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1. Introduction 

 

 

Thyroid hormones are necessary for the development of many organs and systems in 

the body, including the central nervous system. The association between thyroid function and 

development of the brain is well known. For example, hypothyroidism during fetal 

development results in neurological deficits, such as mental retardation, spasticity, ataxia and 

blindness. Hypothyroidism still poses a big threat on the public health in the world. 

Cells use thyroid hormones by taking them up via cell membrane bound transporters. 

The transport of the thyroid hormones into brain is facilitated by transporters present in blood 

brain barrier. The most important one for this function is Oatp1c1 (Oatp14), which is encoded 

by the Slco1c1 gene. 

In this work the expression of the Slco1c1 in adult and newborn mice (P2) is 

examined. By using transgenic mice expressing a site-specific recombinase Cre under the 

control of the regulatory elements of Slco1c1, Slco1c1-expressing brain structures were 

identified after crossing these mice to a reporter line, Rosa26. The developmentally Slco1c1 -

expressing structures suggest a role of thyroxine in their development.  
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2. Review of the literature 

 

2.1 Role of thyroid hormones during early brain development 

 

Thyroid hormones are iodinated amino acids, released in the thyroid gland by thyroid-

stimulating hormone (TSH) - induced proteolysis of the iodinated thyroglobulin. The 

prehormone L-T4 is the major form in the circulating blood and is converted to the active 

form 3,3′,5 triiodothyronine (T3). [3] Both hormones belong among the fundamental factors 

that contribute to normal development of the CNS through genomic and nongenomic actions 

in neurons and glial cells. [8] 

The conversion of T4 to bioactive form T3 is carried out by the enzyme iodothyronine 

deiodinase type 2 (D2) whereas the inactivation of T4 and T3 by deiodination to rT3 and T2 is 

catalyzed by the iodothyronine deiodinase type 3 (D3). Both enzymes are located 

intracellularly and cellular entry is required for conversion of T4 and for binding to the 

nuclear receptors. [17] 

Then T3 functions through the nuclear receptors and regulates the expression of the 

target genes - e.g. nerve growth factor, tropomyosin-related kinase A (trk A) and 

neutrotrophin receptor (p75 
NTR

). [3] Binding of T3 to its receptor effects a change in gene 

expression. [17] Biologic activity of T3 depends on the intracellular concentration, which is 

influenced by various factors including the circulating levels of T3 and T4, activity of 

deiodinases and presence of transporters in the plasma membrane. They facilitate the cellular 

uptake and efflux of T3 and T4. [17] 

In the CNS, free hormones in the circulating blood have to cross the blood-brain 

barrier and blood-cerebrospinal fluid barrier. [3]  

 

As was mentioned above, thyroid hormones are iodinated amino acids. Therefore, 

iodine is an essential component of thyroid hormones. The amount of iodide intake per day 

varies according to the age and physiological state. During pregnancy and lactation the iodine 

requirements of the mother are almost double than of the adult population. The reason why 

iodine is so important for CNS development is related to its role in thyroid hormone 

production. [24]  
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2.1.1 Thyroid hormones and CNS development  

 

The relation between neurodevelopment and thyroid function is well known. Three 

main situations have been recognized in which alterations of the central nervous system 

(CNS) of varying severity have been associated with alterations of thyroid function: iodine 

deficiency, congenital hypothyroidism (CH), and maternal hypothyroxinemia. Other possible 

damages are shown in Table 2.1. [27] 

  

Table 2.1 Conditions in which CNS damage has been associated with thyroid 

hormone deficiencies early in development, and their prevention, adapted from de 

Escobar 

 

Condition and consequences Effective preventive measures 

Severe iodine deficiency (ID): neurological 

cretinism (deafness, mental retardation, cerebral 

palsy, etc.) 

Correction of the iodine deficiency 

before or very early in 

pregnancy (before midgestation) 

Congenital hypothyroidism: mental retardation; 

dwarfism, poor maturation. 
Prompt postnatal treatment with T4 

Maternal hypothyroxinemia: decreased IQ of 

Progeny 

Early correction of the maternal 

Hypothyroxinemia 

Combined maternal and fetal hypothyroidism: 

severe neurological damage, reminiscent of 

ID cretinism 

Maintenance of normal maternal T4 

throughout pregnancy, and prompt postnatal 

treatment of the newborn with T4 

Thyroid hormone resistance syndrome: in 

Many cases, mental retardation, deafness 
Not yet known 

Prematurity: increased risk of 

neurodevelopmental 

impairment and cerebral palsy 

Postnatal correction of transient neonatal 

hypothyroxinemia? 

 

Table 2.1 briefly enumerates other conditions in which a relation has been established 

between poor neurodevelopment and thyroid hormone deficiencies during early development. 

Except for thyroid hormone resistance syndromes for which we do not yet have adequate 

treatments, all conditions other than CH involve a decreased supply of maternal thyroid 

hormone, mostly before midgestation. [24] 

 

Maternal hypothyroxinemia means low serum T4 during pregnancy. [26] Normal 

maternal T3 concentrations do not seem to prevent the potential damage of a low supply of 

T4, although they might prevent an increase in circulating TSH.  Detection of the 

hypothyroxinemia is possible if only TSH is measured. Hypothyroxinemia seems to be much 

more frequent in pregnant women than clinical or subclinical hypothyroidism and 
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autoimmune thyroid disease, especially in regions where the iodine intake of the pregnant 

woman is inadequate to meet her increased needs for T4.  

The outcome of pregnancies in untreated hypothyroid (or hypothyroxinemic) women 

is poor, with an increased proportion of aborted fetuses, stillbirths, and perinatal deaths and 

decreased IQ of the progeny, detected when infants are followed for at least a year after birth, 

although this finding is not absolute. The frequency with which this may occur is probably 

150 times or more that of congenital hypothyroidism. [23] 

Even a mild hypothyroxinemia during pregnancy increases the risk of 

neurodevelopmental abnormalities. [8] The damage of CNS can be appearing in various 

forms. The early maternal hypothyroxinemia increases the risk of neurodevelopmental deficit 

of the fetus, even in case, when the mother is not clinically hypothyroid. This is due to the 

fact, that pregnant women have usually normal circulating 3,5,3' triiodothyronine level and 

thyroid-stimulating hormone (TSH) is not increased. [2, 8] The damage of the progeny is 

related to the degree of maternal T4 deficiency and depends also on the phase of pregnancy 

when hypothyroxinemia starts. The damages include hearing and speech defects, mental 

deficiency and motoric defects. In more serious cases the deficiency could lead to 

neurological cretenism. [1] 

On the cellular level various changes are found. The cytoarchitecture of the 

somatosensory cortex and hippocampus are affected. Cortex layers are not properly developed 

and normal barrels are not formed. [5] Heterotopic cells (i.e. cells found in abnormal 

locations) have been described in the neocortex of therapeutically aborted human fetuses from 

an iodine-deficient area. These studies have reported heterotopic cells in the neocortex and 

abnormal cytoarchitecture similar to that found in rats. [8] 

 

Congenital hypothyroidism (CH) is also characterized with insufficient thyroid 

hormones production, important for the nervous system development.[20] It can lead to the 

syndrome of cretinism, a disorder characterized by severe mental retardation, neurological 

deficits (e.g. movement disorders, spasticity, and speech problems), and hearing impairment. 

[17] Cognitive and motor deficits have been observed when the hormonal alteration is more 

serious. The neuropsychomotor development is affected and can cause disorders in 

perceptive, cognitive areas. [20]   

These deficiencies reflect the extensive structural alterations observed in brain 

development under hypothyroid conditions such as abnormalities in neuronal migration and 

differentiation, axonal and dendritic outgrowth, synaptogenesis, myelination. [17] 
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Fig. 2.1 Approximate timing of major insults to the brain resulting from 

hypothyroxinemia, major neurodevelopmental events are pointed, adapted from de 

Escobar  
 

Conditions resulting in early maternal hypothyroxinemia, combined to later 

impairment of the fetal thyroid, are the most damaging, with central nervous system (CNS) 

damage that is irreversible at birth. The most frequent cause is maternal ID and the presence 

of maternal autoimmune thyroid disorders. Unless ID is also present, the CNS damage in 

congenital hypothyroidism is preventable by early postnatal treatment because the normal 

maternal thyroxinemia has avoided damage to the brain until birth. If maternal 

hypothyroxinemia persists, normal maternal concentrations of T3 do not protect the fetal brain 

because of its dependence on intracerebral regulation of local T3 availability by deiodinating 

pathways using T4 as a substrate. Interruption of the contribution of maternal T4 in premature 

infants with an immature thyroid may also underlie their increased risk of 
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neurodevelopmental problems, the more severe the earlier their birth. The question mark in 

Fig. 2.1 indicates that we do not know exactly, how far general morphogenesis and very early 

CNS development is determined with thyroid hormones and if tissues are sensitive or not. 

[23] 

 

2.1.2. The alterations during the neurodevelopment 

 

The alterations of thyroid functions early after birth and during neurodevelopment 

have been recognized for more than a century. There are two different points of the view. On 

one hand it is thought that the damage of the progeny is related to the degree of maternal 

thyroxine deficiency and could be prevented before midgestation. After midgestation - 4 

weeks after conception the level of T4 increases steadily. A major proportion of T4 in fetal 

fluids is not protein-bound. The free T4 available to fetal tissues is determined by the 

maternal serum. It reaches the concentrations known to be of biological significance in adults. 

Despite very low T3 and free T3 in fetal fluids, the T3 generated locally from T4 in the 

cerebral cortex reaches adult concentrations by midgestation, and is partly bound to its 

nuclear receptor. Therefore contemporary results support the conclusion that thyroid 

hormones are necessary for the normal brain development of the fetus.    

On the other hand there is an idea that maternal hormones do not play a role in early 

neurodevelopment. This idea is supported by the good results obtained with immediate 

treatment of congenital hypothyroidism.  It is also reinforced by the increasing importance of 

the existence of an efficient utero-placental barrier. It prevents the transfer of maternal 

hormones, their amounts in the fetal compartment are relevant and the fetal brain does not 

need thyroid hormone until after birth.  

Before midgestation the mother is the only source of T4, maternal hypothyroxinemia 

can lead potentially to damage of neurodevelopment. [1]  

But only very small amounts of T4 are transported to the fetal compartment, due to 

high efficient utero-placental barrier. Presence of this barrier influences the transfer of 

maternal thyroid hormones. According to the studies in the 20th century the most common 

idea was that the embryo is developed in the absence of thyroid hormones. Placental barrier 

system limits the transport and recent information confirmed the distribution (mostly of the 

deiodinases D2 and D3) in the utero-placental unit and the expression of D3 in the fetal 

department. The other point of the view supports the opinion that the damage of the progeny 
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is related to the degree of maternal thyroxine deficiency and could be prevented before 

midgestation. [1, 5]  

2.2 Blood brain barrier  

2.2.1 Characterization of BBB  

The brain has high metabolic demand and requires constant influx of oxygen and 

nutrients as well as efflux of waste products. It is regulated by its homeostasis, blood-brain 

barrier (BBB) and blood-cerebrospinal fluid barrier (BCSFB). Transport across these barriers 

is often a required operation during waste efflux (e.g., glucuronides), nutrient delivery (e.g., 

glucose), drug delivery (e.g., phenytoin), and hormonal and other biological signaling (e.g., 

via thyroxine) in the brain. [25] Transport systems expressed at the blood brain barrier may 

mediate the influx of drugs and solutes form blood to brain and the active efflux of drugs and 

solutes from the brain to blood. [14, 15]  

 

2.2.2 Mechanisms of transport through BBB 

  

Blood brain barrier involves special transporting properties. It is formed by the brain 

microvascular endothelium - luminal and abluminal membranes of the capillary endothelium. 

There is a paucity of fenestra and pinocytotic vesicles. Due to this fact, brain endothelia are 

distinguished from peripheral endothelia. There is minimal pinocytosis, a lack of 

fenestrations, and the presence of tight junctions. [25] The capillary endothelial cells express 

epithelial-like high resistance tight junctions that fuse the plasma membranes of neighboring 

capillary endothelial cells in brain. These tight junctions and other brain endothelial properties 

form the basis of the blood brain barrier in the vertebrate brain. They eliminate the porous 

pathways of the solute diffusion across the endothelial cell in the brain which exists in 

nonbrain organs. [14, 15] 

According to these characteristics BBB works as a physical barrier to separate from 

the circulating blood. Transport of a solute or ligand in order to enter or leave brain 

parenchyma requires crossing the BBB endothelial cell. Therefore, solutes or ligands are 

required to traverse both the luminal and abluminal membranes of polarized BBB endothelia 

cells. [25] 
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At present, it is unknown how ligands traverse the cytoplasmic space between the 

luminal and abluminal membranes of BBB endothelial cells. Some ligands may passively 

diffuse, while others may bind carrier molecules that serve as intracellular transporters. As a 

result of the limitations imposed by the tight junctions at the BBB, solutes must be transported 

by transcellular diffusion, carrier-mediated transport, or endocytosis. 

 Transcellular diffusion across the BBB is limited by the lipophilicity and hydrogen 

bonding potential of a particular solute. In general, solutes of low molecular weight, 

polarizability, and hydrogen bonding potential and high lipophilicity are associated with 

greater transcellular BBB diffusivity. Much less energetic penalty is required for such 

molecules to cross the hydrophobic domain of the lipid bilayer than for large polar molecules. 

[25] 

Endocytosis plays an important role, albeit reduced and modified compared to other 

tissues, in the delivery of various compounds to the brain parenchyma. Receptor-mediated, 

adsorptive, and fluid phase endocytosis all contribute significantly to the overall endocytosis 

at the BBB. Example of an endocytosed compound at the BBB is transferrin. 

The third kind with the broadest spectrum of potential substrates is carrier-mediated 

transport. Carrier-mediated transport of solutes is facilitated by a specific substrate-transporter 

interaction and driven by direct energy conversion (e.g., ATP hydrolysis), concentration 

gradients, cotransport, or combination thereof. BBB transporters have been identified for 

amino acids, sugars, nucleosides, monocarboxylic acids, peptides, organic cations, and 

organic anions. Transport families expressed at the BBB include monocarboxylic acid 

transporters (MCTs), organic anion transporters (OATs), organic cation transporters (OCTs), 

and OATPS/Oatps. In addition, multiple members of the ATP-binding cassette (ABC) 

superfamily, including P-glycoprotein and multidrug resistance associated proteins (MRPs), 

are expressed at the BBB. These efflux transporters serve to export endobiotics and 

xenobiotics from the intracellular to extracellular departments. [25] 

 

It is often stated that the BBB in newborns and fetuses is immature or nonfunctional. It 

is proposed that the BBB is quite functional in newborns. Previous studies that found 

increased permeability in newborns likely disrupted the fragile neonatal BBB integrity with 

high volumes of injected tracers. In fact, the BBB obtains the ability to exclude proteins from 

brain at very early developmental time points. Tight junctions are present as soon as the 

embryonic brain begins to vascularize. Some maturing of the BBB does occur during 

development. For example, small lipid molecules are more permeable in neonates as 
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compared to adults. But some of the differences observed between neonatal and adult BBB 

have less to do with maturity than with divergent environmental requirements in the 

developing brain. [25] 

The choroid plexuses are leaf-like organs found in the median wall of each lateral 

ventricle, as well as the roof of the third and fourth ventricles of the brain. Epithelial cells of 

these highly vascularized organs form the BCSFB.  

 

2.2.3 Blood-cerebrospinal fluid barrier 

 

BCSFB cells are polarized, consisting of apical or brush border membranes 

[cerebrospinal fluid (CSF) facing] and basolateral membranes (blood facing). Invaginations 

within the choroid plexus organ combined with brush border membrane provide a very large 

surface area exposed to the CSF. Since the penetrating capillaries in choroid plexuses are 

fenestrated (leaky), plasma components have free access to the basolateral membrane. Like 

the junctions between endothelial cells of the BBB, choroid plexus epithelial cell junctions are 

tight. Thus, under most circumstances, there is no paracellular diffusion from the blood to the 

CSF. Some compounds are excreted from the CSF to the blood, such as drugs and 

endogenous waste, and while other solutes travel from the blood to CSF. In order to 

accomplish transport in either of these directionalities, these compounds must sequentially 

cross the apical and basolateral membranes of the choroidal epithelial cell. 

Similar to the BBB, a functional BCSFB forms during early developmental stages. 

Protein barriers formed by tight junctions between choroidal epithelial cells prevent 

paracellular diffusion between blood and CSF interfaces. However, high concentrations of 

plasma-derived proteins are present in the CSF of the developing brain. These proteins are 

likely traYcked intracellularly via a tubuloendoplasmic reticulum system connected across 

choroidal epithelial cells. This specialized system of endoplasmic reticulum (ER) disappears 

in the adult. 

 

2.3 Functions of OATPs  

 

OATPs/Oatps are involved in both influx and efflux across CNS and other cell 

barriers. OATPS/Oatps form a diverse and growing superfamily of solute carriers expressed 

throughout the body. [25] They are important membrane transport proteins. They mediate the 

sodium-independent transport of a wide range of amphipathic organic compounds including 
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bile salts, organic dyes, steroid conjugates, thyroid hormones, anionic oligopeptides, 

numerous drugs and other xenobiotic substances.  

 

2.3.1 Division of Oatps 

 

Organic anion transporting polypeptides (humans: OATPs; rodents: Oatps) belong to 

the superfamily of transport proteins which contain more than 80 members in at least 13 

different species, classified within the solute carrier family SLCO. [16] Nowadays they are 

classified according to new nomenclature system, expressed by Hagenbuch and Meier (2004). 

With this new system, members of OATP/Oatp are classified in the OATP/solute carrier Oatp 

(SLCO) superfamily and subdivided into families, subfamilies, and individual genes. [25] 

Some members are expressed ubiquitously and transport numerous substrates; other 

members are restricted to discrete tissue expression profiles and display more specialized 

substrate specificity. [25] Some Oatps/OATPs are selectively involved in the hepatic 

clearance of albumin-bound compounds from portal blood plasma. [2]  

But most of Oatps/OATPs are expressed in multiple tissues including the blood-brain 

barrier (BBB), choroid plexus, lung, heart, intestine, kidney, placenta and testis. [3] 

Expression of multiple OATPs/Oatps in the liver, kidney, and BBB puts this superfamily of 

transporters in a powerful position of influence over the ultimate absorption, disposition, and 

excretion of drugs and endobiotics. [25] 

 

Table 2.2 Human and rodent members of the OATP/SLCO superfamily; 

summary of new and old classification/nomenclature, predominant transport substrates, 

tissue and cellular distribution [16, 25] 

  

New gene 

symbol* 

New protein 

name* 

Old gene 

symbol 

Old protein 

names 

Predominant 

substrate 

Tissue distribution 

and 

cellular/subcellular 

expression 

Slco1a1 

 
Oatp1a1 Slc21a1 Oatp1, Oatp 

Bile salts, 

organic anions, 

organic cations 

Liver (basolateral 

membrane 

of hepatocytes), 

kidney (apical 

membrane 

of proximal tubule), 

choroid plexus 

(apical) 

SLCO1A2 OATP1A2 SLC21A3 
OATP-A, 

OATP 

Bile salts, 

organic anions, 

organic cations 

Brain (endothelial 

cells), kidney, liver, 

ciliary body 

Slco1a3 

 

Oatp1a3_v1 

Oatp1a3_v2 
Slc21a4 

OAT-K1 

OAT-K2 

Bile salts, 

organic anions 
Kidney 
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Slco1a4 Oatp1a4 Slc21a5 Oatp2 

Digoxin, bile 

salts, organic 

anions, organic 

cations 

 

Liver, blood-brain 

barrier, choroid 

plexus, 

ciliary body, retina 

Slco1a5 Oatp1a5 Slc21a7 Oatp3 
Bile salts, 

organic anions 

Jejunum, choroid 

plexus 

Slco1a6 Oatp1a6 Slc21a13 Oatp5   

SLCO1B1 

 
OATP1B1 

SLC21A6 

 

OATP-C, 

LST-1, 

OATP2 

Bile salts, 

organic anions 
Liver 

Slco1b2 Oatp1b2 Slc21a10 Oatp4, Lst-1 
Bile salts, 

organic anions 
Liver, ciliary body 

SLCO1B3 OATP1B3 SLC21A8 OATP8 

Bile salts, 

organic anions, 

Digoxin 

Liver, cancer cell 

lines 

SLCO1C1 

Slco1c1 
OATP1C1 SLC21A14 

OATP-F, 

OATP-RP5 

T4, rT3, 

troglitazone 

sulfate, 

cerivastatin, 

E217βG 

Brain, testis (Leydig 

cells) 

SLCO2A1 

Slco2a1 

 

OATP2A1 

Oatp2a1 

Oatp2a1 

SLC21A2 

Slc21a2 

 

hPGT 

rPGT 

mPGT 

Eicosanoids Ubiquitous 

SLCO2B1 

Slco2b1 

SLCO2B1 

Slco2b1 

OATP2B1 

Oatp2b1 

OATP-B, 

OATP-RP2 

Oatp9, moat1 

E-3-S, DHEAS, 

BSP 

Liver, placenta, 

ciliary body 

SLCO3A1 

Slco3a1 

OATP3A1 

Oatp3a1 

Oatp3a1 

 

SLC21A11 

Slc21a11 

Slc21a11 

 

OATP-D, 

OATP-RP3 

Oatp11 

MJAM 

E-3-S, 

prostaglandin 
Ubiquitous 

SLCO4A1 

Slco4a1 

OATP4A1 

Oatp4a1 

 

SLC21A12 

Slc21a12 

 

OATP-E, 

OATP-RP1 

Oatp12, oatpE 

 

Taurocholate, 

T3, 

Prostaglandin 

Ubiquitous 

SLCO4C1 OATP4C1 SLC21A20 OATP-H  Kidney 

SLCO5A1 OATP5A1 SLC21A15 
OATP-J, 

OATP-RP4 
  

SLCO6A1 OATP6A1 SLC21A19 OATP-I, GST  Testis 

Slco6b1 

Oatp6b1 

Oatp6b1 

 

Slc21a16 

Oatp16, 

TST-1, GST-1 

 

Taurocholate, 

T3, T4, 

DHEAS 

Testis, epididymis, 

ovary, adrenal gland 

Slco6c1 
Oatp6c1 

 
Slc21a18 

Oatp18, 

TST-2, GST-2 

Taurocholate, 

T3, T4, 

DHEAS 

Testis 

Slco6d1 Oatp6d1 Slc21a17   Oatp17 

 

*All capital symbols are linked to human genes and gene products while lower case symbols 

stand for rodent genes and gene products (exception: OAT-K1 is a rat protein). To better 

discriminate between human, rat and mouse gene products sometimes a lower case h, r or m 

precedes the abbreviation. It is not part of the gene or protein symbol.  

 

Some of Oatps - concretely - Oatp1a2, Oatp1a4, Oatp1a5, Oatp1c1, and possibly 

Oatp1a1 have been identified at protein level at both the BBB and/or BCSFB. [25]  
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2.3.2 Oatp1c1 

 

Recently several classes of membrane iodothyronine transporters have been identified, 

questioning the hypothesis of passive TH diffusion into target cells. Extensively analyzed 

transport system was the organic anion transporting polypeptide Oatp14 (Oatp1c1, Slc21a14), 

which belongs to the same subfamily as human OATP1C1. It is suggested to be important for 

the passage of T4 from the circulating blood system to the brain because it has been reported 

to be specifically expressed in capillary endothelial cells. [16, 17]  

The subfamily of organic transporters contains human OATP1C1 which was isolated 

from a human brain library and represents a 712-amino-acid protein that exhibits 85%/ 84% 

amino acid sequence identities with its rat/mouse ortholog Oatp1c1- previously called Oatp14 

(Slc21a14). [16]  

Although OATP1C1 belongs to the OATP1 family, the members of which are 

paradigmatic for their high degree of multispecificity, the substrate spectrum of OATP1C1 is 

rather limited. However, OATP1C1 exerts an especially high transport affinity for T4 

(thyroxine) (Km value ~90 nM) and rT3 (reverse tri-iodothyronine) (Km value ~130 nM). 

[16] 

Oatp1c1 is a 716 amino acid protein expressed in the luminal and abluminal 

membranes of BBB endothelial cells, the basolateral membrane of choroid plexus epithelial 

cells, human ciliary body epithelial cells, and Leydig cells of the testes. Similarly as 

OATP1C1, Oatp1c1 has a relatively narrow range of substrates. But it has very high affinity 

thyroxine transporter and has the lowest identified Km for thyroxine (0.18 μM) of all Oatps 

expressed at the BBB. Other substrates of Oatp1c1 include rT3, cerivastatin, and estradiol-

17β-glucuronide (E217βG). [25] 

Oatp1c1 appears to account for a significant portion of the thyroxine that enters the 

brain. Thyroxine is a prohormone of triiodothyronine (T3), the active thyroid hormone. Most 

T3 is synthesized through the action of type II, 5′- iodothyronine deiodinase (D2). T3 has 

profound impacts on the timing and initiation of multiple neurological development 

processes. Oatp1c1dependent thyroxine transport accumulates thyroxine in the CNS at levels 

higher than would be possible with diffusion alone. Thus, differential expression of Oatp1c1 

and other Oatp thyroxine transporters may allow an organism to meter CNS thyroxine 

concentrations throughout development or during times of thyroxine fluctuations. [25] 

The role of Oatp1c1 as a thyroxine transporter at the BBB and BCSFB is likely very 

important for overall thyroid hormone function in the CNS. Thus, Oatp1c1 has a thyroxine 
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transport Km of at least an order of magnitude less than all other Oatp thyroxine transporters. 

This suggests Oatp1c1 is the most important thyroxine transporter expressed at the BBB and 

BCSFB. The preference for thyroxine transport of Oatp1c1 may offer another level of control 

for thyroid hormone in the brain. Instead of delivery of active thyroid hormone directly to the 

CNS, transport of thyroxine allows T3 level modulation through control of D2 activity. [25] 

Oatp1c1 might play an important role in the delivery and disposition of thyroid 

hormones in brain and testis, and thus during brain development.  

Rat Oatp1c1 has been isolated from a cDNA library enriched in mRNAs specific to the 

blood-brain barrier. Its function is to transport T4. [16] Interestingly, mouse Oatp1c1 has been 

isolated from a cochlea cDNA library indicating that it might play a physiological role in the 

inner ear. [16] 

Northern blot analysis revealed predominant expression of Oatp14 in the brain, and 

Western blot analysis revealed its expression in the brain capillary and choroid plexus. [26] 

 

Recent studies were aimed at investigating the involvement of mouse organic anion 

transporting polypeptide mOatp14 in the uptake of T4 across the blood brain barrier. 

mOatp14 is expressed exclusively in the BBB and choroid plexus. It binds to T4 and rT3 with 

much higher affinity than to T3. Other T4 transporters expressed in the BBB (such 

as Oatp1a4) have much lower affinity in T4 binding. Thus Oatp14 is the most important 

transporter to supply brain with T4.  

Taurocholate, probenecid and estrone-3-sulfate were founded as moderate inhibitors 

for mOatp, digoxin, benzylpenicillin and large neutral amino acids had no effect. [3] 

 

2.4  Site-specific recombinase systems and role of Cre recombinase 

Cre recombinase belongs to SSRs - site-specific recombinase systems, which are 

superfamily of λ integrases. They share the common mechanism of DNA recombination that 

involves strand cleavage, exchange and ligation.  

Site-specific recombinase systems are transforming forward and reverse genetics in the 

mouse. They enable modifications of DNA with high-fidelity and they could be used in vitro 

and in vivo. Due to this fact site-specific recombinases have been used as tools in research. 

They enable us to understand more of gene functions, gene relationships and they can be 
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applied in different branches of the science including organogenesis, immunology, 

neurobiology, reproduction, behavior and epigenetics.  

Cre is an abbreviation of causes recombination in bacteriophage P1. It is able to 

recombine specific sequences of DNA with high fidelity without the need of cofactors. As a 

defined target it uses Lox P (means locus of crossover (x)).  

One example of the modifications is shown in Fig. 2.2. The excision reaction is 

effectively irreversible. This recombination between the two sites is mostly used in the mouse. 

It is the basis for conditional gene inactivation and molecular fate mapping.  

 

 

Fig. 2.2 Genetic modifications mediated by Cre or Flp recombinases. Both Cre 

and Flp recombinases can be used for introducing different molecular alterations into 

the mouse genome, adapted from Soriano 

A: excision of genomic DNA can be mediated by flanking the sequence to be excised by 

unidirectional recombination sites. B: inversion requires the sequence of interest to be flanked 

by bidirectional recombination sites. C: a single recombination site within the mouse genome 

can be used as a molecular acceptor for inserting a DNA sequence containing a second 

recombination site. D: interchromosomal translocations can be engineered by placing single 

recombination sites on different chromosomes.  

(solid triangles indicate recombination sites; white arrow indicates orientation of the sequence 

to be excised) 
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Variant target sides for Cre and Flp fall into two classes: variant spacers and inverted-

repeat variants. Cre belongs into the first class - nucleotide substitutions within the spacer 

length. The important role has the length of the spacer, not the sequence. It is critical for 

efficient recombination, so long as the sequence between participating sites is identical. 

Recombination is therefore efficiently mediated between pairs of homotypic, but not 

heterotypic sites. Due to these facts is this class of recombinases called RMCE – 

recombinases-mediated cassette exchange. [2] 

 

LacZ expression with ROSA26 reporter 

One method used in this study was to identify Cre-expressing cells by LacZ staining. 

Cre expression targeted to a specific locus might be tissue specific, temporally restricted or 

inducible. In these experimental outlines it is necessary to monitor the Cre activity. Other 

studies have generated transgenic or knock-in lines in which the lacZ expression is 

conditional on the removal of an intervening segment. [4] 

Previously, described as a gene-trap strain, Rosa βgeo 26, which appears to be 

constitutively expressed during embryonic development. [4]  

The recombination efficiency depends on the level of Cre expression and thus varies 

between different mouse strains. Heterozygous R26R mouse were bred with R26Cre mice. 

Their embryos were collected in various stages of the development and the activity of Cre was 

observed. Embryos heterozygous for both R26Cre and R26R alleles showed ubiquitous 

staining, wild-type and R26R did not display any staining. [4]  

The Cre reporter line harbors a knock-in of a lacZ gene preceded by a stop cassette, 

flanked by two recognition sequences (loxP) for the Cre recombinase, in the Rosa26 locus. 

When Cre activity is present, Cre recombinase deletes the stop cassette thereby permitting β-

galactosidase expression. Tissues that expressed β-galactosidase then can be visualized by 

LacZ staining. 

 

2.5 Function and use of LacZ 

 

LacZ gene - gene encoding the enzyme ß-galactosidase, plays an important role in 

applied science. Induction of ß-gal synthesis, large number of substrates and its easy assay are 

the main reasons of wide usage.  
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X-gal - 5 bromo-4-chloro-3-indolyl- ß-D-galactoside, is substrate of ß-galactosidase. 

After cleavage and oxidation it produces the insoluble dye 5-bromo-4-chloro-indigo. The 

reaction is shown on the Fig. 2.3.  

 

 
 

Fig. 2.3 Enzymatic function of β-galactosidase is cleaving indicator substrates.  

β -gal cleaves β-D-galactoside containing substrates with a diverse range of aglycone 

groups, targeting between the glycosyl oxygen and anomeric carbon as indicated 

(scissors), adapted from Serebriiskii 
 

 
2.6 Nissl staining 

 

The Nissl method uses basic aniline dyes, such as cresyl violet, to detect Nissl 

substance (or Nissl body) in nerve cells. This term - Nissl substance or Nissl body is primarily 

composed of rough endoplasmic reticulum. It is very basophilic and is very sharply stained 

with basic aniline dyes. By this method, Nissl bodies are stained purple-blue. It is obtained in 

every cell, so every cell and every neuron in the brain will be stained.   

Dark blue is used to point out important structural features of neurons. Different types 

of neurons vary in the amount, form, and distribution. According to different shade and grade 

of the purple-blue color, different types of neurons could be distinguished.  

 

2.7 Mouse as experimental model 

 

The present comments are based mostly on information avaible for the human brain. 

There is an important similarity between mouse and human with the respect to placentation, 

both species have hemochorial placentation. But there are differences in the timing of 

neocorticogenesis between humans and rats with respect to stages of pregnancy. In humans, 

neocortical development occurs between week 6 and week 24 of gestation, although most 

cortical cell migration occurs between week 8 and week 24. [8] Mouse is born at a less mature 
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stage than human newborn. Newborn pup of mouse is comparable to the stage of human fetus 

nearing the third semester. Conversely the human newborn might be comparable with 2-3 

week mouse pup. [1] 

 The second important finding is connected with the source of thyroid hormone. In 

man development of the fetal brain may still be protected by the transfer of maternal T4 

during a period of development when mouse is deprived of this potential benefit – mouse milk 

does not contain thyroid hormone in relevant amounts. [1] 

The onset of fetal thyroid hormone secretion occurs at midgestation (i.e. by week 18 of 

gestation). In the rat, neocorticogenesis begins comparatively later, at about embryonic day 13 

(E13) and is complete roughly at birth; most of the process occurs between E14 and E19, 

again mainly before onset of fetal thyroid function (at E17.5–18). In addition, the postnatal 

development and maturation of the CNS take comparatively longer in humans than in rats. 

However, despite the differences in timing of neurodevelopmental events between these 

species, similarities might be established when onset of fetal thyroid gland secretion is taken 

as the reference point. Two main waves of cell migration occur in the human neocortex. 

These take place during the first half of gestation, with peaks at week11 and week14 of 

gestational age (about week 9 and week12 of fetal age, respectively), roughly corresponding 

to waves of cell migration studied in rats. [8] 

 

Time scales and the respective developmental periods are indicated for humans 

(upper) and rats (lower) panels. The developmental periods are highlighted with different 

background colors. The period in which the child’s thyroid hormone is secreted is indicated 

by the upper brown arrow. The gradation indicates the period in which the production of fetal 

thyroid hormones increases to reach neonate values. The period in which both T4 and iodine 

are transferred from the mother to the fetus is indicated by a blue bar. Some major 

developmental events of the cerebral cortex are also indicated for both humans and rats. 

Thyroid hormone deficiencies and their etiologies, which are indicated in parentheses, are 

shown in the upper part of the human panel. Thin black arrows represent the crucial periods 

related to these disorders. Some neurological alterations associated with maternal/fetal T4 and 

iodine deficiency and crucial vulnerability periods are shown by red bars. In the lower panel 

(rat), red bars indicate genes that are regulated by thyroid hormones and behavioral alterations 

associated with maternal and/or fetal T4 and iodine deficiency. For cochlear and motor 

disorders, heavy gradation indicates the period in which the brain is more sensitive to iodine 

deficiency. [8] 
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Fig. 2.4 Main neurodevelopmental events and neurological alterations associated 

with iodine deficiency during fetal and neonatal life, adapted from Berbell 
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3. Aims of the research project 

 
 

The primary aim of the project was focused to the expression of Slco1c1 in different 

structures in the mouse brain. 

 

Specifically, the aims of the project were: 

 To standardize the lacZ staining protocol  

 To examine the expression pattern of Slco1c1 in adults  

 To examine the expression pattern of Slco1c1 in newborns (P2)  

Additional aims of the project were:  

 To standardize Nissl staining protocol  

 To compare the Slco1c1 expression in adults and in newborns (P2) 
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4. Materials 

 

4.1 Laboratory equipment and chemicals 

 

For preparation of sections were used Cryotome Leica CM 3050S and Vibratome 

Leica VT 1000S. Paraffin sections were prepared with Microtomes - Microm 355S; Microm 

AP, 280-1; Microm AP, 280-2; Microm AP, 280-3.   

The work was carried out mostly with Microscope Leica DM LS2, there were used 

magnifications of objective 2,5x, 5x, 10x. Another microscope, which was used, Leica MZ FL 

III had optional setting of magnification. Pictures were obtained with Digital Camera Leica 

DFC 280 connected with these microscopes.  

Pipettes and slides: Pipettes 20 μl, 100 μl, 200 μl, 1000 μl together with tips, Glass 

pipettes 5 ml, 10 ml; slides, slides coated with polysine, cover slips  

Other stuff: Graduate glass cylinders 100 ml, 250 ml, 500 ml, weights, composite 

paper filters, aluminium folio, parafilm, pincettes, brushes, wellplates, mixer   

Chemicals: K4 [ Fe (CN)6]
2 

, Mh = 422,39 g/mol, Merck 1.04984.0100; K3 [Fe (CN)6]
3
, 

Mh = 329,25 g/mol, Ridel-de Haën 12643; Na-deoxycholate monohydrate, Alfa Aesar B 

0759/L12225; X-gal, Peqlab 37-2610; NP-40 (Igepal CA-630), Sigma Aldrich Chemie GmbH 

074K0598; 25% glutardialdehyde solution for electron microscopy; eosin; cresyl violet; 

distilled water, 99% ethanol purified with petroether, pure xylene, paraffin 

5mM EGTA (100x diluted), 2mM MgCl2 (500x diluted) 

 Mounting mediums: Eukitt and Mowiol 

 

4.2 Buffers and solutions 

 

4% PFA 

- 400 ml PBS at 60 - 80 ºC and add PFA (paraformaldehyde) 

- add 12 drops of 10mM NaOH and cool down 

- 10 drops of 37% HCl were added, pH adjusted to 7.2 - 7.4  

- finally was added 0,8 ml of 1M MgCl2 solution (final concentration 2mM MgCl2) and 1ml 

of 0,5M EGTA solution (final concentration 5mM EGTA)  
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PBS 0,1M pH 7,3 

 NaCl  80,0g 

 KCl  2,0g 

 Na2HPO4 14,4g 

 KH2PO4 2,4g 

  distilled water add to 1l  

- pH is arranged to 7,3 - hydrochloric acid or sodium hydroxide 

 

Fixing solution 

5mM EGTA   1,0 ml  

2mM MgCl2    0,2 ml  

 25% glutardialdehyde 0,8 ml  

PBS 0,1M pH 7,3 add to 100 ml 

 

Washing solution 

5mM EGTA   1,0 ml  

2mM MgCl2    0,2 ml  

0,01% Na-deoxychol.  0,2 ml  

0,02 % NP-40   20μl 

PBS 0,1M pH 7,3 add  to 100 ml  

 

β - gal staining solution 

5mM EGTA   1,0 ml 

MgCl2    0,2 ml  

0,01% Na-deoxychol.  0,2 ml 

0,02% NP-40   20μl 

10mM K4 [Fe (CN)6]
II 

10 ml 

10mM K3 [Fe (CN)6]
III

 10 ml 

X-gal     2,0 ml 

PBS 0,1M pH 7,3 add to 100ml 

                                            

10mM K3 [Fe (CN)6]
III 

solution         

3,2925g in 100 ml distilled water (diluted 10x) 

 

http://en.wikipedia.org/wiki/Hydrochloric_acid
http://en.wikipedia.org/wiki/Sodium_hydroxide
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10mM K4 [Fe (CN)6]
II

 solution          

4,2239g in 100ml distilled water (diluted 10x)                              

 

Solution of X-gal  

X-gal dissolved in DMF 0, 5 mg/ml (diluted 50x) 

 

Solution of eosin 

Eosin dissolved in 2% CaCl2 

 

Solution for Nissl staining 

0,1% cresyl violet dissolved in distilled water.  
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5. Method 

 

Preparation of the mice 

  

Adult mice were anesthetized by i.p. injection of 150µl of 2.5% Avertin 

(2,2,2 tribromoethanol) per 10g of body weight. Sequential transcardiac 

perfusion with Ringer’s solution and ice-cold 4% PFA was done before organ 

collection. Brains were fixed in 4% PFA at 4°C for 4-12 hours and then 

transferred into 30% Sucrose solution for 24 hours. The brains were either 

directly sectioned or stored at 4°C in the Sucrose solution. For long-term 

storage, brains were embedded in cryosection embedding medium and stored at 

-20°C. Neonates were anesthetized by ether and perfused and further processed as 

in adults. 

Brains were carefully cut into coronal sections. Different thickness and various 

methods of cutting were tested. Sixty μm-thick sections with cryotome were found optimal. I 

tried to use vibrotome but it was not acceptable due to inequality of the thickness.  

Sections were divided into 2 series, one serie was used for LacZ staining, the second 

for Nissl stained. Both stainings were done parallelly.  

 

5.1 LacZ staining 

 

Sections from the cryotome were fixed in 0,2% glutardialdehyde solution for 5 

minutes. Consequently they were rinsed with washing solution, 3 x 5 minutes, at 4˚C. Further 

they were incubated with staining solution at 37 ˚C. Incubation time was settled as 5 hours 

and 30 minutes.  

After incubation sections were shortly washed in PBS and counter-stained with eosin 

solution for 4 minutes. Then they were rinsed 1 minute in destilled water and washed twice in 

70% of Ethanol. At the end slides were mounted with Eukitt medium. 
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5.2 Nissl staining 

 

Nissl staining was provided with three different performances. Sections from the 

cryotome were picked on polysine-coated slides and were stained on the slides. As a second 

performance paraffin sections were used. Thirdly brains were cut with vibrotome. 

Cryotome sections with 60μm of thickness were dried for 15 minutes, and then they 

were fixed with fixing solution (the same one used for lacZ staining). These 2 steps were used 

to avoid the possibility of the sections floating away and also to ensure the uniformity of the 

following staining. 

Staining in cresyl violet solution took 5 minutes. Before the usage of staining solution 

4 drops of acetic acid was added and staining solution was filtered with composite paper  

filter. 

Then sections were rinsed twice in distilled water. Consequently differentiation was 

done in 95% of Ethanol and the intensity of the color was controlled by microscopic 

observation. Furthermore slides were washed in 70% of Ethanol and mounted with Eukitt 

medium. 

 

Paraffin preparation of the brain tissue 

 

The paraffin wax method involved the dehydration of the tissue, clearing in organic 

solvent and their impregnation with molten paraffin wax. Subsequently after solidify by 

cooling paraffin blocks were cut on vibrotome. Thin sections on the slides were further 

deparaffinized. The whole procedure is described in the following scheme. 

 

Fixation of tissue 4% PFA   12 hours  

Washing  Destilled water  15 minutes 

Dehydratation  70% Ethanol   1 hour 

   80% Ethanol   2 hour 

   95% Ethanol   2 hour 

   95% Ethanol   2 hour 

   100% Ethanol   2 hour 

   100% Ethanol   overnight 

Intermedium  100% Ethanol : Xylene 30 minutes 

                          (1:1) 
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Xylene    30 minutes 

Paraffinization Paraffin I   1 hour at 56 ˚ C 

Paraffin II   1 hour at 56 ˚ C 

 

Deparaffinization Xylene    5 minutes 

   Xylene    5 minutes 

Hydratation  100 % Ethanol  5 minutes 

   100 % Ethanol  5 minutes 

   95 % Ethanol   5 minutes 

   95 % Ethanol   5 minutes 

   70 % Ethanol   10 minutes 

   Destilled water  3 minutes 

Staining  Cresyl violet   5 minutes 

 

As the third performance sections with vibrotome were prepared. The preparation 

included fixation and subsequently embedding in agarose gel. The different thicknesses of 

tissue were used - 100 μm, 200μm.  

 

Microscope Leica was used for evaluation of expressions. They were evaluated unter 

2,5x, 5x and 10x magnifications. 

The relative densities are evaluated and ranked as follows: 

5 maximum of density 

4  very dense 

3 dense 

2 moderate 

1 low 

0 no detection 

Endothelial cells were excluded from the observation. 
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Tab. 5.1 Mice were used and kind of their preparations of the sections 

Numbers of the 

mouse 

Thickness, 

type of sections 

Instrument 

299 20 μm, coronal Cryotome 

323 - control 20 μm, coronal Cryotome 

324 20 μm, coronal Cryotome 

246 - control 20 μm, coronal Cryotome 

142, 170 20 μm, coronal Cryotome 

331 20 μm, coronal Cryotome, embed in agarose 

248 20 μm, coronal Cryotome 

327 60 μm, coronal Cryotome 

211 200 μm, coronal Vibrotome 

309 

100 μm, coronal 

- 0,9% NaCl + 4% PFA  

- 0,5% PFA  … over night 

Vibrotome 

162 

100 μm coronal  

- 0,9% NaCl 

- 4% PFA - cold, 4 hours 

-  0,5 PFA - overnight 

- 30% sucrose – overnight 

Vibrotome 

340 

100 μm, coronal 

- 0,9% NaCl + 4% PFA (cold) 

- 4% PFA - 4 hours 

- 0,5% PFA - overnight 

- 30% sucrose - overnight  

Vibrotome 

286 40 μm, coronal Cryotome 

252, 301 60 μm, coronal Cryotome 

347 60 μm, sagital Cryotome 

 

   

Number of 

offspring 

Thickness, 

type of sections 
Instrument 

296.2 60 μm, coronal Cryotome 

312.8 60 μm, coronal Cryotome 

296.5 60 μm, coronal Cryotome 

330.5 60 μm, coronal Cryotome 

330.1 60 μm, coronal Cryotome 



       

- 32 - 

6. Results 
 

6.1 Expression of Slco1c1  

 

 

Summary of mice used for LacZ expression pattern.  

Table 6.1 Review of mice from different founders 

Founder 19 31 

F1 123 69 70 

LacZ Staining 315 240 327 328 

 

Offspring from the three fertile male founders were examined for their Cre expression 

pattern by LacZ staining. The first row shows the two of founders, used for the evaluation of 

lacZ. The second shows the F1s from the founders. The third row shows the mice that were 

used for LacZ staining. The mice are offspring from corresponding F1s.  

 

The densities of the LacZ staining in different brain structures were summarized in 

Table 6.2. In the first column, different brain structures are listed. The second column 

contains commonly used abbreviations for the structures. The third column shows the LacZ 

densities in different mice. Summary means the averages of densities counted in different 

mice.  

 

Table 6.2 LacZ expression pattern 

Location Abr. Number of the mouse Summary 

  315 240 327 328  

Olfactory bulb           

Glomerular layer  Gl 4 5 5 5 4,75 

external plexifrom layer EPI 1 1,5 1 1,5 1,25 

Mitral cell layer  Mi 4 5 5 5 4,75 

Granule layer, olf bulb  GrO 4 5 4 5 4,50 

Anterior olfactory nu  AO 3 3 4 4,5 3,63 

accessory olfactory bulb AOB 3 3,5 _ 4 3,50 

olfactory nerve layer ON 1 1 1 1,5 1,13 

Ependyma+olfactory ventricle E/OV 5 5 _ 5 5,00 

Cerebral cortex           

Cerebral layer 1  C I 4 4 4 4 4,00 

Cerebral layer 2/3 
C II-C 

III 
5 5 5 5 5,00 

Cerebral layer 4  C IV 4 4 4 4 4,00 

Cerebral layer 5  C V 3 3 3 3 3,00 
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Cerebral layer 6 C VI 3 3 3 3 3,00 

Piriform cortex  Pir 5 5 5 5 5,00 

Dorsal endopiriform nu Den 3 2 2,5 3 2,63 

Basal ganglia           

accumbens nu, core  AcbC 2 3 3 3 2,75 

accumbens nu, shell  AcbSh 3 2 3 2 2,50 

caudate putamen  CPu 3 2,5 2 2 2,38 

Lateral globus pallidus  LGP 3 3 3 2 2,75 

medial globus pallidus  MGP 2 3 2 2 2,25 

ventral pallidum  VP 3,5 2 4 4 3,38 

claustrum  Cl 2 4 2 3 2,75 

olfactory tubercle  Tu 5 5 4 5 4,75 

Islands of Calleja  ICj 5 5 4 4 4,50 

substantia nigra, compact  SNC 3 3 2 2 2,50 

substantia nigra, lat  SNL 3 3 2 2 2,50 

substantia nigra, reticular  SNR 3 3 2 2 2,50 

substantia innominata  SI 2 2 2 2 2,00 

subthalamic nu  STh 4 3 3 3 3,25 

Amygdala           

Basolateral amygdaloid nu BLA/V 4 3 3 4 3,50 

central amygdaloid nu  CeAm 3 3 3 3 3,00 

Basolateral amygdaloid nu, post  BLP 4 3 3 4 3,50 

basomedial amygdaloid nu, post  BMP 4 3 3 3 3,25 

medial amygdaloid nu   MeAm 3 3 2 3 2,75 

Lateral amygdaloid nu  LaAm 4 3 4 4 3,75 

posterolat. cortical amygdaloid nu  PLCo 3 4 3 3 3,25 

posteromed. cortical amygdaloid nu  PMCo 3 3 3 3 3,00 

Amygdalostriatal transition area  AStr 3 3 2 2 2,50 

medial septal nu  MS _ 1,5 1 2 1,50 

nu of the vertical limb of the diagonal 
band  

VDB 3 2 2 3 2,50 

septofimbrial nu  SFi 1 2 1 2 1,50 

amygdalohippocampal area  AHi 4 3 2 4 3,25 

Hippocampus           

CA1 field  CA 1 5 5 5 5 5,00 

CA2 field  CA 2 5 5 4 5 4,75 

CA3 field  CA 3 5 5 4 5 4,75 

Dentate gyrus  DG 5 5 5 5 5,00 

subiculum  S 3,5 4,5 5 4 4,25 

Fimbria hippocampus  Fi 5 4 5 4 4,50 

cingulum  Cg 4 5 5 5 4,75 

Hypothalamus           

periventricular hypothalamic nu  Pe 4 3 3 3 3,25 

Paraventricular hypothalamic nu  Pa 3 3 2 3 2,75 

dorsomedial hypothalamic nu  DM 3 3 4 2 3,00 
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Anterior hypothalamic area  AH 3 3 2 3 2,75 

Lateral hypothalamic area  LH 3 3 3 3 3,00 

Arcuate hypothalamic nu  Arc 3 4 4 3 3,50 

supraoptic hypothalamic nu  SO 4 2,5 3,5 2,5 3,13 

ventralmedial hypothalamic nu  VMH 4 3 3 3 3,25 

Med preoptic area  MPA 3 2,5 2,5 2,5 2,63 

lateroanterior hypothal nu  LA 3 2,5 2,5 2,5 2,63 

Median preoptic nu  MnPO 4 3 3 2 3,00 

sublentic extended amygdale  SLEA 2 2 2 2 2,00 

Circumventricular Organs           

Choroid plexus ChP 5 5 5 5 5,00 

Median eminence  ME 3 3 3,5 2 2,88 

Subfornical organ  SFO 4 5 5 5 4,75 

Lateral septal nu, intermediate  LSI 4 4 4 3 3,75 

Lateral septal nu, dorsal LSD 3 4 3 3 3,25 

Lateral septal nu, ventral  LSV 3 3 3 3 3,00 

triangular septal nu  TS 3 3 3 3 3,00 

Thalamus           

anterodorsal thalamic nu  AD 5 4 4 5 4,50 

anteroventral thalamic nu, dor med  AVDM 3 2 2 2 2,25 

anteroventral thalamic nu, ven lat  AVVL 3 2 2 2 2,25 

Paraventricular thalamic nu  PV 1 2 1 2 1,50 

central medial thalamic nu  CM 2 2,5 1 2 1,88 

Stria medullaris, thalamus  sm _ 0,5 0,5 1 0,67 

paracentral thalamic nu  PC 2 2 1 2 1,75 

mediodorsal thalamic nu  MD 2 2 1 2 1,75 

Parataenial thalamic nu  PT 2 2 1 2 1,75 

intermediodorsal thalamic nu  IMD 2 2 1 2 1,75 

            

Cerebellum           

Purkinje cell layer   3 3 3 3 3,00 

Gigantocellular reticular na  Gi 3 2,5 3 3 2,88 

Dorsal tegmental nu, central  DTgC 3 4 4 3 3,50 

laterodorsal tegmental nu  LDTg 3 4 4 3 3,50 

Dorsal tegmental nu, pericentral  DTgP 3 4 4 3 3,50 

Med cerebellar nu  MED 2 _  2 3 2,33 

Med mammillary nu, med MM 3 3 4 3,5 3,38 

Med mammillary nu, lat ML 4 3 3,5 4 3,63 

Lateral mammillary nu  LM 3 3 4 4 3,50 

Periequeductal gray  PAG 4 3 3,5 4 3,63 

Deep gray layer  DpG 4 3 4 3,5 3,63 

Med vestibular nu, parvicell  MVePC 3 3 3 1,5 2,63 

prepositus hypoglossal nu  Pr 3 3 3 1,5 2,63 

Pontine ret.nu  PnC 3 2 3 2 2,50 
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Nu trapezoid body  Tz 4 3,5 4 3 3,63 

Spinal trigeminal nu  Sp51 3 3 3 3 3,00 

Spinal vestibular nu  SpVe 3 3 3 3 3,00 

       

Anterior commissure, intrabulbar  aci _ 1 2 1 1,33 

Anterior commissure, ant  aca 4 5 4 5 4,50 

Forceps minor of the corpus callosum  Fmi 4 5 4 5 4,50 

Forceps major of the corpus callosum  Fmj 5 5 4 5 4,75 

external capsule Ec 4 4 4 4 4,00 

Internal capsule  Ic 4 4 3 3 3,50 

 

 Table 6.2 Expression pattern of Slco1c1-Cre detected by LacZ staining. Relative 

densities of lacZ staining for were evaluated and ranked as follows: 5 - maximum density; 4 - 

very dense; 3 - dense; 2 - moderate; 1- low 

 

X-gal staining was done on brains 11weeks, 12weeks, 5weeks and 5weeks old.   

 

Results are supported with pictures with the highest density and the comparison with 

Nissl staining. 

As illustrated Tab. 6.2, the highest expression of Slco1c1 was detected in the choroid 

plexus of the lateral, third, fourth ventricles and circumstance organs. High expression was 

found also in hippocampus, dentate gyrus, olfactory bulb and cortex layers.  

 

 

   

  
 

Fig. 6.1 Parts with high expression - hippocampus, dentate gyrus and choroid plexus 

The regions in the yellow frames in 1 and 2 are magnified, 1: parts of hippocampus - CA 1, 

CA2, CA 3, DG dentate gyrus, 2 cc corpus callosum; cg, cingulum; D3V dorsal third ventricle 

with darkly blue stained structure of choroid plexus, MHb medial habenular nu; LHb lateral 

habenular nu. Scale bar = 500µm. 

1 2 

1 

2 

2 
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Dark blue staining was present in choroid plexuses, these parts of the brain are 

connected with the transport of substances and nutrition into the brain. Parts of hippocampus 

were also strongly stained in each mouse. Hippocampus plays a role in the neurodevelopment 

and neurogenesis of the brain even in brain of the adults, it is responsible for memory.   

 

Strong lacZ staining was present in part of olfactory bulb, most forward part of the 

brain responsible for perception of olfaction. High staining was present in mitral cell layer, 

glomerular and granular layer. Ependyma and olfactory ventricle were darkly stained. 

Oppositely, very weak lacZ staining was present in olfactory nerve layer. 

 

                    

 1              2                                                   3 

                   
 

 Fig. 6.2 Expression in olfactory bulb  

A) The region in the yellow frames in 1, 2 and 3 are magnified, 1: Mi mitral cell layer; GrO 

granular layer of olfactory bulb; IPI internal plexiform layer; 2: EPI epidermal plexiform 

layer; Gl glomerular plexiform layer; ON olfactory nerve; 3: E/OV epndyma and olfactory 

ventricle 

B) Nissl staining in the same position and magnification, scale bar = 500µm. 

 
 

 

2 

1 
 A    B 

3 
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Fig. 6.3 Cerebral cortex and its division into layers 

A) LacZ expression, 1, 2) detail of differentiation into certain layers; 1) Nissl staining, Layer I 

- molecular layer, Layer II - external granule cell layer, Layer III - external pyramidal cell 

layer, Layer IV – internal granule cell layer, Layer V - internal pyramidal cell layer, Layer VI 

- very heterogenous, polymorphic ( or multiform) layer; 2) LacZ staining   

Cortical layers  

The cerebral cortex is divided into cell layers. The different layers and the differences 

of their functional organization vary throughout the cortex. The common division of cortex 

contains six layers, they are numbered from the outside to the inside part of the brain. [10] 

The function of cortex is responsible for the evaluation of perception, it plays a role in 

memory, thought and attention. Previous study has found what even a mild hypothyroxinemia 

damages the cortical cytoarchitecture of the fetal brain. [8] 

All the layers of cortex showed staining, higher stainings were found in the outside 

parts, in layers I, II and III. Staining in the first layer appears as diffusive. This diffusive 

staining was present also in layer IV. Detailed examinations found only diffusive blue color 

without any apparent cell-like structure stained. No obvious cells and/or blood vessels were 

seen, which is in contract to layer II/III. This diffusive staining could come from very fine 

capillaries or it could be caused by processes of neurons. Processes of neurons or other cell 

types in the brain are more possible. 

 A 
B 
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Structures near the cortex - olfactory tubercle, Islands of Calleja contained dark 

staining. Similarly piriform cortex was also highly stained. 

 

Strong staining was found in forceps major and forceps minor of the corpus callosum, 

external and internal capsule and anterior commissure. Parts of caudate putamen and 

substantia innominata had moderate staining. Higher expression was observed in areas 

between lateral ventricles, e.g. lateral septal nuclei, septofibrial nuclei and triangular septal 

nuclei.  

Generally moderate and low expressions were observed in thalamus, hypothalamus. In 

a contrast with anterodorsal thalamic nuclei, there was observed very high expression. Other 

thalamic nuclei were particularly stained.  

Various expressions were found in basal ganglia. Parts of substantia nigra showed 

moderate staining.  

Periequeductal gray, deep gray layer and areas around the aqueduct showed lacZ 

staining.  

   

    

     

Fig. 6.4 Expression in area around Aq 

A - arrow points out posterior part of hippocampus and dentate gyrus, scale bar 500 μm, 1: 

arrow shows presence of capillaries, Aq aqueduct, PAG periequeductal gray; 2: cg cingulum, 

alv alveolus 

 

Expressions were detected also in cerebellum, but weaker than in other parts of the 

brain. Cerebellum is part of the brain that plays important role in the integration on perception 

 

1 

2 

A 

 

1 2 
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information and motor control. The strongest stainings here were observed in spinal nuclei, 

lateral septal nuclei, gigantoreticular cellular nuclei and mammilary nuclei. In the contast the 

expression in lobes was detected only in Purkynje cell layers.  

 

        

      

Fig. 6.5 Expression in cerebellum 

1 and 2 are magnified, 1: arrows show Purkinje cells in the part of cerebellar lobes, 2: MVePC 

med vestibular nuclei, parvicell; Pr prepositus hypoglossal nuclei: Gi gigantocellular reticular 

nuclei; 4V fourth ventricle with darkly stained choroid plexus 

 

A              B      C  

D      E     F  

 G    H       I     

 

Fig. 6.6 Review of LacZ expressions in the coronal sections  

 

2 

1 
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6.2 Expression in newborns (P2)  

 

The expression is summarized in the following Tab. 6.4. Generally the LacZ staining 

in P2 is lower but similar to that in the adult. 

 

 Tab.6.3 Review of mice, used for lacZ  

Founder 19 

F1 123 100 

Offspring of F1 296 312 300 

LacZ staining  296.2 296.5 312.2 330.1 330.5 

 

Similarly to the LacZ staining in adults, the Sloc1c1-Cre expression is summarized 

according to their locations. In the first column, different brain structures are listed. The 

second column contains commonly used abbreviations for the structures. The third column 

shows the LacZ densities in different mice. Summary means the averages of densities counted 

in different mice.  

 

Tab. 6.4 Evaluation of lacZ intensities  

Location Abr. 296.2 312.8 296.5 330.5 330.1 Summary 

Olfactory bulb        

Granule cell layer GCL 4 4 4 3 4,5 3,9 

glomerular layer GL 2 2 3 2 2 2,2 

Internal plexiform layer IPL 3,5 3 3 2 3,5 3,0 

mitral cell layer MCL 3 3 3 2,5 2,5 2,8 

external plexiform layer EPL 1,5 1 2 1,5 2,5 1,7 

first nerve 1n 0,5 0 0 0 0,5 0,2 

olfactory nerve layer onl 1,5 2 2,5 2 2,5 2,1 

subventricular zone svzo 5 5 5 4 5 4,8 

Accessory olf. bulb, glomerular layer AGL 0,5 0,5 0,5 1 0,5 0,6 

Accessory olf. bulb, mitral cell layer AMCL 2 2 2 2 1,5 1,9 

Accessory olf. bulb, external plexiform layer AEPL 2 1 2,5 1 1,5 1,6 

lateral olfactory tract Lot 0,5 1 1 0 1 0,7 

Cerebral cortex        

cerebral cortex, layer 1 C I 4 4,5 4 3,5 4 4,0 

cerebral cortex, layers 2-4 C II-IV 3 3,5 3 4 3,5 3,4 

cerebral cortex, layers 5-6 C V-VI 2 3 2 2 2,5 2,3 

Piriform cortex Pir 3 4 3 3 3 3,2 

Hippocampus        

Stratum lacunosum moleculare, hippocampus Slm 4 5 4 4 4 4,2 
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hippocampal area CA1 CA1 4,5 3,5 4,5 4,5 4 4,2 

hippocampal area CA3 CA3 4 3,5 4,5 4,5 4 4,1 

Dentate gyrus DG 5 5 4 5 5 4,8 

Fimbria Fi 3,5 4 4,5 3,5 4 3,9 

corpus callosum Cc 0,5 0,5 0,5 1 1 0,7 

Circumventrical organs        

Median eminence Me - 1 0,5 0,5 2 1,0 

subfornical organ Sfo 0,5 2 1,5 2 1 1,4 

Choroid plexus Ch 5 5 5 5 5 5,0 

Thalamus        

laterodorsal thalamic nucleus Ld 3,5 3,5 4 4 3,5 3,7 

Anteroventral thalamic nucleus Av 1 1 1 1 1 1 

Anteromedial thalamic nucleus Am 1 1 1 1 1 1 

Thalamocortical axons Tca 3,5 3 3,5 3 3 3,2 

medial habenular nucleus MHb 4,5 3 5 4 4 4,1 

lateral habenular nucleus LHb 4 4 3,5 3 2 3,3 

Habenular commissure Hc 0 0 0,5 0 1 0,3 

Hypothalamus        

lateral hypothalamic area LH 1,5 1 1 1 1 1,1 

Anterior hypothalamic area AH 1,5 2 1 1 1 1,3 

periventricular hypothalamic nucleus Peh 2 5 2 3 2 2,8 

Anterodorsal thalamic nucleus Ad 3,5 3 3 3 3,5 3,2 

        

Anterior commissure (posterior limb) Ac 0,5 0,5 0,5 0,5 0 0,4 

Caudatoputamen CPu 3 3,5 4 3 3 3,3 

cingulum bundle cng 3,5 4 4 3 4 3,7 

Claustrum Cl 3 3 3 2 2,5 2,7 

diagonal band, vertical limb DB 2 2 2 1 2 1,8 

Anterior commissure aca 0,5 0,5 0,5 0,5 0 0,4 

external capsule Ec 3 4 4 2 4 3,4 

Internal capsule Ic 4 4 4 3,5 4 3,9 

Fornix F 1 2 3 1 1 1,6 

Fasciculus retroflexus Fr 0,5 3 0 1 1 1,1 

optic chiasm Oc 0,5 0 0,5 0 0,5 0,3 

Alveus alv 4 4 4 4 4 4 

Aqueduct Aq 4 4,5 4,5 3,5 4 4,1 

Arcuate nucleus Arc - 4 2 2 0,5 2,1 

 

Table 6.4 Expression pattern of Slco1c1-Cre detected by LacZ staining 

The relative densities are evaluated and ranked as follows: 5 - maximum of density, 4 - very 

dense, 3 - dense, 2 - moderate, 1 - low, 0 - no detection 

 

Offspring samples were taken from brains of mice at postnatal days. 

 

Most areas around the ventricles are highly stained. Expression in layers of cerebral 

cortex and hippocampus was not as high as in adults.  
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 Strong expression, similarly as in adults was found in external and internal capsule. 

Interestingly, expressions e.g., in median eminence and subfornical organ (circumventrical 

organs) were weak. Moderate staining was shown in part of caudatoputamen, which 

predestined caudate putamen.  

 

 

      
 

Fig.6.9 Expression in area of CPu 

Dark blue around LV lateral ventricle; CPu caudatoputamen cc corpus callosum; cg 

cingulum; MS medial septal nucleus; VDB nucleus of the vertical limb of the diagonal band; 

ac anterior commissure; 1: LSD lateral septal nuclei, dorsal; LSI lateral septal nuclei, 

intermediate; LSV lateral septal nuclei, dorsal; ec external capsule, scale bar 500μm 

 

 Moderate expressions were observed in areas of olfactory bulb, the highest expression 

here was found in the part of olfactory ventricle and subventrical zone. In the contrast with 

first nerve and lateral olfactory tract, there were found only minimums of expressions. Weak 

staining was detected also in areas of accessories – glomerular layer, mitral cell layer and 

external plexiform layer. 

  

1 

1 
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Fig.6.8 Olfactory bulb 

A) LacZ staining, EPL external plexiform 

layer, GL glumerular layer, onl olfactory 

nerve layer, OV olfactory ventricle, GrL 

granular layer, IPL internal plexiform 

layer, MCL mitral cell layer 

B) Negative control of lacZ staining 

 

 

High expression was observed in certain parts of cerebral cortex, layers were not 

properly developed and could not be exactly separated, but generally, they were quite strong 

stained.  

Strong staining was found in Stratum lacunosum – part of the brain, which was 

observable only in newborns. It gives arise to hippocampus. Also CA 1 field, CA 3 field and 

areas around the hippocampus showed high expression of lacZ.  

 

     

 

Fig. 6.9 Expression of Hippocampus 

CA3 hippocampal area CA3 field; DG dentate gyrus; D3V dorsal third ventricle with darkly 

stained choroid plexus; cc cingulum; ec external capsule; fi fimbria; MHb medial habenuclear 

nuclei; scale bar 500 μm 

 

A B 
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Structures in hypothalamus and thalamus were not enough developed and expressions 

in these areas were weak. Almost no expression was found in part of cerebellum and more 

posterior parts of the brain. LacZ staining was found only in the area around Aqueduct.  
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7. Discussion

 

7.1 Notices to used methods 

 

 In this project BAC (barterial artificial chromosome) technologies was used to monitor 

Slco1c1 expression in Slco1c1-Cre transgenic mice.  

In the founder mice, the targeted BAC integration could be mosaic. In different germ 

line cells there are different copy numbers of the BAC or different integration sites in the 

chromosome of one germ line cell. Therefore further analysis had to be done in their 

offsprings. 

 This method was very specific for Slco1c1-Cre mice, any control – wild type, Cre 

positive or only lacZ positive do not demonstate any staining. Any non-specific staining can 

not be present due to signal transducion systems and protein-tyrosine kinases, they control 

differentiation and proliferation.  

Cre was expressed unter the control of Sloc1c1. Cre-Slco1c1 strains were crossed to 

the ROSA26, which was connected with Cre-loxP site specific system.  

 

ROSA26 locus (R26R) was found in a gene-trap study. In that study, the bacterial 

LacZ gene was inserted into this locus. This locus drove expression of the LacZ gene in all 

the tissues. Later a floxed 3xpolyA (a translation stop signal) was placed upstream of the 

LacZ translation start site, so that no translation is allowed. Upon Cre expression, the polyA 

sequence is removed by Cre-loxP medicated recombination. Therefore the cells that express 

Cre recombinase will also express the LacZ gene. The gene product β-galactosidase can be 

detected in an easy way (i.e. LacZ staining). Thus the Rosa26-LacZ mice serve as a reporter 

line for monitoring the Cre expression.  

 

Efficient Cre-mediated activity was monitored, connected with the presence of lacZ 

gene. Consequently X-gal was used as a substrate to monitor lacZ activity. 

It was necessary to find standard time of incubation. It was settled experimentally. 

First time was tried with the shortest possible incubation - 4 hours, but staining was not 

uniform and some areas were not properly stained. Next attempt was to let the incubation 

overnight - 24 hours. All structures were stained with high density of the color and it was hard 
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to distinguish them. As the optimal incubation time 5 hours and 30 minutes were settled and 

used as standard in following stainings.    

 

The staining was performed in mice that had finished most of their brain development. 

 

Cre-loxP system allowed to report the expression of Slco1c1 and can be used as a tool 

for investigation of the development of this gene. Slco1c1-Cre transgenic mice can be used to 

identify thyroxine-sensitive structures in brain development. BAC methods can be used for 

further investigation of Slco1c1 gene, they could enable to clarify its role and encoded Oatp 

during development of the brain.  

In this work expression of Slco1c1 in neurons was observed in the CNS with lacZ 

staining. Endothelial cells were excluded, therefore immunohistochemical and biochemical 

analysis demonstrate the luminal localization of Oatp1c1 in rat capillary endothelial cells, 

Oatp1c1 expression was observed in brain capillaries beside choroid plexus structures.  

Endothelial cells are present in various organs, have many common morphological and 

functional properties, but also characteristic differences. Even within the same organ, 

heterogenity exists between large and small vessels, and between arteries and veins. The 

endothelium in the brain microvasculature and providing the blood-brain barrier is highly 

specialized. Capillaries throughout the brain showed positive staining for LacZ.  

  

7.2 Expression connected with neurogenesis 

 

Strong expression on lacZ was shown in organs connected with neurogenesis. Until 

recently it was considered that neurogenesis occurs only during the embryonic and early post-

natal periods. Later it has no significant role in the adult nervous system. Nowadays it is 

accepted that neurogenesis occurs in two regions of the brain, olfactory bulb and 

hippocampus throughout whole life. In these brain regions presence of neurogenesis 

maintains, it was demonstrated in the brains of rodents, non-human primates and humans.  

In contrast to hippocampus and olfactory bulb, other brain regions including the 

cerebellum, brainstem, basal ganglia, and spinal cord appear to be non-neurogenic. [7] While 

neurogenesis may be stimulated in some of these regions by injury, it remains unclear how 

much if any constitutive neurogenesis occurs in these regions normally. The issue of 

neurogenesis in neocortex remains controversial. 
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Olfactory bulb is the most forward part of the brain and is connected with the 

perception of odors. It takes part in sensory inputs and outputs. Very strong staining was 

observed in glomerular layer. It receives direct input from olfactory nerves, made up of the 

axons from olfactory receptor neurons in the olfactory mucosa. Interestingly, in the peripheral 

nervous system (PNS), only the olfactory neuroepithelium of the nasal mucosa has been 

demonstrated to be neurogenic during life of adults. 

At P2 lacZ was highly expressed in part of subventricular zone, which is also 

connected with neurogenesis. New neurons in olfactory bulb are formed by astrocyte-like 

stem cells present in the SVZO. It is a thin but extensive layer lining the lateral wall of the 

lateral ventricle. These newly born neurons – neuroblasts migrate to the olfactory bulb in the 

complex of network chains. They form the rostal migratory stream (RMS). Within the 

subventricular zone neural progenitors proliferate throughout life before migrating through a 

tract of RMS, they give arise to new granule cell neurons and a special type of interneurons in 

the olfactory bulb. 

On the reaching the olfactory bulb, neuroblasts mature and differentiate into 

astrocytes, neurons and oligodentrocytes. Until recently it was thought that these neuroblasts 

might be equivalent till they reach the olfactory bulb. Recent evidence suggests that 

neuroblasts are heterogenous before the reaching of olfactory bulb.   

Second organ showing high expression of lacZ and also connected with neurogenesis 

is hippocampus. The hippocampus is a part of the forebrain and belongs to the limbic system. 

It plays a major role in long term memory and spatial navigation. Some types of hippocampal-

dependent learning also require hippocampal neurogenesis.  

In the hippocampus, new granule cell neurons arise from neural progenitor cells 

located within the hippocampus itself in a region known as the subgranular zone. 

  

Neurogenesis is influenced with many different factors and in the adult is modulated 

by various environmental stimuli and in pathophysiological conditions. It is enhanced with 

hormones, growth factors, drugs, neurotransmitters. Other factors suppress neurogenesis; 

these include aging, stress, glucocorticoids.  

Thyroid hormones also affect neurogenesis. Thyroid hormones have selective effects 

on processes that take place early in fetal development and migration during histogenesis. 

Further results of the search show that impaired maturation of cells involved in neuronal 

migration in the hippocampus, a region known to be affected in cretinism, at a stage of 

development equivalent to mid gestation in humans. The impairment is related to fetal 

http://en.wikipedia.org/wiki/Olfactory_receptor_neuron
http://en.wikipedia.org/wiki/Olfactory_mucosa
http://en.wikipedia.org/wiki/Forebrain
http://en.wikipedia.org/wiki/Limbic_system
http://en.wikipedia.org/wiki/Long_term_memory
http://en.wikipedia.org/wiki/Navigation
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cerebral thyroid hormone deficiency during a period of development when maternal 

thyroxinemia is believed to play an important role. In rat it was founded that changes in 

maternal thyroid hormones affect neurogenesis irreversibly. It was searched also in man, but 

this hypothesis was not directly verified.  

All these aspects suggest that Oatp and maternal hypothyroxinemia have direct 

connection with neurogenesis and play a role on the development of the central nervous 

system.  

 

7. 3 Expression in choroid plexuses and cirmuventricular organs 

 

Choroid plexuses and circumventricular organs showed high expression of lacZ. 

Choroid plexuses are localized in the ventricular system. They are present in all components 

of the ventricles except for the cerebral aqueduct and the occipital and frontal horns of the 

lateral ventricles.  

The choroid plexuses consist of many capillaries, separated from the subarachnoid 

space by pia mater and choroid ependymal cells. They are produced by modified ependymal 

cells and are composed of a tight epithelium responsible for cerebrospinal fluid secretion. 

Liquid filters through these cells from blood to become cerebrospinal fluid.  

They form one of the blood-brain barrier interfaces that control the brain's internal 

environment. According to their localization between 2 circulating fluid compartments, 

choroid plexuses also participate in neurohumoral brain modulation and neuroimmune 

interactions, thereby contributing greatly in maintaining brain homeostasis. The choroid 

plexus (CP) produces and secretes numerous biologically active neurotrophic factors into the 

cerebrospinal fluid (CSF). The CP epithelium is involved in numerous exchange processes. It 

supplies the brain with nutrients and hormones, or clear deleterious compounds and 

metabolites from the brain.  

Circumventricular organs are positioned at distinct sites around the margins of the 

ventricles. They include e.g. subfornical organ or median eminence. These organs have an 

incomplete blood-brain barrier and neurons located in circumventricular organs can directly 

sense the concentrations of various compounds, particularly peptide hormones, in the 

bloodstream, without the need for specialized transport systems which move those 

compounds across the blood-brain barrier. They secrete or are sites of action of a variety of 

different hormones, neurotransmitters and cytokines.  

http://en.wikipedia.org/wiki/Cerebral_aqueduct
http://en.wikipedia.org/wiki/Pia_mater
http://en.wikipedia.org/wiki/Ependymal_cell
http://en.wikipedia.org/wiki/Ependymal_cells
http://en.wikipedia.org/wiki/Ependymal_cells
http://en.wikipedia.org/wiki/Blood-brain_barrier
http://en.wikipedia.org/wiki/Blood-brain_barrier
http://en.wikipedia.org/wiki/Hormone
http://en.wikipedia.org/wiki/Neurotransmitter
http://en.wikipedia.org/wiki/Cytokine
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It was predictable that in these organs was observed lacZ staining, according to their 

functions and presences of the BBB and BSFB. They are involved in various processes and 

they play role in the transport of thyroid hormone into the brain. 

 

7.4 Expression in different parts of the brain 

 

LacZ staining was found also in cerebellum. Since in literature, Slco1c1 expression 

has not been detected in cerebellum. I believe that these presented data show the sensitivity of 

the method, of which LacZ staining detects low amount of protein expression. Enzymatic 

reaction in LacZ staining should be more sensitive than protein-protein interaction in 

immunohistochemistry. According to immunofluorescence results performed by Ming-Fei 

Lang, Oatp1c1 should be expressed, except cerebellar capillaries. Adult Slco1c1-Cre 

expression reflects where OAtp1c1should be expressed. 

Highly stained structures were layers of cortex. The different layers and the 

differences of their functional organization vary throughout the cortex. The common division 

of cortex contains six layers, they are numbered from the outside to the inside part of the 

brain.[10]. The cerebral cortex is connected to various subcortical structures such as the 

thalamus and the basal ganglia, sending information to them along efferent connections and 

receiving information from them via afferent connections. It is responsible for evaluation of 

perceptions. Senses of vision, audition, and touch are served by the primary visual cortex, 

primary auditory cortex and primary somatosensory cortex. Olfactory information passes 

through the olfactory bulb to the olfactory cortex (piriform cortex).  

It was confirmed that cortex is involved with thyroid hormones, hypothyroxinemia 

leads to defects of its cytoarchitecture and organization of the cerebral cortex. Experimentally 

was founded what even a mild hypothyroxinemia damages the cortical cytoarchitecture of the 

fetal brain. [8].  

It has been concluded from the clinical findings that iodine maternal deficiency is 

associated with anatomic structures as e.g. cochlea, cerebral cortex, frontal lobe, amygdala, 

hippocampus, cortex, basal ganglia (putamen and globus pallidus), corticospinal tracts 

(including the premotor cortex). In most of these structures were observed strong lacZ 

stainigs.   

 

The P2 expression was similar to the expression in adults. 

This means that the expression of Slco1c1-Cre would not change too much after P2. 

http://en.wikipedia.org/wiki/Thalamus
http://en.wikipedia.org/wiki/Basal_ganglia
http://en.wikipedia.org/wiki/Visual_cortex
http://en.wikipedia.org/wiki/Auditory_cortex
http://en.wikipedia.org/wiki/Somatosensory_cortex
http://en.wikipedia.org/wiki/Olfactory_bulb
http://en.wikipedia.org/wiki/Piriform_cortex
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What we see in LacZ-expressing neuronal structures is due to embryonic 

expression of Slco1c1-Cre, very likely in neuronal progenitor cells. Progenitor cells present in 

SVZO and subgranular zone near lateral ventricle were very strongly stained, areas around 

ventricles and hippocampus also expressed high presence of lacZ. Some evidence supports 

this strong staining in olfactory bulb and around LV.  

It may be suggested that the expression should remain in following generations. 

 

7.5 Possibilities of other transporters 

 

Slco1c1 is not the only transporter connected with the thyroid hormones. Several 

classes of other transporters, Na
+
/Taurocholate cotransporting polypeptide (ntcp) and amino 

acid transporters have been reported to transport thyroid hormones. Some of them should be 

contributed to exert the role of thyroid hormone in the central nervous system. 

Recently there were identified several classes of membrane iodothyronine transporters, 

Oatp1c1 seems to play the main role in the transport of thyroid hormones and even in the 

development of the CNS.  

Another, the monocarboxylate transporter 8 (MCT8; Slc16a2) was also identified as a 

very active and specific TH transporter highly expressed in neurons and important for the 

brain development. Mutations in MCT8 are associated with severe X-linked psychomotor 

retardation. These suggestions are supported with strongly elevated serum T3 levels in young 

male patients. Impaired transport of TH via the choroid plexus-cerebrospinal fluid barrier 

could be responsible for the severe neurological deficits observed in patients with 

nonfunctional MCT8. [28] Consequently, the physiological function of MCT8 as a TH 

transporter could be supported by the genetic analysis of children who carry mutations or 

deletions in the MCT8 gene. These children showed abnormal circulating TH concentrations 

in addition to severe neurological abnormalities. [17, 22] 

The main entry of TH into the brain occurs via the blood-brain barrier and there was 

found only limited expression of MCT8. Other proteins capable of transporting TH, Oatp1c1 

serve this function. 
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8. Conclusions 

 

Present results suggest that during development, thyroid hormones and their 

transporters have selective effects on processes that take place early in fetal development. 

Oatp1c1 takes a part in the disposition and flux of multiple endobiotics and 

xenobiotics in the CNS, it is the main T4 transporter in the brain. It is widely distributed in 

neurons from the forebrain to hippocampus, ventrical areas and cortex. Its high representation 

was found choroid plexuses and circumventrical organs. Results in P2 were similar.  

Suggestions and results show that it has its place also in neurogenesis and 

development of the brain. It seems to influence migration during histogenesis and 

cytoarchitectural organization of the cerebral cortex. Although since now there was no data 

published on its expression in the development. Antibodies were not reliable for this purpose; 

they are not possible to follow the way of the development. 

 In the future it would be great to clarify the role of Slco1c1 and OATPs in the 

neurodevelopment. Find a suitable antibody for immunohistochemistry or use other methods 

in search of its function during the development. 
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Summary in Czech language 

 Souhrn v českém jazyce 

 

Úvod 

Hormony štítné žlázy jsou nezbytné pro vývoj mnoha orgánů a orgánových systémů, 

včetně centrálního nervového systému. Vztah mezi vývojem mozku a thyroidálními funkcemi 

je dobře známý, snížená funkce štítné žlázy a její snížená produkce hormonů může vést k řadě 

neurologických poruch. V průběhu vývoje plodu může mít za následek mentální retardaci, 

křeče, ataxii a slepotu. 

Příjem buněk využívajících thyroidálních hormonů je zprostředkován přenašeči v 

buněčných membránách. Přenos do mozku je usnadněn přenašeči, kteří jsou přítomni v 

hematoencefalické bariéře. Jedním z nejdůležitějších pro tuto funkci je Oatp1c1 (Oatp14), 

který je vyjádřen expresí Slco1c1 genu. 

 V této práci je zkoumána exprese genu Slco1c1 u dospělých myší a u jejich první 

generace. Byla vyjádřená pomocí transgenních myší vyjadřujících přítomnost Slco1c1, za 

pomoci regulačních elementů kontrolujících SSR rekombinázu Cre a za pomoci reporter linie, 

Rosa26.   

 

Metodika 

 U Slco1c1-Cre myší byla provedena anestézie a perfúze. Po jejich dekapitaci byly 

mozky opatrně vyjmuty a fixovány 4% PFA při 4°C po dobu 4-12 hodin, poté byly 

přemístěny do 30% roztoku sacharózy a zde ponechány 24 hodin.  

Řezy byly připraveny pomocí kryotomu a byly sbírány na sklíčka pokrytá polysinem. 

Byly rozděleny do dvou sérií a následovně byly paralelně barveny lacZ barvením a Nissl 

barvením. LacZ sledovalo přítomnost Slco1c1-Cre, Nissl barvení bylo prováděno jako 

pomocné a sloužilo k rozlišení jednotlivých struktur v mozku. Exprese v různým částech 

mozku byla sledována pod mikroskopem a byla zaznamenávána v tabulkách. Podobné 

provedení probíhalo i při sledování exprese v druhé generaci.  

 

Výsledky 

 Obě metody byly standardizovány. Byla stanovena přesná doba inkubace u lacZ 

barvení a bylo zlepšeno provedení Nissl barvení. 
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 Nejsilnější exprese byla pozorována v choroidálních plexech komor a strukturách 

přítomných v okolí komor. Vysoká exprese byla nalezena také v oblasti olfaktorní bulby a 

hippokampu  - tyto oblasti mozku jsou spojené s rozvojem mozku, který přetrvává celý život. 

Exprese byla sledována také v dalších částech mozku – mozkové kůře, částech talamu a 

amygdale.  

Podobná exprese byla zjištěna i v druhé generaci. 

Závěr 

Výsledky naznačují, že hormony štítné žlázy a jejich přenašeče hrají roli při časném 

vývoji plodu. Oatp1c1 je důležitým přenašeče a jeho exprese v neuronech nebo jeho 

progenitorech mohou ovlivnit neurogenezi.  
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Summary in English language 

 

Introdution 

Thyroid hormones are necessary for the development of many organs and systems in 

the body, including the central nervous system. The association between thyroid function and 

development of the brain is well known, depressed function of thyroid gland and its lower 

production can lead to various neurological deficits and disorders. During the development of 

the fetus it can result to mental retardation, ataxia and blindness.  

 

Methods 

 Slco1c1-Cre mice were anesthetized and perfused. After their decapitation brains were 

carefully dissected and fixed in 4% PFA at 4°C for 4-12 hours and then 

transferred into 30% Sucrose solution for 24 hours. Sections were prepared with cryotome, 

collected on the slides covered with polysine and into two series. They were parallelly stained 

with lacZ staining and Nissl staining. LacZ showed the expression of Slco1c1-Cre, Nissl 

staining was performed as additive staining and distinguished different structures in the brain. 

The expressions were observed unter the microscope and were evaluated in tables. The 

presence of Slco1c1 was observed similarly in P2 generation. 

 

Results 

 Both staining methods were standardized, incubation time was settled for lacZ staining 

and the performance of Nissl staining was improved.    

The strongest expression of lacZ was found in choroid plexuses of ventricles and 

circumventrical organs. High expression was observed in olfactory bulb and hippocampus - 

organs of the neurodevelopment maintaining throughout whole life in adults. Expression was 

found also other structures e.g., in cerebral cortex and parts of thalamus, amygdale.  

Expression in P2 was similar to that in adults. 

 

Conclusions 

Results suggest that thyroid hormones and their transporters play important roles early 

in fetal development. Oatp1c1 is an important T4 transporter in the brain. Its expression in 

neurons (or its progenitors) may suggest a role of Oatp1c1 in neurogenesis during 

development. 
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Abbreviations 

 

TSH   thyroid-stimulating hormone 

T4, L-T4  thyroxine  

TBG  T4 binding globuline 

T3   3,3′,5 triiodothyronine 

rT3  reverse tri-iodothyronine 

D2  iodothyronine deiodinase type 2 

D3  iodothyronine deiodinase type 3 

ID, IDD iodine-deficiency, iodine-deficiency disorders 

CH  congenital hypothyroidism 

BCSFB blood–cerebrospinal fluid barrier 

BBB   blood-brain barier 

Oatp   organic anion transporting polypeptide 

MCT 8 monocarboxylate transporter 8 

BAC   bacterial artificial chromosome 

RMS  rostral migratory stream 

SVZO  subventricular zone 
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