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11 IINNTTRROODDUUCCTTIIOONN

A typical cell in a multicellular organism is exposed to hundreds of 

different signals in its environment. Signals are transmitted by complex 

signaling pathways. Most of the cells in a complex animal are also 

programmed to depend on a specific combination of signals simply to survive. 

When deprived of these, a cell activates a suicide program and kills itself by a 

process called programmed cell death, or apoptosis (Alberts, et al 2002).

Apoptosis as an energy-dependent, ubiquitous physiological process 

genetically controlled by the expression of evolutionarily conserved genes, 

which either mediate or suppress the process of cell death (Sreedhar and 

Csermely 2004) is a fundamental property of animal cells.

Principles of signaling apply quite generally. In my thesis I studied

molecular events of transforming growth factor  (TGF) signaling pathways, 

which operate via cell-surface receptors and transmit signals of cytokines of 

TGF superfamily. One of my thesis topics was signaling by the member of 

TGFβ superfamily – bone morphogenetic protein 4 (BMP4) and one of its 

signal transducers – SMAD5, with special concern to hematopiesis, because 

SMAD5 is localized to the region of invariant allele loss (5q31) in human 

myelodysplasia (MDS) and acute myelogenous leukemia (AML). Also two 

SMAD5 knockouts were created, phenotypes of both of them had a lot of 

similarities, e.g. the mutant yolk sacs lacked normal vasculature and had 

irregularly distributed blood cells, although they contained hematopoietic 

precursors capable of erythroid differentiation. Smad5 mutant embryos had 

enlarged blood vessels surrounded by decreased numbers of vascular smooth 

muscle cells, suffered massive apoptosis of mesenchymal cells, and were 

unable to direct angiogenesis in vitro (Yang, et al 1999). It has been also 
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shown that disruption of Smad5 gene led to increased frequency and 

regeneration capacity of high-proliferative potential colony-forming cells 

within yolk sac and embryoid bodies, demonstrating that Smad5 may 

negatively regulate the proliferation and self-renewal of these early progenitors 

during embryonic hematopoiesis (Liu, et al 2003). The human Smad5 gene is 

transcribed into both major (SMAD5α) and minor (SMAD5β) transcripts in 

several hematolymphoid tissues. A ubiquitously expressed isoform, SMAD5β, 

encodes a 351 amino acid protein with the entire MH1 domain, linker and a

truncated MH2 domain and a unique C-terminal tail of 18 amino acids, which 

may be the functional equivalent of inactivating mutations (Jiang, et al 2000). 

While SMAD5 belongs to regulatory proteins facilitating multiple 

developmental processes by mediating  (sometimes even negatively regulating) 

tissue differentiation, cell proliferation and programmed cell death, there is an 

important group of chaperon proteins - Heat shock proteins (Hsps), which can 

rescue cells from apoptosis. The Hsps are a large family of highly conserved 

proteins. Hsps function collectively to protect cells from the potentially fatal 

consequences of adverse environmental, physical, or chemical stresses by their 

ability to prevent protein aggregation and to promote the refolding of denatured 

proteins ( Parsell and Lindquist 1993). Hsp are from the most ancient defense 

system in all living organisms on earth, might be synthesized in dramatically 

increased amounts after a brief exposure of cells to an elevated temperature.

This reflects the operation of a feedback system that responds to any increase 

in misfolded proteins by boosting the synthesis of the Hsp that help these 

proteins refold (Alberts, et al 2002). Hsps can regulate cellular homeostasis 

and promote cell survival by their cytoprotective functions and the induction of 

resistance to apoptosis. However when Hsp defense system is exhausted due to 

a massive stress conditions, Hsps can lead the cell to apoptosis or necrosis.  I 
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studied as one of my thesis topics two Hsp family members – 70-kDa Heat 

shock proteins  (Hsp70) and Heat shock cognate proteins (Hsc70).

Dysregulation of apoptosis is the basic pathophysiological mechanism 

in several diseases. One of the most clinically important pathologies with still 

unknown mechanism is apoptosis of neuronal cells associated with 

accumulation of amyloid proteins. In Alzheimer’s disease, the current leading 

hypothesis described by Dr. Arispe in our laboratory is that apoptosis of 

neurons is caused by calcium influx mediated by Ca2+ channels formed by Aβ 

in the plasma membrane of affected cells. Based on Aβ calcium channel 

hypothesis, Aβ forms high conductance zinc /tromethamine sensitive calcium 

channels, which can cause cellular pathology and toxicity and might explain 

part of Aβ amyloid pathophysiology. Aβ may act on nerve cells by directly 

interacting with their plasma membrane to form a pore (Arispe 2004, Arispe, et 

al 1993, Arispe, et al 1993). The naturally existing ionic gradients would be the 

driving force to generate harmful ion fluxes across the open Aβ pore. Many 

subsequent reports further demonstrate the ability of Aβ to independently insert

(Vargas, et al 2000), and to form ion channels in membranes (Arispe, et al

1993). 

22 PPRREESSEENNTT IINNVVEESSTTIIGGAATTIIOONN

22..11 AAIIMMSS OOFF TTHHEE SSTTUUDDYY

I. Biological effects of cytokines of TGFβ superfamily
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 Analysis of  expression patterns  of  transducers of 

BMP4, 2 and 7 in normal and  malignant hematopoietic 

cells

 Identification of mechanism and functional role of 

Smad5 in the BMP4 signaling pathway in hematopoietic 

cells

II. The role of Hsps in apoptosis

 Analysis of the mechanism of Hsps action on cells -

interaction of Hsc70 and Hsp70 with a cell membrane

III. The mechanism of  Aβ apoptotic action on cells

 Identification of cytotoxic and apoptotic effects of Aβ

based on the Aβ channel hypothesis

IV. Model of Alzheimer’s disease

 Evaluation of the artificial fragment of Aβ25-35 as a 

widely used model of the Alzheimer’s disease full length 

peptides Aβ40/42

22..22 MMEETTHHOODDSS

The techniques used in my doctoral thesis are described in detail in the 

referenced publications (see chapter 6).
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22..33 SSUUMMMMAARRYY OOFF RREESSUULLTTSS

22..33..11 BBIIOOLLOOGGIICCAALL EEFFFFEECCTTSS OOFF CCYYTTOOKKIINNEESS OOFF TTGGFFβ FFAAMMIILLYY

Signaling pathway and biological effects of cytokines of TGFβ family 

were reviewed in the publication: Signal pathway induced by cytokines of the 

transforming growth factor beta (TGFß) family by Ota Fuchs and Olga

Kubrova: Biologické listy. In Czech. 2002 Jan; 67(1): 1-39.

Our analysis of expression patterns  of  transducers of BMP4, 2 and 7 

in normal and  malignant hematopoietic cells and results on the mechanism and 

functional role of Smad5 in the BMP4 signaling pathway in hematopoietic cells

were published in the publication: Inhibition of Smad5 in human hematopoietic 

progenitors blocks erythroid differentiation induced by BMP4 by Fuchs O.*, 

Simakova O. *, Klener P., Cmejlova J., Zivny J., Zavadil J., Stopka T. * These 

authors contributed equally to this work. Blood Cells, Molecules, and 

Diseases. 2002 Mar; 28(2): 221-233.

We found out, that Smad5 was consistently expressed in all tested 

human leukemia cell lines and  in most CD34+ cell samples from patients 

diagnosed with myelodysplastic syndromes (MDS), acute myeloid leukemia 

(AML), and non-Hodgkin lymphoma (NHL) as well as in normal CD34+ cells, 

whereas Smad1 and Smad8 expression varied from abundant to nondetectable 

levels. The mRNAs of two variants of Smad5, α (7.5 kb) and β (4.0 kb, lacking 

the transactivating domain MH2 (Jiang, et al 2000)) were detected in all cell 

lines and most CD34+ cells samples, higher levels of Smad5β were found in 

CD34+ as compared to Smad5α levels. We also measured the relative 

expression of Smad5α and Smad5β mRNA in other normal human and mouse 
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tissues using northern blot analysis. Smad5α mRNA was detectable in most 

human samples and in murine testes, heart and brain whereas Smad5β mRNA 

was detectable sporadically. All tested leukemic cell lines expressed Smad4, 

BMP receptors ALK3 and ALK6 mRNAs. 

Consistent expression of Smad5 in all hematopoietic samples tested 

contrasted with variable presence of Smad1 and Smad8 and prompted us to 

focus in detail on the Smad5 signaling in hematopoietic cells. I used human 

leukemia K562 cell line showing no detectable expression of BMP2, 4, and 7 

and thus excluding the possibility of autocrine stimulation of BMP/Smad 

signaling. After serum deprivation and subsequent BMP4 stimulation, 

endogenous SMAD5α was found translocated into the nucleus as determined 

by immunoprecipitation/Western blotting. Smad5β was not detected at the 

protein level although the antibody targeted the common linker region of both 

SMAD5α and the putative SMAD5β proteins. SMAD5 became phosphorylated 

upon BMP4 stimulation in serum-free medium as shown by an 

immunoprecititation of K562 cell lysates with an anti-phosphoserine antibody 

and subsequent detection with anti-SMAD5 antibody on Western blots

indicating possible activation by BMP type I serine threonine receptor kinase.

To determine how the BMPs activation of Smad5 was reflected by 

transcriptional response, early gene expression changes by Atlas Arrays 

containing 1200 different cDNAs was measured. Serum-deprived K562 cells 

were incubated with BMP2, BMP4 or BMP7. In K562 cell line all tested BMPs 

induce specific however partially overlapping transcription response patterns

(e.g. GATA-binding protein 2 and Ras homolog gene family, member 1). 

MEL cell line (a model of induced erythroid differentiation by 

HMBA (Friend, et al 1971, Marks and Rifkind 1978) was used to study the 

Smad5 mRNA expression pattern and SMAD5 protein localization during the 

process of erythroid differentiation in vitro. Smad5 mRNA expression 



9

gradually increased during MEL cells erythroid differentiation induced with 

HMBA and β-globin gene expression, as expected, markedly increased. 

SMAD5 protein was detected in both nuclear and cytoplasmic cell 

compartments at 72 hrs after the induction of MEL cells with HMBA. 

However, we did not detect any expression of BMP2, BMP4, and BMP7 in 

differentiating MEL cells again, excluding any autocrine stimulation of 

BMP/SMAD signaling. Smad1 exhibited an early response activation pattern, 

followed by varying levels during the entire time series, whereas steady levels 

of Smad4 mRNA were detected during the entire temporal monitoring of MEL 

cell differentiation. Smad8 gene expression was not detectable. Active 

synthesis of Smad5 in the context of erythroid differentiation of MEL cells 

may indicate an increase in their readiness to respond to environmental 

TGFβ/BMP-like signals.

Early hematopoietic progenitors respond to BMP4 signals to produce 

more mature blood elements (Bhatia, et al 1999). We devised an in vitro 

system where under serum-free conditions (Bhatia, et al 1999) the cord blood

CD34+ cells were induced by BMP4 followed by subsequent analysis of 

lineage specific antigens expression (CD38, CD14, glycophorin-A) and by

detection of committed precursors by colony forming assays. In this system, 

BMP4 was found to induce proliferation and differentiation of erythroid

progenitors while it has no effect on granulocyte-macrophage lineage. To test 

whether Smad5 transduces differentiation signals induced by BMP4, I inhibited 

expression of Smad5 by antisense oligonucleotides. Normal human CD34+

cells were incubated with two different antisense and sense oligonucleotides, 

BMP4 was added for additional three days and one part of the culture was used

for colony-forming assay in semisolid media in the presence of erythropoietin 

and the other portion of the culture was stained with a set of lineage specific

antibodies for flow cytometry analysis. BMP4- induced formation of erythroid 
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burst-forming units (BFU-E)-erythroid colonies in semisolid cultures in vitro 

was significantly inhibited upon treatment with antisense oligonucleotide to 

Smad5 compared to sense oligonucleotide -treated and untreated samples. In 

contrast, numbers of CFU-GM-derived colonies were not significantly 

different in AS2-treated, S2-treated and untreated controls. By flow cytometry 

I determined an increase of glycophorin-A expressing cells after the treatment 

of CD34+ cells with BMP4. BMP4-induced expression of glycophorin-A (but 

not of CD14 and CD38) was markedly lower in the AS2 oligo-treated samples 

than in the sense oligotreated controls.

Thus, differentiation of early hematopoietic progenitors induced in 

vitro by BMP4 leads to an increased production of erythroid progenies and is 

mediated by SMAD5.

22..33..22 TTHHEE RROOLLEE OOFF HHSSPPSS IINN AAPPOOPPTTOOSSIISS

Results on the mechanism of Hsps  action on cells were published in: 

Hsc70 and Hsp70 interact with phosphatidylserine on the surface of PC12 

cells resulting in a decrease of viability by Arispe N.J., Doh M., Simakova O., 

Kurganov B., and De Maio A.:  The FASEB J. 2004 Nov; 18(14): 1636-1645.

In our laboratory, it has been shown that Hsc70 incorporates into 

artificial lipid bilayers, thereby creating ion conductance pathways (Arispe and 

De Maio 2000). It has also been demonstrated that Hsc70 and Hsp70 induce

aggregation of liposomes by a process that is time and concentration 

dependent. The aggregation process was different for these two members of the 

Hsp70 family (Arispe, et al 2002). These observations showed that Hsc70 and 

Hsp70 interact intimately with phospholipids. To investigate the relevance of 
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PS in the interaction of Hsp70 or Hsc70 with membranes, we studied the effect 

of these proteins on the aggregation of liposomes of different PS

(phosphatidylserine) compositions. Changes in the amount of PS in the 

liposome membrane affected the amplitude and aggregation rate in a 

concentration-dependent manner. A small decrease in PS composition of the

liposome membrane resulted in a remarkable decrease in aggregation induced 

by Hsc70 or Hsp70. 

The foregoing observations suggest that the interaction of Hsc70 and 

Hsp70 with lipids is PS specific. The next step was to investigate whether this 

interaction occurred with biological membranes. PS is usually present in the 

cytosolic side of cellular membranes and rarely present on the cell surface, 

except in apoptotic cells. We screened several cell lines for the presence of PS 

on the cell surface using AnnexinV, the Ca dependent protein with high 

affinity for PS, which can identify apoptotic cells by binding to PS exposed on 

the surface of the cell membrane. We found that under standard culture 

conditions, viable PC12 cells presented elevated PS levels on the cell surface. 

These cells were incubated with different concentrations of Hsc70 or Hsp70 

and cell viability was measured by the XTT method. Both Hsc70 and Hsp70 

were toxic for PC12 cells in a concentration dependent manner, with Hsc70 

being significantly more toxic than Hsp70.

To determine whether the interaction of Hsc70 and Hsp70 with cells 

was due to specific binding to PS on the cell surface, HeLa cells, which do not 

display PS on the cell surface, and PC12 cells were treated with Hsc70 and 

Hsp70 and later incubated with AnnexinV-Alexa488 and the propidium iodide 

(PI), then analyzed by flow cytometry. AnnexinV in the presence of Ca 

specifically interacts with PS at the outer leaflet of membrane (Tait, et al 1989)

and PI stains the nucleus of membrane-disrupted cells. PC12 cells displayed 

high levels of AnnexinV binding compare to almost no AnnexinV positive (PS 
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negative) HeLa cells. After incubation of PC12 or HeLa cells with Hsc70 or 

Hsp70, the percentage of viable PC12 cells was reduced by ~70%; neither 

Hsc70 nor Hsp70 significantly affected the viability of PS negative HeLa cells.

To further substantiate that the interaction of Hsc70 and Hsp70 with 

cells was due to specific binding to PS on the cell surface, PC12 cells were pre-

incubated with AnnexinV before addition of Hsp70 or Hsc70. The percentage

of viable cells was measured after 24 h of incubation. The toxicity of Hsp70 

and Hsc70 on PC12 cells was significantly attenuated when AnnexinV was 

simultaneously present in the media. It confirms our data about the importance 

of PS for Hsps interactions with cell membrane.

22..33..33 TTHHEE MMEECCHHAANNIISSMM OOFF AAβ AACCTTIIOONN OONN CCEELLLLSS

Results of our finding on Aβ cytotoxic and apoptotic effects based on 

the Aβ channel hypothesis were accepted for publication: Early and late 

cytotoxic effects of external  application of the Alzheimer’s Aß result from the 

initial formation and function of Aß  ion channels by : Simakova O. and 

Arispe NJ. Biochemistry (US) 2006; In Press.

We propose that the neurotoxic signaling cascade activated by A is 

started by binding of Aβ to cell membrane in form of Aβ channels followed by 

the disruption of  Ca homeostasis (Ca2+ flowing into the cell through A Ca2+ 

channels) and the activation of apoptotic signalling pathways. To test this 

hypothesis, cells were exposed to A for just a brief period, needed for A to 

interact with the cell membrane and to form ion channels. A was then 

removed from the culture medium and cell survival and early and late apoptotic 

processes were analyzed immediately and 24-72 hours later. 
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To check immediate effects of  freshly prepared Aβ on cells, I 

analyzed [Ca2+]i changes with a calcium imaging. [Ca2+]i changes after addition 

of Aβ to different cell lines were observed. The amplitude and the time course 

of the [Ca2+]i changes in each cell were highly diverse. However, for all types 

of cells responding, the calcium change occurs promptly within seconds after 

the addition of A. The variation in the calcium responses from each one of the 

cells corresponds to what one should expect to be the response to the formation 

of a random number of multiconductance A calcium channels. The number of 

responding cells, and the magnitude of the [Ca2+]i changes observed after the 

addition of freshly prepared A to PC12 cells, were considerably reduced when 

the culture medium contained the specific A channel blocker peptide NA4. 

Similarly the addition of zinc ions and tromethamine, while the [Ca2+]i was 

changing after Aβ addition, detained [Ca2+]i increased and produced a 

noticeably reduction of the [Ca2+]i to normal concentration levels.

To confirm that cells exposed to Aβ for just short period are able to 

bind Aβ by steady way, I exposed PC12 cells for 30 min to A-FITC, cells 

were then washed out and Aβ-FITC binding checked under the microscope. 

Even 24 hrs after removal of Aβ-FITC, fluorescence signal remained still very 

clear. Flow cytometric analysis performed on PC12 cells exposed to different 

concentrations of Aβ-FITC for different period of time also confirmed that A

remains bound on cells even after the cell culture medium is replaced by an 

A-free medium.  It is possible that the interaction of A with the surface of 

the cell membrane can result in stable A insertion in the membrane and the 

formation of ion channels. Therefore, we anticipated that the damage to the cell 

induced by the action of the A channels might continue despite the absence of 

A in the media.
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To further test Aβ calcium channel hypothesis on cells, PC12 cells 

were exposed to A for a period of two hours, washed twice in AnnexinV

buffer, and then analyzed for changes in membrane permeability and 

asymmetry by flow-cytometry. Propidium iodide (PI) permeability and 

increased extracellular phosphatidylserine (PS) are parameters which can be 

used to measure membrane permeability and membrane asymmetry, 

respectively. Flow cytometric analysis proves that A cause PC12 cells to 

exhibit apoptotic processes. Two hours after exposure of cells to A the 

percentage of PS positive cells significantly increased. When the cells were

exposed to A42 simultaneously with the A channel specific blocker peptide 

NA4, the apoptotic effects of A42 were totally blocked. The A channel 

blocker peptide NA4 is totally innocuous to PC12 cells. Similar prevention of 

PS exposure induced by A is observed when the cells are exposed to A

simultaneously with described Aβ channel blockers zinc ions or tromethamine. 

The combination of zinc ions and tromethamine is the most efficient in 

preventing Aβ42 apoptotic effects.

The results from the experiments described above suggest that cells 

need only a short exposure to A to manifest responding signals. PC12 cells 

were exposed to several concentrations of A42 for 3 hours. The media was 

then replaced with an A-free media and cell viability was evaluated 48 

hours later. The percentage of viable cells showed a significant decrease. 

Despite the absence of A in the media, the magnitude of the reduction in 

the cell viability correlates with concentration of A during the 3 hours pre-

treatment. After the removal of A, the addition of the specific channel blocker 

NA4 peptide prevents the A cytotoxicity. This result suggests that the late 

effect of early removal of A42 is the result of the formation of NA4-sensitive 

channels. To confirm this finding, similar experiments were performed using 
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other long known A ion channel blockers such as zinc and tromethamine. 

When an appropriate combination of those A ion channel blockers was used 

cells were totally protected from the killing effects of A42.  

To test for the late effects on membrane permeability after short 

exposure to A, I measured lactate dehydrogenase (LDH) released from cells 

into the culture medium. In this experiment I incubated PC12 cells in a medium 

containing A42. After two hours, the medium was replaced for an A-free 

medium, and the LDH released from cells was measured 2-3 days later. 

Despite the absence of A in the medium, the cells pre-treated with A

released almost doubled amount of LDH into the medium as compared to the 

untreated cells. However, this increased LDH release from the A-treated cells 

was significantly blocked when the A-free medium contained the specific A

channel blocker NA4 peptide. The blocking action of the NA4 peptide is 

somewhat more efficient, although no significantly different, when it was 

present in the medium during the pre-treatment with A.  Experiments 

following a similar protocol were preformed this time by adding various 

combinations of the A ion channel blockers zinc and tromethamine to the A-

free incubation medium.  When an appropriate combination of the A ion 

channel blockers is used the cellular membrane integrity was totally protected 

from the effect of the pre-treatment with A40.

One of the intermediate processes that characterize the cell 

degeneration by apoptosis is a cascade of activation of downstream caspases. 

The caspases convey the apoptotic signal in a proteolytic cascade that lead to 

cell death. A is known to induce cell death through a caspase-dependent 

apoptosis (Allen, et al 2001). I therefore tried to assess the lingering effects by 

measuring the activation of caspase-3/7 days after removal of A. PC12 cells 

were incubated in a medium containing A42. After two hours the medium 
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was changed for an A-free medium and the activity of caspase-3/7 was 

measure three days later. Despite the absence of A in the medium the caspase 

activity in the cells pre-treated with A was five times higher than the activity 

in the untreated control cells. The activity of the caspases remained at the same 

level of the control cells when the A-free medium contained the specific A

channel blocker NA4 peptide or when the combination of ZnCl2 and 

tromethamine was used. 

22..33..44 MMOODDEELL OOFF AALLZZHHEEIIMMEERR’’SS DDIISSEEAASSEE

Results of our findings on the artificial Aβ25-35 peptide’s (widely 

used as a model of AD in vitro) different properties as compared to Aβ40/42 

were sent for review: Membrane interaction and cytotoxic properties of the 

Alzheimer’s Aβ40 and the internal Aβ25-35 peptide by Simakova O., Diaz 

JC., Pollard H.  and Arispe NJ.

In this part of my thesis I tried to evaluate the properties of the 

artificial chemical fragment of Aβ25-35 as a widely used model of the 

Alzheimer’s disease full length peptides Aβ40/42.

It has been previously shown in our lab that Aβ40 drives a time-

dependent increase in the optical density of the suspension of liposomes, and 

that GM1 (ganglioside 1) in the membrane enhances the rate of aggregation 

(Kurganov, et al 2004). To test Aβ25-35 for an equivalent property we studied 

the peptide-induced aggregation of liposomes made from different GM1-

containing membranes after the addition of Aβ25-35. The liposome 

aggregation reaction induced either by Aβ40 or by Aβ25-35, differed in rate 

and extend.  The rate and the magnitude of the liposome aggregation induced 
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by Aβ25-35 is at least one order of magnitude superior to that of Aβ40. The 

difference observed between Aβ25-35 and Aβ40 depends on the concentration 

of GM1 in the liposome membrane. In addition the actual effects are opposite. 

GM1 increases the rate of aggregation induced by Aβ40 in a concentration 

dependent manner, while GM1 actually suppressed, the rate of liposome 

aggregation induced by Aβ25-35. 

Then we tested the influence of GM1 on Aβ40 and Aβ25-35 

cytotoxicity. To incorporate GM1 into the cell surface membrane of PC12 

cells, the cells were pre-incubated for 24 hours in GM1-containing media. 

Cells were then treated for the subsequent two days with either Aβ40 or Aβ25-

35 in a GM1-free media. The sensitivity of the cells to Aβ40 is significantly 

enhanced when the cells have been pre-incubated in GM1-containg media. On 

the contrary, cells become more resistant towards the toxic Aβ25-35 when they 

have been pre-incubated in GM1-containg media.  

We studied the effect of specific Aβ channel blocker NA4 on the ionic 

fluxes through the Aβ40 and Aβ25-35 ion channels incorporated in planar lipid 

membranes. The Aβ channel blocker peptide NA4 was constructed with the 

native sequence of Aβ8-14 (Arispe 2004). As expected the NA4 peptide blocks 

the ion channel activity from Aβ40, but does not change the general pattern of 

the Aβ25-35 ion channel activity. NA4 fails to affect either the frequency or 

the amplitude of Aβ25-35 current events, but suppresses Aβ40 channels.

To test for equivalent effects of Aβ40 and Aβ25-35 on cellular 

integrity, I measured lactase dehydrogenase (LDH) release from PC12 cells 

after incubation in a medium containing either agent. LDH release occurs when 

cells are incubated with Aβ40 or Aβ25-35. However, the Aβ40 channel blocker 

peptide NA4 rescued LDH released by Aβ40 but did not affect the mechanisms 

by which Aβ25-35 induced the release of LDH. 
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Since LDH release reports on the integrity of the plasma membrane, I

also investigated the cytotoxic effect of Aβ40 and Aβ25-35 using the 

mitochondria specific reporter XTT. The percentage of viable cells is

considerably reduced after having been exposed for two days to Aβ40 or 

Aβ25-35. However, when cells were exposed to Aβ plus NA4 significant 

protection was observed. By contrast, NA4 was unable to protect cells from 

Aβ25-35. 

It is known, that both Aβ40 and Aβ25-35 induce apoptosis on PC12 

cells. Caspase-3/7 activation has been observed after cells are exposed to 

Aβ40. I therefore tested whether caspase-3/7 activation occurred by a similar 

process for Aβ25-35, as well. The caspase-3/7 activation induced by Aβ40 can 

be totally prevented by the addition of the Aβ channel blocker peptide NA4 to 

the incubation media.  However, the same peptide did not affect the caspase-

3/7 activation induced by Aβ25-35.

To test apoptotic effects on membrane induced by Aβ40 and Aβ25-35 

I analysed externalized phosphatidylserine (PS) and propidium iodide (PI) 

permeability. Both Aβ40 and Aβ25-35 increase significantly the percentage of 

cells with externalized PS, as well as the percentage of PI positive cells, 

compared to what was observed in control. The inclusion of the Aβ40 ion 

channel blocker peptide NA4 rescues PC12 cells treated by Aβ40, but has no 

effect on the apoptotic signals in cells exposed to Aβ25-35. 

Since the apoptosis process ultimately activates endonucleases 

causing DNA fragmentation, I therefore compared the action of Aβ40 and 

Aβ25-35 on this processes by “TUNEL” (terminal 

deoxynucleotidedyltransferase dUTP nick end labelling) followed by flow 

cytometric analysis. DNA fragmentation is significantly increased by exposure 

to both agents. I find that the channel blocker peptide NA4 rescues PC12 cells 
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from Aβ40 induced DNA fragmentation but NA4 fails to block DNA 

fragmentation caused by Aβ25-35. 

Also the pattern of the increases in intracellular [Ca2+]i differed after 

the addition of Aβ40 as compared to Aβ25-35. 

It is obvious that both Aβ25-35 and Aβ40/42 exhibit cytotoxic effects 

and can initiate apoptotic cascade, but it seems that they kill cells by different 

mechanisms. 

33 CCOONNCCLLUUSSIIOONNSS

I. Biological effects of cytokines of TGFβ family

 We described expression patterns of BMP/SMAD signal 

transduction pathway in normal and malignant hematopoietic 

cells

 We showed on human erythroleukemic cell line K562 that 

SMAD5α is phosphorylated and translocated into the nucleus 

upon BMP4 stimulation

 We analyzed transcription responses to BMP2, 4, and 7 

involving unique and overlapping sets of target genes

synergising or antagonising with TGFβ pathway

 We found the association of differentiation of 

erythroleukemia cells MEL with induced Smad5 expression

 We proofed that SMAD5 is necessary for BMP4 – induced 

erythroid differentiation of human progenitor hematopietic 

cells
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 We propose that the BMP4/SMAD5 signal transduction 

pathway activates hematopoietic differentiation programs 

that may be impaired in anemia manifestations in MDS and 

AML patients with Smad5 haploinsufficiency

II. The role of Hsps in apoptosis

 We showed that the interaction of Hsp70 and Hsc70 with 

PC12 cells is mediated by the presence of phosphatidyl serine 

(PS) on the cell surface

 We proofed that the interaction of Hsp70s with PS on the cell 

membrane results in a decrease in cell viability, which may 

be blocked by masking PS residues with AnnexinV

 Since the appearance of PS on the outer leaflet of membrane 

is an early apoptotic marker, we propose that apoptotic cell 

death process may be accelerated by the presence of Hsp70 

in the extracellular environment

 We propose that Hsp70 and Hsc70 establish specific 

interactions with the PS on the membrane, followed by their 

insertion into the lipid bilayer, resulting in the formation of 

ion channels and a toxic effect on the cells

III. The mechanism of Aβ apoptotic action on cells

 We propose that the neurotoxic signaling cascade activated 

by A is initiated by the insertion of Aβ calcium channel into 

cell membrane, followed by disruption of Ca homeostasis by 
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generating  an  acute Ca2+ increase and apoptotic signaling 

cascade

 We were able to prevent those Aβ40 cytotoxic and apoptotic 

effects by using external Aβ calcium channel non-specific 

blockers Zn2+ and tromethamine even when added after Aβ40

has been removed from the medium.

 We developed a new specific Aβ blocker peptide NA4 which 

was able to stop toxic interactions between Aβ40 and PC12 

cells.

 We verified that the acute and late effects of A are 

produced as a consequence of the formation of ion channels 

in the cellular membrane. Tha Aβ channels remain in the 

membrane after Aβ removal from the medium and can be 

accessed by the Aβ blockers.

IV. Model of Alzheimer’s disease

 We examined chemical fragment Aβ25-35 as a  widely used 

model of full length Alzheimer’s Aβ40/42 by testing both 

peptides in in vitro and in vivo assays

 We observed that Aβ25-35 and Aβ40 have different affinities 

and actions on lipid membranes

 Specific Aβ channel blocker NA4 failed to block Aβ25-35 

ionic currents incorporated in planar lipid membranes, but 

suppressed A40 channels

 NA4 significantly blocked different apoptotic events on 

PC12 cells induced by Aβ40, however did not affect the 

same cytotoxic events induced by Aβ25-35
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 Despite the high level of apoptosis induced by both peptides, 

the effects on more specific cellular mechanisms suggest that 

the artificial Aβ25-35 does not represent a good model to 

study the properties of the naturally occurring Aβ40/42. 

Therefore we recommend using Aβ40/42 in models of AD.

44 SSUUMMMMAARRYY

Apoptosis is necessary for maintaing the integrity of all alive 

multicellular organisms and therefore needs to be precisely regulated. Very 

important regulators of apoptosis are pleiotropic cytokines from TFGβ 

superfamily (e.g. TGFβ, BMP, aktivins), whose signals are transduced by 

SMAD proteins. 

Patients with secondary myelodysplasias and acute myeloid leukemias 

(MDS/AML) frequently exhibit interstitial deletions of the chromosome-5q 

resulting in hemizygous loss of the transcription transactivator SMAD5. 

SMAD5 is a member of the signal transducer family conveying the pleiotropic 

TGFβ/BMP cytokine signals with roles in development, cell growth control, 

and tumor progression. Consistent Smad5 gene expression in these cell types 

and the gradual increase in its mRNA and protein levels in a model of induced 

erythroid differentiation of murine erythroleukemia (MEL) cells suggest a role 

of the gene in hematopoiesis. We show that bone morphogenetic protein 4 

(BMP4) directs Smad5 activation in human hematopoietic cells, as monitored 

at the levels of protein phosphorylation, nuclear translocation, and specific 

transcription response. In vitro induction of normal human CD34+ cells by 

BMP4 results in significantly increased proliferation of erythroid progenitors 
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(BFU-E) and formation of glycophorin- A+ cells, whereas perturbation of 

Smad5 expression by antisense oligonucleotides causes significantly decreased 

rates of BMP4-induced erythroid differentiation. We have not detected any 

effects of Smad5 inhibition on BMP4-stimulated progenitors of the 

granulocyte–macrophage lineage. We propose that the BMP4/Smad5 signal 

transduction pathway activates hematopoietic differentiation programs that 

may be impaired in anemia manifestations in MDS and AML patients with 

Smad5 haploinsufficiency.

Next to regulatory proteins as TGFβ/BMP cytokines and their 

signaling transducers inducing (but in some cases also inhibiting) apoptosis, 

cell differentiation and proliferation, there are proteins with distinct anti-

apoptotic role as Hsps. But even these strong cytoprotective agents might get in 

certain situations exhausted (when the cell is beyond recovery damaged and so 

potentially dangerous for the whole body) and can destroy the cell by apoptotic 

mechanism for saving the whole organism.

Heat shock proteins (Hsps) are involved in multiple cellular processes 

during normal and stress conditions, particularly in the folding of polypeptides. 

A newly recognized property of the members of the Hsp70 family is their 

ability to interact with lipids, opening ion conductance pathways in artificial 

membranes, and integrating into natural membranes. The formation of Hsp70 

channels in biological membranes and their function is still elusive. We show

that Hsp70 and Hsc70 display a highly selective interaction with 

phosphatidylserine moieties on membranes, followed by rapid incorporation 

into the lipid bilayer. Addition of Hsp70 or Hsc70 into the extracellular 

medium resulted in a viability decrease of cells beading PS on the exterior 

surface, such as PC12 cells. This toxic effect is modulated by the presence of 

ATP or ADP and can be blocked by screening PS moieties with AnnexinV. 

These observations suggest that the presence of Hsp70 in the extracellular 
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medium may be an accelerator of apoptosis since the presence of PS on the 

surface is an early indicator of this process. These findings may also explain 

the toxicity observed in cells overexpressing Hsp70s and provide a rational for 

the tight regulation of Hsp70 expression.

Apoptosis occurring in the wrong place and/or the wrong time or not 

at all can lead to serious diseases. Apoptosis of neurons associated with 

accumulation of Aβ is observed in Alzheimer’s disease whose mechanism

remains still unknown. Dr. Arispe’s hypothesis of AD describes apoptosis of 

neuronal cells as a consequence of calcium influx mediated by Ca channels 

formed by Aβ inserted in the plasma membrane.

Extracellular application of the Alzheimer’s Aβ peptide evokes a 

series of cellular responses that leads to the death of cells by apoptosis. While 

it has been shown that some responses to freshly prepared Aβ occur 

immediately, such as changes in intracellular calcium concentration and 

changes in membrane permeability and phosphatidylserine asymmetry, we 

show for the first time that the cytotoxic action of externally applied Aβ such 

as caspase activation and apoptotic loss of cell viability, persists even several 

days after Aβ is removed from the medium. We also show that the 

mechanism for this persisting cytotoxic action of externally applied Aβ is 

based on the sustained activity of active Aβ ion channels that remain 

incorporated into the cell membrane. To confirm this assessment the classically 

known Aβ channel blockers zinc and tromethamine, and a new custom-

developed short peptide segment from the sequence forming the mouth of the 

Aβ �channel that very effectively blocks Aβ Ca2+ channels were used. This is 

the first report of a specific Aβ channel blocker compound, NA4, which 

efficaciously and potently blocks the most known cellular responses to Aβ.

The major component of amyloid plaques in Alzheimer’s diseased 

(AD) brains, the Aβ disrupts intraneuronal homeostasis and generates 
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neurotrophic and neurotoxic effects. The internal ten residue fragment Aβ25-35 

has been reported to be the active fragment of Aβ �because it exhibits similar

neurotoxicity. Consequently, Aβ25-35 has been widely used experimentally as 

a model peptide to investigate the cytotoxic properties of Aβ. However, 

numerous reports have also stressed functional differences between Aβ and 

Aβ25-35. To test this Aβ/Aβ25-35 equivalence hypothesis, we have used in 

vitro and in vivo assays to simultaneously test both peptides for membrane 

interaction and activation of pre-apoptotic events. Our data on membrane 

integrity, caspase activation and DNA fragmentation show that there are many 

fundamental functional differences between Aβ25-35 and Aβ40. We conclude 

that Aβ25-35 and Aβ40 have quite distinct cytotoxic mechanisms. These data 

support the concept that the internal Aβ25-35 peptide fails to model the 

properties of the natural Alzheimer’s Aβ.
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