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Abbreviations 

 

ACE angiotensin-converting enzyme 

BBB blood-brain barrier 

BSI Bandaeiraea simplicifolia isolectin B4 

cmax maximum plasma concetration 

cAMP cyclic adenosine monophosphate 

CNS central nervous system 

COPD chronic obstructive pulmonal disease 

CSF cerebrospinal fluid 

ELISA Enzyme linked immunosorbent assay 

GLUT-1 glucose transporter -1 

HBSS Hank´s buffered salt solution 

HUVEC Human umbilical endothelial cells 

ICAM-1 Intercellular adhesion molecule 

IMDM Iscove's Modified Dulbecco's Medium  

Mlog P log P calculated using Moriguchi´s method 

MRP-1 multi-drug related protein 

MW molecular weight 

PBS phosphate buffer solution 

PECAM-1 platelet endothelial cell adhesion molecule-1 

P-gP 

RT 

P-glycopyrotein 

room temperature 

SD standard deviation 

SEM standard error of the mean 

TEER transendothelial electrical resistance 

TGF-beta transforming growth factor 

TJ tight junctions 

TMB tetramethylbenzidine 

UEA-1 

USAN 

Ulex europaeus agglutinin-1 

United States Adopted Names 

ZO-1 Zonulla occludnes -1  
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1  INTRODUCTION 

1.1 The aim of the study 

 

Quaternary ammonium compounds are commonly used for the treatment of several 

diseases. Their clinical effects are well known. In this context, it was supposed that side 

effects on the central nervous system (CNS) can occur during therapy with antagonists of 

muscarinic receptors. For this, substances have to reach the CNS by crossing the blood-

brain barrier (BBB). Since it seems quite improbable for quaternary ammonium drugs to 

permeate across the BBB due to their hydrophilic properties there was a need to start 

profound investigations. On the one hand this work aimed to study the influence of 

quaternary ammonium compounds on BBB mimicking endothelial cells, on the other hand 

the transport of quaternary ammonium compounds across endothelial cell layers should be 

assessed. In detail, drug concentration dependent alterations of the expression of tight 

junctional proteins (ZO-1, Claudin-1, Claudin-5, Occludin) and adhesion molecule ICAM-

1 were studied by cell ELISA assays. The permeability of the chosen quaternary 

ammonium compounds were investigated by means of an established Transwell in vitro 

BBB model. Results should provide first insights into the possible influence of quaternary 

ammonium compounds on the BBB and deliver data to predict their BBB permeability. 

1.2 The blood-brain barrier 

 

The blood-brain barrier is a selective barrier formed by endothelial cells that line cerebral 

microvessels (Abbott, Ronnback et al. 2006). Together with the choroid plexus epithelium 

(between blood and ventricular cerebrospinal fluid) and the arachnoid epithelium (between 

blood and subarachnoid cerebrospinal fluid (CSF)) the BBB protects the brain and 

maintains the homeostasis of the brain microenvironment (Vorbrodt and Dobrogowska 

2003; Abbott 2005). It acts as a physical barrier (presence of tight junctions), as a specific 

transport barrier (presence of transport systems) and also metabolic barrier (metabolizing 

and inactivation of many neuroactive and toxic substances) (el-Bacha and Minn 1999; 

Wolburg and Lippoldt 2002; Hawkins and Davis 2005). Failure to maintain this BBB 

integrity and functions can have profound effects on CNS (Huber, Egleton et al. 2001). 

Most important functions of the BBB are listed in Table 1. 
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Table 1. Important functions of the BBB.  Adapted from (Abbott, Ronnback et al. 2006). 

 

Lesion of the BBB are associated with different pathological conditions such as 

glioblastoma, stroke, degenerative diseases (e.g. Parkinson´s disease, Alzheimer´s disease), 

inflammatory processes (e.g. meningitis, multiple sclerosis), or mood disorders (Haseloff, 

Blasig et al. 2005). 

1.3 Structure of the BBB 

1.3.1  Endothelial cells 

 

The microvasculature within the nervous system shows the most extreme form of 

phenotypic differentiation of any vasculature in a mammalian body, with upregulation of a 

number of features either poorly expressed or absent in peripheral endothelium and 

downregulation of some `default` endothelial features. Many of inductive effects on brain 

endothelium are produced by astrocytic glia. Table 2. shows the features of the BBB 

phenotype (Abbott 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 : Features of BBB endothelium. Adapted from (Abbott 2005). 

Most important functions of the BBB: 

mediates supply of the brain with essential nutrients 

mediates efflux of many waste products 

participates in producing of ISF 

protects the brain from fluctuations in ionic 
composition 

helps to keep separate pools of neurotransmiters 

Class of feature Features 

Endothelial phenotype 
Morpohology, von Willebrand factor,UEA-1, 
BSI, Ac-LDL uptake, ACE, PECAM-1 

BBB phenotype : Enzymes 

γ-glutamyl transpeptidase, alkaline 

phosphatase 

Tightness of tight junctions 
ZO-1, occludin, claudin 1 and 5, TEER up to 
~1000 Ohm/cm

2
 

BBB like transport 
Upregulation : GLUT-1, Amino acid 
transporters, Na-K-ATPase; LDL uptake,  

  transferrin receptor, P-glycoprotein 

  Downregulation: MRP-1 

Clotting factors 
Upregulation : plasminogen activator ihibitor 
- 1 

  Downregulaton : tissue plasminogen factor 
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1.3.2 Astrocytes and other interacting units 

 

Astrocytes belong to the group of neuroglial cells. They participate in the nutritive 

functions of neuroglia, they fulfill support and protective functions in the CNS (Junqueira, 

Carneiro et al. 1998) Astrocytes can upregulate many BBB properties, leading to tighter TJ 

(Dehouck, Meresse et al. 1990; Rubin, Hall et al. 1991), the expression and polarized 

localization of transporters including P-gP and GLUT-1 and specialized enzyme systems. 

Some of other cell types present at the BBB, including pericytes, perivascular 

macrophages, and neurons, have also been shown to contribute to barrier induction. Also 

the converse induction has been shown. Astrocytes are able to secrete a range of chemical 

agents inducing BBB properties and conversely endothelium factors induce astrocytic 

differentiation (Abbott, Ronnback et al. 2006). Chemical agents shown to induce features 

of the BBB are e.g. glial derived neutrophile factor, basic fibroblast growth factor, 

hydrocortisone, polyunsaturated fatty acids, TGF-beta. Also close cell to cell association 

enhanced induction, suggesting that either contact, or maintenance of higher local 

concentration of induction factors, increase effectiveness (Abbott 2005). 

1.3.3 Tight junctions (TJ) 

 

Tight junctions are regions of adhesion between adjacent endothelial cells. They regulate 

paracellular flux and contribute to the maintenance of cell polarity by preventing molecules 

from diffusing across the plane of the membrane (Abbott, Ronnback et al. 2006). 

                                

  Figure 1. Scheme of adjacent endothelial cells and intercellular seal. Adapted from (Alberts 2002). 
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TJs are composed of an intricate combination of transmembrane and cytoplasmatic 

proteins linked to an actin-based cytoskeleton. It allows the TJs to form a seal while 

remaining capable of rapid modulation and regulation (Huber, Egleton et al. 2001)   

(Figure 1). Adherent junctions do also occur at endothelial cell-cell contacts. However, TJs 

are the most important structure to maintain tightness (Figure 2). TJ proteins of interest are 

described in following sections. 

 

Figure 2. Scheme of cell-cell contacts of the BBB. Adapted from (Huber, Egleton et al. 2001) 

 

1.3.3.1 Occludin 

 

Occludin has been the first and the best-known integral membrane protein of TJs that was 

believed to be directly involved in their barrier and fence function(Furuse, Hirase et al. 

1993; Hirase, Staddon et al. 1997; Vorbrodt and Dobrogowska 2003). Occludin is also 

supposed to be a regulatory protein, whose presence at the BBB is correlated with 

increased TEER and decreased paracellular permeability (Huber, Egleton et al. 2001). This 

65 kDa membrane protein was identified and characterized biochemically by Furuse et al. 

(Furuse, Hirase et al. 1993). Occludin was localized at the ultrastructural level in the TJs of 
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chicken intestinal epithelial and liver cells, and designated as “occludin” (from the Latin 

word occludere). Further studies revealed that the amino acid sequences of three 

mammalian (human, murine and canine) occludins are very closely related to each other. 

Observations showed that occludin is associated and occurs mainly with TJs, which are 

essential for maintenance of the barrier function in brain capillaries in comparison to non 

BBB microvessels. Occludin can be considered as a sensitive and reliable marker of a TJ 

network. (Vorbrodt and Dobrogowska 2003) 

1.3.3.2 Claudins 

 

The claudin superfamily consists of at least 18 homologues proteins in humans. The recent 

findings show that claudins, which have no sequence similarity to occludins, are actually 

the major structural components of TJs. It is strongly suggested, that the claudin 

superfamily proteins play a central role in modulating TJ functions. TJs in single cells 

generally contain more than two species of the claudin superfamily (with couple of 

exceptions). Most TJ strands are composed of heteropolymers of claudins and 

copolymerized occludin. Between each of the paired TJ strands in adjacent cells both 

homophilic and heterophilic interactions of claudins take place, thus sealing the 

intercellular space. Whereas both occludin and claudins mediate calcium independent cell-

to-cell adhesion, claudins are believed to be more important in regulating the resistance of 

the TJ dependent electrical seal across the biomembrane formed by monolayers. Claudin-1 

and Claudin-5 are associated with maintaining normal BBB functions. It was shown that 

the expression of these proteins was impaired during various diseases (Heiskala, Peterson 

et al. 2001).  

1.3.3.3 ZO-1  

 

ZO-1 was one of the first identified major molecular constituent associated with TJs in a 

variety of epithelial cells. It is a phosphoprotein with molecular a mass of 210-225 kDa 

(Stevenson, Siliciano et al. 1986). Further studies revealed the existence of other closely 

related molecules denoted as ZO-2 and ZO-3 (Itoh, Furuse et al. 1999). These two are 

supplementary components of ZO-1 and together are considered to be junctional peripheral 

proteins connecting integral membrane proteins (eg.occludin) with actin filaments. Binding 

of ZO proteins to actin suggests that one possible function of these molecules is to form a 

scaffold to link TJs to the cell cytoskeleton (Fanning, Jameson et al. 1998). This may 

indicate an involvement in cell to cell signalling. Evidence has accumulated suggesting 
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that the tightness of both TJs and adherence junctions is controlled by the process of 

phosphorylation/dephosphorylation of ZO molecules, such as other components of TJs 

(Staddon, Herrenknecht et al. 1995). ZO proteins, mainly ZO-1 are considered to be 

specific marker of TJs, they are not involved directly in the formation of establishment of 

any sealing or occlusion of intercellular clefts. ZO-1 is located on the cytoplasmatic side of 

endothelial cells (Vorbrodt and Dobrogowska 2003). 

1.3.4 Adhesion molecule ICAM –1 

 

The intercellular adhesion molecules are surface ligands that are members of the 

immunoglobuline superfamily. ICAM-1 (CD-54) is a 76-115 kDa surface glycoprotein 

with five extracellular Ig like domains. Perivascular cells (astrocytes, macrophages, 

microglial cells) and brain microvascular endothelial cells produce various inflammatory 

factors that affect the BBB permeability and the expression of adhesion molecules. 

Cytokines can stimulate the expression of several adhesion molecules on brain 

microvascular endothelial cells. Among these adhesion molecules, ICAM-1 binds to its 

leukocyte ligands and allows activated leukocyte to enter the CNS. Leukocyte mediated 

breakdown of the BBB followed by recruitment into the CNS is a characteristic process for 

several CNS disorders (Dietrich 2002). 

1.3.5 Transport of substances across the BBB 

 

The tightness of the brain microvascular endothelial cells results in a high transendothelial 

electrical resistance (TEER) of 1500-2000 /cm
2
 compared to the lower TEER values 

found peripherally, e.g. mesenteric capillaries have TEER values of 1-3  cm
2
. This means 

that under physiological conditions, the BBB allows negligible permeation for compounds 

via the paracellular route. TJs constitute the major rate-limiting barrier towards the 

paracellular transport for permeation of ions and larger solutes (Madara 1998).  

Since transport via the paracellular pathway is low, passive permeation is restricted to 

lipophilic compounds that can cross the lipid membranes of the cells. The molecules must 

also have a molecular weight of less than 600 Da (Levin 1980).  

Other factors that determine the permeation of drugs across the BBB include the 

concentration gradient between compartments, stereochemistry and flexibility of 

molecules, cellular enzymatic stability and affinity for efflux mechanisms. Hydrogen 

bonding potential and the effects of existing pathological conditions should also be 



 11 

considered (Mayrhofer 2005). A summary of the various transport mechanisms and 

structures at the BBB that help to maintain brain homeostasis is shown in Figure 3. 

 

 

1.4 Compounds of interest 

1.4.1 Muscarinic antagonists 

 

Antimuscarinic drugs are competitive inhibitors of acetylcholine at the muscarinic 

receptors inter alia of autonomic effector sites innervated by parasympathetic (cholinergic 

postgaglionic) nerves as well as being inhibitors of acetylcholine on smooth muscle 

lacking cholinergic innervation.  Antimuscarinics can be classified as tertiary amine or 

quaternary ammonium compounds. The naturally occurring alkaloids such as atropine, 

hyoscine and hyosciamine are tertiary amines, semisyntethic derivatives or synthetic 

antimuscarinics may be either tertiary or quaternary ammonium compounds (Sweetman 

2005).  

At least 5 different pharmacologically identifiable types of muscarinic receptors (M1, M2, 

M3, M4, M5) have been described (Sweetman 2005). Muscarinic antagonists have no 

Figure 3. Trasport mechanisms through BBB (1) Paracellular diffusion (sucrose) (2) 

Trancellular diffusion (ethanol)  (3) Cation channels(K+ gated) (4) ion symports (Na+/K+/Cl- 

cotransporter) (5) ion antiports (Na+/H+ exchange) (6) facilitated diffusion active transport  

(Glucose via GLUT-1)(7) active transport (P-glycoprotein) (8)active antiport transport  

(Na+/K+ ATPase) and (9) endocytosis (transferrin). Adapted from (Huber, Egleton et al. 

2001). 
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intrinsic activity, and they can act only by blocking the activation of muscarinic receptors 

by muscarinic agonists or by neuronally released acetylcholine (Craig and Stitzel 2004).  

The tissues or systems affected will depend on the dose administered, the drug 

pharmacokinetic properties (eg. entry to CNS) and the presence of muscarinic receptor 

subtypes in various organs. (Craig and Stitzel 2004).  

1.4.1.1 Quaternary ammonium compounds 

 

Quaternary ammonium compounds contain quaternary nitrogen centers in their molecule. 

This results in special and different pharmacological properties in contrast to substances 

which contain a tertiary amine. Main difference is lower lipid solubility in comparison to 

tertiary amines, that results in lower gastrointestinal absorbtion and they do not readily 

pass the blood-brain barrier or conjunctiva (Sweetman 2005).  

1.4.1.2 Glycopyrronium Bromide 

1.4.1.2.1 Chemical properties  

 

The Glycopyrronium Bromide has two centers of chirality.  

 

One of these centers is attributed to the acidic moiety and refers to the 2´-position, while 

the second at the position 3 is part of the ring system. These two asymmetrical centers give 

rise to four stereoisomeric forms i.e. (3R,2´R), (3S,2´R), (3R,2´S), and (3S,2´S) substance. 

See Figure 5. 

According to general chemical nomenclature principles, the USAN-term Glycopyrrolate 

would better be used only for the tertiary base, as in the quaternary ammonium salt, the 

Figure 4. Origin of the Glycopyrronium Bromide 
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ester moiety does not posses the highest priority. Unfortunately, it is widely used for 

quaternary ammonium salt. That is somewhat misleading. 

Pure (3R,2´R) Glycopyrronium Bromide is free of enantiomers (3S,2´S) and free of 

diastereoisomers (3R,2´S and 3S,2´R).  It is possible to separate single individual 

stereoisomers. 

 

Figure 5.  Relationships between diastereomers and enantiomers of Glycopyrronium Bromide  

1.4.1.2.2 Biological activity of stereoisomers 

 

The fact, that Glycopyrronium Bromide can give rise to four stereoisomers is especially 

important in relation to the biological activity of this compound. In general, each 

enantiomer can react with another chiral substance differently.  Different characters of 

enantiomers are therefore very important during stereospecific interactions in living 

organisms, which can lead to the specific biological activity of different stereoisomers. 

These differences in biological activity can result from different interaction with receptors 

(Hartl,J., Palát,K. 2001). 
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In the case of Glycopyrronium Bromide, the stereoisomers vary in pharmacological 

activity (Noe et al. 2001).The individual stereoisomers show distinctly different affinities 

to the receptors and there are also distinct variations in M1-M4 selectivity. 

Diastereoisomers (3R,2´R) and (3S,2´R) show the high affinity for M3, coupled with long 

dissociation half-life at this receptor subtype, whereas the duration of attachement to M2 

receptor is considerably shorter. This makes these compounds particularly suitable for the 

therapy of smooth muscles of GIT tract and for the treatment of respiratory diseases (Noe 

et al. 2001). Compared with known mixtures of stereoisomers or racemates the pure 

compounds can be employed at a particularly low dosage, thus minimizing side effects 

(Noe et al. 2001). 

Since there is no evidence in literature of testing these different stereoisomers, which are 

potential suitable for therapy, in relation to BBB, it is one of the aims of this thesis to get a 

view into these problems.  

1.4.1.2.3 Current use of Glycopyrronium Bromide 

 

Glycopyrronium Bromide is currently or potentially used as a mixture of stereoisomers in 

following indications listed in Table 3. Currently it is not registered in Czech 

Pharmacopiea. 

 

 

Table 3. Current usage and doses of glycopyrrolate. Adapted from http://www.boehringer-

ingelheim.com/finechem/products/active_pharmaceutical_ingredients/glycopyrrolateProduct_Overvie

w.pdf 
  

Pentillä and Helminen (Penttila, Helminen et al. 2001) in their pharmacokinetic study 

measured, among other parameters after i.v. single dose of Glycopyrronium Bromide 

anestesia - premedication 200-400  μg  intravenously or intramuscularly 

gastrointestinal disorders - 
gut and urinary bladder spasm, 
peptic ulcers 3-6 mg orally, 100-200  μg  intravenously or intramuscular inj. 

hyperhydrosis and gustatory 
sweating 

topical 1-2 % cream or roll on sol., or 0.1 % solution using 
ionophoresis 

palliative care 0.6-1.2 mg continuous subcutaneous infusion 

respiratory disorders not yet defined 

drooling oral application of 1-2 mg, 1-3 times daily 

organophosphate poisoning equally effective as atropine (Bardin and Van Eeden 1990) 

Meniére disease 1-2 mg  orally, 2 times a  day 

Dermal disorders 

application of Glycopyrronium Bromide has been 
demonstrated to be effective in treatment of psoriasis, 
neurodermatitis, eczema, contact dermatitis etc. 

http://www.boehringer-ingelheim.com/finechem/products/active_pharmaceutical_ingredients/glycopyrrolateProduct_Overview.pdf
http://www.boehringer-ingelheim.com/finechem/products/active_pharmaceutical_ingredients/glycopyrrolateProduct_Overview.pdf
http://www.boehringer-ingelheim.com/finechem/products/active_pharmaceutical_ingredients/glycopyrrolateProduct_Overview.pdf
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(5µg/kg). After i.v. bolus of this concentration of Glycopyrronium Bromide the cmax in 

arterial plasma was 198 +/-137 ng/ml  (mean  SD).  

This study was a clue for decision which concentrations of Glycopyrronium Bromide will 

be used in our study.   

1.4.1.2.4 Side effects 

 

The pattern of adverse effects seen with Glycopyrronium Bromide and another 

antimuscarinics can mostly be related to their pharmacological actions at muscarinic and, 

at high doses, nicotinic receptors. These effects are dose related and are usually reversible 

when therapy is discontinued (Sweetman 2005).  Table 4. shows the main side effects.  

 

 

Peripheral  Central 

dryness of mouth restlessness 

thirst confusion 

reduced bronchial secretion excitement 

mydriasis ataxia 

cycloplegia incoordination 

photophobia paranoid 

dryness of skin psychotic reaction 

bradycardia followed by 
tachycardia hallucination 

constipation delirium 

    

In case of overdosage   

hyperthermia   

hypertension   

increased respiratory rate   

nausea   

vomiting   

rash   

 

Table 4. Side effects of Glycopyrronium Bromide. Adapted from (Sweetman 2005).  . 

 

Some of the central side effects seen at toxic doses may also occur at therapeutic doses. 

Since not all mechanisms of adverse effects are known, it is necessary to consider the 

contribution of BBB and its alterations. Because of current indications and indications 

which are potentially considered to be helpful for patients, side effects must be closely 

watched and properly evaluated.  
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1.4.1.3 Tiotropium Bromide 

                                          
 

Tiotropium Bromide (MW 472,41) is a synthetic, nonchiral, quaternary amonium 

compound structurally related to Ipratropium (Koumis and Samuel 2005). It is a reversible, 

non-selective inhibitor of muscarinic receptors. Tiotropium Bromide demonstrates very 

slow dissociation from muscarinic receptors. Dissociation from M2 receptors is faster than 

from M3 or M1 receptors, that means selectivity for M3 and M1 receptors over M2. The high 

potency and slow receptor dissociation found its clinical correlate in significant and long 

lasting bronchodilatation and bronchoprotection in patiens with COPD and asthma (Disse, 

Speck et al. 1999). 

1.4.1.3.1 Current usage and dosing 

 

Tiotropium Bromide is indicated for long term maintenance treatment of chronic 

obstructive lung disease (COPD) of moderate and severe stage (stage II) in a one daily 

dose of 18 µg (Kašák 2005). 

Disse et al. (Disse, Speck et al. 1999) evaluated the effect and plasma concentration of 

Tiotropium Bromide with patients with COPD. Concentrations of Tiotropium Bromide 

tested in our study were deduced from this paper.  

1.4.1.3.2 Adverse effects 

 

Tiotropium Bromide has been well tolerated in clinical studies, primarily, because its 

pharmacological effects are confined largely to the mouth and airways. Adverse effects are 

usually mild and typical for all inhalatory anticholinergics. Most commonly reported 

adverse effect is dry mouth (Koumis and Samuel 2005). Table 5. shows reported adverse 

effects of Tiotropium Bromide. 
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More common Less common Rare 

arm, back or jaw 
pain cough fainting 

chest pain or 
discomfort difficulty swallowing 

hive-like sweling on face, lips 
tongue, hands, feet, sex organs 

chest tightness or 
heaviness dizziness palpitation 

fast and irregural 
heartbet hives pounding 

nausea itching   

short of brath  
puffiness or swelling of the eyelids, 

face, lips or tongue   

sweating skin rash   

headache tightness in chest   

heartburn unusual tiredness and wekaness   

  wheezing   

 
Table 5. Reported  adverse effects of Tiotropium Bromide. Adapted from 

http://www.nlm.nih.gov/medlineplus/druginfo/uspdi/500509.html 

 

1.4.1.4 Relationship between Glycopyrronium Bromide and Tiotropium 

Bromide 

 

As mentioned above, both substances are quaternary ammonium compounds. Normally 

these substances are not supposed to pass the BBB because of their low lipophilicity and 

subsequent Mlog P values (Glycopyrronium Bromide, Mlog P = -1,02839, Tiotropium 

Bromide, Mlog P=-3,13705). However, CNS adverse effects are reported.  There can be a 

possibility that they alter BBB or structures of BBB. 

Both Tiotropium Bromide and Glycopyrronium Bromide, especially the (3R,2´R) 

stereoisomer have higher afinity to M3 and a long dissociation half-life at this receptor 

subtype, resulting in a ´receptor-kinetic selectivity´ to M3 over M2 subtype. Tiotropium 

Bromide is therefore commonly used for the treatment of lung diseases as COPD. 

Glycopyrronium Bromide, especially (3R,2´R) stereoisomer has a potential to be used in 

this indication (Noe et al. 2001). Therefore to perform the comparison of behavior these 

two drugs is desirable.  

 

 

 

http://www.nlm.nih.gov/medlineplus/druginfo/uspdi/500509.html


 18 

2 MATERIALS AND METHODS 

2.1 Materials 

 

Cell culture  

 

 IMDM, HAMs F12,  

(+) L-Glutamine,NBS, 

Penicillin/Streptomycin, 

Trypsin/EDTA, NaHCO3, 

PBS buffer-all sterile 

 Heparin-sterile, Collagen 

 Transferrin, HEPES buffer, sterile 

Amphotericin B 

 

Gibco BRL 

 

 

 

 

ICN Biomedicals 

SIGMA-ALDRICH 

 Sterilin disposable pipettes;10mls, 

25mls 

 Cellstar tissue culture flasks, Non 

pyrogenic,DNAse RNAse free, 

sterile; 50mls/25cm
2
, 250mls/75cm

2
 

Cellstar PP-test tube, sterile; 15mls, 

50mls 

 Cellstar tissue culture plate, 96 wells, 

flat bottom with lid, sterile 

 

 Sterilin Petri Dishes 

Cryovials, inner threads silicone seal, 

2mls, sterile 

 Falcon tissue culture plate, 6 wells, 

flat bottom with low evaporation lid, 

sterile 

Falcon cell culture insert, 6 well 

format, 1m pore size, sterile 

 

Berlworld Scientifc Ltd 

Stone, Staffordshire, ST05A,UK          

Greiner Bio-One GMbH 

 

   

 

 

 

 

 

Bibby Sterilin Ltd 

Stone, Staffs, UK 

 

 

Becton Dickinson 

 

 

Drugs 

 

 Glycopyrronium Bromide (3R,2´R)  

Glycopyrronium Bromide 

(3R,2´S)(3S,2´R) 

 Tiotropium Bromide 

 

Department of Pharmaceutical Chemistry, 

University of Vienna 

 

Chemos, Germany 

 

EZ4U 

 

 Non-radioactive cell proliferation 

and cytotoxicity assay 

Biomedica GmbH & Co KG 

Medizinprodukte  
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ELISA 

 

 

 

 

 

 

 3,3 5,5 Tetramethlbenzidine (TMB) 

Liquid substrate system for ELISA 

 Gluteraldehyde 5.6M 

 HCl 2M 

 Milk Powder Granules 

 

 

 Primary antibody-ICAM-1 

 Mouse monoclonal IgG2a 

LotNoD805  

Secondary antibody- goat 

Antimouse IgG-HRP: 

LotNoL1004.HRP conjugated 

 Primary antibody- ZO1 

0.5mg/ml Mouse monoclonal      

IgG1-kappa Lot No60605689 

Primary antibody – Occludin 

0.5mg/ml Mouse monoclonal IgG 1-k 

LotNo 51101934 

Primary antibody- Claudin-5 

0.5mg/ml Mouse monoclonal IgG1 

LotNo 60706420 

 

SIGMA ALDRICH 

 

Neuber 1060-Wien Bruckengasse 1 

 

Carl Roth GmBH & Co, Schoemperlen str, 

1-5, 76185 Karlsruhe 

 

Santa Cruz Biotechnology,2145 Delaware 

Avenue Santa Cruz, California 95060 

 

 

 

 

Zymed Laboratories,561 Eccles 

Avenue,South San Francisco CA 94080 
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2.2 Cell culture  

 

C6 glioma cells (Benda, Lightbody et al. 1968) were cultured in C6 medium which is a 1:1 

mixture of HAM’S F12 and IMDM, supplemented with 7 mM L-(+) Glutamine, 5 U/ml 

Heparin, 5 µg/ml Transferrin, 7.5 % (v/v) NBS, 100 U/ml Penicilin, 100 µg/ml 

Streptomycin, 0.25 µg/ml Amphotericin B. In order to obtain ACM supernatant was 

collected every day. 

For the experiments the ECV304 cell line was used. The ECV304 cells are spontaneously 

transformed human umbilical vein endothelial cells (HUVEC) (Takahashi, Sawasaki et al. 

1990). The ECV304 were cultured in growth medium (50 % C-6 Medium, 50% ACM).  

2.2.1 Subcultivation 

 

The ECV304 cells were grown on 1% gelatine coated flask in growth medium. PBS was 

used for washing agent and Trypsin/EDTA (%) solution for detaching the cells. 

Trypsinization was monitored by light microscopy. When all trypsinized cells appeared 

round, trypsine was removed and cells were detached.  Growth medium was changed every 

second day. Cells were cultured at 37°C, 5% CO2, and 96% humidity. 

2.2.2 Seeding on 96-well plates 

 

ECV304 were grown to confluence on 1% gelatine coated tissue culture flask. The 

confluent ECV304 were rinsed with PBS, briefly trypsinised and cells were detached from 

the flask. Flask was rinsed systematically with growth medium to make a proper 

suspension.  Cell number was determined with counting chamber (Thoma, Marienfield). 

Then, 20000 cells/cm
2
 (EZ4U) or 80000 cells/cm

2
 (ELISA) were seeded on gelatine coated 

96-well plates. Each well was than filled with growth medium up to 200 µl. The 96-well 

plates were incubated 3 hours at 37°C, 5% CO2, and 96% humidity. 

3 hours after seeding sterile drug solutions were added to 96-well plates. Then the 96-well 

plates were incubated again at 37°C, 5% CO2 and 96% humidity. After an incubation time 

of 72 hours, 96-well plates were analyzed by EZ4U proliferation test or cell ELISA. 

Incubation time was 2 hours when testing the drug concentrations of 50 µM (total time of 

each transport study was 2 hours).  
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2.2.3 Concentrations and dilution of substances for ELISA and EZ4U 

 

Glycopyrronium Bromide (3R,2´R), (3R,2´S)(3S,2´R) and Tiotropium Bromide were 

dissolved in purified water and sterile filtered. These drug solutions were diluted in 

medium and added to the 96-well plate. Amount of substance solution added to each well 

was 10 µl, resulting volume in each well was 210 µl.  

For Glycopyrronium Bromide (3R,2´R) and (3R,2´S)(3S,2´R) tested concentrations were 

3200, 1600, 160 and 32 ng/ml. For Tiotropium Bromide tested concentrations were 380, 

190, 19, 3,8 pg/ml. In both cases, concentrations were deduced from therapeutic plasmatic 

concentrations. Additionally, concentrations of 50 µM of all substances were tested in 

order to find out the influence of tested substance on TJ proteins and ICAM-1 during 

transport studies.  Concentration of stock solution was 5 mg/ml for all substances. Table 6. 

shows the chosen concentrations of Glycopyrronium Bromide (3R,2´R), (3R,2´S)(3S,2´R) 

and Tiotropium Bromide and their relation to therapeutic plasma concentration. Figure 7. 

shows the scheme of a 96-well plate for cell ELISA. Figure 8. shows the scheme of a     

96-well plate for EZ4U. 

 

Glycopyrronium Bromide (3R,2´R)  and  Tiotropium Bromide  

(3R,2´S)(3S,2´R)  MW: 398,34  MW: 472,41   

concentration 

[ng/ml] 

concentration 

[µM] 

multiple of 

cmax 

concentation 

[pg/ml] 

concentration 

[pM] 

multiple of 

cmax 

20000 50 125x 23705000 50 µM 1247631,57x 

3200 8 20x 380 804,38 20x 

1600 4 10x 190 402,19 10x 

160 0,4 1x 19 40,21 1x 

32 0,08 0,2x 3,8 8,0438 0,2x 

 

Table 6 : Concentrations of substances tested. cmax = maximum plasma concentration. 

 

Substances were added to the 96-well plates as shows in Figure 6. and Figure 7. 

well 1-3 4-6 7-9 10-12 

A 2AB 2AB control control 

B c 1. c 2. c 3. c 4. 

C 2AB 2AB control control 

D c 1. c 2. c 3. c 4. 

E 2AB 2AB control control 

F c 1. c 2. c 3. c 4. 

G 2AB 2AB control control 

H c 1. c 2. c 3. c 4. 

 

Figure 6. Scheme of 96-well plate for cell ELISA. “2AB” represents wells without the use primary AB and 

without substances, “control” represents wells without the application of the substance, “c.1-4” represents 

wells with 4 different concentrations of the substances 
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. 

 

 

 

 

 

 

 

 

 

 
 

Figure 7. Scheme of 96-well plate for EZ4U. “No cells” represents wells with solution of reagent and 

without cells. “No subst” represents wells without substances. “c.50” represents wells with concentration of 

50 µM. „c.1-4“ represents wells with four different concentrations of the substances. 

 

2.3 Non-radioactive cell proliferation and cytotoxicity assay 
(EZ4U) 

 

This test is based on the finding, that living cells are capable of reducing slight or 

uncolored tetrazolium salts into intensely colored formazan derivatives. As this reduction 

process requires functional mitochondria which are inactivated within a few minutes after 

cell death, this method, therefore, provides a valuable tool for the discrimination between 

living and death cells (EZ4U Basics). 

2.3.1 EZ4U procedure 

 

Cells were seeded onto the 96-well plates in concentration of 20000 cells/cm
2 

as described 

in 2.2.2.. Solutions of drugs were added 3 hours after seeding. Blank wells without cells 

were kept. After 72 h incubation EZ4U test solution was prepared following manufacturers 

instruction and added to the 96-well plate (20 µl/well). After 25 minutes of incubation 

(37°C, 5% CO2, and 96% humidity) absorption was read at 450 nm with Polastar Galaxy 

Microplate reader. 

 

 

well 1-3 4-6 7-9 10-12 

A No cells No subst c.50 c.50 

B c.1 c.2 c.3 c.4 

C c.1 c.2 c.3 c.4 

D c.1 c.2 c.3 c.4 

E No cells No subst c.50 c.50 

F c.1 c.2 c.3 c.4 

G c.1 c.2 c.3 c.4 

H c.1 c.2 c.3 c.4 
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2.4 Cell ELISA 

 

Standard ELISA technique was applied to find out changes in expression of proteins of 

interests. Primary and secondary antibodies were used. The primary antibody binds to the 

TJ protein (antigen). The secondary antibody binds to the primary antibody. The secondary 

antibody is linked with enzyme (peroxidase) that cause substrate to produce colored 

product. Measured absorbance corresponds to amount of respective protein. 

2.4.1 ELISA procedure 

 

Cells were seeded as described in 2.2.2. Solutions of drugs were added 3 hours after 

seeding. After an incubation of 72 hours (or 2 hours for concentrations of 50 µM) medium 

from the 96-well plate was put to the waste, cells were rinsed 2 times with PBS (200 

µl/well), fixed with 0.1 % glutaraldehyde (30µl/well) and 10 minutes at room temperature 

(Figure 6.1). Then glutaraldehyde was removed and cells layers were washed 2 times with 

PBS (200 µl/well). Afterwards  primary antibody (50 µl/well)  [1 μg/ml] was added to the 

cells and incubated for 1.5 hour at 37°C, 5% CO2, and 96% humidity (Figure 6.2).Wells 

without primary AB were always kept. After incubation primary antibody was taken off 

and cells were washed 3 times with PBS containing Milch powder (200 µl/well). Then, 

secondary antibody [0.04 μg/ml] containing 1 % Milch powder was added (50 µl/well) and 

incubated for 1 hour at 37°C, 5% CO2, and 96% humidity. After this incubation, solution 

was taken off and cells were washed again 3 times with PBS containing milk powder 

(Figure 6.3). Afterwards, the substrate tetramethylbenzidine (TMB) (50 µl/well) was 

added. The reaction of enzyme was stopped after 15 minutes with 2M HCl (50 µl/well) and 

absorbance was immediately measured with a Microplate reader at a wavelength of 450 

nm (Figure 6.4).  

 

Figure 8.  Scheme of ELISA procedure. 1. TJ proteins of the cells represents antigen      

2. Primary antibody binds on the antigen 3. Secondary antibody linked with peroxidase 

binds to primary antibody 4. Peroxidase catalyses the reaction of added substrate 
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2.4.2 Analysis of data 

2.4.2.1 EZ4U 

 

Obtained data were processed using Microsoft Excel and are presented as a bar charts, 

where each chart represents mean absorbance ± SEM related to absorbance of control 

sample (without substance) which is 100 %.  The absorbance value of the reagent solutions 

only was subtracted from the value of each sample. Statistical significance was determined 

by Student´s T-TEST. 

 

2.4.2.2 Cell ELISA 

 

Obtained data are presented as a bar charts where each bar represents mean of absorbance 

± SEM  related to absorbance of control sample (without substance) which is 100 %.  The 

absorbtion value of secondary AB only was subtracted from the value of each sample. 

Statistical significance was determined by Student´s T-TEST. Probability (p) of significant 

difference from control value is signed as follows: 

 

 

 

2.5 Transport studies 

2.6 BBB models 

 

BBB models are systems which simulate properties of the BBB. There are various models, 

which differ in configuration and in extent of the expression of BBB characteristics (Deli, 

Abraham et al. 2005). Currently, mono-dimensional (Transwell), Bi-dimensional (co-

culture) and tri-dimensional flow based models are in use (Aumayr 2005). For purposes of 

this thesis an established Transwell model based on cell line ECV304 was used to 

accomplish permeation studies. The advantages of this model are its convenience and 

disposability, it is relatively cheap and routinely applicable (Pardridge 1998).  

2.6.1 Preparing the model for the transport study 

 

The Transwell model consists of an upper and lower compartment. An insert with 

membrane surface of 4.2 mm
2 

is placed into an appropriate well (Figure 7). ECV304 cells 

* p<0.05 

** p<0.01 

*** p<0.005 
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are cultured onto this transwell insert. The pore size is 1 µm, which do not allow the cells 

to grow on both sides of the insert or to migrate through the insert. In order to culture the 

cells successfully, the cells must be grown on a collagen coated surface. Each insert was 

coated with collagen [0.14 mg/ml] and exposed to ammonia saturated atmosphere for 1 

hour to promote cross-linking of the collagen. The supernatant of collagen was taken off 

and inserts were sterilized under UV over night. The cells were seeded on six well filter 

inserts in a sterile way at a density of 80000 cells/cm
2
. Growth medium was changed every 

other day. Establishment and changes in tightness of the cell layer was monitored by 

measurements of TEER, cell growth was controlled by light microscopy. Tight monolayers 

were obtained after 14 days culture at 37 °C, 5% CO2 and 96% humidity.  

 

2.6.2 Transport studies 

 

After 14 days the cell layer was tight enough and transport study with a HBSS solution 

containing 50µM test substance and 50µM internal standard diazepam was accomplished.  

Initially, growth medium of the inserts was changed (3ml/well, 2ml/insert), 6-well plate 

was incubated 1h at room temperature and then TEER was measured. A new sterile 6-well 

plate was taken, filled with HBSS and was stored in the incubator (37 °C, 5% CO2 and 

96% humidity). Six 6-well plates were filled with HBSS (3ml/well) and stored in incubator 

for at least 1 hour. After last TEER measurement, medium was removed, inserts were put 

into a prewarmed 6-well plate with HBSS (3ml/well) and 2 ml of HBSS buffer were added 

to each insert. The plate was then incubated 1h in the incubator at 37 C. After 1h TEER 

was measured again. Afterwards, each insert was placed in one 6-well plate and was 

loaded with the substance solution. Then, each insert was transferred every 20 minutes into 

next well (Figure 8). Transferring is necessary in order gain better data linearity (sink 

condition) (Neuhaus, Lauer et al. 2006). After finishing transport study, samples from 

Figure 9. Comparison between in vivo and in vitro (Transwell model) situation 
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supernatant, wells and stock solution were analyzed using HPLC (pump Shimadzu LC-

20AD, autosampler Shimadzu SIL-20AC, DID Shimadzu detector SPD-M20A, column 

Zorbax Eclipse XDB/C8, Agilent, mobil phase: mixture (A) of 0.05 mol/l 

sodiumdihydrogenphosphate and 0.005 ml/l heptasulfonic acid salt in distilled water (pH 3 

was adjusted by orthophosphoric acid) was mixed with (B) acetonitrile [33% v/v]). TEERs 

in medium and also in HBSS were measured after the transport study (Neuhaus, Lauer et 

al. 2006). Stability of substances in HBSS buffer and in medium was proved before TS.  

Figure 10. Scheme and configuration of 6-well plate used for TS 
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2.6.3 Transendothelial electrical resistance (TEER) 

 

Since the BBB as a permeability barrier restrict even the movements of ions, the most 

straightforward method to assess the tightness of permeability model is to measure the 

TEER (Deli, Abraham et al. 2005).  TEER was measured using Millpore Milli-Cell ERS 

voltmeter (Figure 7). The electrode was normally stored in 70% ethanol, before each 

measurement it was equilibrated in the appropriate medium (HBSS or growth medium) for 

at least 30 minutes. TEER values of the cell layer were calculated by following formula:  

 

TEERcell layer [Ohm x cm
2
] = (TEERcell –TEERblank average) x 4.2 cm

2
  

 

TEERcell represents the TEER value of the insert with cells, TEERblank value refers to TEER 

value of inserts without cell layer and 4.2 cm
2
 is a surface area of the insert. 

Figure 11. Illustration of TEER measurement.  Electrode is connected to a voltmeter. TEER is 

measured of each insert. Longer part of the electrode is inserted in a well, shorter in the insert. 
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2.6.4 Calculation of the permeability coefficient 

 

Samples were analyzed using HPLC and peaks were integrated using Shimadzu software. 

Each sample was injected 3 times and the mean value was calculated. Clearance value for 

each time point was calculated using equation one:  

 













 1n

n

B

A

B
A

BB

C
V

V
C

VC
clearance   Eq. 1 

 

CBn refers to the substance concentration in the basolateral chamber and CA is the 

concentration in the apical compartment. VA and VB are the corresponding volumes of the 

chambers. Since the amount of the test compound in the apical insert decreases over time 

under condition of unidirectional flux, the CA value for each time point has to be corrected. 

Thus, the summed up total amount of substance found in each basolateral compartment 

before the actual one )(
1 nBC  is related to the apical volume and subtracted from CA . 

For calculating permeability coefficients, slope of clearance vs. time curve is determined 

by linear regression analysis and multiplied with a factor considering the growth surface 

area (4.2 cm
2
) (Neuhaus, Lauer et al. 2006).   

 

The PS value for the cell layer only can be calculated by equation 2:  

 

blankallcell PSPSPS

111
   Eq. 2 

 

The reciprocal value of the average permeability coefficient without cell layer (PSblank)  

was  subtracted by the permeability coefficient of the experiment with cell layer (PSall) to 

gain the reciprocal value for the cell layer only. 
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The permeability coefficient is calculated from equation 3 : 

 

 
2.41000

min/


 cell
c

PS
cmP     Eq. 3 

where  

 

PScell = value obtained from equation 2 

4.2 =  surface area of the insert [cm
2
] 

1000 = factor derived from PS unit [µl/min] as follows (Eq.4): 

 

 

)2.41000(min
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cm
cm

cm
cm

mm
cm  Eq. 4 

 

 

In order to transform the units of Pc to [µm/min]; Pc values in [cm/min] were multiplied by 

10000.  

 

Effect of correction values (E) were also calculated. It represents the fraction of Pc for cell 

layer only (Pc(cell)) and Pc for cell layer and membrane of the insert (Pc(all)). It illustrates if 

the cell monolayer is the main barrier for a distinct transport route. An effect of correction 

of approximately 1 means, that the cell monolayer is the major limiting barrier for the 

transport and the underlaying matrix as well as the membrane support have no significant 

influence on the resulting permeability coefficient(Neuhaus, Lauer et al. 2006). It is 

calculated as follows (Eq.5): 

 

)(

)(

allc

cellc

P

P
E   Eq.5 
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3 Results 

3.1.1 Cytotoxicity assay (EZ4U) 

 

EZ4U test indicates that cell growth is not significantly decreased within 72 hours of 

incubation with varying concentrations of Glycopyrronium Bromide (3R,2´R), 

(3R,2´S)(3S,2´R) and Tiotropium Bromide (Figure 12). This was done to ensure that there 

is no cytotoxic effect of substances on the cells during this period. 

 

 

  

  

Figure 12.  Impact of the Tiotropium Bromide on cell proliferation obtained by EZ4U proliferation test. 

Cells were seeded onto 96 well plate in a concentration of 20000 cells/cm
2
. 3 hours after seeding five 

different concentration of Tiotropium Bromide were added. After incubation of 72 hours the plate was 

analysed with EZ4U proliferation test. Data represents mean  SEM (n=11-12). For statistical comparison 

with the control  Student´s T-TEST was used (* p<0.05, ** p<0.01, *** p< 0.005) . 
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Figure 14: Impact of the Glycopyrronium Bromide (3R,2´S)(3S,2´R)  on cell proliferation obtained by EZ4U 

proliferation test. Cells were seeded onto 96-well plate in a concentration of 20000 cells/cm
2
. 3 hours after 

seeding five different concentration of Glycopyrronium Bromide (3R,2´S)(3S,2´R) were added. After 

incubation of 72 hours the plate was analyzed with EZ4U proliferation test. Data represents mean  SEM 

(n=2-18). For statistical comparison with the control  Student´s T-TEST was used (* p<0.05, ** p<0.01, *** 

p< 0.005) . 

 

Figure 13: Impact of the Glycopyrronium Bromide (3R,2´R) on cell proliferation obtained by EZ4U 

proliferation test. Cells were seeded onto 96 well plate in a concentration of 20000 cells/cm
2
. 3 hours after 

seeding five different concentration of Glycopyrronium Bromide (3R,2´R)  were added. After incubation of 

72 hours the plate was analyzed with EZ4U proliferation test. Data represents mean  SEM (n=3-18). For 

statistical comparison with the control  Student´s T-TEST was used (* p<0.05, ** p<0.01, *** p< 0.005) . 
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3.2 ELISA 

 

Cell Elisa tests were performed as described in chapter 2.4. 

3.2.1 Cell ELISA with Glycopyrronium Bromide (3R,2´R)  

3.2.1.1 Effect of Glycopyrronium Bromide (3R,2´R)  on Occludin 

 

Cell ELISA test shows that the expression of Occludin can be affected by Glycopyrronium 

Bromide (3R,2´R) concentration dependently. Glycopyrronium Bromide (3R,2´R)  

concentrations of 4 µM and 8 µM shows significant effect on Occludin, absorbance was 

50.18  3.4 (4 µM) and 66.65  3.8 % (8 µM) of the control respectively. Concentration of 

0.08 µM and concentration of 0.4 µM (which represents therapeutical plasma 

concentration) had no significant effect on the expression of Occludin. 

 

 

 

Figure 15 Impact of Glycopyrronium Bromide (3R,2´R)  on the expression of Occludin. Cells were seeded 

onto a 96-well plate in a concentration of  80000 cells/cm
2
. 3 hours after seeding four different concentrations 

of Glycopyronium Bromide (3R,2´R) were added. After incubation of 72 hours the impact of 

Glycopyrronium Bromide (3R,2´R)  on the expression of the Occludin was analyzed by cell ELISA. Data 

represents mean  SEM (n=5-11). For statistical comparison with the control Student´s T-TEST was used    

(* p<0.05, ** p<0.01, *** p< 0.005). 
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3.2.1.2 Effect of Glycopyrronium Bromide (3R,2´R)  on Claudin-1 

 

The results of cell ELISA indicate that Glycopyrronium Bromide (3R,2´R) significantly 

decreased the expression of Claudin-1 in concentrations of  4 µM and 8 µM (Figure 16). 

Whereas the two lower concentrations of Glycopyrronium Bromide (3R,2´R) have not 

influenced the expression of Claudin-1. 
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Figure 16 Impact of Glycopyrronium Bromide (3R,2´R)  on the expression of Claudin-1. Cells were seeded 

onto a 96 well plate in a concentration of 80000 cells/cm
2
. 3 hours after seeding four different concentrations 

of Glycopyronium Bromide (3R,2´R) were added. After incubation of 72 hours the impact of 

Glycopyrronium Bromide (3R,2´R)  on the expression of the Claudin-1 was analyzed by cell ELISA. Data 

represents mean  SEM (n=10-16). For statistical comparison with the control Student´s T-TEST was used    

(* p<0.05, ** p<0.01, *** p< 0.005).  
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3.2.1.3 Effect of Glycopyrronium Bromide (3R,2´R)  on ZO-1 

 

Cell ELISA shows that the expression of ZO-1 was not altered by Glycopyrronium 

Bromide (3R,2´R) in the described experiments (Figure 17). Even not the highest 

concentration of Glycopyrronium Bromide (3R,2´R) of 8 µM which represents 20-fold 

therapeutical plasma concentration has significantly influenced the expression of ZO-1. 

 

 

 

Figure 17 Impact of Glycopyrronium Bromide (3R,2´R)  on the expression of ZO-1. Cells were seeded 

onto a 96-well plate in a concentration of 80000 cells/cm
2
. 3 hours after seeding four different concentrations 

of Glycopyronium Bromide (3R,2´R) were added. After incubation of 72 hours the impact of 

Glycopyrronium Bromide (3R,2´R)  on the expression of the ZO-1 was analyzed by cell ELISA. Data 

represents mean  SEM (n=6-12).For statistical comparison with the control Student´s T-TEST was used     

(* p<0.05, ** p<0.01, *** p< 0.005).  
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3.2.1.4 Effect of Glycopyrronium Bromide (3R,2´R)  on ICAM-1 

 

Cell ELISA results indicate that there is no significant effect on ICAM-1 expression after 

incubation with Glycopyrronium Bromide (3R,2´R) (Figure 18) . 

 

 

  

 

Figure 18 Impact of Glycopyrronium Bromide (3R,2´R) on the expression of ICAM-1. Cells were 

seeded onto a 96 well plate in a concentration of 80000 cells/cm
2
. 3 hours after seeding four different 

concentrations of Glycopyronium Bromide (3R,2´R) were added. After incubation of 72 hours the impact 

of Glycopyrronium Bromide (3R,2´R)  on the expression of the ICAM-1 was analyzed by cell ELISA. Data 

represents mean  SEM (n=5-12). For statistical comparison with the control Student´s T-TEST was used    

(* p<0.05, ** p<0.01, *** p< 0.005).  
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3.2.2 Cell ELISA with Glycopyrronium Bromide (3R,2´S)(3S,2´R)  

3.2.2.1 Effect of Glycopyrronium Bromide (3R,2´S)(3S,2´R)  on Occludin 

 

Cell ELISA results indicates that there is no significant effect on Occludin expression after 

incubation with Glycopyrronium Bromide (3R,2´S)(3S,2´R) (Figure 19).  

 

 

  

Figure 19 : Impact of Glycopyrronium Bromide (3R,2´S)(3S,2´R)  on the expression of Occludin. Cells 

were seeded onto a 96 well plate in a concentration of 80000 cells/cm
2
. 3 hours after seeding four different 

concentrations of Glycopyronium Bromide (3R,2´S)(3S,2´R)  were added. After incubation of 72 hours the 

impact of Glycopyrronium Bromide (3R,2´S)(3S,2´R)   on the expression of the Occludin was analyzed by 

cell ELISA. Data represents mean  SEM (n=11-18).For statistical comparison with the control Student´s 

T-TEST was used   (* p<0.05, ** p<0.01, *** p< 0.005).  
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3.2.2.2 Effect of Glycopyrronium Bromide (3R,2´S)(3S,2´R) on Claudin-1 

 

Figure 20. obtained by cell ELISA shows that the expression of Claudin-1 was not 

significantly affected after incubation with Glycopyrronium Bromide (3R,2´S)(3S,2´R).  
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Figure 20: Impact of Glycopyrronium Bromide (3R,2´S)(3S,2´R) on the expression of Claudin-1. Cells were 

seeded onto a 96 well plate in a concentration of 80000 cells/cm
2
. 3 hours after seeding four different 

concentrations of Glycopyronium Bromide (3R,2´S)(3S,2´R)  were added. After incubation of 72 hours the 

impact of Glycopyrronium Bromide (3R,2´S)(3S,2´R)  on the expression of the Claudin-1 was analyzed by 

cell ELISA. Data represents mean  SEM (n=9-18). For statistical comparison with the control Student´s T-

TEST was used   (* p<0.05, ** p<0.01, *** p< 0.005).  
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3.2.2.3 Effect of Glycopyrronium Bromide (3R,2´S)(3S,2´R)  on ZO-1 

 

Figure 21. obtained by cell ELISA shows that the expression of ZO-1 was not significantly 

affected after incubation with Glycopyrronium Bromide (3R,2´S)(3S,2´R).  

 

  

 

Figure 21: Impact of Glycopyrronium Bromide (3R,2´S)(3S,2´R) on the expression of ZO-1. Cells 

were seeded onto a 96 well plate in a concentration of 80000 cells/cm
2
. 3 hours after seeding four 

different concentrations of Glycopyronium Bromide (3R,2´S)(3S,2´R)  were added. After incubation 

of 72 hours the impact of Glycopyrronium Bromide (3R,2´S)(3S,2´R)  on the expression of the ZO-1 

was analyzed by cell ELISA. Data represents mean  SEM (n=6-9). For statistical comparison with 

the control Student´s T-TEST was used   (* p<0.05, ** p<0.01, *** p< 0.005).  
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3.2.2.4 Effect of Glycopyrronium Bromide (3R,2´S)(3S,2´R)  on ICAM-1 

 

Cell ELISA results indicates that there is no significant effect on the expression of ICAM-1 

after incubation with various concentration of Glycopyrronium Bromide (3R,2´S)(3S,2´R). 

. 

  

Figure 22: Impact of Glycopyrronium Bromide (3R,2´S)(3S,2´R) on the expression of ICAM-1. Cells 

were seeded onto a 96 well plate in a concentration of 80000 cells/cm
2
. 3 hours after seeding four 

different concentrations of Glycopyronium Bromide (3R,2´S)(3S,2´R)  were added. After incubation of 

72 hours the impact of Glycopyrronium Bromide (3R,2´S)(3S,2´R)  on the expression of the ICAM-1 

was analyzed by cell ELISA. Data represents mean  SEM (n=12-18). For statistical comparison with the 

control Student´s T-TEST was used   (* p<0.05, ** p<0.01, *** p< 0.005).  
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3.2.2.5 Effect of 50 µM Glycopyrronium Bromide (3R,2´R)  and 

(3R,2´S)(3S,2´R)  on TJ proteins and ICAM-1 

 

Cell ELISA indicates no significant decrease of Occludin, Claudin-1, ZO-1 and ICAM-1 

expression after incubation with 50 μM of Glycopyrronium Bromide (3R,2´R).  
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Figure 23: Impact of Glycopyrronium Bromide (3R,2´R)  on  the expression of Occludin, Claudin-1, ZO-

1  and ICAM-1.  Cells were seeded onto a 96 well plate in a concentration of 80000 cells/cm
2
. 3 hours 

after seeding concentration of 50 µM of Glycopyronium Bromide (3R,2´R) was added. After incubation 

of 2 hours the impact of Glycopyrronium Bromide (3R,2´R)  on the expression of Occludin, Claudin-1, 

ZO-1  and ICAM-1was analyzed by cell ELISA. Data represents mean  SEM (n=5-6). For statistical 

comparison with the control Student´s T-TEST was used   (* p<0.05, ** p<0.01, *** p< 0.005).  
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Cell ELISA shows that expression of Claudin-1 and ICAM-1 was significantly decreased 

after incubation of 2 hours with 50 μM of Glycopyrronium Bromide (3R,2´S)(3S,2´R). 

Absorbances were 80.82  2.23 % (Claudin-1) and 80.43  5.14 % (ICAM-1) of control 

values respectively. 
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Figure 24: Impact of Glycopyrronium Bromide (3R,2´S)(3S,2´R)  on the expression of Occludin, Claudine-

1, ZO-1 and ICAM-1. Cells were seeded onto a 96-well plate in a concentration of 80000 cells/cm
2
. 3 hours 

after seeding concentration of 50 µM of Glycopyronium Bromide (3R,2´S)(3S,2´R) was added. After 

incubation of 2 hours the impact of Glycopyrronium Bromide (3R,2´S)(3S,2´R) on the expression of 

Occludin, Claudin-1, ZO-1  and ICAM-1was analyzed by cell ELISA. Data represents mean  SEM  (n=5-6). 

For statistical comparison with the control Student´s T-TEST was used  (* p<0.05, ** p<0.01, *** p< 0.005).  
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3.2.3 Cell ELISA with Tiotropium Bromide 

3.2.3.1 Effect of Tiotropium Bromide on Occludin 

 

Cell ELISA shows that there is no significant dose related effect on Occludin expression 

after incubation with Tiotropium Bromide. Expression of Occludin after incubation with 

402.19 pM of Tiotropium Bromide was significantly decreased (72.575.94 %). This result 

is not concentration dependent and is considered to be irrelevant because of high SEM. 

  

 

Figure 25 : Impact of Tiotropium Bromide on the expression of Occludin. Cells were seeded onto a 96 

well plate in a concentration of 80000 cells/cm
2
. 3 hours after seeding four different concentrations of 

Tiotropium Bromide were added. After incubation of 72 hours the impact of Tiotropium Bromide on the 

expression of the Occludin was analyzed by cell ELISA. Data represents mean  SEM (n=6-9).For 

statistical comparison with the control Student´s T-TEST was used   (* p<0.05, ** p<0.01, *** p< 0.005).   
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3.2.3.2 Effect of Tiotropium Bromide on Claudin-1 

 

Cell ELISA indicates that there is no significant effect on Claudin-1 expression.  

The mean absorbance values were 84.347.4 % (8.04 pM); 106.868.48 % (40.21 pM); 

107.9212.05 % (402.19 pM); 101.669.50 % (804.36 pM) of the control value. 

  

  

Figure 26 : Impact of Tiotropium Bromide on the expression of Claudin-1. Cells were seeded onto a 96 

well plate in a concentration of 80000 cells/cm
2
. 3 hours after seeding four different concentrations of 

Tiotropium Bromide were added. After incubation of 72 hours the impact of Tiotropium Bromide on the 

expression of the Claudin-1 was analyzed by cell ELISA. Data represents mean  SEM (n=6-9). For 

statistical comparison with the control Student´s T-TEST was used   (* p<0.05, ** p<0.01, *** p< 0.005).   
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3.2.3.3 Effect of Tiotropium Bromide on ZO-1 

 

Cell ELISA results shows no significant effect on expression of ZO-1. After incubation 

with tested concentrations the mean absorbance values were 103.50  14.51 % (8.04 pM); 

100.62  8.02 % (40.21 pM); 83.01  7.95 % (402.19 pM) ; 97.95  11.79 % (804.38) of 

the control value respectively. 

 

 

 

 

Figure 27: Impact of Tiotropium Bromide on the expression of ZO-1. Cells were seeded onto a 96 well plate in a 

concentration of 80000 cells/cm
2
. 3 hours after seeding four different concentrations of Tiotropium Bromide 

were added. After incubation of 72 hours the impact of Tiotropium Bromide on the expression of the ZO-1 was 

analyzed by cell ELISA. Data represents mean  SEM (n=5-9).For statistical comparison with the control 

Student´s T-TEST was used   (* p<0.05, ** p<0.01, *** p< 0.005).   
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3.2.3.4 Effect of Tiotropium Bromide on ICAM-1 

 

Cell ELISA test clearly indicates, that there is no significant effect on ICAM-1 

expression after incubation with various concentrations of Tiotropium Bromide. Given 

absorbance values were 113.66  4.88 % (8.04 pM); 101.25  3.19 % (40.21 pM) ; 96.47  

2.40 % (402.19 pM) ; 109.60  3.83 % (804.38 pM) of control value respectively. 

 

  

Figure 28: Impact of Tiotropium Bromide on the expression of ICAM-1. Cells were seeded onto a 96 well plate 

in a concentration of 80000 cells/cm
2
. 3 hours after seeding four different concentrations of Tiotropium 

Bromide were added. After incubation of 72 hours the impact of Tiotropium Bromide on the expression of the 

ICAM-1 was analyzed by cell ELISA. Data represents mean  SEM (n=12-18). For statistical comparison with 

the control Student´s T-TEST was used   (* p<0.05, ** p<0.01, *** p< 0.005).  (n=12-18). 
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3.2.3.5 Effect of 50 µM Tiotropium Bromide on TJ proteins and ICAM-1 

 

Cell Elisa indicates that expression of claudin-1 is significantly decreased by 

Tiotropium Bromide in concentration of 50 µM . 
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Figure 29: Impact of Tiotropium Bromide  on the expression of Occludin, Claudine-1, ZO-1 and ICAM-1. 

Cells were seeded onto a 96 well plate in a concentration of 80000 cells/cm
2
. 3 hours after seeding 

concentration of 50 µM of Tiotropium Bromide was added. After incubation of 2 hours the impact of 

Tiotropium Bromide on the expression of Occludin, Claudin-1, ZO-1  and ICAM-1was analyzed by cell 

ELISA. Data represents mean  SEM  (n=6-24).For statistical comparison with the control Student´s T-TEST 

was used  (* p<0.05, ** p<0.01, *** p< 0.005).  
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3.2.4 Summary of cell ELISA results 

 

Following tables shows summary of cell ELISA results. 

 

  

EXPRESSION 
OF CLAUDIN - 1 

EXPRESSION 
OF OCCLUDIN 

EXPRESSION 
OF ZO-1 

EXPRESSION 
OF ICAM-1 

Glycopyrronium 
Bromide (3R,2´R) - 

tested concentrations 
8; 4; 0.4; 0.08 μM 

 

SIGNIFICANTLY 
DECREASED  

with 
concentrations of  

4 and 8 μM 
 

SIGNIFICANTLY 
DECREASED     

with 
concentrations of  

4 and 8 μM 
 

NO significant 
effect 

 

NO significant 
effect 

 

Glycopyrronium 
Bromide 

(3R,2´S)(3S,2´R) - 
tested concentrations 

8; 4; 0.4; 0.08 μM 

NO significant 
effect 

 

NO  significant 
effect 

 

NO significant 
effect 

 

NO significant 
effect 

 

Tiotropium Bromide  
tested concentration 
8.04; 40.21; 402.19; 

804.38 pM 

NO significant 
effect 

 

NO  significant 
effect 

 

NO significant 
effect 

 

NO significant 
effect 

 

 

Table 7: Summary of cell ELISA which shows the influence of Glycopyrronium Bromide (3R,2´R) , 

(3R,2´S)(3S,2´R)  and Tiotropium Bromide on the expression of Occludin, Claudin-1, ZO-1 and ICAM-1 of 

ECV 304 .The drug concentrations are related to therapeutic plasma concentration. 

 

 

 
 

Table 8: Summary of cell ELISA test results which show the influence of Glycopyrronium Bromide 

(3R,2´R) , (3R,2´S)(3S,2´R) and Tiotropium Bromide. All three drugs were applied in a concentration of 50 

μM and incubated for 2 hours. 
 

 
 

  

EXPRESSION 
OF CLAUDIN-1 

EXPRESSION 
OF OCCLUDIN 

EXPRESSION 
OF ZO-1 

EXPRESSION 
OF ICAM-1 

Glycopyrronium 
Bromide (3R,2´R)                          

50 μM 
NO significant 

effect 
NO significant 

effect 
NO significant 

effect 
NO significant 

effect 

Glycopyrronium 
Bromide 

(3R,2´S)(3S,2´R)            
50 μM 

 SIGNIFICANTLY 
DECREASED 

NO significant 
effect 

NO significant 
effect 

SIGNIFICANTLY 
DECREASED 

Tiotropium Bromide      
50 μM 

SIGNIFICANTLY 
DECREASED 

NO significant 
effect 

NO significant 
effect 

NO significant 
effect 
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3.3 Transport studies 

3.3.1 Transport study of Glycopyrronium Bromide (3R,2´R)  

 

The permeability of Glycopyrronium Bromide (3R,2´R) as a function of time was 

determined. Results are presented as diagrams of mean clearance vs. time (Figure 30). 

Diagrams and respective regression equations were calculated using Microsoft Excel. The 

average slope values for Glycopyrronium Bromide (3R,2´R)  were PScontrol = 8.19 μl/min 

and PSall = 2.47 μl/min. Using equation (Eq.2) from chapter 2.6.4. calculated PScell value 

was 3.53 μl/min. Permeability coefficient (Pc) for the cell layer was calculated using 

equation (Eq.3) from section 2.6.4 and converted to units [µm/min]. Its mean value was 

8.43 µm/min. Pc for PSall values without consideration of PScontrol values was also 

calculated. It enables to calculate the effect of correction (section 2.6.4. Eq.5). 

 

 

Figure 30: Mean Clearance versus Time for the Cell value [♦] and Control value [■] for Glycopyrronium 

Bromide (3R,2´R) . Error bars denote standard deviations (SD). 
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In tables 9 and 10 single parameters of the calculation of the permeability coefficients were 

listed. 

 

  PS-Control PS-all 1/PS-cell PS-cell Pc[cm/min] Pc[µm/min] 

              

well 1 8,19 2,65 0,26 3,91 0,0009 9,30 

well 2 8,19 2,55 0,27 3,69 0,0009 8,79 

well 3 8,19 2,21 0,33 3,03 0,0007 7,22 

MEAN 8,19 2,47 0,28 3,53 0,0008 8,44 

              

  SD         1,08 

 

 

 
 

  PS-all Pc[cm/min] Pc[µm/min] 

        

well 1 2,65 0,0006 6,30 

well 2 2,55 0,0006 6,06 

well 3 2,21 0,0005 5,27 

MEAN 2,47 0,0006 5,88 

        

  SD   0,54 

 

 

Table 10 Determination of permeability coefficient of Glycopyrronium Bromide (3R,2´R) considering PSall 

only. 

 

 

When PS-control value was not subtracted, resulting Pc value was 5.88  0.54 µm/min 

(n=3) . 

 

Effect of correction value [%] for transport study of Glycopyrronium Bromide (3R,2´R) 

was 143,24 %  5,54 %. 

Table 9 Determination of permeability coefficient of Glycopyrronium Bromide (3R,2´R)  for cell layer only. 
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Internal standard Diazepam in the transport study of Glycopyrronium 

Bromide (3R,2´R)  
 

The permeability of Diazepam as a function of time (Figure 31) was determined using the 

same principles as for Glycopyrronium Bromide (3R,2´R) described above. The PSall, 

PScell, Pc values and effect of correction were calculated using equations from 2.6.4.  

 

 

Figure 31 Mean Clearance versus Time for the Cell value [♦] and Control value [■] for internal standard 

Diazepam. Error bars denotes standard deviations (SD). 
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In tables 11 and 12 single parameters of the calculation of the permeability coefficients 

were listed. 

 

  PS-control PS-all 1/PS-cell PS-cell Pc[cm/min] Pc[µm/min] 

              

well 1 8,83 5,95 0,05 18,23 0,00434053 43,41 

well 2 8,83 6,01 0,05 18,84 0,00448489 44,85 

well 3 8,83 6,07 0,05 19,41 0,00462243 46,22 

MEAN 8,83 6,01 0,05 18,82 0,0044806 44,83 

              

SD           1,41 

 

 

  PS-all Pc  cm/min] Pc [µm/min] 

        

well 1 5,95 0,0014 14,16 

well 2 6,01 0,0014 14,31 

well 3 6,07 0,0014 14,45 

MEAN 6,01 0,0014 14,30 

        

SD     0,14 

 

Table 12 Determination of permeability coefficient of internal standard Diazepam considering PSall only. 
 

 

When PS-control value was not subtracted, resulting Pc value was 14.30  0.14 µm/min 

(n=3). 

 

Effect of correction value [%] for transport study of Diazepam as an internal standard for 

transport study of Glycopyronium Bromide (3R,2´R) was 313.32 %  6.71 %. 

 

 

 

 

 

 

 

 

 

 

Table 11 Determination of permeability coefficient of internal standard Diazepam for cell layer only. 
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3.3.2 Transport study of Glycopyrronium Bromide (3R,2´S)(3S,2´R)  

 

Transport study of Glycopyrronium Bromide (3R,2´S)(3S,2´R) (Figure 32) was performed 

and calculated using the same principles as before mentioned transport study. All values 

were calculated using equations from 2.6.4. 

 

 

Figure 32 Mean Clearance versus Time for the Cell value [♦] and Control value [■] for Glycopyrronium  

Bromide (3R,2´S)(3S,2´R) . Error bars denotes standard deviation (SD). 
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In tables 13 and 14 single parameters of the calculation of the permeability coefficients 

were listed. 

 

  PS-Control PS-all 1/PS-cell PS-cell Pc[cm/min] Pc[µm/min] 

              

well1 7,32 2,53 0,26 3,87 0,0009 9,20 

well2 7,32 2,46 0,27 3,70 0,0009 8,81 

well3 7,32 2,60 0,25 4,04 0,0010 9,63 

mean 7,32 2,53 0,26 3,87 0,0009 9,22 

              

SD           0,41 

 

Table 13 Determination of permeability coefficient of Glycopyrronium Bromide (3R,2´S)(3S,2´R)  for cell 

layer only. 

 

 

  PS-all Pc[cm/min] Pc[µm/min] 

        

well1 2,53 0,0006 6,02 

well2 2,46 0,0006 5,85 

well3 2,60 0,0006 6,20 

mean 2,53 0,0006 6,03 

        

SD     0,17 

 

 
Table 14. Determination of permeability coefficient of Glycopyrronium Bromide (3R,2´S)(3S,2´R)  

considering PSall only. 

 

 

When PS-control value was not subtracted, resulting Pc value was 6.03  0.17 µm/min 

(n=3). 

 

Effect of correction value [%] for transport study of Glycopyrronium Bromide 

(3R,2´S)(3S,2´R) was 152.89 %  2.34 %. 
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Internal standard Diazepam in the transport study of Glycopyrronium 

Bromide (3R,2´S)(3S,2´R)  
 

The permeability of Diazepam (Figure 33) as a function of time was determined using the 

same principles as for described above. The PSall, PScell, Pc values and effect of correction 

were calculated using equations from 2.6.4.  

 

 

 
Figure 33. Mean Clearance versus Time for the Cell value [♦] and Control value [■] for internal standard 

Diazepam. Error bars denotes standard deviations (SD). 
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In tables 15 and 16 single parameters of the calculation of the permeability coefficients 

were listed. 

 

 

  PS-control PS-all 1/PS-cell PS-cell Pc[cm/min] Pc[µm/min] 

              

well1 8,18 6,25 0,04 26,52 0,00631 63,14 

well2 8,18 6,02 0,04 22,72 0,00541 54,11 

well3 8,18 6,39 0,03 29,12 0,00693 69,34 

mean 8,18 6,22 0,04 25,92 0,00617 62,19 

              

SD           7,66 

 

Table 15 Determination of permeability coefficient of internal standard Diazepam for cell layer only. 

 

 

  PS-all Pc [cm/min] Pc [µm/min] 

        

well1 6,25 0,0015 14,89 

well2 6,02 0,0014 14,32 

well3 6,39 0,0015 15,21 

mean 6,22 0,0015 14,81 

        

SD      0.45 

 

Table 16 Determination of permeability coefficient of internal standard diazepam considering PSall only. 

 

 

When PS-control value was not subtracted, resulting Pc value was 14.81  0.45 µm/min 

(n=3). 

 

Effect of correction value [%] for transport study of Diazepam as an internal standard for 

transport study of Glycopyrronium Bromide (3R,2´S)(3S,2´R) was 419.23 %  39.32 %. 

 



 56 

3.3.3 Transport study of Tiotropium Bromide 

 

The permeability of Tiotropium Bromide and all values were calculated using the same 

principles as described above.  Figure 34 shows diagram of mean clearance vs. time for 

Tiotropium Bromide. 
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Figure 34 Mean Clearance versus Time for the Cell value [♦] and Control value [■] for Tiotropium Bromide. 

Error bars denotes standard deviation (SD). 
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In tables 17 and 18 single parameters of the calculation of the permeability coefficients 

were listed. 

 

  PS-Control PS-all 1/PS-cell PS-cell Pc [cm/min] Pc [µm/min] 

              

well1 9,44           

well2 9,44 3,78 0,16 6,30 0,0015 15,01 

well3 9,44 4,08 0,14 7,19 0,0017 17,12 

mean 9,44 3,93 0,15 6,73 0,0016 16,06 

              

SD           1,49 

 

Table 17 Determination of permeability coefficient of Tiotropium Bromide for cell layer only. 

 

  PS-all Pc [cm/min] Pc [µm/min] 

        

well1       

well2 3,78 0,0009 9,00 

well3 4,08 0,0010 9,72 

mean 3,93 0,0009 9,36 

        

SD     0,51 

 
 

Table 18 Determination of permeability coefficient of Tiotropium Bromide considering PSall only. 

 

 

When PS-control value was not subtracted, resulting Pc value was 9.36  0.51 µm/min 

(n=2). 

 

Effect of correction value [%] for transport study of Tiotropium Bromide was 171.45 %  

6.63 %. 
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Internal standard Diazepam in the transport study of Tiotropium 

Bromide 
 

The permeability of Diazepam as a function of time was determined using the same 

principles as for described above. The PSall, PScell, Pc values and effect of correction were 

calculated using equations from 2.6.4. 

 

 
 

Figure 35 Mean Clearance versus Time for the Cell value [♦] and Control value [■] for internal standard 

Diazepam. Error bars denotes standard deviation (SD) 
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In tables 19 and 20 single parameters of the calculation of the permeability coefficients 

were listed. 

 

  PS-Control PS-all 1/PS-cell PS-cell Pc  [cm/min] Pc [µm/min] 

              

well1             

well2 8,66 5,87 0,05 18,20 0,0043 43,32 

well3 8,66 6,22 0,05 22,06 0,0053 52,53 

mean 8,66 6,04 0,05 20,00 0,0048 47,93 

              

SD           6,51 

 

Table 19 Determination of permeability coefficient of internal standard Diazepam for cell layer only. 

 

 

  PS-all Pc [cm/min] Pc [µm/min] 

        

well1       

well2 5,87 0,0014 13,97 

well3 6,22 0,0015 14,81 

mean 6,04 0,0014 14,39 

        

SD     0,59 

 
 

Table 20 Determination of permeability coefficient of internal standard Diazepam considering PSall only. 

 

 

When PS-control value was not subtracted, resulting Pc value was 14.39  0.59 µm/min 

(n=2). 

 

Effect of correction value [%] for transport study of Diazepam as an internal standard for 

transport study of Tiotropium Bromide was 332.44 %  31.58 %. 
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3.3.4 Measurement of the TEER during transport studies 

 

Transendothelial electrical resistance values were measured before and after each transport 

study for both cell and blank inserts and then TEER values for cell layer (Ωcm
2
) were 

calculated using equation from 2.6.4.Small differences between values before and after 

shows that integrity of the cell layer had not changed during transport study (Table 21).  

 

  

Mean TEER 
(±SD) for cell 
value before 

transport 
study in 
medium 
(RT°C) 
(Ωcm

2
) 

 
 

Mean TEER 
(±SD) for 
cell value 

before 
transport 
study in 
HBSS 
(37°C)  
(Ωcm

2
) 

 

Mean TEER 
(±SD) for 
cell value 

immediately 
after 

transport 
study in 
HBSS 
(37°C) 
(Ωcm

2
) 

Mean TEER 
(±SD) for 
cell value 
after   1 h 

after 
transport 
study in 
HBSS 
(RT°C) 
(Ωcm

2
) 

  
Mean TEER 

(±SD) for 
cell value  
after    1 h 

after 
transport 
study in 
medium 
(RT°C) 
(Ωcm

2
) 

Glycopyrronium 
Bromide (3R,2´R) 119±35.22 77±22.22 

not 
measured 

86.8±8.74 
142.8±39.02 

Glycopyrronium 
Bromide 
(3R,2´S)(3S,2´R) 148.34±18.31 117.6±15.14 

not 
measured 127.4±26.23 165.2±11.11 

Tiotropium Bromide 81.2±29.4 70±14.75 60.2±11.88 75.6±6.42 70±19.89 

 

 

Table 21: TEER values measured before and after each transport study 
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3.3.5 Recovery of drugs  

 

The amount of substance in each well added to the amount of substance of the supernatant 

gives the total amount of substance recovered after each transport study. This compared to 

the original stock solutions gives a percentage of recovery. Ideally this value is 100 %. 

Table 22. shows recovery rates for all transport studies. 

 

    

Recovery 
rate (%) 
well 1 

Recovery 
rate (%) 
well 2 

Recovery 
rate (%) 
well 3 

Mean 
recovery 
rate (%) SD (%) 

Glycopyrronium 
Bromide (3R,2´R)  cell value 91,55 90,35 90,97 90,96 0,60 

  control value 85,77 85,97 87,24 86,33 0,80 

Diazepam G-
(3R,2´R)  cell value 83,60 82,96 84,00 83,52 0,52 

  control value 86,73 86,79 87,73 87,08 0,56 

Glycopyrronium 
Bromide 
(3R,2´S)(3S,2´R)  cell value 92,35 91,61 91,10 91,69 0,63 

  control value 87,73 86,91 82,93 85,86 2,57 

Diazepam G-
(3R,2´S)(3S,2´R)  cell value 86,64 85,52 86,54 86,24 0,62 

  control value 89,89 89,33 85,44 88,22 2,42 

Tiotropium 
Bromide cell value   88,34 89,49 88,92 0,81 

  control value 93,90 97,00 88,00 92,97 4,57 

Diazepam TB cell value   79,57 80,29 79,93 0,51 

  control value 88,95 92,48 84,96 88,80 3,77 

 

 
Table 22 : Recovery rates for all transport studies 
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3.3.6 Normalising the Permeability Coefficients (Pc) to the Internal Standard 
(Diazepam) and Effect of correction 

 

Comparison among substances is possible after normalizing to the permeability 

coefficients of the internal standard diazepam. Both Glycopyrronium Bromides permeated 

approximately 6 times slower than diazepam across the cell layer, whereas Tiotropium 

Bromide was transported approximately only 3 times slower. According data and the effect 

of correction values are listed in Table 23. 

 

 

Substance 

Pc Value 
[µm/min] 

±SD 

Pall Value 
[µm/min]   

±SD  

Effect of 
correction [%] 
[Pc/ Pall] ± SD  

Pc 
Normalised 
to Diazepam     

± SD 

Glycopyrrolate (3R,2´R)  8,44±1,08 5,88±0,54 143,24  5,54  5.39±0.90 

Diazepam (G- (3R,2´R)  
study) 44,83±1,41 14,30±0,14 313.32   6.71  1 

Glycopyrrolate  
(3R,2´S)(3S,2´R) 9,22±0,41 6,03±0,17 152.89  2.34  6.73±0.54 

Diazepam (G- 
(3R,2´S)(3S,2´R) study) 62,19±7,66 14,81±0,45 419.23  39.32 1 

Tiotropium bromide 16,06±1,49 9,36±0,5 171.45  6.63 2.98±0.13 

Diazepam (TT study) 47,92±6,51 14,39±0,59 332.44  31.58 1 

 

 
Table 23: Calculation of Pc normalized and effect of correction for all transport studies 
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3.3.7 Correlation of log P (Moriguchi) with log Pc of tested substances 

 

The lipophilicity of tested substances can be described by a corresponding log P values, 

determined using Moriguchi´s method. The correlation between log P and log Pc of 

substances is not significantly linear (Figure 34). Log P values were calculated using 

Molecular Modeling Pro Plus (version 6.2.2).  
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According data are listed in table 23.  

 

 

Table 24:  Data for slope log Pc (normalized) versus log P 

  Pc (Norm) SD 
log P 
(Moriguchi) log  Pc (Norm) 

Glycopyrronium  
Bromide 
(3R,2´S)(3S,2´R)  0,15 0,01 -1,03 -0,83 

Glycopyrronium 
Bromide (3R,2´R)  0,19 0,03 -1,03 -0,72 

Tiotropium Bromide 0,34 0,01 -3,14 -0,47 

Diazepam 1,00 0,00 4,01 0,00 

Figure 36 Correlation of log Pc (normalized) with log P of Glycopyrronium Bromide  (3R,2´R) , 

(3R,2´S)(3S,2´R)  and Tiotropium Bromide . Error lines denote SD. 
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4 Discussion and conclusions 

4.1 Influence of Glycopyrronium Bromide and Tiotropium 
Bromide on TJ proteins 

 

This study is aimed to find out on the one hand if quaternary ammonium compounds 

Glycopyrronium Bromide and Tiotropium Bromide can influence the expression of tight 

junctional (TJ) molecules and on the other hand if they are transported across the BBB. 

Substances of interest are currently useful in a therapy of various diseases. Since they are 

anticholinergic drugs with activity against the same subtype of muscarinic receptors (M1 

and M3), there might be a potential to use these drugs as an alternative or new therapeutic 

agents against certain diseases. Therefore, comparison of their effects and potential adverse 

effects is considered to be valuable.  

Since the CNS adverse effects of drugs are linked with the permeability of substances into 

the CNS and the permeability of quaternary ammonium compounds into the CNS is 

usually poor, the occurrence of these adverse effects attracted our attention. Further reason, 

why this study is focused on anticholinergics, is that newest reviews (Kirkpatrick, Bittinger 

et al. 2003; Wessler, Kilbinger et al. 2003; Eglen 2006) shows increasing evidences of the 

importance of the non-neuronal cholinergic system in humans 

Cell ELISA tests and Transwell model of BBB were the methods used. ECV304 cell line 

was used to mimic the BBB properties. ECV304 is spontaneously transformed cell line 

derived from human umbilical vein. It is relatively easy to maintain and can undergo 

multiple passages while retaining the same phenotype. It is characterized by a cobblestone 

monolayer growth pattern, high proliferative potential without any specific growth factor 

requirement, and anchorage dependency with contact inhibition (Takahashi, Sawasaki et 

al. 1990). It was shown that the ECV304 cell line shows a robust endothelial phenotype, 

develops a raised transendothelial electrical resistance (TEER) and tight junctions when 

co-cultured with rat C6 glioma cells (Deli, Abraham et al. 2005). This mimics the BBB 

features.  

However, it has recently been shown that ECV304 cells possess the karyotype of T24/83, a 

human bladder carcinoma cell line and this has raised the question of their validity of their 

use in endothelial studies, including their use as a BBB model. Meanwhile, further 

observations support the continuing use of ECV 304 cells in endothelial and BBB studies, 

with ongoing comparisons between this BBB model and others (Easton and Abbott 2002).  
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It is known, that various pathophysiological conditions such as hypoxic and ischemic 

insult, inflammation (Huber, Egleton et al. 2001) and leukocytes migration (Huber, 

Egleton et al. 2001) are responsible for TJ alternation. On the other side, disruption of TJ 

of BBB is a hallmark of many CNS pathologies. These and other findings indicate that 

BBB and TJ are very important in relation to human health. New therapeutic approaches 

and understandings of their modulation is currently a hotspot.  

Furthermore, it has been suggested, that there is a logarithmic relationship between the 

number of TJ strands and  TEER and  it was concluded, that the complexity of the network 

of strands could be used for prediction of physiological parameters, permeability and 

TEER (Kniesel and Wolburg 2000). These postulates enable hypothesis and conclusions to 

be pronounced. 

Results of this study supports the hypothesis, that tested quaternary ammonium compounds 

could have a potential to alternate TJ, although probably not in therapeutical 

concentrations. Our results show that Glycopyrronium Bromide (3R,2´R) significantly 

decreased expression of Claudin-1 and Occludin after 72 h incubation with concentration 

10 and 20 times higher then therapeutical concentration. Glycopyrronium Bromide 

(3R,2´S)(3S,2´R) decreased significantly expression of Claudin-1 and ICAM-1 after 

incubation with 50 µM of these substance (it is 125 times higher than therapeutical 

concentration). Tiotropium Bromide did not affect significantly the expression of TJ 

proteins. Occludin and Claudin-1 are intercellular TJ proteins, which directly form the 

intercellular seal and tightness between adjacent endothelial cells (Hirase, Staddon et al. 

1997; Furuse, Sasaki et al. 1999), therefore this decrease could be reason for increased 

permeation of these substances into the CNS.  

Influences of Glycopyrronium Bromide (3R,2´R), (3R,2´S)(3S,2´R) and Tiotropium 

Bromide on Claudin-5 were also tested. However, it was difficult to interpret the results 

because this protein was expressed in very low amounts in the cells used. 

According to our results, ZO-1 protein was not significantly altered after incubation with 

tested substances. ZO-1 is located on the cytoplasmatical side (Vorbrodt and Dobrogowska 

2003) of the cell. It is rather a protein with signaling function with direct connection to 

other proteins and cytoskeleton (Fanning, Jameson et al. 1998) and it is involved in 

regulation of tightness (Staddon, Herrenknecht et al. 1995).  

The regulation of expression and activity of TJ is still not completely understood.  The 

regulation pathways comprise Ca
2+

 signaling cascade (Huber, Egleton et al. 2001) and 

phosphorylation of both transmembrane and accessory proteins. Also activity of 



 66 

phosphokinase C plays an important role in both the physiological maintance and 

pathological response of TJ (Huber, Egleton et al. 2001). An important role plays also 

activity of cAMP and G proteins (Kovbasnjuk, Szmulowicz et al. 1998). We can presume, 

that the effect of Glycopyrronium Bromide and Tiotropium Bromide on TJ protein 

expression could possibly interfere with one of these mechanisms. Further studies have to 

be realized to investigate the exact mechanism.  

An important fact is that we have analyzed the total amount expression of each protein. 

The decrease in their expression does not have to coincide necessarily with altered 

permeability or decreased function of the BBB. 

The possibility that tested concentrations alternate proliferation of the cells was excluded 

by a cell proliferation test (EZ4U). There was no significant decrease in cell proliferation 

after incubation with concentrations of substances used. 

The effect of the drugs on expression of ICAM-1, which is not a TJ molecule, was also 

studied. Perivascular cells (astrocytes, macrophages, and microglia cells) and brain 

microvascular endothelial cells produce various inflammatory factors that affect the BBB 

permeability and the expression of adhesion molecules. ICAM-1 is one of these molecules, 

which binds to its leukocyte ligand and allows activated leukocytes entry into the brain. 

Leukocyte mediated breakdown of BBB followed by recruitment into the CNS is a 

characteristic process for several CNS disorders (Dietrich 2002). For this reasons, 

understanding of effects on and regulation of this molecule is object of interest. 

Our results show, that expression of ICAM-1 was significantly (p<0.05 ) decreased after 

the cells were exposed to 50 µM of Glycopyronium Bromide (3R,2´S)(3S,2´R)  for 2 

hours. 50 µM Tiotropium Bromide and Glycopyrronium Bromide (3R,2´R)  do not 

decrease significantly the expression of ICAM-1. This tendency of these anticholinergic 

substances to decrease the expression of ICAM-1 supports findings of Kirkpatric and 

Bittinger (Kirkpatrick, Bittinger et al. 2003). They tested effects on cell adhesion 

molecules by HUVEC cell line after 4 and 24 h of incubation with various concentrations 

of cholinergic agonists. According to their results ICAM-1 expression was slightly 

increased. This strengthens currently discussed theory (Kirkpatrick, Bittinger et al. 2003) 

that the non-neuronal cholinergic system of the cells could be linked with adhesion 

molecules. Adhesion molecules as ICAM-1 are mediators of inflammation. In this context, 

increased levels of acetylcholine have been found in chronic inflammation diseases 

(Wessler, Reinheimer et al. 2003). It suggest the reciprocal relationships between adhesion 

molecules and cholinergic system. 
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Similar studies have been carried out with other types of drugs. Hawkins et al.(Hawkins, 

Abbruscato et al. 2004) reported, that after continuous administration of nicotine for 1 and 

7 days led to increased permeability of the BBB to [C
14

]-sucrose. Though, no changes in 

total protein expression were observed, nicotine treatment was associated with altered 

cellular distribution of ZO-1 and diminished junctional immunoreacivity of Claudin-3. 

They proposed that nicotine leads to changes in BBB permeability via modulation of TJ 

proteins.  

Another study performed by Ifergan et al.(Ifergan, Wosik et al. 2006) demonstrated that 

statins (HMG-CoA reductase inhibitors) induce reduction of the diffusion rates of BSA and 

[C
14

]-sucrose across human BBB endothelial cells in vitro, but did not changed expression 

of the TJ molecules. Western blot and immunocytofluorescent techniques confirmed, that 

studied statins have no detectable effect on the membrane expression and TJ localization. 

They hypothesize, that HMG-CoA reductase inhibitors could promote TJ protein function 

via reduction in phosphorylation and independently of TJ protein expression or membrane 

localization.  

Overall, considering our results, it can be hypothesized, that Glycopyrronium Bromide, 

especially pure (3R,2´R) stereoisomeric form, could alter the permeability of BBB due to 

changes in Occludin and Claudin-1 expression. ICAM-1 expression could be also affected 

by these anticholinergic drugs as described earlier. It is necessary to remark, that these 

conclusions can be considered only as preliminary and further experiments and studies 

should be performed to confirm these findings. 

4.2 Transport studies 

 

Transport of Glycopyrronium Bromide (3R,2´R), (3R,2´S)(3S,2´R) and Tiotropium 

Bromide across the BBB mimicking cells (ECV304) was studied using an established 

Transwell model system (Neuhaus, Lauer et al. 2006). Transport rates across the BBB and 

concentrations of drugs in the CNS are important factors determining central effects and 

adverse effects of drugs.  

Theoretically, considering lipophilicity (log P calculated using Moriguchi´s method) of 

these substances, both Glycopyrronium Bromide (3R,2´R) and (3R,2´S)(3S,2´R)              

(log P = -1,02839) should cross the BBB mimicking cell layer similarly and faster than 

Tiotropium Bromide ( log P = -3,13705) and all quaternary ammonium substances should 

be extensively slower in the transport than internal standard Diazepam (log P = 4,00953). 

Indeed, all quarternary substances are transported slower than Diazepam and both 
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Glycopyrronium bromides are transported similarly across the BBB model. The transport 

of Tiotropium Bromide in our TS was approximately two times faster than the transport of 

Glycopyrrolates, although it should have been slower considering its lipophilicity. This 

negative correlation could be linked with altered expression of Claudin-1, which was 

indicated by cell ELISA test with 50 µM of Tiotropium Bromide after incubation of 2 

hours. We can hypothesize that the BBB is opened within 2 hours. Expression of Claudin-1 

was also significantly (p<0.005) decreased after incubation with 50 µM of 

Glycopyrronium Bromide (3R,2´S)(3S,2´R), though the transport rates of Glycopyrronium 

Bromide (3R,2´R) and (3R,2´S)(3S,2´R) were similar. The significance of these results 

needs to be confirmed. However, these findings could suggest that the transport of 

substances can be affected by altered expression of claudin-1.   

The internal standard Diazepam used in transport studies represents a compound, which is 

known to be transported across the cell layer mainly transcellularly. Therefore, it is 

suitable as comparative standard for tested substances.  

The calculation of PSall and PSControl values was determined by linear regression analysis of 

the slope of mean clearance vs. time. Average clearance sum was taken for each time point 

in the transport study. The Pc values were calculated based on the mean PS control values for 

each study. The PScontrol values can influence resulting Pc values. It could be due to small 

differences between each plastic insert. It needs to be noted, that calculation of the values 

for transport study of Tiotropium Bromide is based on two PSall values, not three, as usual. 

This is because one insert with cell layer was devalued. 

TEER values were measured in medium and in HBSS buffer before and after each 

transport study. This is essential as it enables to determine whether the tightness of the cell 

layer has changed throughout the TS. Our results shows, that there is no significant 

difference between TEER measured before and after TS. This contrasts to cell ELISA test 

results with 50 µM concentration of Glycopyrronium Bromide (3R,2´S)(3S,2´R)  and 

Tiotropium Bromide, the expression of Occludin was significantly decreased, as mentioned 

above.  It needs to be pointed out, that decreased expression must not necessarily coincide 

with decreased TEER. TEER measured in medium was higher than TEER measured in 

HBSS buffer. It is possible that HBSS buffer lower the TEER values. 

Effect of correction values shows, that the membrane support could have higher influence 

on the Pc of diazepam than on Pc of tested quaternary ammonium compounds. This is 

probable due to differences in lipophilicity. 
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Although Glycopyrronium Bromide (3R,2´R) and (3R,2´S)(3S,2´R) permeates very 

similarly (Pc normalized 5.39±0.90 for (3R,2´R) and 6.73±0.54 for (3R,2´S)(3S,2´R)) there 

is a slight difference. This could be due to differences in TEER during respective transport 

study. TEER values of Glycopyrronium Bromide (3R,2´R) are lower then TEER values of 

Glycopyronium Bromide (3R,2´S)(3S,2´R). TEER values for Tiotropium Bromide are 

lower in comparison to both Glycopyrronium Bromide (3R,2´R) and (3R,2´S)(3S,2´R). 

This could be also the reason for faster permeation of Tiotropium Bromide across the cell 

layers. 

The possible loss of substances in the system during TS was also monitored. Table 22 

shows recovery rates of tested substances and internal standards. Results show that almost 

all substances were recovered after transport study. This control is necessary since studies 

have shown that highly lipophilic drugs are retained on the filter insert due to hydrophobic 

interactions and in turn this influences the clearance value and consequently the Pc value 

(Cecchelli, Dehouck et al. 1999).  

It has been shown, that drug levels in the CNS may change in situations where BBB 

becomes “leaky” following damage (e.g. age, diseases (Abrams, Andersson et al. 2006), 

effect of drugs on BBB (Hawkins, Abbruscato et al. 2004; Ifergan, Wosik et al. 2006). 

Older individuals, who are often prescribed multiple medications that have antimuscarinic 

activity (Tune 2001) are particularly susceptible to their CNS adverse effects, with likely 

contributory factors including age related changes in drug elimination, increased BBB 

permeability and reduction in muscarinic receptor density. Mechanisms implicated in 

increased BBB permeability include epithelial shrinkage accompanied by opening of TJ 

and dilation of the blood vessels resulting in increased blood flow and enhanced transport, 

as shown in a rat model (Abdel-Rahman, Shetty et al. 2002) Also other mechanisms can be 

considered (Pakulski, Drobnik et al. 2000). Consequently, all antimuscarinic receptor 

antagonists, irrespective of their physicochemical properties, have the potential to cross the 

BBB, although the level/serum concentration needed to affect muscarinic receptors 

mediating cognitive functions requires investigation (Abrams, Andersson et al. 2006). 

Altogether, according to our results, Glycopyrronium Bromide (3R,2´R), (3R,2´S)(3S,2´R) 

and Tiotropium Bromide has a potential to cross BBB mimicking cell layers. It strengthens 

the hypothesis that these compounds cross the BBB in vivo. Both stereoisomers of 

Glycopyrronium Bromide are considered to permeate similarly. It can be hypothesized, 

that the permeability across the BBB could also be due to changes in expression of TJ 
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proteins. As a result, they may cause CNS adverse effects. Further attention to this topic is 

warranted to confirm these findings and hypothesis. 



 71 

5 Literature 

 

Abbott, N. J. (2005). "Dynamics of CNS barriers: evolution, differentiation, and 

modulation." Cell Mol Neurobiol 25(1): 5-23. 

Abbott, N. J., L. Ronnback, et al. (2006). "Astrocyte-endothelial interactions at the blood-

brain barrier." Nat Rev Neurosci 7(1): 41-53. 

Abdel-Rahman, A., A. K. Shetty, et al. (2002). "Disruption of the blood-brain barrier and 

neuronal cell death in cingulate cortex, dentate gyrus, thalamus, and hypothalamus 

in a rat model of Gulf-War syndrome." Neurobiol Dis 10(3): 306-26. 

Abrams, P., K. E. Andersson, et al. (2006). "Muscarinic receptors: their distribution and 

function in body systems, and the implications for treating overactive bladder." Br J 

Pharmacol 148(5): 565-78. 

Alberts, B. (2002). Molecular biology of the cell. New York, Garland Science. 

Bardin, P. G. and S. F. Van Eeden (1990). "Organophosphate poisoning: grading the 

severity and comparing treatment between atropine and glycopyrrolate." Crit Care 

Med 18(9): 956-60. 

Benda, P., J. Lightbody, et al. (1968). "Differentiated rat glial cell strain in tissue culture." 

Science 161(839): 370-1. 

Cecchelli, R., B. Dehouck, et al. (1999). "In vitro model for evaluating drug transport 

across the blood-brain barrier." Adv Drug Deliv Rev 36(2-3): 165-178. 

Craig, C. R. and R. E. Stitzel (2004). Modern pharmacology with clinical applications. 

Philadelphia, Lippincott Williams & Wilkins. 

Dehouck, M. P., S. Meresse, et al. (1990). "An easier, reproducible, and mass-production 

method to study the blood-brain barrier in vitro." J Neurochem 54(5): 1798-801. 

Deli, M. A., C. S. Abraham, et al. (2005). "Permeability studies on in vitro blood-brain 

barrier models: physiology, pathology, and pharmacology." Cell Mol Neurobiol 

25(1): 59-127. 

Dietrich, J. B. (2002). "The adhesion molecule ICAM-1 and its regulation in relation with 

the blood-brain barrier." J Neuroimmunol 128(1-2): 58-68. 

Disse, B., G. A. Speck, et al. (1999). "Tiotropium (Spiriva): mechanistical considerations 

and clinical profile in obstructive lung disease." Life Sci 64(6-7): 457-64. 

Easton, A. S. and N. J. Abbott (2002). "Bradykinin increases permeability by calcium and 

5-lipoxygenase in the ECV304/C6 cell culture model of the blood-brain barrier." 

Brain Res 953(1-2): 157-69. 

Eglen, R. M. (2006). "Muscarinic receptor subtypes in neuronal and non-neuronal 

cholinergic function." Auton Autacoid Pharmacol 26(3): 219-33. 



 72 

el-Bacha, R. S. and A. Minn (1999). "Drug metabolizing enzymes in cerebrovascular 

endothelial cells afford a metabolic protection to the brain." Cell Mol Biol (Noisy-

le-grand) 45(1): 15-23. 

Fanning, A. S., B. J. Jameson, et al. (1998). "The tight junction protein ZO-1 establishes a 

link between the transmembrane protein occludin and the actin cytoskeleton." J 

Biol Chem 273(45): 29745-53. 

Furuse, M., T. Hirase, et al. (1993). "Occludin: a novel integral membrane protein 

localizing at tight junctions." J Cell Biol 123(6 Pt 2): 1777-88. 

Furuse, M., H. Sasaki, et al. (1999). "Manner of interaction of heterogeneous claudin 

species within and between tight junction strands." J Cell Biol 147(4): 891-903. 

Haseloff, R. F., I. E. Blasig, et al. (2005). "In search of the astrocytic factor(s) modulating 

blood-brain barrier functions in brain capillary endothelial cells in vitro." Cell Mol 

Neurobiol 25(1): 25-39. 

Hawkins, B. T., T. J. Abbruscato, et al. (2004). "Nicotine increases in vivo blood-brain 

barrier permeability and alters cerebral microvascular tight junction protein 

distribution." Brain Res 1027(1-2): 48-58. 

Hawkins, B. T. and T. P. Davis (2005). "The blood-brain barrier/neurovascular unit in 

health and disease." Pharmacol Rev 57(2): 173-85. 

Heiskala, M., P. A. Peterson, et al. (2001). "The roles of claudin superfamily proteins in 

paracellular transport." Traffic 2(2): 93-8. 

Hirase, T., J. M. Staddon, et al. (1997). "Occludin as a possible determinant of tight 

junction permeability in endothelial cells." J Cell Sci 110 ( Pt 14): 1603-13. 

Huber, J. D., R. D. Egleton, et al. (2001). "Molecular physiology and pathophysiology of 

tight junctions in the blood-brain barrier." Trends Neurosci 24(12): 719-25. 

Ifergan, I., K. Wosik, et al. (2006). "Statins reduce human blood-brain barrier permeability 

and restrict leukocyte migration: relevance to multiple sclerosis." Ann Neurol 

60(1): 45-55. 

Itoh, M., M. Furuse, et al. (1999). "Direct binding of three tight junction-associated 

MAGUKs, ZO-1, ZO-2, and ZO-3, with the COOH termini of claudins." J Cell 

Biol 147(6): 1351-63. 

Junqueira, L. C. U., J. Carneiro, et al. (1998). Basic histology. Stamford, Conn., Appleton 

& Lange. 

Kirkpatrick, C. J., F. Bittinger, et al. (2003). "Expression and function of the non-neuronal 

cholinergic system in endothelial cells." Life Sci 72(18-19): 2111-6. 

Kniesel, U. and H. Wolburg (2000). "Tight junctions of the blood-brain barrier." Cell Mol 

Neurobiol 20(1): 57-76. 



 73 

Koumis, T. and S. Samuel (2005). "Tiotropium bromide: a new long-acting bronchodilator 

for the treatment of chronic obstructive pulmonary disease." Clin Ther 27(4): 377-

92. 

Kovbasnjuk, O. N., U. Szmulowicz, et al. (1998). "Regulation of the MDCK cell tight 

junction." J Membr Biol 161(1): 93-104. 

Levin, V. A. (1980). "Relationship of octanol/water partition coefficient and molecular 

weight to rat brain capillary permeability." J Med Chem 23(6): 682-4. 

Madara, J. L. (1998). "Regulation of the movement of solutes across tight junctions." Annu 

Rev Physiol 60: 143-59. 

Mayrhofer, T. (2005). "Permeation studies of a series of glycine antagonists in an in-vitro 

Blood-brain barrier model. University of Vienna." 

Neuhaus, W., R. Lauer, et al. (2006). "A novel flow based hollow-fiber blood-brain barrier 

in vitro model with immortalised cell line PBMEC/C1-2." J Biotechnol 125(1): 

127-41. 

Pakulski, C., L. Drobnik, et al. (2000). "Age and sex as factors modifying the function of 

the blood-cerebrospinal fluid barrier." Med Sci Monit 6(2): 314-8. 

Pardridge, W. M. (1998). Introduction to the blood-brain barrier : methodology, biology, 

and pathology. Cambridge ; New York, Cambridge University Press. 

Penttila, J., A. Helminen, et al. (2001). "Pharmacokinetic-pharmacodynamic model for the 

anticholinergic effect of glycopyrrolate." Eur J Clin Pharmacol 57(2): 153-8. 

Rubin, L. L., D. E. Hall, et al. (1991). "A cell culture model of the blood-brain barrier." J 

Cell Biol 115(6): 1725-35. 

Staddon, J. M., K. Herrenknecht, et al. (1995). "Evidence that tyrosine phosphorylation 

may increase tight junction permeability." J Cell Sci 108 ( Pt 2): 609-19. 

Stevenson, B. R., J. D. Siliciano, et al. (1986). "Identification of ZO-1: a high molecular 

weight polypeptide associated with the tight junction (zonula occludens) in a 

variety of epithelia." J Cell Biol 103(3): 755-66. 

Sweetman, S. C. (2005). Martindale : the complete drug reference. London, 

Pharmaceutical Press. 

Takahashi, K., Y. Sawasaki, et al. (1990). "Spontaneous transformation and 

immortalization of human endothelial cells." In Vitro Cell Dev Biol 26(3 Pt 1): 

265-74. 

Tune, L. E. (2001). "Anticholinergic effects of medication in elderly patients." J Clin 

Psychiatry 62 Suppl 21: 11-4. 

Vorbrodt, A. W. and D. H. Dobrogowska (2003). "Molecular anatomy of intercellular 

junctions in brain endothelial and epithelial barriers: electron microscopist's view." 

Brain Res Brain Res Rev 42(3): 221-42. 



 74 

Wessler, I., H. Kilbinger, et al. (2003). "The non-neuronal cholinergic system in humans: 

expression, function and pathophysiology." Life Sci 72(18-19): 2055-61. 

Wessler, I., T. Reinheimer, et al. (2003). "Increased acetylcholine levels in skin biopsies of 

patients with atopic dermatitis." Life Sci 72(18-19): 2169-72. 

Wolburg, H. and A. Lippoldt (2002). "Tight junctions of the blood-brain barrier: 

development, composition and regulation." Vascul Pharmacol 38(6): 323-37. 

 

 

 

Kašák, V. (2005). „Tiotropium.“ Remedia 15:205-211. 

 

Hartl, J.,Palát, K.(2001). Farmaceutická chemie I. Praha, Karolinum, p.51-52 

 

Noe et al. (2001). „Enantiomerically pure basic N-heterocyclic 

arylcycloalkylhydroxycarboxylic esters, process for their preparation and 

their use in medicaments.“  US 6,307,060  

 

http://www.nlm.nih.gov/medlineplus/druginfo/uspdi/500509.html 

 

Boehringer-Ingelheim:Product overview - Glycopyrrolate. Boehringer-Ingelheim 

http://www.boehringer-

ingelheim.com/finechem/products/active_pharmaceutical_ingredients/glycopyrrolate

Product_Overview.pdf 

 

Bionet: EZ4U Basics. Bionet Inc. 

http://www.bionetinc.com/pdf/ez4ubasics.pdf 

 

Aumayr, I.B. (2005). „Development of novel monocapillary dynamic in vitro blood-

brain barrier model and its application in the context of 

ischemia/reperfusion.“ Vienna.  Diploma thesis. Faculty of Life 

Sciences,University of Vienna,  

 

 

http://www.nlm.nih.gov/medlineplus/druginfo/uspdi/500509.html
http://www.boehringer-ingelheim.com/finechem/products/active_pharmaceutical_ingredients/glycopyrrolateProduct_Overview.pdf
http://www.boehringer-ingelheim.com/finechem/products/active_pharmaceutical_ingredients/glycopyrrolateProduct_Overview.pdf
http://www.boehringer-ingelheim.com/finechem/products/active_pharmaceutical_ingredients/glycopyrrolateProduct_Overview.pdf
http://www.bionetinc.com/pdf/ez4ubasics.pdf

