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Introduction 
 

Hematopoiesis is a complex system, that consists of various mature and immature cell 

populations, regulated by a network of intercellular connections, soluble factors, 

cytokines, signaling pathways, activation of genes and immune mechanisms. All 

hematopoietic cells originate from a common precursor, the hematopoietic stem cell, 

characterized by the ability to self-regenerate, proliferate and differentiate. By these 

functions, they can establish all hematopoietic cell lineages, and react to hematopoietic 

stress with the complete regeneration of the bone marrow (BM). Hematopoietic stem 

cells can be divided into two groups, based on their regenerating abilities: there are the 

actively proliferating, short-term repopulating (STR) cells and the long-term 

repopulating (LTR) cells, resting in G0 phase. Over the last decades, a vast amount of 

data has accumulated on the physiology and regulating factors of stem cells, that 

determine their physiological reactions both in the steady-state, as well as after exposure 

to certain damaging effects. 

In the present study we analyzed the role of histamine in the functions of 

hematopoietic stem and progenitor cells. Histamine is a widely expressed mediator, 

playing crucial roles in a number of physiological and pathological processes. The best-

known function of histamine is its central role in immune mechanisms, however, 

recently it has emerged that it takes part in the regulation of basic cellular functions. 

Expression of histidine decarboxylase (HDC), the enzyme responsible for histamine 

synthesis, was demonstrated in a wide variety of mature and immature cell types. Based 

on these findings, it can be hypothesized that histamine modulates the essential 

functions of hematopoietic cells, that is, their proliferation and differentiation. However, 

the exact role of histamine in hematopoiesis is still controversial.  

In our theses we tried to discover the effect of histamine on the functions of 

hematopoietic stem and progenitor cells. To study the effects of histamine, we used a 

mouse model, in which the gene of HDC is disrupted. These HDC knockout (HDC-/-) 

mice are incapable of synthesizing histamine for themselves, and if deprived of 

exogenous histamine intake, these mice can be made entirely histamine-free. By this, 

the effects of histamine can be investigated in a clear, in vivo model system. Besides the 

in vivo model, we used in vitro expreiments as well in our experiments. Based on the 

 2



literature data, we hypothesized that in HDC-/- mice, in the absence of histamine the 

basic functions of hematopoietic cells, that is proliferation and differentiation are 

impaired. In our investigations, therefore, we compared the BM and extramedullar 

hematopoiesis in the histamine-free and wild-type mice, in the steady-state and after 

total-body irradiation-induced hematopoietic stress. We also analyzed the expression of 

HDC, histamine and its receptors in the various BM cell populations, and compared the 

results with the functional properties of the cells. Finally, we examined the effect of 

histamine on the signaling pathways of IL-3, one of the most potent regulating factor of 

hematopoiesis.  
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Aims 
 

1. Analysis of the steady-state and stress-induced BM hematopoiesis of genetically 

modified, histamine-free and wild-type mice: 

• Comparison of the steady-state cell composition of BM and peripheral blood 

• Examination of BM colony-forming units (CFU)  

• Analysis of regenerating stem cell populations in an in vivo irradiation-induced 

BM regeneration model 

• Comparison of the proliferative capacity of stem cells in vitro 

2. Analysis of the HDC and histamine content of various stem cell populations 

during BM regeneration. Investigation of the role of histamine (H1, H2 and 

H4) receptors in hematopoiesis. 

3. Analysis of IL-3 signaling in the BM cells of HDC+/+ and HDC-/- mice: 

• Examination of IL-3 receptors in vivo, during BM regeneration  

• Investigation of IL3R expression in vitro, after blocking the synthesis and 

receptors of histamine 

• Expression analysis of the main IL-3 signaling molecules (STAT5, MAPK1) in 

vivo and in vitro; comparison STAT5 phosphorylation 

4. Comparison of extramedullar hematopoiesis of HDC+/+ and HDC-/- mice: 

• Comparisosn of the cellular composition of spleen  

• Analysis of spleen colony-forming units (CFU) 

• Investigation of spleen stem cell populations during irradiation-induced 

regeneration  

• Analysis of IL-3 signaling in spleen cells 

5. Investigation of apoptosis of BM cells of histamine-free and wild-type mice: 

• Examination of apoptosis in vivo, after total-body irradiation 

• Examination of cell death after in vitro irradiation 

• Analysis of apoptosis after in vitro etoposide-induction 

• Investigation of cell death in vitro, after blocking the synthesis and receptors of 

histamine 
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Methods 
 

1. Animals: In our experiments, we used a genetically histamine-free mouse model, 

generated on a BALB/c background, lacking the HDC gene. These HDC knockout 

(HDC-/-) mice therefore cannot synthesize histamine, and are completely histamine-free 

if kept on a special histamine-free diet for two weeks prior experiments. Wild-type 

(HDC+/+) BALB/c mice were used as control. 

2. In vivo irradiation-induced BM regeneration model: HDC-/- and HDC+/+ mice 

were subjected to sublethal total-body irradiation of a single dose of 4 Gy. Samples 

were obtained in the 6th hour, and on days 1, 3, 7 and 14 after irradiation. Cell counts 

were measured in the peripheral blood samples, BM and spleen cell suspensions. The 

histamine content of blood sera and BM flushing media samples was determined using 

ELISA method. mRNA was isolated from the BM cells, and the expression of HDC, 

H1R, H2R and H4R genes was analysed using real-time PCR. BM and spleen 

hematopoietic stem cells were characterized by multicolour flow cytometry. After 

discriminating the Lineage-cocktail positive (Lin+: CD3+/B220+/Ter119+/ CD11b+) 

cells, the immature Lin- population were investigated. We measured short-term 

repopulating (STR) stem cells defined as CD34+/Lin-/Sca1+/Ckit+ cells, and long-term 

repopulating (LTR) stem cells defined as CD34-/Lin-/Sca1+/Ckit+ cells. Surface 

expression of H1R and H2R was measured on myeloid, lymphocyte-blast, CD34+, 

Ckit+, Sca1+, STR (CD34+/Sca1+/Ckit+) and LTR (CD34-/Sca1+/Ckit+) cell 

populations. For measuring the histamine and HDC content of the various regenerating 

BM populations of HDC+/+ mice, an intracellular staining method was used. The HDC 

and histamine content of the myeloid, lymphocyte-blast, CD34+, Ckit+, Sca1+, STR 

(CD34+/Sca1+/Ckit+) and LTR (CD34-/Sca1+/Ckit+) cells was determined. 

3. IL-3 stimulated BM and spleen cell cultures: To study the proliferative capacity of 

cells of HDC-/- and HDC+/+ mice in vitro, cells were treated with increasing doses of 

recombinant IL-3. Proliferation rate was analyzed using MTT assay, cell cycle activity 

was determined with propidium iodide staining and flow cytometric cell cycle analysis, 

and mRNA expression of HDC was measured in relation to cell proliferation.  

4. Analysis of IL-3 signaling: The mRNA expression of the main IL-3 signaling 

molecules (IL3Ra, STAT5a, MAPK1) from regenerating BM aspirates and from IL-3-
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stimulated cell cultures was determined. The surface expression of the specific α- 

(IL3Ra), and non-specific β-chain (IL3Rb) of the IL-3 receptor was measured on 

various BM cell populations (lymphocyte-blast, CD34+, Ckit+, STR [CD34+/ Ckit+] és 

LTR [CD34-/Ckit+]) using flow cytometry. For meausring the signaling molecules 

activated during IL-3 signaling, BM and spleen cell suspensions of HDC-/- and HDC+/+ 

mice were stimulated with 100 ng/ml rIL-3 for 0, 5, 10 and 20 minutes, at 37°C. The 

intracellular content of phosphorylated STAT5 (P-STAT5) was analyzed in the 

lymphocyte-blast, myeloid, and various stem cell and T-cell populations.  

5. Colony-forming unit (CFU) assay: 2x104 mononuclear BM and spleen cells of 

HDC-/- and HDC+/+ mice were plated in methylcellulose medium, and incubated at 

37°C. Progenitor colony forming units were counted on day 7 (BFU-E), and day 13 

(CFU-GM, CFU-GEMM), using a microscope. Colonies were extracted and the mRNA 

expression of HDC, H4R, IL3Ra, STAT5a and MAPK1 was measured.  

6. Apoptosis studies: Apoptosis of BM cells of HDC-/- and HDC+/+ mice was examined 

in three experimental setups. In vivo and in vitro irradiation of 4 Gy was used, and cell 

suspensions were prepared in the 2nd and 6th hour after irradiation. In the case of in 

vitro etoposide-induction, BM cells of HDC+/+ mice were treated with either HDC-

blocker (FMH, 10-4 M), or H1R-antagonist (triprolidine, 10-5 M), and H2R-antagonist 

(ranitidine, 10-5 M) for 24 hours, then stimulated with etoposide (10-6 M) for 4 hours. 

Using flow cytometry, the expression of various apoptotic markers (CD95, CD95L, 

intracellular caspase-3, PI staining) was determined in the lymphocyte-blast, B- and T-

cell populations, and stem cell (CD34+, Ckit+, STR [CD34+/Ckit+], LTR [CD34-/ 

Ckit+]) populations.  

 6



Results 
 

In our study, we investigated in what ways histamine affects the basic functions of 

hematopoietic cells, that is, their proliferation, differentiation and their ability to 

regenerate. 

First we compared the hematopoietic function of BM cells of HDC-/- and HDC+/+ 

mice. We characterized the steady-state hematopoiesis by the flow cytometric analysis 

of the cell counts and cellular composition of the BM and peripheral blood. Although 

there were no statistically significant differences in the hematological parameters of the 

peripheral blood, in the BM the percentage of the immature, Lin- cells was markedly 

decreased in the histamine-free animals. Significant reductions in the proportions of 

CD34+, STR and LTR cells were responsible for this difference. To determine if the 

perturbations in the BM cell ratios arise functionally at the progenitor level, we 

performed a CFU assay on the BM cells of HDC-/- and HDC+/+ mice. Our results 

showed that the numbers and size of erythroid colonies (BFU-E) and of multilineage 

colony-forming cells (CFU-GEMM) were significantly decreased in HDC-/- BM. Next, 

sublethal total-body gamma-irradiation was used in our in vivo model system to deplete 

the BM and induce regeneration of stem cell populations in HDC+/+ and HDC-/- mice. 

This model is ideal for testing the ability of stem cells to recover from hematopoietic 

stress in the absence of histamine. We showed that the BM regeneration of histamine-

free mice was significantly delayed. In the early phase (on days 1-3) the CD34+ and 

STR cells, in the late phase (on days 3-7) the Ckit+ and LTR cells were responsible for 

the delay. The results of the CFU assay and the regeneration studies suggested that 

histamine has an important role in the proliferation of hematopoietic stem cells. 

Therefore we next investigated how the BM cells of HDC-/- and HDC+/+ mice reacted to 

the in vitro mitogenic stimulus of IL-3. Both the proliferation assay and the cell cycle 

analysis proved that although there was no difference in the steady-state between the 

two groups of mice, after IL-3 treatment the ratio of proliferating cells significantly 

decreased in the absence of histamine in a dose-dependent manner. Nevertheless, the 

differences were the most striking in the percentages of S-phase cells rather than that of 

G2M-phase cells, which indicates that histamine might regulate the entry into cell cycle 

or influence the physiological processes related to the synthesizing phase. 
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In our next experiment we examined the role of HDC and histamine in 

proliferating cells. First, we measured the intracellular HDC and histamine content of 

various BM cell populations, notably the CD34+, Ckit+, Sca1+, STR 

(CD34+/Sca1+/Ckit+) and LTR (CD34-/Sca1+/Ckit+) cells, during irradiation-induced 

BM regeneration. Expression of HDC and histamine could be detected in all 

investigated cell types, however the content depended on their proliferative capacity. 

The intracellular HDC and histamine content significantly increased in the regeneration 

phase, suggesting de novo synthesis of histamine during hematopoiesis. This was most 

prominently seen in the CD34+ and STR cells. Increased mRNA expression of the HDC 

gene was also verified. The differences in the results of STR and LTR cells reflected the 

behaviour of these cell types. Namely, LTR cells comprised less HDC and histamine in 

the control samples than STR cells, and during regeneration the elevation in HDC 

production was the least, too. Finally, we examined through which receptors histamine 

exerts its effect on the BM cells. We showed that during BM regeneration, mRNA 

levels of H1R and H2R increase, although with a different profile. Interestingly 

however, H4R was downregulated with regeneration, suggesting that it does not play a 

role in BM regeneration. 

We thought that the impaired hematopoietic proliferation of HDC-/- mice could 

be a result of an altered IL-3 signaling in the absence of endogenous histamine. We 

showed that the surface expression of both IL3Ra and IL3Rb decreased on the stem 

cells in the histamine-free mice. And while there were only modest differences in the 

protein expression of IL3Ra, we saw significant decrease in the HDC-/- mice on the gene 

expression level, especially in the progenitor colonies (especially in BFU-E and CFU-

GM cells). We next demonstrated that downstream IL-3 signaling was also deficient in 

HDC-/- mice. In HDC-/- mice the expression of STAT5 was decreased compared to the 

wild-type both in the CFUs and in BM cells after hematopoietic stress, showing that 

histamine interferes with the regulation of STAT5 during maturation and proliferation 

of progenitors. Not only the quantity of STAT5 was affected by histamine, but its 

activation as well: the level of phosphorylated STAT5 (P-STAT5) was significantly 

decreased in histamine-free mice. Interestingly, however, the expression of MAPK1 in 

vivo was not so much affected by the absence of histamine, significant changes 

appeared only upon direct IL-3 stimulation of the cells.  
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In our study, we compared the extramedullar hematopoiesis of the spleens in 

HDC-/- and HDC+/+ mice, which means an important compensating reaction after 

hematopoietic stress. In the steady-state, histamine-deficient mice showed a significant 

decrease in the relative cellularity of the spleen, compared to the wild-type mice. This 

perturbation could not be explained by the ratios of the early progenitor subsets, rather 

by the significant reductions in T helper cells and in CD11b+ and F4/80+ myeloid cells. 

According to our CFU assay results, unlike the BM results, in the spleen the number of 

granulocyte-macrophage colonies (CFU-GM) was significantly decreased in HDC-/- 

mice. There was no delay in the early phase of regeneration after irradiation in the 

spleen of histamine-free mice, but we did not find a progenitor population that could 

account for these changes in the early phase. In the late phase (on days 7-14), however, 

eventually, histamine-free mice displayed a delayed recovery in spleen cellularity as 

well, that could be explained by the significantly decreased ratio of STR and LTR cells. 

We finally verified that the absence of histamine negatively modulates STAT5 

phosphorylation in spleen cells as well. 

So far, we investigated the effect of histamine on the proliferative function of 

hematopoietic stem cells. However, cells can react to a cytotoxic effect by cell death as 

well. Therefore we analyzed the role of histamine in the specific processes of apoptosis. 

The results of both in vivo and in vitro experiments showed that the apoptosis of cells 

increased in the absence of histamine. This could be detected by the marked increase in 

CD95+ and caspase3+ cells and the ratio of DNA fragments stained with PI. However, 

in vitro, increased CD95 expression was induced only by blocking of the synthesis of 

histamine, not by blocking the surface receptors. This suggests that the effect of 

histamine can be exerted through other mechanisms even when the receptors are 

blocked.  
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Conclusions 
 

In the present theses, we investigated the role of histamine in the physiology of 

hematopoietic stem and progenitor cells.  

First, we demonstrated the expression of HDC enzyme and histamine in the 

various BM stem cell subtypes. These cell populations showed a differential HDC and 

histamine production, correlating with their cycling status.  

We showed that there were defects in both the numbers and repopulative 

functions of stem cells in genetically histamine-free (HDC-/-) mice. Although no marked 

alterations were noted in the overall steady-state hematopoieis, regeneration after 

hematopoietic stress was delayed in histamine-free mice. In the early phase the CD34+ 

and STR cells, in the late phase the Ckit+ and LTR cells were responsible for the delay. 

The impaired BM regeneration of histamine-free mice can be explained by the 

decreased ratios of stem cells as well as their impaired proliferative abilities, proved by 

the functional colony-forming unit assay.  

We demonstrated an elevation in HDC and histamine synthesis during 

regeneration in the various cell types, depending on their cycling activity. Parallel with 

these, the expression of histamine H1 and H2 receptors also increased in the BM. In our 

model system, however, during BM regeneration we observed a decrease in the 

expression of the recently discovered H4 receptor. This suggests that the H4R does not 

play a role in mediating the regenerative-hematopoietic actions of histamine. 

We proved so far that the histamine affects the proliferative abilities of BM 

cells. We also concluded that cell proliferation is impaired in the absence of histamine, 

therefore its presence is essential for the maximal proliferative response to IL-3 

stimulation. To discover the underlying mechanisms of impaired stem cell functions, we 

investigated the modulating effect of histamine in the signaling pathways of IL-3, one 

of the most important stem cell regulating factors. Our results showed that the lack of 

histamine negatively modulates IL-3 signaling, affecting IL-3 receptors, IL-3 synthesis, 

and the expression and phosphorylation of one of the key signaling molecules, STAT5. 

Interestingly, however, the expression of MAPK1 in vivo was not so much affected by 

the absence of histamine, significant changes appeared only upon direct IL-3 

stimulation of the cells. This indicates that there are other effects and factors that 
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interact with this pathway in vivo. We concluded that histamine is indispensable for 

proper IL-3 effects signalled via STAT activation. 

Correlating with this, we observed a lag in G1-S-phase progression in 

proliferating cells of HDC-/- mice, suggesting that histamine affects cell cycle entry and 

consequent differentiation processes.  

Histamine affects not only the proliferation but also the differentiation of 

hematopoietic stem cells. We demonstrated that in the absence of histamine the 

differentiation of the erythroid and myeloid colonies are impaired. This defect is only 

manifested, however, at the progenitor level, no defect is found in the mature lineages.  

In our study, we compared BM regeneration with extramedullar hematopoiesis. 

We demonstrated that while histamine affects bone marrow cells by directly regulating 

their proliferation, in the spleen it exerts its immunomodulatory effect through other 

indirect regulatory mechanisms as well, thereby affecting extramedullary 

hematopoiesis. We discussed the role of regulatory T cells and dendritic cells, focusing 

on the effect of histamine on dendritic cell functions. By these effects, we saw an 

effective but only transitional regeneration in the spleens of HDC-/- mice. However, the 

absence of the direct histamine effect on cell proliferation eventually causes a delay in 

extramedullary hematopoiesis, too. We also concluded that the effect of histamine on 

myeloid differentiation is exerted more prominently in the spleen.  

Finally, we proved that the absence of histamine results in increased apoptosis of 

hematopoietic cells. We verified this result also with blocking histamine synthesis in 

wild-type cells. Blocking the surface H1 and H2 receptors, however, does not induce 

increased rate of apoptosis, which suggests other compensating mechanisms through 

other receptors or signaling pathways. 

Summarizing, these studies provide evidence that histamine has a fundamental 

role in regulation of hematopoiesis. This effect is probably exerted through interacting 

with proliferation processes, such as cell cycle regulation, and with signaling pathways 

of growth factors. Our results may contribute to a better understanding of the 

physiology of hematopoietic stem cells and their sophisticated regulation by a complex 

cytokine network. This knowledge could be potentially used in treating pathological 

bone marrow processes. 
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