes, such as the 
production of granule cells in the dentate gyrus, olfactory bulb, and cerebellum, 
are ongoing [80, 81]. During this period, cell proliferation plays a key role in 
neurogenesis. To study the effects of postnatal thyroid hormone deficiency 
(PTHD) on brain development, rats were treated with PTU, which is a reversible 
blocker of TH synthesis, from birth until P21.  

To investigate the acute effects of PTHD on neurogenesis in the hippocampus, 
rats were sacrificed at P22. The rats that were treated postnatally with PTU 
showed significantly smaller volumes for the dentate gyrus and each subregion, 
as compared to control rats. This reduction in volume may be attributed to either 
a decrease in cell number and/or an increased cell density of granular cells in the 
dentate gyrus. According to the previous study, it is possible that continued 
thyroid hormone deficiency into adulthood results in a further decrease of the 
volume in the GCL of the dentate gyrus [82].  

We determined the total number of granule cells in the dentate gyrus. Granule 
cells are mainly produced postnatally, which corresponds to the experimental 
hypothyroid period. Using Prox1, which a marker of dentate gyrus granule cells, 
we observed a significant decrease in the total number of neurons at P21 due to 
PTHD. We also detected a significantly lower total number of dividing cells that 
were positive for phosphor-histone H3 (pHH3), which is a marker of cells in the 
M-phase of the cell cycle. This is in accordance with a similar study using a 
primary inherited hypothyroid model, which demonstrated decreased 
proliferation in the dentate gyrus of juvenile mice [83]. Since the continued 
neurogenesis in the dentate gyrus is functionally important for short-term spatial 
memory and involved  in the brain cognition [84], our findings are in accordance 
to the cognitive deficits and learning impairment observed in patients [85, 86]. 
We conclude that PTHD has a detrimental effect on postnatal hippocampal 
neurogenesis.  
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Since the brains of the PTHD rats were smaller, we also examined the cell 
densities, to determine whether the number of neural stem/progenitor cells was 
normal relative to the smaller size of the hippocampus. There was no difference 
in the densities of the pHH3  cells in the subgranular zone of the dentate gyrus in 
PTHD rats, as compared to the control at P21. This indicates that although there 
is a reduction in the number of cells, the pool of proliferating cells in the dentate 
gyrus is active relative to the smaller size of the dentate gyrus, and that neural 
stem cell activity is not completely exhausted even after 3 weeks of PTHD. 
Other studies have suggested that the neural stem cell pool is not permanently 
depleted by cell death, but rather reduced in size due to cell cycle arrest during 
TH deficiency [87]. We hypothesize that these findings have implications for the 
structural and functional recovery in hippocampus after PTU was withdrawal at 
P22.  

Following PTU withdrawal at P22, PTHD rats demonstrate 
increased cell survival and neuronal commitment in the 
hippocampus at P90 
New neurons continue to be generated in the adult rodent hippocampus and SVZ 
[88] even in the elder human brain [89]. To study the long-term effect of PTHD 
on adult neurogenesis, PTU-treatment was terminated at P22, and the animals 
were sacrificed at P90. To address the long-term effect of PTHD at P90, we 
investigated several aspects of adult hippocampal NSCs, i.e., cell proliferation, 
migration, differentiation, and survival/integration. We observed no differences 
in PTHD rats in terms of the density or number of pHH3  cells in the SGZ of the 
dentate gyrus, as compared with control rats at P90. We used DCX, which is a 
marker of neuroblasts, to estimate the number of neuronal committed progenitor 
cells. We also observed no difference in PTHD rats on the density of DCX  cells 
as compared with control rats. To study the effects on survival and 
differentiation of the newly generated cells, we administered BrdU at P60, and 
analyzed the brains at P90. Although there was no change in the number of 
BrdU+ cells, a significantly increased cell density of BrdU  cells was noted in the 
PTHD rats, as compared with control rats at P90. Furthermore, the cell fate 
determination of surviving cells was estimated by triple fluorescence with the 
neuronal marker Prox1 and glial marker S100 , together with BrdU. The PTHD 
rats exhibited an increased density of new neurons (BrdU /Prox1 ), but no 
difference of new astrocytes (BrdU /S100 ) in the GCL of the dentate gyrus, as 
compared with control rats. These results suggest that, in the smaller dentate 
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gyrus of PTHD rats, more cells survive, and possibly indicating a compensatory 
mechanism for PTHD. And the more new neurons added in the hippocampus 
might contribute the recovery of cognitive deficit.  

PTHD has no effect on the volume or neurogenesis in 
subventricular zone and olfactory bulb system 
To test whether the effects of PTHD are specific for the dentate gyrus, we 
investigated the SVZ/OB system. Surprisingly, we observed no differences in the 
volumes of SVZ and OB at either P21 or P90 in PTHD rats, as compared with 
control rats. In addition, no difference in the density of pHH3  cells at either P21 
or P90.  Furthermore, no difference in the cell density of BrdU  cells either in 
OB-GCL or OB-Glom regions in PTHD rats at P90. Therefore we conclude that 
PTHD has no effect on SVZ/OB neurogenesis and neural stem cells in the 
SVZ/OB is unaffected by PTHD. It indicates that the two neurogenic niches are 
different when response to PTHD. These results are in contrast to some previous 
studies, hypothyroid wildtype and transthyretin null mice demonstrated a 
decreased proliferation of NSCs in the SVZ [90]. And adult-onset hypothyroid 
rats demonstrated the reduced production of NSCs and neuronal migration in the 
SVZ/OB system [91]. This discrepancy could due to strain difference, 
quantification methods, the period during which PTU was delivered, or various 
region- and developmental stage-specific expression of the thyroid hormone 
receptors [92]. And it is also possible that NSCs in the SVZ posses better 
compensatory mechanisms than NSCs in the hippocampus.  

Compensatory mechanism of hippocampal neurogenesis after 
PTU withdrawal at P22 
In the hippocampus, we observed the increased cell survival and neuronal 
differentiation in PTHD rats, as compared with control rats at P90, although no 
difference in the proliferating cells at either P21 or P90 rats. Since cell survival 
reflects a balance between cell generation and cell death, we investigated the 
mRNA levels of genes that regulate neurogenesis and apoptotic cell death. In 
quantitative PCR of hippocampal tissue, we observed the decreased the mRNA 
levels of Ngf, Vegfa, Fgf2, and Wnt3a in PTHD rats, as compared with control 
rats at P21, whereas no difference was found at P90. Since previous studies 
demonstrated that FGF2 regulate adult neurogenesis through increased neuronal 
differentiation in SVZ/OB system [93], NGF acts only on the survival of 
neuronal progenitor cells [94], VEGFA can increase neurogenesis in both 



30 

hippocampus and SVZ/OB system [95]and Wnt signaling pathway is associated 
with neuronal specification in the dentate gyrus [96], it indicates a compensatory 
mechanism in the mRNA level in the PTHD rats after PTU withdrawal.  

Cell death of the newly generated cells is the major factor that involved in the 
regulation of adult neurogenesis [18, 97]. In our study, the mRNA levels of the 
anti-apoptotic gene Bcl2 were decreased and the pro-apoptotic gene Bax was 
increased at P21 and no difference at P90 in PTHD rats, as compared with 
control rats. Furthermore, we detected no change in the mRNA level for the 
apoptosis-inducing factor Aif in PTHD rats at P21, but this level was decreased 
at P90, as compared with control rats.  Although the changes of mRNA levels do 
not necessarily reflect changes in the corresponding protein levels, it indicates 
that apoptotic cell death is affected by PTHD.  

Taken together, these results suggest that once TH levels return to normal, 
intracellular conditions that favor cell survival is induced and try to compensate 
the deficits of PTHD. Our results are in accordance to previous studies, such as 
cholinergic and cytochrome oxidase activity, dentate gyrus neuronal fiber layers 
and hippocampal functional metabolic activity were recovered when the levels of 
TH are normal [98-100].  

Paper II: Angiogenesis 

PTHD reduces angiogenesis in the dentate gyrus and neocortex 
at P21 
Angiogenesis, which involves the formation by endothelial cells of new blood 
vessels from pre-existing microvessels, is influenced by physiologic and 
pathologic conditions, such as stroke and ischemia [47].  Brain microvessels are 
specialized, since they are part of the blood-brain barrier, which allows only 
certain molecules to enter the neural parenchyma. Since an adequate blood 
supply is crucial for brain development and function, we investigated the effects 
of PTHD on microvessels. We used RECA, an endothelial cell marker, to 
examine angiogenesis in the dentate gyrus and neocortex. We determined 
microvessel density by counting the total number of microvessels in 
systematically placed counting frames. In addition, we determined the diameters 
of the microvessels and microvessel complexity by quantifying the vessel 
branching points. We observed similar effect of PTHD in both the neocortex and 
dentate gyrus. PTHD resulted in significant reduced microvessel density and 
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complexity, and larger diameter at P21, as compared with control rats. These 
changes were considered to be a consequence of pathologic condition of PTHD, 
rather than a developmental retardation of the brain vascular system, because no 
significant changes of these parameters were observed during the postnatal 
period from previous study [101]. The reduced capillary complexity and density 
might explain the dramatically decreased cerebral blood flow in PTU-treated rats 
[102] and changes in the blood-brain barrier nutrient transport in iodine-deficient 
animals [103]. Furthermore, we used electron microscopy to investigate the 
ultrastructure of brain capillary at P21. And no changes were observed in terms 
of endothelial cell ultrastructure, pericyte morphology, basal membrane 
configuration or astrocyte endfeet morphology. The EM results demonstrated 
that the enlargement of vessel diameter did not result in any structural alterations 
to the vessel wall, which indicates the recovery possibility of the brain 
microvessels when the levels of TH reach to normal. In addition, reduced 
angiogenesis may disrupt nutrient and growth factor supply, which would have 
negative effects on neurogenesis and neuronal development and consequently 
contribute to impaired brain function.  

Decreased brain angiogenesis caused by PTHD is recovered at 
P90
Following the withdrawal of PTU at P22, the brain microvessels of the rats were 
investigated at P90, at which time-point the TH levels had returned to the control 
levels. The impairment of brain angiogenesis was fully recovered to the level 
seen in the control group, with respect to microvessel density, complexity and 
diameter. These results indicate that the effects of PTHD on brain microvessels 
are transient.  

Compensatory mechanism of neocortex angiogenesis after 
PTU withdrawal at P22 
Many factors contribute to the promotion of angiogenesis in the CNS, such as 
VEGFA specially act on endothelial cells (ECs), whereas FGF2 activates a broad 
range of target cells, including ECs. We measured the levels of VEGFA and 
FGF2 in the neocortex. PTHD resulted in significantly reduced levels of VEGFA 
and FGF2 in the neocortex at P21, whereas no difference of them at P90. This 
result is accordance to previous study in a chick chorioallantoic membrane 
model, TH exhibited FGF2-dependent pro-angiogenic effects [75] and patients 
who have lower VEGF blood level due to short-term TH deficiency, can be 
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recovered by TH treatment [104]. In addition, we also observed decreased levels 
of mRNA for Fgf2, Vegfa, and the VEGF receptors Flt1 and Flk1 in PTHD rats 
at P21, while no differences of them were noted at P90, as compared with 
control rats. This result is in accordance to previous study that demonstrated 
substantial coronary angiogenesis was coincided with the upregulated Fgf2 
expression [105]. We conclude that the compensatory mechanism exist after 
PTU withdrawal and can fully recover the deficits of PTHD on brain 
angiogenesis.  

Stimulatory effects of TH on RBE4 cells in vitro
The central element of angiogenesis is the endothelial cell. Therefore, we 
investigated the effect of TH in the range of physiological levels on the activities 
of the RBE4 in vitro. We observed no effect of TH on RBE4 cell adhesion or 
migration. However, TH treatment resulted in reduced apoptotic cell death, 
increased cell expansion of RBE4 cells and the formation of tube-like structures. 
This indicates a stimulatory effect of TH on RBE4 cells in vitro. Furthermore, 
TH increased the levels of Vegfa and Fgf2 mRNA in RBE4 cells, and promotes 
the secretion of VEGFA and FGF2 from RBE4 cells. It indicates an autocrine 
regulation of TH on RBE4 cells. However, we cannot exclude the fact that 
higher levels may have different effects in our system. And previous study 
demonstrated that T3 (1 M) exhibited no effects on tubulogenesis with human 
foreskin ECs [106] and T3 ( 1 nM) reduced cell adhesion, but promoted 
migration in human mesenchymal stem cells [107].  

Paper III: Astrocyte-Stem Cell Interactions 

T3-stimulated astrocytes promote hippocampal NSCs cell 
growth and neuronal differentiation
Astrocytes represent a major component of the neurogenic niche and are in 
intimate contact with neural stem cells. Previous studies have demonstrated that, 
in the intact and injured brain, astrocytes secrete growth and inflammatory 
factors, thereby regulating neuronal survival and regeneration [108, 109]. We 
hypothesized that astrocytes are important mediators of the effects that TH has 
on stem cell activity. To explore this hypothesis, we culture astrocytes from both 
neurogenic regions, i.e., the hippocampus and SVZ. Astrocyte-conditioned 
culture medium was collected after incubation with or without T3 (50 nM). 
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NSCs were then cultured with conditioned medium from the corresponding 
region. When hippocampal NSCs were cultured with conditioned medium 
derived from T3-treated astrocyte cultures, the rates of proliferation, survival, 
neuronal differentiation, and neuroblast migration were increased, while the rate 
of cell death was reduced. We conclude that hippocampal NSCs are dependent 
on astrocytes when response to T3 and astrocyte-derived factors may play a 
significant role in mediating the effects of TH.   

T3-stimulated astrocytes promote SVZ neuroblast migration
Since we observed different in vivo responses of the adult SVZ neurogenesis to 
PTHD (Paper I), we decided to investigate the effects of NSCs isolated from 
SVZ cultured in SVZ astrocyte-derived conditioned medium after T3 (50 nM) 
treatment. The conditioned medium from T3-treated astrocytes had no effect on 
cell proliferation, survival, cell death or neuronal differentiation, although 
increased neuroblast migration was observed. These results confirmed the 
vulnerability of hippocampal NSCs niche to TH deficiency in vivo. This region-
specific response of NSCs raises questions as to whether this effect is due to 
some factor(s) in the astrocyte-derived conditioned medium, or whether this 
difference can be attributed to the NSCs themselves.  

Astrocyte isolated from hippocampus and SVZ response 
differently to T3 treatment 
Previous studies have demonstrated that astrocytes are heterogeneous population 
and have different gene expression profiles isolated from different brain region. 
We performed quantitative PCR analysis on astrocytes harvested from two 
regions of the brain after T3-treatment. The expression levels of the Bdnf, 
Noggin, Lif, Wnt3a and TH receptor alpha (Thra) genes were up-regulated in the 
hippocampal astrocytes but not in the SVZ astrocytes after T3-treatment, as 
compared with none-treated groups. In contrast the levels of Pedf mRNA were 
increased exclusively in the SVZ astrocytes. Vegfa and TH receptor beta (Thrb) 
were up-regulated in the astrocytes from both the hippocampus and SVZ. 
Furthermore, we observed increased levels of VEGFA in the supernatants of the 
astrocytes cultures from both the hippocampus and SVZ after T3-treatment.  
Therefore we conclude that astrocytes in hippocampus and SVZ responded 
differently with T3-treatment. These results indicate that hippocampal astrocytes 
can provide significant trophic support for NSCs, which is dependent upon the 
presence of T3. However, our results do not exclude the possibility that the 
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different response of NSCs to CM is due to the intrinsic properties of NSCs, 
since previous studies also demonstrated that SVZ and hippocampal NSCs 
follow distinct development lineage [110-112].  

Differential responses of hippocampal and subventricular NSCs have been 
observed under various physiologic and pathologic conditions. For example, 
although Ascl1 gene overexpression occurs in the NSCs of both adult neurogenic 
regions, only the hippocampal NSCs can redirect themselves from neuronal to 
oligodendrocytic differentiation, albeit not in the SVZ/OB system [21]. In 
addition, running and enriched environment increase hippocampal neurogenesis, 
whereas have no effect in the SVZ/OB system [113]. Under the lesion condition, 
only progenitor cells from the SVZ migrate over a long distance to the lesion site 
[114]. In addition, the NSCs in the SVZ seem to be more resilient than their 
hippocampal counterparts, since SVZ/OB neurogenesis can recover from 
irradiation (1 × 6 Gy), whereas hippocampal neurogenesis does not recover from 
this dose of irradiation [22].  
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CONCLUSION AND OUTLOOK 

CONCLUSION
Based on the data presented in this thesis, we conclude that NSCs in the 
hippocampus are more vulnerable than that in the SVZ/OB system to PTHD. 
Continued adult hippocampal neurogenesis can partially compensates for the 
PTHD although a significantly less-developed dentate gyrus remains. 
Hippocampal astrocytes provide trophic support for the dentate gyrus 
neurogenesis process in a T3-dependent manner. We first detected that PTHD 
was associated with extensive defects in brain angiogenesis, which suggests that 
the response to TH involves interactions between several cell types. Although 
angiogenesis was fully recovered at P90, the insufficient supply of nutrients 
during a key developmental phase for the hippocampus may have a significant 
impact on the development of functional deficits. 

OUTLOOK
In our third study, we show that the hippocampal astrocytes-derived CM 
promote hippocampal NSCs growth and neuronal differentiation after T3-
treatment, whereas this was not the case for SVZ astrocytes. Although we 
observed differences between the astrocytes of the two neurogenic niches after 
T3-treatment, we cannot exclude the possibility that the different responses of the  
NSCs might due to the difference between the NSCs themselves when response 
to TH. It will be very interesting to investigate the response of NSCs derived 
from the two neurogenic niches to T3 stimulation in vitro. This might improve 
our understanding of the behaviors of NSCs from two distinct neurogenic niches 
under both physiological and pathologic conditions.  

Previous studies have revealed structural and functional defects in patients who 
have missed the critical postnatal window for TH replacement therapy. Our 
study demonstrates a reduction of approximately 20% in the number of 
hippocampal granule neurons for PTHD rats. Upon diagnosis, perinatal 
hypothyroidism is clinically treated by TH replacement therapy, which is 
effective in restoring normal levels of TH. However, there is currently no therapy 
to reverse the structural deficits caused by it, which will subsequently hinder the 
proper cognitive development of the patient. It is very important to develop a 
therapy that will improve the life quality for them. With respect to hippocampal 
formation, voluntary running stimulates cell proliferation and neurogenesis [115] 
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and has positive effects on learning and LTP [19], while in the cortex, voluntary 
running stimulates the proliferation of astrocytes and microglial cells [116]. In 
addition, physical exercise induces the production of neurotrophic factors [117], 
which are important for promoting angiogenesis, neurogenesis, and brain 
plasticity. Another study demonstrated that prolonged exercise induced 
angiogenesis and increased cerebral blood volume in primary motor cortex of rat 
[118]. Furthermore, physical exercise-induced increase of cerebral blood volume 
in the dentate gyrus was correlated with postmortem measurement of 
neurogenesis by MRI study in human [119]. In future experimental series, it is 
planned to investigate the effects of long-term voluntary running on the 
structural and functional recovery of PTHD animals in order to improve neuronal 
rehabilitative therapy, thereby enhancing the quality of life for patients with 
severe postnatal hypothyroidism.  
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