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(list of abbreviations frequently used in this thesis) 

ADB Diacetoxydicyanobenzene 

AEC Aminoethylcarbazole 

AM Acetoxymethylester 

BCECF Bis(carboxyethyl)carboxyfluorescein 
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CV Coefficient of variance 

DCH Dicyanohydroquinone 

FCM Flow cytometry 
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Nc Number of cycling cells 

Ns Number of cells in S-phase 
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PHA Phytohemagglutinin 

PI Propidium iodide 

PMN Polymorphonuclear leukocyte 

RAMFITC FITC-conjugated rabbit anti-mouse immunoglobulins 

RAMPO Peroxidase-conjugated rabbit anti-mouse immunoglobulins 

RAS Right angle scatter 

RNAse Ribonudease 

S.D. Standard deviation 

SAMFITC FITC-conjugated swine anti-mouse immunoglobulins 

SNARF-1 Carboxyseminaphthorhodafluor-1 

SWARPO Peroxidase-conjugated swine anti-rabbit immunoglobulins 

Tc Cell cycle time 

Ts Duration of S-phase 

UV Ultra Violet 
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1. Introduction 
Skin is an organ; "it possesses an unusual shape, a variety of appendages 

and it encloses or supports all other organs, but it is nevertheless a single 

integrated organ"1. Its main function is acting as a barrier between the internal 

milieu of the organism and the external environment. However, the organ acts 

only partly as a physical and static barrier by producing a dead layer of 

protein and lipid material, but is also a controlling and communicating device 

with a high degree of organisation. 

The outer part of the skin is the epidermis and is composed mainly (90-

95%) of keratinocytes. It is this part of the skin which produces the outermost 

protective barrier of cross-linked protein and neutral lipids. Furthermore, it 

contains specialized cells with specific functions, such as immunoprotection by 

antigen-presenting Langerhans cells and protection against UV irradiation by 

melanin-producing melanocytes. Epidermis ¡s a continuously renewing epi

thelium; cells in the lower layers are dividing and replacing the differentiated 

and dead corneocytes which scale off from the skin surface, leaving the or

ganic physical barrier for protection. This process of controlled cell production 

is called epidermopoeisis. 
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2. Aim and outline of the thesis 
Our knowledge of the etiology of skin diseases characterized by abnormal 

growth is relatively limited. Even more important, still very little is known of how 

epidermopoeisis is controlled in normal epidermis. There is no cure for skin 

diseases due to abnormal growth control, such as psoriasis. Mechanisms are 

complex, additional models for epidermal growth and differentiation, and 

specific techniques to analyze these processes, are needed. Therefore we 

aimed firstly, for the development of novel, additional immunohistochemical 

and flow cytometric techniques to study epidermal growth. These techniques 

were primarily focused on the mechanism of "recruitment of resting germi

native cells" in response to injury, or in skin disease. Secondly, we investigated 

the usefulness of keratinocytes grown in vitro as model to study this process. 

The culture system could also serve as a model to test and compare the 

usefulness, specificity and sensitivity of the newly developed techniques. At a 

later stage a modification of the in vitro model was used to study the multistep 

process of epidermal differentiation. 

3. Cell kinetics in epidermis 
Figure 1 illustrates the different phases in the life-cycle of all proliferating 

mammalian cells. Two stages in the progression of a replicating cell can be 

recognized without great dif

ficulty. Firstly, the period of 

DNA synthesis, since the DNA 

in the cell nucleus is replicated 

only during a limited portion of 

interphase. This period is de

noted as the S-phase (S=syn

thesis) of the cell cycle. The 

other distinct stage is, of 

course, the cell division phase, 

which is denoted as the M- Figure ι 

phase (M=mitotic). Between 

these two distinct stages, two 

"gaps" in the cell cycle exist. 

The concept of the cell cycle. When 
a cell commits itself to cell division it 
progresses through this cell cycle. 
Some cells, however, can escape 
from the cycle and can become 
quiescent. 
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The interval between DNA synthesis and the next mitosis is referred to as the 

G2-phase (G=gap), and the interval between mitosis and the S-phase is the 

Grphase. G^phase and G2-phase are not less important with respect to 

function in the cell cycle. During G2-phase there is biochemical preparation for 

the incipient mitosis, including assembly of spindle protein, and in G,-phase 

biosynthesis takes place of enzymes necessary for DNA synthesis. It is 

postulated that it is at this point at which cells commit themselves to a further 

mitosis2. Presumably also at this point, cells can enter a resting (GQ) phase or 

irreversibly commit themselves to terminal differentiation. The total size of the 

epidermal compartment, and hence total cell production can be regulated by 

the number of cells cycling, and the rate at which the cells progress through 

the different cell cycle phases3. 

4. Keratinocyte differentiation 
When cells leave the cell cycle and migrate into the upper epidermal 

layers, they are destined to die. The enucleated (dead) cells finally will form 

the dead surface layer of the skin (stratum corneum). This process is defined 

as differentiation. During this process, cells undergo dramatical biochemical 

and morphological changes (figure 2). Synthesis of structural proteins such as 

involucrin, and filaggrin and induction of the enzyme transglutaminase are 

thought to be key steps in this process. Furthermore, basal cell-specific 

keratins (keratins 5 and 14) are downregulated and new keratins are syn

thesized (keratins 1 and 10). Together with others, these structural and 

Figure 2 When keratinocytes progress upward in epidermis, they undergo successive 
morphological and phenotypical changes. Cycling cells (closed circles); Resting 
cells (shaded circles). 
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catalytic proteins enable the cells to go through marked morphological and 

cytostructural changes, Including the appearance of various intracellular 

lamellar bodies and other differentiation-specific structures (membrane coating 

granules, keratohyalin granules, Ödland bodies, etc.), the appearance of 

desmosomal links, and the occurrence of nucleolytic and proteolytic degra

dation of the bulk of the intracellular organelles and macromolecules4. 

5. Models to study epidermal growth in vivo and in vitro 
Regeneration after tape stripping, and psoriasis which ¡s a common skin 

disease affecting about 2% of the world population, are well established in vivo 

models for epidermal growth. The repeated application of adhesive tape (tape 

stripping) in order to remove the stratum corneum is a standard injury of the 

skin introduced by Pinkus about 40 years ago5. About 40 hours after the 

trauma a (synchronous) cohort of keratinocytes enters the S-phase of the cell 

cycle and will divide afterwards". This process of hyperproliferation is accom

panied by inflammation and abnormal keratinization (parakeratosis). In this 

respect, the trauma induced by tape stripping has many similarities with 

psoriasis. Clinically, this skin disease is characterized by three different mor

phological elements: scaling, thickening, and erythema7, reflecting abnormal 

differentiation, hyperproliferation and inflammation. 

However, these in vivo models have disadvantages. Skin of healthy volun

teers and patients is not an unlimited source of material. Especially when 

developing new techniques, large quantities of homogeneous tissue or cells 

are needed. Proliferation, keratinization, and inflammation are so interrelated in 

vivo that ascribing specific metabolic pathways, enzyme activities, or protein 

modifications to one of these processes is extremely difficult. Studies on 

experimental drugs, mitogens, and carcinogens cannot be undertaken, or 

must be done ex vivo. Maintenance of skin slices, however, is difficult prac

tically, because we do not know what influence the ex vivo conditions have on 

epidermal growth; ex vivo conditions are certainly not identical to the in vivo 

situation. 

Culturing of human keratinocytes has become a routine procedure in most 

dermatological research laboratories, using the standard model developed by 

Rheinwald and Green in 19758. However, this model is not primary developed 
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for studies of the mechanisms by which growth is regulated, but its main 

purpose was the production of large numbers of keratinocytes as fast as 

possible. Nevertheless, in the past decade some elegant studies, especially by 

Watt and coworkers9,10,11, have demonstrated the potential value of the 

model to investigate epidermal growth and differentiation. By decreasing the 

calcium concentration of the medium or affecting the adherence of the cells to 

the culture dishes, the differentiation process of keratinocytes can be modu

lated. 

6. Methodology and techniques 
The scope of this thesis was to obtain information about the cellular 

composition of the epidermis and processes influencing and regulating 

epidermal growth and differentiation using novel cytometric techniques. 

Cytometry is defined here as the characterization and measurement of cells 

and cellular constituents for scientific, diagnostic and therapeutic purposes. 

The methodology can be divided in three major categories. Ttiese are the 

use of monoclonal antibodies, cell cycle kinetics and the biological application 

of fluorescent indicators. 

i) Use of monoclonal antibodies 

Firstly, the use of antibodies, in particular monoclonal antibodies, will be 

discussed. Antibodies are proteins produced by vertebrates as a defense 

against infection. Using antibody-containing sera (see below), it is possible to 

detect specifically immunoreactive molecules (antigens) for instance on tissue 

sections. Conventionally, antibodies are prepared by injecting (purified) 

antigen into an animal, usually a rabbit or a sheep, and, after the animal has 

responded by producing antibodies against the antigen, collecting the 

antibody-containing serum. This antiserum is a mixture of different antibodies 

recognizing various parts of the antigen and will also contain antibodies cross 

reacting with other molecules than the antigen. It is this heterogeneity of an

tisera that made scientists search for new techniques for antibody preparation. 

In 1975 Köhler and Milstein published a report in which they describe the 

possibility of fusing antibody-producing В cells with rapidly growing cultured 

mouse myeloma cells12. Cells from the resulting heterogeneous mixture of 

hybrid cells, which are rapidly growing and producing antibodies, can be 
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cloned by limiting dilution. Such a hybridoma cell line, derived from a single В 

cell and producing an unique antibody (monoclonal antibody), provides a 

permanent and stable source of antibody. The advantages of monoclonal 

antibodies over convential antisera are clearly their uniform specificity (only 

one antigen binding site) and that they offer in principle an unlimited supply of 

antibody. Furthermore, unpurified antigen can be used for immunization 

because individual hybridoma clones, producing a particular antibody, can be 

selected afterwards. This technique made it possible that, in principle, an

tibodies can be produced against any protein in a cell or tissue, making them 

versatile and sensitive tools for localizing and detecting specific biological 

molecules. In this thesis, intermediate filaments13"·15 and other differen

tiation-associated structural proteins in the cytoplasm1*, and proliferation-

associated nuclear antigens17,18 have been detected by the use of specific 

antibodies. Although this method seems straightforward, an antibody recog

nizing an antigen, careful attention is of importance not only with respect to 

technical factors such as cross-reactivity of the antibody (see above), but also 

with respect to masking of the antigen. In the case of cell biological ap

plications antibody binding is generally visualized using indirect immuno

fluorescence and immunoperoxidase staining19-20. A biochemical method, 

such as protein blotting after gel electrophoresis, was not selected despite the 

fact that the technique is easy to perform, is sensitive and enables one to 

specifically detect single proteins in crude mixtures21. Instead, immunofluores

cence and immunoperoxidase staining were the techniques of choice because 

the localization of the antigen is not lost and because these techniques can be 

used for phenotyping of individual cells in heterogeneous cell populations. 

ii) Cell cycle kinetics 

The second method used was cell cycle kinetics. Cell cycle kinetics can 

be studied with a number of techniques. Careful attention to methodology is of 

primary importance because many of the controversies found in the field of 

epidermal cell kinetics, some of which are shown in table I at p. 20, can be 

traced as pure methodological discrepancies. 

Measurement of the incorporation of [3H] thymidine into DNA 

The incorporation of [3H] thymidine into DNA is widely used as a measure 

of DNA synthesis and cell proliferation, especially in vitro. The main reason for 
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this technique to be so very popular is the ease of measurement of radioac

tivity with the use of liquid scintillation counters without the need of further 

equipment. Furthermore, it is generally believed that [3H] thymidine is incor

porated selectively into DNA and that it is a functional marker. Because of 

these criteria the technique is very often used as the only and final measure

ment of proliferative activity. However, there are several potential artifacts due 

to [3H] thymidine incorporation. Firstly, [3H] thymidine has to be metabolized 

and experimental conditions should not interfere with the activity of rate-limiting 

enzymes of thymidine metabolism. Davison and co-workers have shown that, 

when the growth of human keratinocytes was studied in vitro, the use of 

incorporation of [3H] thymidine was limited as an indicator of keratinocyte 

proliferation. Changes in [3H] thymidine incorporation failed to correlate with 

direct counts of cell number and measurement of DNA content because of a 

decrease in thymidine kinase activity during the proliferative growth phase22. 

One other potential pitfall which should be mentioned with respect to epider

mal proliferation is the occurrence of repair synthesis, for example after UV 

irradiation, which can interfere with DNA synthesis due to epidermal growth. 

Finally, there are two other potential pitfalls which apply to the technique in 

general. Firstly, [3H] thymidine can be incorporated into macromolecules other 

than DNA and secondly, it can be degradated prior to incorporation into DNA. 

These last two examples and most other potential pitfalls and artifacts in the 

use of [3H] thymidine for measurement of cell proliferation in vitro and in vivo 

have been reviewed by Maurer23. He concludes that, considering all the 

possible artifacts arising from the use of [3H] thymidine, the disadvantages 

prevail and that other methods should be preferred for measuring cell proli

feration rates. 

Proliferative indices 

These are numerical values of the fraction of epidermal cells occupying 

any phase of the cell cycle; formerly, only two of these were measurable, the 

mitotic index and the pulse labelling index, the latter usually measured by 

autoradiography after exposure of the skin to [3H] thymidine for a relatively 

short period. 

The mitotic index is simply the proportion of the cell population in mitosis 

at any time, and is derived by observation of skin sections under the micros-
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cope. However, despite the simplicity of counting, the definition of the target 

cell population can readily modify the magnitude of the count. In this respect 

the definition of the germinative compartment in the epidermis can be proble

matical and has led to consequent large disparities in the mitotic indices from 

investigator to investigator2'·30,24. In particular when normal epidermis is 

evaluated for mitotic indices an additional problem exists. Because proliferative 

activity is very low mitotic figures are very rare. In order to obtain statistical 

reliable values large numbers of sections have to be evaluated. 

The pulse labelling index is the other useful and relatively easily measured 

proliferative index and gives the proportion of cells which are in S-phase. Until 

recently [3H] thymidine and autoradiography had to be used to detect the 

labelled S-phase cells in skin sections. The main difficulty with this method is 

the necessity of [3H] thymidine administration in vivo in humans. Ex vivo 

administration can intro-

1.0 -, 

£ 

1 
E 

0.5 

M. 

duce changes in tissue 

behaviour due to lack of 

growth substances in the 

incubation medium or 

induction of factors inter

fering with epidermal 

growth. Furthermore, the 

same problems as descri

bed with the use of mi

totic indices do also oc

cur with this proliferative 

index. Recently, other thy

midine analogues such as 

bromodeoxyuridine and iododeoxyuridine have been introduced and are 

preferred over [3H] thymidine, especially when used in conjunction with flow 

cytometry (see p. 20). 

The fraction of labelled mitosis (FLM) technique 

The FLM technique is one of the earliest and one of the most informative 

cell cycle kinetic techniques. As with the proliferative index measurements 

tissue or cell samples have to be pulse labelled with [3H] thymidine and fixed 

Figure 3 

Um» ifter pulu label 

A hypothetical presentation of a FLM curve 
from which TG2, Ts and Tc can be cal
culated. 
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at time intervals of 1 -2 hours during a period of at least the expected cell cycle 

time. The fraction of labelled mitosis is counted by autoradiography of his

tological sections. A theoretical FLM curve is shown in figure 3. From such a 

curve duration of G2 (Тог), S (Ts) and the total cell cycle time (Tc) can be cal

culated25. When this technique is applied to biological material results are not 

always as ideal as suggested in figure 3. For hyperproliferative epidermis from 

psoriatic patients Weinstein was able to construct an acceptable FLM curve26. 

A value for normal epidermis has not been published so far probably because 

of reasons already discussed at p. 18. A main disadvantage of the use of this 

technique in vivo is again that radioactivity has to be used. Furthermore, a 

follow up of 48 h with a 2 h time interval results in 24 skin samples to be 

taken. This will be at least inconvenient for most volunteers. 

Continuous labelling 

This technique also exploits ['H] thymidine but in a rather different way. 

Instead of making the label available for only a short period (pulse labelling) 

the cell population under study is subjected to the DNA precursor continuous

ly for a long period. In this way it is claimed that the growth fraction can be 

measured. This can even be achieved in vivo27. The only data obtained from 

human skin in vivo were published by Gelfant28. In this study skin samples 

were taken from one cancer patient with normal appearing untreated skin who 

had been infused with [3H] thymidine continuously for ВУг days to study cell 

kinetics in multiple myeloma. The technique of continuous labelling is probably 

best suited to use in vitro where the label can be added without perturbing the 

culture. Samples of the cell population under study are removed and fixed at 

time points which will depend upon the characteristics of the particular cell 

population but will mostly be taken at a time point equal or later than the 

expected duration of the cell cycle. However, this method will only work when 

culture conditions nor cell behaviour change during the incubation period with 

the DNA precursor. Where in the past [3H] thymidine was the only available 

DNA precursor suited for this technique, in recent experiments bromodeoxy-

uridine incorporation and its detection by an antibody is often preferred over 

the use of the radioactive label (see chapter VII). 
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Table I Overview of in vivo cell kinetic data in normal (N) and psoriatic Involved (PI) 
epidermis showing some of the controversies found in the field of epidermal cell 
kinetics. 

Tissue 

N 

N 

N 

N 

N 

N 

N 

PI 

PI 

PI 

PI 

PI 

LI" 

2.2 

3.5 

5.8 

3.8 

2.7 

22.7 

11.0 

10.3 

21.2 

%S (FCt 

3.0 

2.0 

9.0 

Λ)" Ts (h)e 

16 

10.3 

7.6 

10 

14 

8.5 

9.8 

7.7 

T c (h)" 

457 

184 

206 

36-60 

311 

37.5 

91 

56 

40-60 

Reference 

Lachapelle & Gillman2" 

Weinstein30 

Heenen et al3' 

Allegra & De Panfilis32 

Frenz et al3 3 

Bauer» 

Weinstein et al3 4 

Weinstein & Frost35 

Goodwin et al3 8 

Duffill et al3 7 

Gelfant et al3 8 

Bauer3 

'U = pulse labelling Index 
b%S (FCM) = fraction of S-phase cells measured by flow cytometry 
T j (h) = duration of S-phase 

^ c i*1) = , o t a' ce" ^ 0 ' 8 , i m e 

Flow cytometry 

The technical principles of flow cytometry (FCM) are dealt with below. FCM 

has been more and more used for cell kinetic studies during the last two 

decades. In its simplest form suspended individual cells are stained with a 

fluorescent dye such as ethidium bromide or propidium iodide. DNA specific 

fluorescence per cell is measured, plotted as a histogram and analyzed (for an 

example see chapter II, figure 7). From these histograms percentage diploid 

cells (cells in GQ/G, or differentiated), percentage S-phase cells and per

centage cells with tetraploid DNA content can be calculated using a number of 

more or less sophisticated methods39,40. 

For analysis of epidermal cell cycle kinetics Baisch's graphical method is 

frequently used41. This method is developed for analysis of DNA histograms 

with a low flat S region and clearly defined G, and G2M peaks. All the S-phase 

cells are assumed to fill a rectangle between the G, and G2M peak modals, 

the height of the rectangle being the average cell number in the mid S region. 
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The fraction of cells in the G, and G2M-phases are calculated by subtraction of 

the rectangular S distribution. 

When DNA distributions of kmetically perturbed populations have to be 

analyzed other methods should be selected which attempt to calculate the S-

phase fraction by a curve fitting approach39. A modification of the curve fitting 

technique was published in 1980. This simplified method replaces the S-phase 

region by a second degree polynomial. The S-phase fraction is then cal

culated by fitting to that part of the distribution, mid S-phase, which is not 

influenced by either the G, or the G2M peak42. The function is extrapolated to 

the G, and G2M peak modals and the S-phase fraction is identified by the area 

between these limits. It should be noted that cell kinetic studies, however, do 

not specifically indicate that the S-phase distribution has the form of a second 

degree polynomial This assumption is made in the absence of better infor

mation 

Instead of polynomial fit procedures of the S-phase region (with Baisch's 

method the S-phase region is in fact fitted with a zero degree polynomial), 

sometimes more complex methods of analysis are preferred For instance, a 

series of normal curves can be used to fit the entire distribution, with the first 

and last curves representing the G, and G2M-phases, respectively. The normal 

curves of the S-phase region are each representing a number of cells in a 

certain part of the S-phase. Different techniques are available for calculating 

the parameters of the normal curves In contrast to the above-mentioned 

methods, these techniques require additional input data in order to obtain a 

reliable and "reasonably looking" solution0 

From comparative studies of Dean and co-workers some important 

conclusions can be drawn with respect to the reliability and interpretation of 

DNA distribution analysis4044 Generally, all methods tested (including the 

ones described above) yielded reasonably accurate fractions of cells in each 

phase with relative errors in the range of 10-20%, depending on type of cells 

and the DNA-specific dye used The errors are biggest in calculation of the 

G2M-phase and most methods overestimate the G, fractions A small coef

ficient of variance (CV) automatically results in a more accurate analysis and 

relatively simple methods to analyze DNA distributions (Baisch's method and 

simplified method of Dean) require CVs < 7. Finally, in order to obtain ac-
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curate S-phase fraction estimates flow cytometric data should be compared 

with corresponding pulse labelling indices. 

Because of the heterogeneity of the diploid cell population, Darzynkiewicz 

and co-workers developed a two-colour fluorescence measurement using one 

dye, acridine orange, staining in each cell DNA and RNA45. This technique 

allows further analysis of cells in G0 and G,. It, however, could not be adapted 

for use with human epidermal keratinocytes (Bauer FW, unpublished obser

vations). By analogy with [3H] thymidine incorporation, a recently developed 

method to label S-phase cells selectively is based on the incorporation of the 

thymidine analogue bromodeoxyuridine into DNA during S-phase. Details on 

this method, with special reference to epidermal cells, are discussed in 

chapter ill. The main advantage of the use of bromodeoxyuridine (or iodo-

deoxyuridine) over the use of [3H] thymidine is that the non-radioactive 

thymidine analogues can be administrated in vivo in humans. Furthermore, 

flow cytometric analysis of bromodeoxyuridine incorporation and DNA content 

allows assessment of the number of cells in S-phase (comparable to the pulse 

labelling index) and the duration of the S-phase (Ts) even from one single 

sample46. 

iii) The biological application of fluorescent indicators 

A third method was the biological application of fluorescent indicators. 

Where the use of fluorescein isothiocyanate (FITC) for labelling antibodies and 

other molecules and quantitative DNA stains such as propidium iodide (PI), 

ethidium bromide, mithramycin, DAPI (4'-6-diamidino-2-phenylindole) and 

acridine orange are more or less standard in cytometry, other applications are 

relatively limited. There are large gaps in the literature when one looks for 

information about the biological applications of fluorescence and fluorescent 

dyes. As Howard Shapiro states in his book on practical flow cytometry: "I 

previously threatened to write a book on fluorescence and fluorescent dyes 

and their biological applications; if I don't decide that sex and violence will sell 

better, I may still do that."47 One additional application worked out in this 

thesis is the use of pH-dependent fluorescent dyes for measurement of intra

cellular pH49. In principle, using the same methodology, it is also possible to 

measure other functional characteristics of individual cells, such as calcium-ion 

concentrations, membrane potential, and enzyme activities. There is some 
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Figure 4. Schematic drawing of the FCM system as it is used at our department. 
(PMT=photomultiplier', FU1 and FU2 are fluorescent signals; RAS=right angle 
scatter, FSC=forward scatter, AXL= axial light loss) 

overlap between the different methods in that fluorescent indicators can be 

utilised to label antibodies, antibodies can be used to define the target 

population and fluorescent indicators can be applied to stain DNA in cell 

kinetic studies. 

FCM and immunohistochemistry are the techniques used to analyze the 

different cell types and processes of the epidermis. The principle of FCM is 

that cells, or other biological particles (virus particles, liposomes, cellular 

organelles, bacteria and fungi, chromosomes, cell hybrids, tumour cell sphe

roids) in aqueous suspension are made to flow at high speed through a 

sensing region where optical and electrical signals, indicative for biological 

properties are generated4950. These signals are stored and analyzed for 

quantitative evaluation. The light source is generally a laser or an arc lamp, 

capable of exciting fluorescent emission. Each cell receives uniform illumina

tion and generates a burst of scattered light. If a fluorochrome is coupled to 

the cells, a burst of fluorescence light is generated over all angles. Fluorescent 

light emission can be separated from the scattered light by means of its 
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Figure 5. Immunofluorescent labelling with RKSE60 (A) and immunoperoxidase labelling 
with Ki-67 (В) and RKSE60 (С) in psoriatic skin. 
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Tabel II Major cellular parameters measurable by FCM. The parameters are divided into two 
groups, depending upon whether they can or cannot be measured without use of a 
reagent. 

INTRINSIC EXTRINSIC 

cell size DNA content 

cell shape RNA content 

cytoplasmic granularity total protein 

pigment content sulfhydryl groups 

(e.g. haemoglobin, lipofucslns) 

antigens 

surface glycoproteins (e.g. lectin binding) 

membrane permeability 

enzyme activity 

phagocytic activity 

greater wave-lengths and can be measured independently and simultaneously 

for each cell. The scatter signal contains information about volume and shape 

of the particle. A list with major parameters (physical and chemical characteris

tics) which can now be measured by FCM is given in table II. The FCM con

figuration as used at our department is schematically drawn in figure 4. 

Using immunofluorescence and immunoperoxidase techniques applied to 

cryostat sections, only qualitative or semi-quantitative information can be obtai

ned about different cell types in the epidermis and their relation to processes 

such as proliferation and differentiation (figure 5). However, most of the mor

phology and hence the location of certain cell types is maintained. Therefore 

FCM and immunohistochemistry are complementary techniques, which 

together permit qualitative and quantitative population analysis, extending our 

knowledge of topographic relations in the epidermis as visualized by classical 

light microscopy. 
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1. Introduction 
Epidermis is a continuously renewing epithelium. Cells from the basal layer 

divide and as they leave this layer and begin migrating outward to the cor-

nified layers they undergo a series of morphological and biochemical changes. 

By finally desquamating from the stratum corneum, a dynamic equilibrium is 

maintained between cell loss and cell renewal. The mechanisms by which this 

process is controlled are only partially understood. 

One of the changes of normal, terminally differentiating keratinocytes is the 

specific expression of keratin-type intermediate filaments. While basal cells 

express two major keratins, a 58kD protein (keratin 5) and a 50kD protein 

(keratin 14), suprabasal cells express four other keratins, proteins of molecular 

weight 68kD (keratin 1), 65.5kD (keratin 2), 56.5kD (keratin 10) and 56kD 

(keratin H)1,2·3,4. In cultured human keratinocytes, keratins of molecular 

weight 59kD, 56kD, 54kD, 48kD, 46kD, and 40kD (keratins 4, 6, 13, 16, 17 and 

19, respectively)^8,7 and in diseased skin keratins 4, 6, 16 and i7je·9·10 are 

additionally synthesized, while the expression of the differentiation-associated 

keratins can be suppressed. In contrast to the differential expression of 
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keratins in epithelial cells, cells of mesenchymal origin, such as melanocytes 

and Langerhans cells are characterized by the expression of a single inter

mediate filament-type protein, vimentin11. Additional to the intermediate 

filament-type proteins, other structural proteins are synthesized in considerable 

amounts, especially in relation to the formation of the cornified envelopes. A 

well-known example of such a protein is the cornified envelope precursor 

protein involucrin, which is specifically expressed in keratinocytes from the 

upper layers of the epidermis12. Other proteins, such as the keratohyalin-

related proteins profilaggrin and filaggrin are related to differentiation-specific 

organelles13. Proper and accurate identification of epidermal subpopulations 

expressing specific structural or intermediate filament-type proteins should 

lead to a better understanding of the complex mechanisms by which epider

mal growth control is achieved14. 

Several methods for detection of the intermediate filament-type proteins 

are available. Two-dimensional Polyacrylamide gel electrophoresis is the tech

nique most often used to characterize keratin proteins biochemically3,9. The 

advantage of this method is the specific detection of the whole repertoire of 

keratins present in a tissue specimen. However, a limitation of this rather 

elaborate method is that information on the localization of the keratins is lost. 

In recent years MAb recognizing sets of related keratins, or even recognizing 

single keratins, have been developed and are becoming commercially availa-

ble4,15·1'. In addition specific antibodies directed against involucrin and filag

grin became available. Extensive studies have established the usefulness of 

these antibodies as cell-type markers in histology and tumour diagnosis, and 

in studying growth and differentiation of epithelial cells. This immunohis-

tochemical method has the advantage that topographical information is 

maintained. However, the approach is time consuming and only qualitative or 

semi-quantitative information can be obtained. 

In this chapter we report on two approaches: firstly, immunohistochemistry 

on cryostat sections and alternatively, flow cytometric quantification of inter

mediate filament-type proteins in single cell suspensions of epidermal cells. 

FCM allows rapid simultaneous quantification of two or more characteristics 

per individual cell with high reproducibility and statistical accuracy. The primary 

aim of the investigation was the development of a flow cytometric technique to 
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analyze both DNA content and binding of MAb against intermediate filaments 

in single cells. Furthermore, immunohistochemistry was used to obtain 

topographical information and to test the specificity of the antibodies. 

2. Methods & Materials 
2.1. Skin Sampling 

Skin specimens were obtained by shave biopsy (about 0.2 mm thick, 

3 mm diameter) using a razor blade in conjunction with a metal guard17 from 

normal skin of healthy volunteers, clinically uninvolved skin and lesionai skin of 

patients with psoriasis. Healthy controls and patients were aged between 18 

and 64 years. In general, biopsies were taken from the back and in the case 

of psoriatic uninvolved skin at least 10 cm from the margin of the nearest 

lesion. During at least 2 weeks before biopsies were taken, patients discon

tinued their topical medication and no systemic anti-psoriatic medication had 

been taken during the last year. Furthermore, biopsies were taken from sello-

tape-stripped sites at the back of healthy volunteers at different time intervals 

after stripping18. 

2.2. Preparation of Cell Suspensions 

Cell suspensions were prepared by trypsinization of the biopsies, as de

scribed previously19. Stratum corneum and the dermis remained intact during 

this procedure, yielding a single cell suspension with little admixture of dermal 

cells. Cells were fixed in ice-cold 70% ethanol and stored at -20oC until use. 

2.3. Cell Culturing 

Human neonatal foreskin keratinocytes were cultured on 3T3 feeder 

cells20. Epidermal cells were seeded on lethally irradiated (3000 Rad in 3 min) 

Swiss mouse 3T3 fibroblasts in DMEM/F12 3:1 v/v (Flow Laboratories, Irvine, 

Scotland) supplemented with 0.4 ^g/ml hydrocortisone (Collaborative Re

search Inc., Lexington, MA, USA), Ю^М isoproterenol (Sigma, St.Louis, MO, 

USA), lOOU/ml penicillin plus ЮО^д/тІ streptomycin (Gibco, Breda, The 

Netherlands), 5% v/v fetal bovine serum (Seralab, Nistelrode, The Netherlands) 

and, starting at day three after seeding with 10 ng/ml epidermal growth factor 

(Collaborative Research Inc., Lexington, MA, USA). Cells were grown at ЗТХ, 

95% relative humidity, and 7.5% C02 in air. In some experiments keratinocytes 

were grown on thermonox acetone-resistant plastic coverslips. EDTA treated, 
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trypsinized keratinocytes or coverslips with keratinocyte colonies from the 

primary culture or from the first 1-2 passages were used in the experiments. 

2.4. Immunohistochemical Staining 

Biopsies were frozen immediately in Tissue-Tek II OCT compound (Miles 

Scientific, Napperville, USA) and sectioned at 6-8 μπη. After fixation with 

acetone, the frozen sections were incubated for 3 min in PBS containing 

0.01% Tween 80. Coverslips with acetone-fixed keratinocytes were mounted 

onto slides with DePeX. After washing with PBS, slides were incubated for 30 

min at room temperature with primary antibody in a proper dilution (table I, list 

of antibodies used). After 3 washes with PBS the slides were incubated for 

30 min at room temperature with peroxidase-conjugated rabbit anti-mouse 

immunoglobulins (RAMPO, Dakopatts, Copenhagen, Denmark) diluted 1:25 in 

PBS containing 5% human AB-serum, or peroxidase-conjugated swine anti-

rabbit immunoglobulins (SWARPO, Dakopatts, Copenhagen, Denmark) diluted 

1:25 in PBS containing 5% human AB-serum. After three further washes with 

PBS and a preincubation in sodium acetate buffer, pH 4.9, slides were finally 

stained in sodium acetate buffer containing 10 mg/50 ml 3-amino-9-ethyl-

carbazole (AEC) and 17.5 μ\/50 ml 30% H202 (prepared freshly) for 10 min at 

room temperature in the dark. After two washes with demineralized water, 

slides were counterstained with haematoxylin (Mayer) and mounted in glycerin 

gelatin. 

The antibodies used are given in table I. These comprize RKSE60, 

RCK102 and K40 (produced at the department of Pathology, University 

Hospital, Nijmegen), Pab601 (kindly provided by Dr I. Leigh, London), К.в.іг 

(Bio-Yeda, Rehovot, Israel and at a later stage Sigma, St. Louis, USA), MVI 

(Eurodiagnostics, Apeldoorn, The Netherlands), anti-involucrin and anti-

filaggrin (Biomedical Technologies, Ine, Stoughton, USA). RKSE60 is directed 

against keratin 10 and recognizes only suprabasal keratinocytes16. RCK102 

reacts with keratins 5 and 8 and has comparable staining characteristics to 

Pab601 binding to cells of the basal layer in normal epidermis, and cells in the 

lowest three layers of the epidermis in psoriatic lesionai skin. Although the 

specificity of Pab601 with respect to epidermis has not yet been established 

as far as we know, it is believed to recognize keratins 5 and/or 1421. K40 is a 

polyclonal antibody having a broad specificity and recognizing all keratino-
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cytes in cryostat sections of normal and diseased skin and in cultures. K,8.12 

binds to keratin 16 present in the suprabasal compartment of hyperprolifera

tive epidermis22. The polypeptide specificity of К.в.іг was examined by 

¡mmunoblotting analysis of cytoskeletal preparations containing nearly all 

human keratin polypeptides and reacted only with keratins 13 and 1615. MVI is 

an anti-vimentin MAbie, staining non-keratinocytes in the epidermis. Involucrin 

is a precursor protein of the cornified envelope, and anti-involucrin stains the 

upper layers of normal epidermis. In psoriatic lesionai epidermis all suprabasal 

layers are positively stained. Anti-filaggrin stains the granular layer of the 

epidermis in a granular pattern. The specificity of the MAb is summarized in 

table I. 

2.5. Staining of cell suspensions 

Aliquots of ethanol-fixed single cell suspensions derived from single biop

sies were immunostained according to Bauer et al14. Dilutions were as with 

cryostat sections and are given in table I. FITC-conjugated goat anti-mouse 

IgG (GAMFITC, Tago, Burlingame, USA) and FITC-conjugated swine anti-rabbit 

IgG (SWARFITC, Dakopatts, Copenhagen, Denmark) were added in a 1:25 di

lution, as second antibodies. After the two incubation steps, the cells were 

washed twice and resuspended in 200 μΙ PBS. Cellular DNA was stained 

quantitatively by the addition of 200 μ\ sodium phosphate-buffer, pH 7.8 

containing 4 mg/ml propidium iodide (PI) (Calbiochem, San Diego, USA). 

2.6. Flow cytometry 

The cell suspensions were incubated for 15 min with 50 pi RNAse 

(1 mg/ml in PBS) (Sigma, St Louis, USA) at room temperature, filtered in order 

to remove clumps and the fluorescence measured using an Ortho 50H flow 

cytometer (Ortho Instruments, Westwood, USA). Both FITC and PI were 

excited with a 5 W argon ion laser (164-05, Spectra Physics, Mountain View, 

USA) tuned at 488 nm and emission was recorded at 515-530 nm (FITC) and 

>630 nm (PI). The data were stored and analyzed with a Digital PDP11/34 

computer (Digital Equipment, Galway, Republic of Ireland). Both area and 

peak value of the red (PI) fluorescence signal were measured. The ratio 

area/peak is an excellent discriminator between artifacts due to doublets of 

diploid cells and real single tetraploid cells19. 
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Table I List of monoclonal antibodies used in this study and their demonstrated specificity. 

NAAM 

RKSE60 

RCK102 

K40 

Pab601 

ιςβ.12 

MVI 

a-inV0lUCrin 

a-filaggrin 

BIOCHEMICAL 
SPECIFICITY 

keratin 10 

keratins 5 and β 

most keratins 

not established 
(keratins 5 
and/or 14?) 

keratins 13 and 
16 

vimentin 

involucrin 

profilaggrin and 
»ilaggrin 

LOCAUZA-
TION IN 
NORMAL 
EPIDER
MIS 

suprabasal 
layers 

basal layer 

all layers 

basal layer 

not present 

non-kera-
tinocytes 

granular 
layer 

granular 
layer 

LOCALIZA
TION IN 
PSORIATIC 
LESION 

suprabasal 
layers 

lowest three 
layers 

all layers 

lowest three 
layers 

suprabasal 
layers 

non-kera-
tmocytes 

suprabasal 
layers 

granular 
layer 

LOCALIZA
TION IN 
VITRO 

sporadically 

all keratino-
cytes 

all keratino-
cytes 

all keratino-
cytes 

keratino-
cytes, 
stronger stai
ning for peri
pheral cells 

human fibro
blasts, some 
keratmocytes 

10-30% of 
the keratino-
cytes 

2-10% of the 
keratinocytes 

DILU
TION 

1:10 

1:20 

1:50 

1:2.5 

1:20 

undi
luted 

1:8 

1:500 

REF. 

[16] 

[21] 

[15] 
[22] 

[16] 

[12] 

[131 

3. Results and Discussion 
Intermediate filaments and other structural proteins such as involucrin and 

filaggrin can easily be visualized immunohistochemically using a standard im-

munoperoxidase protocol, because of the high antigen concentration per cell. 

Figure 1 shows an example of RKSE60 staining in a cryostat section of psoria

tic lesionai skin. Bright and intense staining of suprabasal cells illustrates that 

RKSE60, recognizing keratin 10, is a useful differentiation marker for epider

mis. The same pattern can be seen in normal epidermis. 

Even in the case of the hyperproliferation marker «58.12, where staining of 
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Figure 1 RKSE60 staining of cryostat section derived from psoriatic lesionai skin, using 
an Indirect Immunoperoxidase technique. 

normal skin was patchy, there was a sharp demarcation between positive and 

negative areas. The percentage of cells staining varied between healthy volun

teers, but was minimal and always restricted to deeper rete ridges of the basal 

layer. Figure 2 demonstrates an example representative of all the healthy 

volunteers. The clinically uninvolved skin of psoriatic patients showed an es

sentially similar pattern to that observed in healthy volunteers. 

In contrast, the lesionai skin of all psoriatic patients showed a positive 

K,8.12 staining of the suprabasal layers, which was more pronounced and uni

formly distributed. These characteristics can be seen in figure 3. 

Finally figure 4 illustrates the specific staining pattern of anti-filaggrin. The 

keratohyalin granules In the stratum granulosum can be clearly identified, In

dicating that this antibody is very useful as a marker of the very late stages of 

terminal differentiation. 

For cultured human keratinocytes the same immunoperoxidase technique 

can be used as for cryostat sections obtained from skin. However, these 

keratinocytes were cultured in plastic petridishes. Because this plastic is not 

resistant against the acetone fixation step used with the immunoperoxidase 

technique, thermonox cover slips had to be used. Figure 5A and 5B show 

examples of staining with RCK102 and anti-vimentin, respectively. 
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Figure 3 Ks8.12 staining in psoriatic lesionai epidermis. 
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Figure 4 Typical staining pattern of psoriatic lesiona! epidermis using anti-filaggrin. 

For flow cytometric analysis cell suspensions were fixed in 70% ethanol. 

Other fixatives, such as acetone and methanol, were also tested but resulted 

in cell loss, DNA histograms with larger coefficients of variance, and some

times less antibody binding. Figure 6 illustrates a typical 2-parameter plot of 

normal epidermal cells stained with RKSE60 and PI. A cluster of FITC-positive 

cells with mainly low relative DNA content (diploid) is clearly separated from 

the FITC-negative cells which have relative DNA content varying from diploid 

to tetrapioid. Figure 7 is a straight conversion of the original list data, resulting 

in a histogram of the red fluorescence signal (relative DNA content). In this 

particular example we found a percentage of cells in S+G2M phase of 5.7%. 

The average percentage of cells in S + G2M phase in normal epidermis is 4.0% 

± 1.2 (st.dev; n = 13). This value increases in epidermis of psoriatic lesions to 

an average of 12.5% ± 5.2 (n=16). These DNA values are identical to pre-
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Figure 5 RCK102 (A) and anti-vimentin (В) staining of human cultured keratinocytes. 
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vious single parameter studies23, indicating that we are not introducing 

artifacts by measuring more parameters at once. 

Cell suspensions derived from psoriatic skin also could be subdivided into 

distinct subpopulations according to RKSE60 binding. In the keratin 10-posi-
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Figure 6 Typical two-parameter dot-plot, relative DNA content on the x-axis and keratin 10 
antibody binding on the y-axis. The cells were derived from normal skin. 

tive cell population prolifera

tive activity is substantially 

lower, most cells having 

diploid DMA content "Птіз is com

patible with the suprabasal 

expression of keratin 10 and 

the supposition that supra-

basal cells are differentiated 

and no longer capable of 

dividing. 

Using the same staining Figure 7 

protocol for Pab601 as for 

DNA 

This figure shows a conversion of the data 
from figure 6 resulting in a DNA histogram. 
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RKSE60 no specific immunofluorescence could be observed by fluorescence 

microscopy, and an additional post-fixation step with acetone proved to be 

necessary. The fact that straight 70% ethanol fixation was not sufficient to 

allow the MAb Pab601 to bind to epidermal cells is presumably due to 

masking of the epitope. Using the extra fixation step, a reasonable separation 

between Pab601 -positive and Pab601 -negative cell populations could be 

shown in cell suspensions obtained from normal skin. Yet, in the case of cell 

suspensions derived from psoriatic skin, no separation between Pab601-

positive and Pab601 -negative cells could be obtained in the majority of the 

samples. About 40% of the keratinocytes from normal epidermis were Pab601-

positive, including the majority of cells in S-phase and G2M-phase of the cell 

cycle. Pab601-positive cells measured flow cytometrically are probably basal 

cells, since the sum of the numbers of RKSE60-positive, Pab601-positive and 

MVI-positive cells in cell suspensions derived from normal cells was 100% and 

the fact that the majority of cells in S-phase and G2M-phase of the cell cycle 

stained with Pab601. 

The appearance of keratin 16 in the lesionai epidermis of psoriatic patients 

could be confirmed using FCM. K,8.12-positive and K,8.12-negative cell 

populations were clearly separated. In normal skin K,8.12-positive cells were 

seen sporadically with a fluorescence intensity of the same order as seen in 

cells derived from psoriatic lesions. As the analysis was performed on a "per 

cell basis" cell populations expressing keratin 16 could be quantified ac

curately. A large variation between individual lesions with respect to numbers 

of keratin 16-positive cells was shown. When a standardized trauma such as 

tape-stripping was used, the variation between percentages of K,8.12-positive 

cells appearing 16 h after stripping was much smaller. The variation in pso

riatic lesionai epidermis can be explained by variation between sites within the 

same plaque rather than inter-individual variation. As MAb analysis was done 

concomitantly with measurement of relative DNA content, at a functional level, 

binding of 1^8.12 was predominantly found to be restricted to diploid cells. 

This is in line with the suprabasal location found immunohistochemically. The 

clear separation shown by flow cytometric analysis is also in line with the 

discrete boundary seen in the frozen sections stained with ^8.12. 

In normal epidermis the vimentin-positive cell population will consist almost 
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exclusively of dendritic cells (melanocytes, Langerhans cells), in psoriatic 

lesionai skin inflammatory infiltrate cells will be present in addition. Especially in 

the active phases of the psoriatic lesion, infiltrate cells, including monocytes, 

lymphocytes, and polymorphonuclear leukocytes, invade the epidermis24. 

However, the increased epidermal volume, and hence the increased number 

of keratinocytes under a certain surface25, together with a reduction of the 

number of Langerhans cells26, might account for the relative reduction of 

vimentin-positive cells in the psoriatic lesion. Using the method described in 

this study, the changes in the number of vimentin-positive cells in diseased 

epidermis can influence results obtained with antibodies directed against a 

subpopulation of keratinocytes. Two-color immunofluorescence using fluores

cein isothiocyanate (FITC)-conjugated and phycoerythrin (PE)-conjugated anti

bodies could be used to express for instance the number of RKSE60-positive 

cells (PE-labelled) as a percentage of total epidermal keratinocytes (polyclonal 

anti-keratin antibody, FITC-labelled). In this way, interference of non-keratino-

cytes can be avoided. Using a single laser system, PI should be replaced by 

7-amino-actinomycin D to allow simultaneous cell cycle analysis27. 

Figure 8 shows exam

ples of Pab601 binding in 

keratinocytes from normal 

epidermis (8A), RKSE60 

binding in keratinocytes 

from psoriatic lesion (8B), 

and K,8.12 binding in 

keratinocytes from psori

atic lesion (8C), illustrating 

the association with cells 

having more than diploid 

DNA content (8A) and 

cells having diploid DNA 

content (8B and 8C), res- Figure 8 

pectively. 

We demonstrate here 

that flow cytometric quan-

FITC 

Two-parameter frequency histograms of an
tibody binding (FITC, y-axis) and relative DNA 
content (PI, x-axis), simultaneously A Pab601, 
В RKSE60, С. «,812 
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tification of intermediate filament-type proteins in addition to relative DNA 

content provides a valuable approach for studies on epidermal pathology. 

Although in principle very simple, this approach is not very well documented in 

the literature. A recent review on the technique illustrates this very clearly28. In 

almost all studies until now, precipitation fixatives, such as ethanol and 

methanol have been used. One important reason to fix the cells is that primary 

and secondary antibodies must penetrate the plasma membrane and that the 

DNA must be susceptible for staining with the polar intercalating dye PI. 

Furthermore, fixed cells can be stored for periods up to a year at -ТОРС. Other 

approaches to introduce immunoglobulins into the cytoplasm are the use of 

detergent as demonstrated for anti-keratin antibodies by Staquet et al29 or 

the use of lysolecithin with viable cells30. 

In summary this chapter illustrates that multiparameter characterization of 

epidermal subpopulations using flow cytometry is a useful novel tool for stu

dies on skin pathology. Epidermal characteristics are assessed on a per cell 

basis and analyzed rapidly (>500 cells per second). The method is highly re

producible and since many cells are measured per sample statistical accuracy 

is high. When applied to cell suspensions derived from skin similar results 

were obtained compared to previous microscopic evaluation Additionally, we 

were able to show the potential value of MAb ^8.12 as a new marker for 

hyperproliferation. Multiparameter FCM permits quantitative population ana

lysis, extending our knowledge on topographical relations in the epidermis as 

visualized under the microscope. 
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1. Introduction 
Bromodeoxyundme (BrdUrd) and lododeoxyundme (IdUrd) are thymidine 

analogues which are incorporated into DNA synthesizing nuclei. These nuclei 

can be visualized by an immunofluorescence or an immunoperoxidase tech

nique using monoclonal antibodies against BrdUrd1. This technique is very 

useful for kinetic studies For instance, it can be used as an alternative for 

^HJthymidine autoradiography and has certain advantages over it Firstly, 

there is no need for facilities required for work with radioactive tracers 

Secondly, the cells labelled with BrdUrd can be detected more quickly since 

the long exposure time needed for autoradiographs can be omitted and 

thirdly, BrdUrd and especially IdUrd may under some conditions be used in 

vivo even in human beings23. 

This technique has therefore found wide application in flow cytometry. For 

kinetic investigations a fluorochrome such as propidium iodide (PI) is used 

that stains DNA quantitatively, providing a measure of the DNA content per 

cell With the BrdUrd-techmque information can be obtained on the number of 

synthesizing cells Simultaneous measurement of incorporated BrdUrd (or 

IdUrd) and relative DNA content by flow cytometry allows detailed analysis of 

cell cycle kinetics24567. Several immunochemical procedures for cell staining 

have been described using anti-BrdUrd and PI, measuring simultaneously 
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DNA synthesis and relative DNA content"·9·10,11. Binding of the monoclonal 

anti-BrdUrd antibody requires regions of single-stranded DNA while PI is an 

intercalating dye which therefore requires double-stranded DNA. Acid treat

ment9 or thermal denaturation10 have been used most often, giving the best 

compromise. Recently, improvements of these techniques have been pub

lished using additional cell treatment, such as extraction of chromatin proteins 

by detergent, reduction of autofluorescence by sodium borohydride* or an 

extra protein degradation step using a proteolytic enzyme11. However, these 

protocols are either time consuming or at least in our hands cause substantial 

cell loss, especially when applied to haematopoietic cells. 

This chapter describes the investigations on the influence of the variables 

involved in the BrdUrd/ldUrd staining protocol, such as method of fixation, 

DNA hydrolysis and enzymatic degradation. As a result we have developed 

protocols for cryostat sections of skin, for keratinocytes cultured on coverslips 

and for epidermal cell suspensions obtained either directly from human skin 

or from cultured keratinocytes. Haematopoietic cells were used to show the 

general applicability of the flow cytometric technique. 

2. Methods & Materials 
2.1. Cell Culture and Tissue Preparation 

Human neonatal foreskin keratinocytes were cultured on 3T3 feeder cells12 

as described in chapter II at p. 33. EDTA treated, trypsinized keratinocytes 

from the first 1-2 passages were used in the experiments. 

Human skin biopsies, 3 mm in diameter and thickness about 0.3 mm, ob

tained from healthy volunteers, were cut as previously described13. Epidermal 

cell suspensions were prepared by trypsinization14. 

Human bone marrow was collected in sterile buffered acid-citrate dextrose 

(ACD, formula A, pH = 7.0). Erythrocytes were removed by gradient centrifu-

gation at 500 g for 30 minutes on 1.077 kg/I Ficoll-lsopaque (Pharmacia, 

Uppsala, Sweden). The nucleated cells from the interphase were washed twice 

in phosphate-buffered saline (PBS) and pre-incubated in RPMI 1640 (Boehrin-

ger Mannheim, FRG), supplemented with 100 mg/ml streptomycin, 2.103M 

glutamine and 10% v/v fetal calf serum (Flow Laboratories, Irvine, Scotland). 
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2.2. BrdUrd and IdUrd Labelling 

Cultured cells and human bone marrow cells (10e cells/ml) were pulse-

labelled in vitro (15, 30 or 60 min) in medium containing BrdUrd (Serva, 

Heidelberg, FRG) or IdUrd (Sigma, St.Louis, USA). The final BrdUrd and IdUrd 

concentration was 10 μΜ. Cells were harvested, washed in ice-cold PBS fixed 

in ice-cold 70% ethanol and stored at -20oC until use. Skin biopsies were 

floated, dermal face downward, on 2 ml medium 199 containing 135мд/тІ 

BrdUrd or IdUrd (final concentration) at 370C. After 1 h the tissue was tryp-

sinized, and isolated cells were fixed in ice-cold 70% ethanol and stored at 

-20oC until use. 

2.3. Immunohistochemistry 

For the preparation of frozen sections, skin biopsies were washed in saline 

and embedded in Tissue-Тек OCT compound (Miles, Naperville, USA) in the 

cryostat at -20oC. Sections of 8^т were cut and air dried. The hydrolysis 

steps are described in the Results & Discussion section at p. 54. On both 

cryostat sections and coverslips an indirect immunoperoxidase staining was 

performed, using DAKO-BrdUrd (Dakopatts, Copenhagen, Denmark) as the 

primary antibody, peroxidase-conjugated rabbit anti-mouse IgG (FIAMPO) 

(Dakopatts, Copenhagen, Denmark) as the second step, and amino ethylcar-

bazole (AEC) (Sigma, St.Louis, USA) together with Н г02 as enzyme sub

strates. Details are described in chapter II at p. 34. 

2.4. Denaturation and Staining for Flow Cytometry 

Between 0.5-1.0x10' ethanol-fixed cells were used for further preparation. 

Cells were washed once with PBS. Acid hydrolysis was tested in a variety of 

conditions with respect to pH, time and temperature. The effect of pepsin 

(Serva, Heidelberg, FRG) was investigated; experimental conditions are speci

fied in the Results and Discussion section at p. 55. Hydrolysis was terminated 

with excess 0.1 M N338407. After a minimum of 2 washes with PBS, denatured 

and/or protein-digested cells were pelleted. Cells were resuspended in 50 μΙ 

PBS containing 0.5% v/v Tween 20 (Sigma, St. Louis, MO, USA) and 5 μ\ 

FITC-conjugated anti-BrdUrd (Becton & Dickinson, Mountain View, CA, USA) 

was added. After 30 min incubation at room temperature in the dark, 500 μΙ 

PBS was added, cells were sedimented and washed once with PBS. Two 

other primary antibodies directed against BrdUrd, DAKO-BrdUrd (Dakopatts, 
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Copenhagen, Denmark) and HN-IU (a generous gift from the department of 

Haematology, University of Nijmegen), were used in addition. A second 

incubation-step with RAMFITC (Dakopatts, Copenhagen, Denmark) was nec

essary to visualize these antibodies. The cells were washed and resuspended 

in 400 μΙ PBS containing 20 pg/ml PI (Calbiochem, San Diego, CA, USA) and 

incubated for 15 min with 50 μΙ 1% w/v RNAse (Sigma, St. Louis, MO, USA). 

Prior to flow cytometric analysis cell suspensions were filtered through gauze 

(mesh 50 μίτι, van Wijk, Santpoort, The Netherlands). 

2.5. Flow Cytometry 

Cells stained with FITC and PI were measured with a flow cytometer 50H 

(Ortho Instruments, Westwood, CA, 

USA). The 488 nm line of a 5 W Argon 

ion laser was used for excitation. A 

580 nm dichroic mirror, a high-pass 

filter RG630 nm for red, and a band

pass filter 515/530 nm for green were 

used. If possible, 5x104 cells were 

measured at a flow rate of approxima

tely 100 cells per second. The area of 

the green fluorescence signal and both 

area and peak value of the red fluores

cence signal were recorded in list 

mode. The ratio area:peak discrimi

nates between artifacts due to doublets 

of diploid cells and real single tetraploid 

(or late S) cells, when intact cells are 

used15. 

•Mn biopsy 

I 
pulse labeling with BrdUnJ/ldUrd 

oyostat section 
15 min acetone fixation 

10 min hydrolysis In 4N HCl at rt 
alide washed In PBS 

30 min MAb 1:10 in 0.54 Tween 20/PBS 
sude washed in PBS 

30 min RAMP01 ¿S In 5% ABS/PBS 
slldewashedlnPBS 

10 min AEC in acetate buffer, pH 4.9 

counterstaln with haematoxylln (Mayer's) 
cells embedded In KalsVs glycerol gelatin 

Figure 1 Identification of BrdUrd label in 
skin cryostat sections. 

3. Results and Discussion 
The incorporated BrdUrd (or IdUrd) is detected immunocytochemically in 

partially denatured DNA using a MAb1. The applicability depends on selected 

conditions to allow antibody binding. The integrity and architecture of tissue 

and cells should be preserved as far as possible for additional morphological 
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Figure 2 Immunoperoxidase staining on cryostat sections of S-phase cells after BrdUrd 
Incorporation. A: normal human skin. B: epidermis 40h after sellotape stripping. 
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culture (coversllp) 

I 
pulse labeling with BrdUrd/ldUrd 

covtnllp with Intact celli 
1S min acetone fixation 

β min hydrotytis 'η I N HCl at 60°C 
ooveraip washed In PBS 

30 min МАЬ 110 In 0.5% Tween 20/PBS 
oovefïflp washed In PBS 

30 min RAMP01:2S In 5 4 ABS/PBS 
coveralp washed in PBS 

I 
10 min ЛЕС In acetate buffer, pH 4.8 

counterstain wtti haematoxylln (Mayer's) 
cells embedded In Kaiser's glycerol gelatin 

Figure 3 Identification of BrdUrd label in 
intact human keratinocytes 
cultured on coverslips. 

and immunocytochemical characteriza

tion. Another requirement in the case of 

flow cytometric analysis is the ap

propriate staining of DNA with PI. 

BrdUrd (or ldUrd)-staining requires 

regions of single-stranded DNA while PI 

is an intercalating dye requiring double-

stranded DNA. 

The final protocol for the staining of 

skin sections is shown in figure 1. Ace

tone fixation was essential to obtain 

satisfactory results. Fixation with 70% 

ethanol did not work. Acid hydrolysis 

was tested at different HCl strengths in 

the range 0.1 N to 4 N HCl. Best 

results in terms of immunostaining and 

of preservation of histological details were obtained using 4 N HCl for 10 min 

at room temperature. The appearance of sections stained using this technique 

is illustrated in figure 2. 

The protocol for in situ 

immunostaining of cultured 

keratinocytes is described in 

figure 3. Culture on coverslips 

made it easier to study variables. 

Moreover, acetone fixation proved 

to be necessary, which causes 

problems in many plastic culture 

dishes. Alkaline denaturation with 

0.08 N NaOH, according to a 

manufacturer's protocol (Becton & 

Dickinson), was deleterious. After Figure 4 

a short period the cultured cells 

became slimy and detached from 

the plastic. Acid hydrolysis, as 
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Immunoperoxidase staining of cells 
in S-phase of the cell cycle, after 
BrdUrd/ldUrd incorporation in a gro
wing keratinocyte colony in vitro. 
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used before, i.e. 4 N HCl for 10 min at room temperature was also unsuc

cessful. New conditions for acid hydrolysis16, namely 8 min hydrolysis in 1 N 

HCl at 60PC gave positive results. Typical results are shown in figure 4; it is 

seen that the architecture of the cell colonies and also cellular details are well 

preserved with this technique. 

trypslnlzatlon 5 min trypsin a t a r С 20 min trypsin at 37° С 

cell suspension 
overnight fixation with 70% ethanol at 20° С 

30 mm 0.2 ma/ml pepsliV2N HCl at ft 
neutralize with 0.1 M Na2B407 

cells washed in PBS 

Ü 
30 min MAb 1:10 or MAbFITC 1:10 In 0.5% Tween iO/PBS 

cells washed in PBS 

д 
(30 min RAMFITC 1 30) 

(cells washed In PBS) 

Ü 
propldlum Iodide In phosphate buffer, pH 7.2 

0 
FCM 

Figure 5 Identification of BrdUrd/ldUrd label in single keratinocyte suspensions derived 
from skin biopsies and cultures. 

The final protocol for immunostaining of cell suspensions is shown in 

figure 5. Here it proved to be irrelevant from which source they were derived, 

either from cultured keratinocytes or from biopsies. Once fixed in cold 70% 

ethanol the same procedure was employed. It is important that it appears pos

sible to fix the specimens in cold ethanol immediately after the biopsy is taken. 

Acid hydrolysis at different HCl strengths (range 0.1 N-4 N), and different 

incubation temperatures (room temperature, 37°C, 60oC) are generally 

used2,4,16. However, with cultured keratinocytes or cells derived from human 

skin biopsies pulse-labelled for 1 h with 10 ¿iM or 135/ig/nnl BrdUrd, respec

tively, we were not able to obtain the results reported with these staining pro

tocols (figure 6B). Concentrations greater than 2 N HCl and/or longer incu-
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Figure 6 Bivaríate BrdUrd/DNA analysis of cultured human keratinocytes. Comparison of 
pretreatment with 0.2 mg/ml pepsin in 2N HCl (A), 2N HCl only (B), and without 
treatment (C). 

bation times lead to increased cell loss, naked nuclei or even total destruction 

of the nuclei and much debris. Preincubation of ethanol-fixed cells with 

0.4 mg/ml pepsin in 0.1 N HCl for 30 min at room temperature followed by 

denaturation using 2 N HCl11 resulted in some improvement. As expected, this 

procedure resulted in naked nuclei, but flow cytometric analysis was ham

pered because of large amounts of debris. Substantial improvement was ob

tained with simultaneous acidic denaturation and pepsin digestion showing 

high sensitivity (figure 6A) and low background fluorescence (figure 6C). 

Pepsin has a pH optimum of 1.5 but is still sufficiently active in 2 N HCl. We 

tested pepsin concentrations from 0.1 mg/ml to 1.0 mg/ml in 2 N HCl at room 

temperature; 0.2-0.4 mg/ml giving optimal results. Surprisingly, 0.2 mg/ml 

pepsin in 2 N HCl kept most of the cytoplasmatic structure intact as visible 

with a phase-contrast light microscope. However, when the neutralization step 

with N a ^ O , was omitted and the cells were washed with PBS alone, only 

naked nuclei were obtained. Comparison of DNA histograms obtained before 

and after hydrolysis showed that the combined pepsin/denaturation step did 

not affect the distribution of cells over the different cell cycle phases, as 

detected with PI. Moreover, this method resulted in DNA histograms with 

remarkably lower CVs for the staining with PI compared to acid denaturation 

only, although the absolute intensity of the red signal was somewhat de

creased. In terms of sensitivity, the procedure described above is better or at 

least comparable with results obtained with other protocols8·11. The method 

described allows detection of S-phase cells after a labelling period with 
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BrdUrd as short as 5-10 min. Even when only 0.5-1.5% of all cells were in 

S-phase as is the case in normal human epidermis, BrdUrd-positive cells were 

clearly separated from GoG, and G2M cells after a 15 min pulse. Cell recove

ries were greater than 85% which can be attributed to the relative mildness of 

this procedure and/or to the reduction of the number of incubation and wash 

steps; the total processing including measurement, when using a direct immu-

nofluorescent technique, can be completed in less than 2 h. 

Figure 7A and 7B illustrate that this procedure can be applied to cell types 

other than keratinocytes. Human bone marrow cells were pulse-labelled with 

10 μΜ BrdUrd for 60 min, 

and after overnight fixation 

in 70% ice-cold ethanol, 

the cells were stained for 

BrdUrd incorporation and 

relative DNA content as 

described for epidermal 

cells. Similar bivariate 

BrdUrd/DNA distributions 

were obtained compared 

to stained epidermal cells 

and the small CVs of the 

DNA histograms (< 1.5%) 

were striking. 

In conclusion, the 

immunohistochemical pro

tocols described are rela- Figure? 

tively simple, and maintain 

reasonable morphological 

integrity of the cells. This is also true for the novel flow cytometric procedure, 

which in addition is applicable to a variety of cells, including cultured keratino

cytes, cells derived from solid tissue, and human bone marrow cells. 
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Bivariate BrdUrd/DNA analysis of human bone 
marrow cells pulse-labeled in vitro. A: treat
ment with pepsin/HCI, B: without hydrolysis. 
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1. Introduction 
Ki-67 is a monoclonal antibody (MAb) which recognizes a human nuclear 

proliferation-associated antigen. This antibody was described for the first time 

by Gerdes et al in 1983'. The antigen is expressed by cells in late G,, S, G2, 

and M-phase of the cell cycle, at least in the case of human peripheral blood 

lymphocytes2. The existence of such human nuclear antigens associated with 

proliferation has been suggested before. These antigens were detected by the 

use of autoantibodies found in sera of patients with lupus erythematosus (LE) 

and in sera of leukemic patients34,5. The antigen which binds Ki-67 has not 

been identified yet. Recently, another proliferation-associated antigen has been 

characterized, (PCNA)/cyclin. This antigen has been proven to be a 36kD 

intranuclear polypeptide, and is an auxiliary protein of the enzyme DNA poly

merase ίβ. It is this antigen to which the autoantibodies produced by LE 

patients are directed. Despite the fact that there are also MAb available 

directed against (PCNA)/cyclin7, these antibodies are found to be less suitable 

for cell cycle analysis than Ki-67. The main reason for this is that cyclin is not 

present throughout the cell cycle of proliferating cells. A third antibody intro-
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duced recently, is a MAb against DNA-methyltransferase"·9. However, this 

antibody is not commercially available, and is not yet fully characterized with 

respect to its expression during the cell cycle. 

The reason for using Ki-67 and other antibodies recognizing proliferation-

associated antigens is that until now there is no direct marker available which 

can discriminate between cycling cells and resting (G0) cells. Boezeman et 

al10, using a mathematical analysis of DNA distributions at different times 

following injury, have shown that a G0 population does in fact exist in human 

epidermis in vivo; these authors demonstrated that under normal circumstan

ces only a minority of cells are actively cycling. 

In this chapter we describe studies to show that the Ki-67 antigen is 

present in normal and hyperproliferative epidermis in vivo, and in cultured 

human keratinocytes. Furthermore, we have investigated the possibility of 

measuring Ki-67 binding in keratinocytes flow cytometrically. Optimization of 

the flow cytometric technique was carried out with activated human peripheral 

blood lymphocytes. 

2. Methods & Materials 
Z 1 . Skin Sampling and Preparation of Cell Suspensions 

Shave biopsies were taken as described in chapter II at p. 33 using a 

standard technique" from normal skin of healthy volunteers, from skin 40 h 

after tape-stripping, and from lesionai skin of psoriatic patients. Biopsies were 

frozen directly in liquid nitrogen, and stored at -80oC until use. Cell suspen

sions were prepared from fresh tissue by trypsinization as described previous

ly12. Cells were fixed according to the protocol described in the Results & 

Discussion section at p. 71. 

2.2. Human Keratinocyte Culturing 

Human neonatal foreskin keratinocytes were cultured on 3T3 feeder 

cells13. The detailed procedure is given in chapter II at p. 33. In some experi

ments keratinocytes were grown on thermonox acetone-resistant plastic cover-

slips. EDTA treated, trypsinized keratinocytes or coverslips with keratinocyte 

colonies from the first 1-2 passages were used in all experiments. 
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2.3. Immunohistochemical Procedure 

Frozen biopsies were embedded in Tissue-Tek II O.C.T. compound (Miles 

Scientific, Naperville, USA) in a cryostat at -20oC. Sections of 8 μνη were cut 

and fixed directly in acetone for 10-20 minutes. At a later stage fixation was 

carried out in acetone-ether (60/40 v/v) for 20 min. Fixed and air-dried sections 

were either kept at -80oC or used directly. The basic staining protocol is similar 

to the procedure for MAb against intermediate filament proteins described in 

chapter II at p. 34 of this thesis. Ki-67 concentration was tested in the range 

1:4 to 1:50. Higher Ki-67 concentrations resulted in more nuclear signal. 

However, with dilutions in the range 1:4 to 1:10 the background signal (in par

ticular cytoplasmic labelling of basal cells) interfered with the nuclear staining. 

Every batch of peroxidase-conjugated second antibody was tested for opti

mum concentration. Although small variations did exist, a dilution of 1:25 was 

generally used. 

2.4. Mitogen-Stimulated Lymphocyte Cultures 

Mononuclear cell suspensions were prepared from peripheral blood of 

volunteers using a 1.077 kg/I Ficoll-lsopaque (Pharmacia, Uppsala, Sweden). 

The cells were kept three days in RPMI 1640 (Boehringer, Mannheim, FRG), 

supplemented with 100 mg/ml streptomycin. 2 mM glutamine, and 10% v/v 

fetal calf serum (Flow Laboratories, Irvine, Scotland). Lymphocytes were 

stimulated in vitro using 60 μg/m\ phytohemagglutinin (PHA) (Sigma, St.Louis, 

USA). A control culture without mitogen was grown as well. The effect of PHA 

stimulation was evaluated by continuous labelling with iododeoxyuridine 

(IdUrd) and flow cytometric DNA/ldUrd analysis. IdUrd was added to the cell 

suspensions at day 2 of stimulation with PHA. The final concentration was 

10 μΜ. After an incubation period of 24 h cells were washed with PBS and 

fixed with ice-cold 70% ethanol. Samples were stained with anti-BrdUrd and 

RAMFITC using the pepsin/HCI protocol described in chapter III. All experi

ments were carried out in duplo and every time a blank was included (in 

duplo). PBS-washed 3ml samples contained 3x106 cells. Each sample was di

vided into 6 portions. Centrifuge steps of unfixed cells were done at 1400 rpm 

for 5 min (40C) and in the case of fixed cells 5 min 2000 rpm at 4°C was used. 
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2.5. Storage of Mononuclear Cell Suspensions 

In order to evaluate the effect of storage, parallel samples were stored 

using different storage conditions for 1 week. The storage method used 

depended on the staining method to be used afterwards. One of 6 portions 

was frozen using a standard DMSO freezing protocol for vital cells. Two 

portions were stored at -80°C after a short fixation in paraformaldehyde at 

room temperature followed by methanol -20oC treatment. Penetration of the 

antibodies into cells fixed in suspension was improved by adding lysolecithin 

(L-Q-lysophosphatidylcholme, Type I, Sigma, St.Louis, USA) to the parafor

maldehyde solution14. One portion was fixed in acetone at -20°C and stored 

at -ВСУС. Finally, two portions were fixed in 70% ethanol at -гСУС and stored at 

-ВОРС. 

2.6. Immunofluorescence Procedure and Staining Methods 

Freshly prepared cells or cells stored according to the procedures de

scribed above, were divided into 6 portions and stained as follows. Method 1 : 

cells were fixed and labelled according to Palutke et al's. In brief, cells were 

mononudeir cell suspension 
I 

ΗΡΑ stimulation. 
3 days o* cultur· 

Method 1 Method2 

paraionnaldehyde poratonnaldehyde 

Triton X-100 lysoleothln 

methanol 

№471.6 
2A 2B 

SAM-FITC Triton X-100 
1:25 ι 

KI-671 5 
70% ethanol 

| SAM-FITC 

Na-dtrate buffer 1 25 

PI I 
Na-dtrate buffer 

PI 

Method 3i 

acetone 

N-6716 

SAM-FITC 
1 2 5 

I 
Na-dtrate buffer 

PI 

70% ethanol 

2A 
- [ -

Triton X-100 

48 

N-671 6 

SAM-FITC 
1 2 5 

Na-dtrate buffer 

PI 

Method 4 
IdOrd control 

1 
day 2 of 
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24hldUrd 

70% ethanol 

овИа fixed 

pepsliVHCI 

(chapter III) 

Figure 1 Schematic overview of the methods described in the Methods & Materials 
section for bivanate measurement of DNA/Ki-67 
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fixed in paraformaldehyde, followed by treatment with Triton X-100 to permit 

entrance of the antisera. Fixed cells were stained with Ki-67 (Dakopatts, 

Copenhagen, Denmark), diluted 1:5. FITC-conjugated swine anti-mouse immu

noglobulins (SAMFITC, American Qualex International, La Miranda, USA) was 

used as the second antibody. From here, cells were treated in two ways. One 

sample was stained directly with PI in the presence of RNAse (see chapter II 

at p. 35), and one sample was stained with PI according to Brons et al18. The 

cells were spun down, the supernatant was discarded, and the pellet placed 

on ice for 10 min. Subsequently 900μΙ of an ice-cold hypotonic PI solution, 

containing 25 μg/ml PI, 0.1% w/v tri-sodium citrate dihydrate (Merck, Darm

stadt, FRG), 0.01% RNAse, and 0.1% v/v Triton X-100, was added. Cells were 

kept overnight on ice. Method 2: cells were fixed with 1% paraformaldehyde 

containing 500 μg/ml lysolecithin for 2 min at room temperature14. After cen-

trifugation the cells were resuspended in 2 ml methanol at -20oC for 10 min. 

The cells were then divided in two portions. Sample 2A was treated with 0.1% 

Triton X-100 in PBS and sample 2B was not. Antibody labellingconditions were 

as described in method 1. Method 3 was adapted from Sasaki et al17. The 

cells were fixed with acetone at -20oC for 30 min. After rinsing the cells in cold 

PBS thoroughly, the incubation steps with Ki-67 and SAMFITC were identical 

to method 1. Method 4: the fixative used in this method was ice-cold 70% 

ethanol. Fresh cells were fixed for a period of 20 min at -20oC. After this 

fixation period the cells were divided into two portions, as described in 

method 2. One sample was treated with 0.1% Triton X-100 (4A) and one 

sample was not (4B). Antibody labellingconditions and staining with PI were as 

in method 1. A schematic overview of the methods used is given in figure 1. 

2.7. Flow Cytometry 

Cell suspensions labelled with antibodies and stained with PI for relative 

DNA content were filtered through gauze (50 μΓη mesh) in order to remove 

clumps. From each sample 10* cells were measured in list mode. Area and 

peak signal of the red fluorescence from bound PI and the peak signal of the 

green FITC signal were measured using an Ortho ЗОН or an Ortho 50H flow 

cytometer (Ortho Instruments, Westwood, USA). Both flow cytometers were 

equipped as described in chapter II at p. 35. 
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3. Results & Discussion 
Ki-67 binding was visualized on cryostat sections of normal skin, psoriatic 

skin, and skin 40 h after tape-stripping, using an indirect immunoperoxidase 

technique. Figure 2A illustrates a section of normal skin stained with Ki-67. 

Note that part of the epidermis, in particular the basal layer, shows cytoplas

mic staining. In the case of hyperproliferative conditions, such as psoriasis 

(figure 2B) and skin 40 h after tape-stripping (figure 2C), a dramatic increase 

of nuclear Ki-67 staining was observed in the basal layers of the epidermis. In 

contrast, the cytoplasmic staining of the basal layer, as observed in normal 

epidermis, disappeared almost totally. Cultured human keratinocytes resemble 

in many ways hyperproliferative conditions in vivo. 

Figure 3 shows that in a colony of exponentially growing keratinocytes the 

majority of the nuclei were stained with Ki-67 and that cytoplasmic staining 

was minimal. 

Prior to the observations of Gelfant in 19761β, it was generally believed 

that cell production was essentially regulated by variation of the cell cycle time 

(from 36 to >300 h) and that the majority of the germinative cells were actively 

cycl¡ng19·20•2,. However, Gelfant found that a large proportion of the basal 

cells in normal human epidermis were not labelled with radioactive thymidine 

after an exposure time of 14 days. This was the first observation supporting 

the existence of a large G0 cell population. More recently, other arguments in 

favour of the G0 concept were presented in a flow cytometric analysis of proli

ferative activity following tape-stripping of epidermis10,22. The fact that cells are 

entering the S-phase synchronously following tape-stripping suggests that 

they were "resting" at a fixed position in the cell cycle. The validity of the hy

pothesis that, in analogy with other tissues, Ki-67 binds to the nuclei of actively 

cycling cells in epidermis is confirmed by the present observation of large 

numbers of Кі-67-positive nuclei in psoriatic epidermis (figure 2B), post-tape-

stripping epidermis (figure 2C), and cultured human keratinocytes (figure 3), 

all hyperproliferative conditions with necessarily a large proportion of cycling 

cells. The present data indicate a growth fraction, i.e. the fraction of cycling 

cells in the germinative cell compartment, of about 5% and a G0 cell pool of 

more than 90% for normal epidermis. As previously mentioned, in addition to 

the nuclear staining, cytoplasmic staining of the basal layer was frequently 
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Figure 2 Examples of normal skin (A), psoriatic lesionai skin (B), and skin 40 h after tape-
stripping (C), staining with the proliferation-associated antibody KI-67. 
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observed. It was dramatically reduced in the hyperproliferative psoriatic lesion 

(figure 2B), in tape-stripped epidermis (figure 2C), and in cultured keratino-

cytes (figure 3) compared with normal epidermis (figure 2A). Thus it seems 

that there is a negative relationship between cytoplasmic staining and proli

feration. When germinative cells have entered the S-phase 40 h after tape-

stripping, the numbers of Ki-67-positive nuclei are increased. Preceding this, 

there is a period (from 16 to 32 h) with only weak cytoplasmic and inddental 

nuclear staining. This interval might be related to the synchronized transition of 

numerous basal cells from the quiescent to the cycling state22, the analogue of 

the specific Ki-67-negative G,-phase between G0 and S-phase, as has been 

suggested for lymphocytes2 . It should be noted that the cytoplasmic and the 

nuclear binding sites are simultaneously present in the few cells in unstimu

lated epidermis that are cycling (figure 2A). This makes the possibility very 

unlikely of one binding site moving after stimulation from the cytoplasm to the 

nucleus. The nature of the nuclear binding site is not known, but is very 

probably a protein, since its expression in lymphocytes can be inhibited by 

cycloheximide2; the nature of the cytoplasmic binding site, however, remains 

obscure. 

We have shown above, that the Ki-67 antigen is expressed in proliferating 

epidermal cells. Simultaneous 

staining of cells with Ki-67 and 

PI using FCM, would provide 

the opportunity to define more 

precisely the phenotype of 

proliferating cells. Furthermore, 

it would be possible to obtain a 

fast and statistically reliable 

statement on the proliferation of 

epidermal cells. 

FCM is capable of measu

ring fluorescence of individual 

cells, therefore the peroxidase-

conjugated second antibody 

used with the immunoperoxi-
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Ki-67 staining in a colony of exponen
tially growing human keratinocytes in 
vitro. 
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dase technique on cryostat sections, had to be replaced by a FITC-conjuga-

ted antibody. The initial protocol used is shown in figure 4. The result was 

predictable. FCM cannot discriminate between the proliferation-associated 

nuclear staining and the cytoplasmic staining, especially when cells derived 

from normal epidermis were used. 

To improve the flow cytome

tric staining method two alterna

tive approaches were considered. 

Firstly, the most simple approach 

seemed to be separation of nu

cleus and cytoplasm by using 

detergents. Obviously, this would 

rule out the cytoplasmic staining 

totally. Although this technique 

has been applied to epidermal 

cells before23 2 \ some critical 

remarks against the method can 

be made. The use of detergents 

will not only affect the lipids and 

proteins of the plasma membrane, 

but will also influence nuclear 

matrix proteins, including possibly 

the Ki-67 antigen The conditions 
Figure 4 Initial Κι 67 staining protocol for skm-

to be chosen would be critical, derived single cell suspensions 

and optimization of the technique 

would take much time. An even more important argument against the use of 

naked nuclei is the fact that simultaneous labelling with other keratmocyte-spe-

cific antibodies directed against cytoplasmic or membrane antigens becomes 

Impossible. The epidermis is heterogeneous in its composition, and cell 

suspensions derived from a skin biopsy will contain many different cell types 

In order to differentiate between subpopulations additional antibodies will be 

necessary. For these reasons the use of naked nuclei was not our first choice 

Our second approach was based on further optimization of existing 

methods None of the existing methods had been tested on epidermal cells 

biopsy 
I 

trypsinization, 20 min at 37° С 
1 

cell suspension 
I 

overnight fixation In ice-cold 70% ethanol 
I 

spin down cells 
J 

cells 3 min in PBS/0.01 % Tween 80 

spin down cells 
i 

30 min Incubation with Ki-67 (1:20) 
I 

cells washed twice with PBS 
I 

30 min Incubation with RAM-FITC (1:30) 
I 

cells washed twice with PBS 
I 

add PI and RNAse 
I 

FCM 
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Cells of hematopoetic origin were used for testing the usefulness of Ki-67 as a 

proliferation marker in combination with FCM. For this reason we set up a 

study using lectin-stimulated peripheral blood lymphocytes. The aim of the 

study was, firstly, to evaluate the existing protocols for flow cytometric meas

urement of Ki-67 and relative DNA content. Secondly, a method described to 

analyze (PCNA)/cyclin staining was tested as Ki-67 staining method. Thirdly, 

we wanted to evaluate the effect of cell storage, because our group and also 

others had the experience that the Ki-67 antigen was not very stable when 

stored at -20ΙΌ after fixation in acetone or ethanol. 
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Figure 5 Percentage lymphocytes in S and G2M-phase 
after in vitro PHA stimulation 

suspensions were pre

pared from peripheral 

blood as described in 

Methods and Materials 

at p. 65. The cells were 

stimulated in vitro using 

60 μg/rτ\l PHA. A con

trol culture without mito

gen was grown as well. 

The effect of PHA sti

mulation was evaluated 

by continuous IdUrd 

labelling and flow cyto

metric DNA/ldUrd ana

lysis. Samples were 

stained with anti-BrdUrd 

and RAMFITC using the 

pepsin/HCI protocol 

described in chapter III. 

All experiments were 

carried out in duplo 

and every time a blank 

was included (in duplo). Figure 6 

Figure 5 and 6 show 
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the stimulating effect of PHA in time on percentage cells in S and G2M-phase 

of the cell cycle, and percentage IdUrd-positive cells, respectively. At day 3 of 

stimulation more then 50% of the cells were in S and G2M-phase of the cell 

cycle, and more then 80% of the cells were IdUrd-positive. Therefore, day 3 

was taken as point of maximal stimulation. 

The protocols tested are given schematically in figure 1, and details of 

materials used in Methods and Materials. 

Table I Results obtained by different staining protocols for flow cytometric DNA/Ki-67 
analysis. Unstimulated and PHA-slimulated lymphocytes were used as the source. 
The cells were not stored. 

unstimulated PHA-stimulated 

method 

1 

2 

3 

4 

CV 

5.4±1.7 
(4) 

9.8±4.4 
(5) 

34.5 

(1) 

3.9±0.3 
(8) 

SG2M 

1.6+0.4 
(4) 

2.0±0.2 
(5) 

10.9 

(1) 

2.3 ±0.2 
(8) 

КІ-67+ 

0.9±0.2 
(4) 

2.4±0.5 
(5) 

23.2 

(1) 

0.6±0.1 
(8) 

CV 

4.0+0.8 
(4) 

11.5+0.5 
(5) 

7.4+3.1 
(2) 

4.6+0.3 
(8) 

SG2M 

21.2±1.9 
(4) 

22.1 ±0.9 
(5) 

25.4±1.0 
(2) 

24.7±0.5 
(8) 

КІ-67+ 

70.6+4.7 
(4) 

61.6±5.4 
(5) 

71.8+0.7 
(2) 

72.5±0.7 
(8) 

Table I shows the results obtained by the 4 different staining protocols. 

Cells were fixed and stained directly without storage. Method 4 using 70% 

ethanol fixation gave the best results. The average absolute fluorescence of 

the Кі-67-positive population was lower compared to method 1 and method 3, 

but the blank value (incubations without Ki-67 added) and the fluorescent 

signal of the Кі-67-negative population were also very low. The second 

method, using paraformaldehyde together with lysolecithin in order to get 

optimal Ki-67 binding, was less successful. CVs were higher and the method 

was less reproducible. The method of Sasaki et al17, using acetone fixation 

(method 3) resulted in our hands in moderate results. Although the absolute 

fluorescent signal was strong, the blank values were very high. Furthermore, 

CVs for the G,-peak of the DNA histogram were much higher, comparing this 

method with the other staining protocols. The results obtained with the method 
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of Palutke et al18 were much more satisfactory. There was a clear difference 

between Кі-67-positive and Ki-67-negative cells, and the CVs for the DNA his

tograms were low. This method, however, was more laborious compared to 

method 4. One other disadvantage was observed with this method. After stor

age of the paraformaldehyde-fixed cells at - СУС, the staining procedure 

resulted in marked cell loss. 

The effect of storage 

1 2A 2B 3 4A 4B 
method 

Figure 7 The effect of storage on ΗΡΑ-stimulated lymphocytes using different staining 
protocols. On the y-axis the average fluorescent signal of the Кі-67-positive 
population is plotted. 

The other effects of storage are summarized in figure 7. Method 2 and 

method 4 have been divided into A and B. In method 2A and method 4A an 

extra 10 min incubation step using 0.1% Triton X-100 was included before the 

Ki-67 incubation was started. Using this extra step, the average fluorescence 

of the Ki-67-positive population was of the same order as (4A) or even higher 

than (2A) that seen without storage (day 0). In contrast, 7 days storage of 

fixed lymphocytes and staining with Ki-67 without using Triton X-100 (method 

2B, 3 and 4B) resulted in a significant reduction of the fluorescent signal. This 

result suggests that the use of precipitative fixatives such as methanol, etha

nol, and acetone for longer periods can influence the penetration of Ki-67 
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and/or second antibody, resulting in lower fluorescent signals. Treatment of 

the cells with detergent seems to have a positive effect on the attainability of 

the Ki-67 antigen. 

stimulated vs unstimulated lymphocytes 

^ SG2M 

В UUrd-poiMv· 

G КІ-в7-роіШ · 

V7777L-
MJmulaled untftnulated 

Figure β Comparison of proliferation markers using sti
mulated and unstimulated lymphocytes. 

Comparing the four 

alternative staining me

thods, we found that the 

ethanol fixation method 

as used for structural 

cytoplasmic proteins 

(chapter II) and the 

BrdUrd/ldUrd staining 

technique (chapter III) 

gave the best results. 

When the fixed cells were 

stored for a longer pe

riod, an extra detergent 

step using Triton X-100 was essential. Figure 8 shows the difference between 

unstimulated and PHA-stimulated lymphocytes with respect to cells in S and 

G2M-phase of the cell cycle, percentage IdUrd-positive cells, and percentage 

Кі-67-positive cells. Method 4 was used to stain the cells. 

Finally, we have tes

ted this staining method 

on a number of cell lines, 

including human cultured 

keratinocytes (NHK, fi

gure 9). In an exponen

tially growing culture of 

keratinocytes more then 

90% of the cells were Ki-

67-positive. This result 

was confirmed by an 

immunoperoxidase stai

ning on coverslips of a 

similar culture. 

KI-67 In cultured cella 

MnS-phaie 

MOLT 
call typ· 

Figure 9 Ki-67 staining in a number of cell lines. The cul
tures were harvested when still in a sub-
confluent state and fixed immediately in ice-
cold 70% ethanol. 
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Figure 10 Ki-67/DNA scattergram obtained from exponentially growing keratinocytes (10B) 
The upper panel (1 OA) shows the negative control. 
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However, in contrast to human epidermal cells derived from a biopsy, 

cytoplasmic staining using Ki-67 was absent in cultured keratinocytes. This is 

in line with the results obtained with psoriatic or tape-stripped (hyperprolifera

tive) epidermis, but also under confluent and low-serum conditions we could 

not demonstrate any significant cytoplasmic staining. 

Figure 10B illustrates a typical two-parameter measurement of exponential

ly growing keratinocytes stained with Ki-67 and PI. Green fluorescence (Ki-67 

binding) increases with cell cycle progression. RKSE60, a monoclonal anti

body recognizing keratin 10, which binds to less than 2% of the cultured 

keratinocytes was used as a negative control (figure 10A). Relative DNA con

tent obtained from bivariate analysis gave similar results to single parameter 

measurements, despite the additional use of antibody and the increased num

ber of incubation and wash-steps. Furthermore, the technique is reproducible 

and statistically reliable results were obtained. 

In conclusion, we have showed that the Ki-67 antigen is present in normal 

and hyperproliferative epidermis in vivo, and in cultured human keratinocytes. 

Quantification of the results obtained with the immunoperoxidase technique 

was often hampered by the fact that cytoplasmic staining interferes with the 

nuclear staining, in particular when cryostat sections derived from normal skin 

were used. Furthermore, we were able to measure Ki-67 binding in cultured 

keratinocytes flow cytometrically, but not in cell suspensions derived from skin 

biopsies. Optimization of the flow cytometric technique was carried out with 

activated human peripheral lymphocytes, showing that ethanol fixation is 

preferred over other fixatives. 
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1. Introduction 
Cellular metabolism and function depends critically on maintenance of the 

intracellular (cytoplasmic) pH (pH,) within narrow limits. Measurement of pH, 

can therefore be used to obtain information about important processes in the 

cell, such as cell division1,2. In contrast to other methods to detect changes in 

pH,, such as weak acid distribution and microelectrodes, the use of pH-sensi-

tive fluorochromes in combination with flow cytometry (FCM) allows analysis of 

heterogeneous cell populations on a single cell basis. 

In normal human epidermis not all of the germinative cells are cycling. We 

hypothesize that cell production is regulated by a Go-G, induction of germina

tive cells3. Methods to detect cycling cells, using the MAb Ki-674·5, anti-

cyclin6, or anti-BrdUrd78 all have their own limitations (see also chapter III 

and IV). Our aim was the development of a flow cytometric method to meas

ure pH, in quiescent and cycling keratinocytes using cultured keratinocytes as 

a model. We have tested the recently developed pH-sensitive dye carboxy-

seminaphthorhodafluor-1 (SNARF-1)9 as a possible candidate to measure 

growth fractions in epidermis, and compared it with 27'-bis(carboxyethyl)-5,6-

carboxyfluorescein (BCECF) and 2,3-dicyanohydroquinone (DCH) with respect 

to emission spectra, resolution, pH range, and stability of cellular fluorescence. 
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2. Methods & Materials 
Z I . Cell Culture 

Human neonatal foreskin keratinocytes were cultured on 3T3 feeder cells 

according to Rheinwald and Green10 as described in chapter II at p. 33. 

EDTA treated, trypsinized keratinocytes from the first 1-2 passages were used 

in the experiments. Cells (more than 95% keratinocytes, using an anti-keratin 

antibody as a marker) were either kept on ice for immediate use or fixed in 

70% ice-cold ethanol and stored at -20oC. In some experiments 0.2% v/v fetal 

bovine serum was used instead of 6% v/v fetal bovine serum. 

2.2. Isolation of Polymorphonuclear Leukocytes 

Polymorphonuclear leukocytes (PMNs) were isolated from 1 ml heparinized 

whole human blood according to a standard procedure11. Yield was 1.7-

2.3x10" PMNs. The cells were kept on ice until use. 

2.3. Solutions and Sample Preparation 

Stock solutions of 10 mg/ml 1 ^-diacetoxy^.S-dicyanobenzene (ADB, Cal-

biochem, La Jolla, CA, USA), 1 mM BCECF/AM (Molecular Probes, Inc., 

Eugene, OR, USA) and 1 mM SNARF-1/AM (Molecular Probes, Inc., Eugene, 

OR, USA) were prepared in dimethylsulphoxide, and stored at 4eC. ADB is the 

esterified derivative of DCH, which is enzymatically hydrolysed inside cells. 

BCECF and SNARF-1 are introduced into cells in the form of acetoxymethyl 

(AM) esters, and undergo enzymatic hydrolysis in cells to yield the free 

fluorescent dye. Aliquots of 10e keratinocytes were washed with PBS (Bio-

chrom KG, Berlin, FRG) and resuspended in 1ml PBS. The cells were loaded 

with 10 /J stock dye solution for 15 min at 370C. Spectrofluorimetric and flow 

cytometric measurements in general were carried out in 40 mM Hepes buffer 

containing 115mMNaCI and 1 mM MgCL, or in 40 mM Hepes buffer con

taining 115 mM KCl and 1 mM MgCI2. A stock solution of 1 mM nigericin 

(Molecular Probes, Inc., Eugene, OR, USA) was prepared in ethanol, and 

stored at 50C. The nigericin calibration experiments were carried out in 

K+/Hepes buffer of known pH. Prior to flow cytometric measurement, 10 μ\ 

nigericin stock solution was added to 1 ml cell suspension. 
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2.4. Spectrofluorimetry 

Samples for spectrofluorimetry, containing 1.0x10e freshly prepared cells 

(keratinocytes or PMNs), were loaded with ADB, BCECF/AM or SNARF-1/AM 

as described above. The cells were washed with PBS and finally resuspended 

in phosphate-buffers of known pH (range 6-8). After lysing the cells by 

sonication for a few seconds, and centrifugation, the emission spectra of DCH, 

BCECF, and SNARF-1 in the supernatant were recorded using a Perkin-Elmer 

LS5 fluorescence spectrometer. Excitation at 351 nm for DCH and 488 nm for 

both BCECF and SNARF-1 was chosen to match the excitation wavelengths 

available from the argon ion laser of the flow cytometer. 

In experiments to test dye leakage from cells, aliquots of loaded cells were 

washed with ice-cold PBS. At different time intervals a sample was centrifuged 

and the pellet was washed once. The fluorescence intensity of the pooled 

supernatants was measured. 

To test whether most of the dye is "free" in the cytoplasm, samples of 

loaded cells were washed three times with ice-cold PBS, lysed either by soni

cation or addition of 0.1% v/v triton X-100, and centrifuged. The pellet was 

washed once and the fluorescence intensity of the pooled supernatants were 

measured as an estimate of "free" dye. The fluorescence intensity of the 

resuspended pellet was a measure for "bound" dye. 

2.5. Staining for Relative DNA Measurements 

Between 0.5-1.0x10* ethanol-fixed cells were used for further preparation. 

The cells were resuspended in 400 μΙ PBS containing 20 мд/ті PI (Calbio-

chem, San Diego, CA, USA) and incubated for 15 min with 50 μΙ 1%w/v 

RNAse (Sigma, St. Louis, MO, USA). Prior to flow cytometric analysis cell 

suspensions were filtered through gauze (mesh 50 μπη, V. Wijk, Santpoort, The 

Netherlands). 

2.6. Flow Cytometry 

Excitation conditions and optical emission filters used for pH, measure

ments are given in table I. The area of the fluorescence signals and the right 

angle scatter (RAS) were recorded in list mode using a flow cytometer 50H 

(Ortho Instruments, Westwood, CA, USA) equipped with a 5-Watt Argon ion 

laser. 
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Tabel I Excitation conditions and optical emission filters used for pH, measurements 

SNARF-1 

4в8пт, 400mW 

Dichroic 600nm 

Band 564-606nm 

Band 608-643nm 

DCH 

UV.SOmW 

Dichroic 460nm 

Band 390-440nm 

Band515-545nm 

BCECF | 

488nm, 400mW I 

Dichroic 580nm | 

Band515-530nm 

Band 60 -643пт 

The 488 nm line of the 5-Watt Argon ion laser was used for excitation, 

when cells were stained with propidium iodide for relative DNA content. A 

highpass filter RG630 nm for red fluorescence was used. If possible, 5x104 

cells were measured at a flow rate of approximately 300 cells per second. 

Both area and peak value of the red fluorescence signal were recorded in list 

mode. The ratio area:peak discriminates between artefacts due to doublets of 

diploid cells and real single tetraploid (or late S) cells, when intact cells are 

used12. 

Table II Comparison of SNARF-1 with BCECF and DCH with respect to dye leakage, 
background fluorescence, fluorescence stability, and binding to cellular structures" 

Parameter 

Binding to cellular 
structures 

Range 

Resolution 

Background fluore
scence 

Leakage 

SNARF-1 

20% 

1 5 pH unit 

0 3 pH unit 
(pH 7-8) 

low 

2 h <10% 

DCH 

10% 

> 1 5 pH unit 
(pH 6-8) 

high 

0 5 h 50% 

BCECF 

5% 

>1 5 pH unit 

0 4 pH unit 

low 

1 h <10% 

'Similar results were obtained for keratmocytes and PMNs 
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3. Results and Discussion 
We have tested the recently-developed dye SNARF-1 and compared it 

with other commonly used fluorescent pH-indicators such as BCECF2,1' and 

DCH1,14, with respect to stability of cellular fluorescence, cytoplasmic speci

ficity, and dye leakage. A flow cytometric method, using SNARF-1, has been 

applied to obtain the first measurements of pH, in human keratinocytes. We 

show here that the use of a dye which changes colour with pH (rather than 

merely altering intensity) overcomes the technical problem that the population 

is heterogeneous with respect to size and metabolic activity (e.g. non-specific 

esterase activity). The ratio of emission intensity at two wavelengths can then 

be used as an indication of the colour change13, and thus as a measure for 

pH,. In many experiments peripheral blood PMNs were investigated in parallel 

in order to evaluate the effect of trypsinisation of cultured keratinocytes, and 

because PMNs have been used before for pH-measurements1··17·18. 

relativ« fluorescence relative fluorescence 

I 1 1 1 1 1 1 ! I 1 1 H 1 — - ^ ^ -

600 sao seo sao его «so »во по эво 430 470 βίο eso seo 
wavelength (nm) wavelength (nm) 

relative fluorescence 

wavelength (nm) 

Figure 1 Emission spectra of SNARF-1 (A), DCH (B), and BCECF (C). Dye-loaded cells 

were lysed by sonication, and the emission spectra recorded using a fluore

scence spectrometer. 
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Characteristics of SNARF-1, and a comparison with DCH and BCECF are 

summarized in table II. In our hands, DCH proved difficult to use, primarily 

because UV excitation is not routinely used at our department, but also be

cause DCH is rapidly released (leakage 50% within 30 min) from keratinocytes 

or PMNs, and it gives a relatively high background fluorescence. In contrast, 

leakage of SNARF-1 and BCECF from cells was negligible over the period be

tween dye-loading and flow cytometric measurement (in general less than 

1 h). Furthermore, visible-wavelength excitation is much easier to use, and 

gives very stable fluorescence for both SNARF-1 and BCECF. A disadvantage 

for SNARF-1 is that about 20% of the cell-associated dye is bound or trapped 

in cell organelles. Still, the major part of SNARF-1 is found in the cytoplasm. 

Overall, the fluorochromes SNARF-1 and BCECF were found to have similar 

physical characteristics, and were preferred over DCH in this respect. No 

differences were found between keratinocytes and PMNs. 

Spectral characteristics of SNARF-1 are shown in figure 1A. In contrast to 

BCECF, and many other fluorescent pH indicators, SNARF-1 was reported to 

have a pH-dependent shift in emission wavelength*. Using an excitation wave

length of 488 nm, which resembles the main visible line of the argon laser, the 

spectrum peaks at about 580 nm when dye-loaded cells were lysed in a buffer 

of pH 6. At pH 8 the top is at about 630 nm. DCH (figure 1B) shows a com

parable emission shift. 

However, using DCH 

^ percentage dead cells the excitation wave

length had to be set at 

351 nm. With increasing 

pH the emission spec

trum shifts from 460 nm 

at pH 6 to 480 nm at 

pH 8. In contrast, the 

emission spectrum of 

BCECF (figure 1С) 
0 1 time (hrs) 2 does not shift with pH. 

Figure 2 Percentage dead cells (low fluorescence, low The spectral charac-
RAS) as a function of time at room temperature ...... , „ 
after dye-loading (BCECF). t e r i s t i c s o f fluorescein 
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Figure Э Calibration curves for keratinocytes incubated with SNARF-1/AM (A), ADB (B) 
and BCECF/AM (C) and measured flow cytometrlcally. 
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derivatives, such as BCECF, are well known. Both the excitation and emission 

spectra of BCECF are pH-sensitive with relative pH-sensitivity maximal at the 

peak fluorescence wavelengths (488 nm for excitation and 525 nm for emis

sion), and minimal in the tails of the curves19. 

Musgrove et al13 have used this knowledge to measure the pH dependen

ce of BCECF using an excitation wavelength of 488 nm, and emission wave

lengths of 520 nm and 620 nm. The fluorescence intensity at 620 nm depends 

mainly on cell size and dye load, and offers a means of correction. 

For all three fluorochromes, the ratio of fluorescence intensities at two 

wavelengths was recorded and used as a measure of pH, by reference of pH 

in the presence of the proton ionophore nigericin. Nigericin can be cytotoxic 

for cells. In order to minimize the percentage of dead cells, flow cytometric 

measurements were performed within 30 minutes after the addition of nige

ricin. Incubations with nigericin were between 10 and 30 minutes. Dead cells 

could be recognized flow cytometrically by very low fluorescence and relatively 

low-scatter, and were omitted from the analysis The percentage of dead cells 

cell count 

— pH 7.0 

— pH 7.4 

Feae/Fses 

1 i 
1 

β* 7 7Я · 
•xtemal pH 

" Τ 1 Ι Ι Γ Ι Ι Π Ι Ι 1 Ι Ι Ι Ι Ι Ι Ι Ι 

F625/F585 fluorescence ratio 

Figure 4 Fluorescence ratio histograms of keratmocytes loaded with SNARF-1 in the 
presence of nigericin The insert shows a total calibration curve 
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also increased with time after dye-loading, but did not exceed 35% up to 2 h 

at room temperature (figure 2). This increase in dead cells with time was inde

pendent of whether SNARF-1 or BCECF were used, suggesting that the incu

bation conditions rather than the dye itself caused the cell death. Typical pH-

calibration curves for all three fluorochromes are shown in figure 3. From 

these apparent pH, values could be calculated from the measured fluores

cence ratio of a given sample without nigericin (data not shown). SNARF-1 

has a linear traject between pH 7 and pH 8. In the case of DCH and BCECF 

the curves were linear between pH 6.5 and pH 7.5. Comparison of maximum 

resolution, estimated from fluorescence ratio histograms in the presence of 

nigericin13 revealed better resolution for SNARF-1 in the range pH 7-8 

(figure 4). However, at lower pH BCECF gave comparable or even better reso

lution. 

To illustrate that pH-measurements were independent of dye load, in 

figure 5 dye-concentration was plotted against fluorescence ratio and 

FU*1000 F625/F585 ratio ( + S.D.) 

PJ(abs)625nm 

F625/F585 ratio 

—-Ï 

1.6 

M 

0.6 

0.4 

2 4 6 β 10 

concentration SNARF-1/AM In mlcroMolar 
12 

Figure 5 SNARF-1 /AM concentration plotted against fluorescence ratio and fluorescence 
intensity (625 nm), illustrating that the fluorescence ratio is independent of dye 
content. 
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fluorescence intensity (625 nm). The average fluorescence intensity per cell 

was increasing with dye content. However, when fluorescence ratio was 

plotted against dye-concentration the result was a horizontal line. 

The fact that SNARF-1 offers the possibility of ratiometric measurements 

on the basis of a real emission shift, and had superior resolution for the pH 

range we are interested in (pH 7.0-7.5), made it the fluorochrome of choice. 

Using SNARF-1 we found that keratinocytes cultured under low serum 

conditions (0.2%) contain a higher proportion of cells with relatively low pH, 

«Αβ СЯідГчЪ «ngla « a ^ k l e r j 

Figure 6 Typical twariate plots of scaner (RAS) on the x-axis and fluorescence ratio on 
the y-axis for keratinocytes cultured in medium containing 0.2% calf serum (A) 
and 6% calf serum ( ). 

cell count 

0.2% FCS 

6% FC8 

T 

Flgure 7 

F625/F585 fluorescence ratio 
Fluorescence ratio histograms of SNARF-1-loaded keratinocytes derived from 
cultures supplemented with 0.2% and 6% calf serum 
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compared to high serum cultures (6%) (figure 6A and 6B, respectively). These 

results were obtained 24 hrs after switching to medium containing 0.2% fetal 

calf serum. In contrast to many other cell types, keratinocytes with relative high 

pH seem to have a low RAS signal. This can be explained by the fact that a 

subpopulation of keratinocytes in vitro, and also in vivo, has irreversibly com

mitted itself to terminal differentiation; they are destined to die, and in vivo will 

form the dead surface layer of the skin (stratum corneum). The differentiating 

cells undergo dramatical morphological changes, including increased size and 

appearance of various intracellular lamellar bodies. These changes will 

increase the RAS signal. However, these cells are with certainty not prolifera

tive, and should therefore have a relatively lower pH. 

The pH changes were followed by changes in relative DNA content. At the 

first day in medium containing 0.2% foetal calf serum, 52.4% (S.D. ±0.5, n=4) 

of the cells were in S, G2, and M-phase of the cell cycle (comparable to values 

obtained for keratinocytes cultured in medium containing 6% fetal calf serum). 

At day three this percentage was decreased to 36.8% (S.D. ±1.3, n=5). In 

figure 7 fluorescence ratio histograms of the data presented in figure 6 are 

shown. When keratinocytes are cultured in 6% foetal calf serum, two subpopu

lations of keratinocytes on the basis of pH, can be detected. Although further 

experiments are required to test the hypothesis that the subpopulation of cells 

with relatively high pH, coincides with the cycling cell population, the findings 

presented above suggest that flow cytometric measurement of pH, can be an 

early functional proliferation marker for human keratinocytes. 
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1. Introduction 
Psoriasis is one of the most common of all skin diseases, and has been 

subject to many investigations over the last century. It is well established that 

psoriasis has a genetic basis. The cause of the disease and the mechanisms 

involved at the cellular and molecular level are not known. A better understan

ding of this puzzling disease would also improve our basic knowledge of 

growth regulation in normal epidermis. Many investigators have claimed to 

have found the major defect in psoriatic epidermis or have reported possible 

defective pathways. Alterations in many or all of the parameters of cell 

division1,2,3 were amongst the first abnormalities reported. Decreased cyclic 

AMP levels in lesionai psoriatic skin4 were the basis of a concept first pro

posed by Voorhees and Duell5 which involved second messenger systems. In 

the early nineteen eighties fucosylated glycoproteins, possibly acting as 
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plasma membrane receptors, were found to be abnormal in psoriatic lesions 

and also in uninvolved skin*·789. In 1983 it was proposed by Forster et al 

that phospholipase Aj, activity was raised in the uninvolved epidermis of 

psoriasis10. These authors claimed that their observation was the first demon

stration of an abnormality in the uninvolved untreated psoriatic epidermis 

which could account for the pathology of the disease. These findings also link 

two of the major characteristics of the clinical lesion, epidermal hyperpro-

liferation and inflammatory changes. A further fact to be considered when 

discussing elevated levels of epidermal phospholipase Аг activity are reports 

by Van de Kerkhof and Van Erp", and by Tucker et аГг that calmodulin 

levels are elevated in psoriatic skin. Tucker et al even found that active 

calmodulin levels were increased in the lesion-free epidermis of psoriasis. 

There is thus the possibility that increased phospholipase Aj, activity is the 

result of an abnormality in the regulation of calmodulin activity and in calcium-

dependent second messenger systems. Recently it has been shown that 

transforming growth factor-alpha (TGFo) is overexpressed in psoriatic epider

mis as determined by immunohistochemistry with TGFa-specific monoclonal 

antibodies (MAb) on tissue sections13 or by the abundance of TGFa-specific 

mRNA and protein in epidermal extracts14. Epidermal growth factor (EGF)-

receptors are also overexpressed in psoriatic epidermis as described by 

Nanney et al1s. This overexpression of the EGF-receptor and its ligand TGFa 

suggest an obvious mechanism for increased keratinocyte proliferation 

involving signal transduction by protein tyrosine phosphorylation. In psoriatic 

epidermis, altered protein tyrosine kinase activity has been detected18. From 

these studies it is suggested that a primary epidermal abnormality, if it exists, 

could be in one of the signal transduction pathways of epidermal cells. These 

findings imply that we can be rather sure that psoriasis is, in molecular terms, 

a disorder of communication; the individual cell seems remarkably healthy, but 

the normal pattern of growth is disturbed. Obviously, search for factors 

involved in the autocrine and paracrine communication systems, investigations 

towards the role of extracellular matrix, and studies of cell-cell communication, 

should have high priority. However, to be able to clarify the different com

munication routes involved in epidermal growth and differentiation, we also 

have to improve our knowledge with respect to the heterogeneity of the 
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epidermis, and which cells or cell compartments are actually involved. 

Therefore, investigations presented in this chapter basically can be divided 

in two groups. Firstly, we have applied the techniques described in the 

previous chapters to normal and psoriatic epidermis. Questions were: 

Can we divide the epidermis in different compartments on the basis of 

cell-type-specific markers? 

What are the pool-sizes of the different epidermal compartments? 

Can we define more specifically the cell cycle abnormalities in psoriasis? 

Secondly, we have used the results obtained from psoriatic and normal 

epidermis to gain more information on the process of growth control in normal 

epidermis. 

2. Methods & Materials 
2.1. Patient Material and Skin Sampling 

We selected patients with chronic plaque psoriasis, atopic dermatitis, and 

some other less common diseases, such as Darier's disease, benign familial 

chronic pemphigus (BFCP), ichthyosis vulgaris, and X-linked recessive 

ichthyosis. All skin diseases were characterized by some degree of epidermal 

hyperproliferation and/or dyskeratinization. Some of the psoriatic patients were 

treated with either corticosteroids or methotrexate, whereas the others had 

received no therapy for at least one month. All patients with atopic dermatitis 

were treated with topical corticosteroid. In the untreated psoriatic patients both 

lesionai and distant clinically uninvolved skin were biopsied. The healthy 

control subjects were paid volunteers with no sign or history of skin disease. 

In the case of in vivo IdUrd labelling normal skin was acquired from consen

ting patients with malignant lymphoma. 

Microbiopsy specimens (3 mm in diameter and about 0.2 mm thick) were 

taken freehand using a razor blade in conjunction with a metal guard as 

described in chapter II at p. 33. Normal skin 3-6 h after in vivo IdUrd pulse 

labelling was derived from surgical specimens. 

2.2. Immunoperoxidase Staining 

The standard technique for staining with MAb Pab601 on cryostat sections 

is given in chapter II and Ki-67 staining was performed as described in 

chapter IV. 
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2.3. Double Immunoenzymatic Staining Method 

Skin biopsies were washed in PBS and floated, dermal face downward, in 

a 5 ml glass bottle containing 2 ml Medium 199 with Hanks' salts, 25 mM 

Hepes, L-glutamine (Gibco, Paisley, Scotland) and 135 ^g/ml BrdUrd (Serva, 

Heidelberg, FRG) for 1 h at ЗТХ in air at 1 atmosphere effective pressure. 

The incubation was stopped by transferring the biopsies to a petri dish 

containing ice-cold PBS. 

Biopsies were embedded in Tissue-Tek II O.C.T. compound (Miles Scien

tific, Naperville, USA) in a cryostat at -20oC. Sections of θ μπη were cut and 

fixed directly in acetone-ether (60/40 v/v) for 10-20 min. Fixed and air-dried 

sections were either kept at -20oC or used directly. 

The double labelling procedure as it was routinely used is given below. 

Dilutions for each antibody were optimised, and control experiments were 

carried out as described in the result section. After 3-5 min incubation in PBS 

containing 0.01% Tween 80, the sections were incubated with Ki-67 (Dako

patts, Copenhagen. Denmark) diluted 1:20 in PBS for 30 min at room tem

perature in a moist chamber, washed with PBS and subsequently incubated 

for 30 min with RAMPO (Dakopatts, Copenhagen, Denmark) at a dilution of 

1:25 in PBS containing 5% human AB serum. After washing with PBS the 

bound peroxidase was developed with the AEC/H202 reaction for 20 min. The 

sections were rinsed in distilled water and hydrolysed for 10 min in 4 N HCl at 

room temperature in order to partially denature DNA. Binding of the mono

clonal anti-BrdUrd requires regions of single-stranded DNA. Exact denaturation 

conditions were established previously (Chapter III). After two washes with 

PBS the sections were incubated for 30 min with anti-BrdUrd (Becton & 

Dickinson, Mountain View, USA), diluted 1:10 in PBS containing 0.5% 

Tween 20. The sections were washed with TRIS-buffer, (pH 9.1) and incubated 

for 30 min with an alkaline phosphatase-conjugated rabbit anti-mouse an

tibody (Dakopatts, Copenhagen, Denmark) at dilution of 1:10 in TRIS buffer 

containing 1% human AB serum. After washing with TRIS buffer, the bound 

alkaline phosphatase was visualized with naphthol AS-MX phosphate and Fast 

Blue RR as a chromogen for 10 min. Sections were finally rinsed in distilled 

water, mounted in glycerine gelatine and positive cells counted per mm length 

of section. 
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2.4. Preparation and Staining of Cell Suspensions 

Cell suspensions were prepared by trypsinization of biopsies according to 

Bauer and Boezeman17, and stained with MAb against intermediate filaments. 

Experimental conditions and dilutions of antibodies were as given in chapter II. 

2.5. In Vivo Labelling of Normal Skin with IdUrd 

Pulse labelling was performed by a 15 min infusion with 200 mg IdUrd. A 

biopsy was taken 3-6 h after labelling. Single cell suspensions were prepared 

by trypsinization as in section 2.4., and fixed in 70% ethanol. IdUrd was 

visualized with anti-ldUrd MAb HN-IU after a one step combined pepsin/HCI 

denaturation protocol (Chapter III). 

1000 1,000 

100 

Figure 1 Example of IdUrd/DNA measurement. Plots are divided into 4 windows. A: G0G1 
cells. B: G2M cells. C: IdUrd labelled cells. D: IdUrd labelled cells excluded from 
calculation. 

Two parameter FCM of DNA versus BrdUrd/ldUrd. allows assessment of 

the number of cells in S-phase (Ns) and the duration of the S-phase (Ts) even 

from one single sample18. The calculation of Ts is then based on the assump

tion that there is a linear increase in mean relative DNA content of the IdUrd-

labelled S-phase cells in time. At time 0 after IdUrd pulse labelling, the mean 

DNA content of the IdUrd-labelled S-phase cells is in the middle of the interval 
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between the unlabelled diploid GJG, cell population and the unlabelled tetra-

ploid G2M cell population As the IdUrd labelled cells move through the S-

phase, the mean DNA content of the population will approach the DNA con

tent of the G2M population. IdUrd labelled cells which have divided and 

appeared in the (labelled) diploid G, region were excluded from the calculation 

of mean DNA content (figure 1). The movement of the IdUrd labelled S-phase 

cells relative to the position of Gg/G, and G2M is expressed as relative move

ment (RM) and is calculated as follows: 

RM = ( г и и , а - F0(VQ1) / (FojH - Геда,) 

mean DNA content of the IdUrd labelled cell (IdUrd labelled Q0G( cells were 

excluded) 

mean DNA content of the unlabelled diploid G0G( population (will also contain the 

differentiated cell population) 

mean DNA content of the G2M cells 

RM will increase in time from RM=0 5 at time=0 (IdUrd labelled cells half-way 

between the GoG, cells and the G2M cells) to RM=1 when all IdUrd labelled 

cells have reached tetraploid DNA content (IdUrd labelled cells which have 

divided are excluded) The time needed for labelled cells to reach tetraploid 

DNA content is equal to Ts Ts is calculated from one single sample using the 

formula-

Ts = 0 5 / (RM - 0.5) x tA 

RM = relative movement and Dt = time between pulse label and sampling 

3. Results 
3.1. Estimation of the Growth Fraction 

Staining with MAb Pab601 can be used as an estimate of the germinative 

compartment in both normal and hyperprohferative epidermis Although the 

exact specificity of Pab601 is unknown, it is believed to react with either keratin 

5 or keratin 14, or both (see chapter II). MAb Ki-67 recognizes an proliferation-

associated nuclear antigen (see chapter IV) However, Ki-67 also bound to a 

cytoplasmic antigen, present predominantly in germinative cells derived from 

normal skin and skin from patients with abnormal keratimzation (ichthyosis, 

Darier's disease, BFCP) Quantification of nuclear Ki-67 staining in section from 
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these tissues was very difficult. Cytoplasmic staining of Ki-67 was less in 

psoriatic lesionai epidermis, and showed a patchy pattern in lesions from 

patients with atopic eczema. The growth fraction (GF) is defined here as the 

ratio of Кі-67-positive nuclei over Pab601-positive cells. 

Pab601 -positive cells per mm 
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Figure 2 Number of Pab601-positive cells per mm in normal and diseased epidermis. 
ADIV = autosomal dominant ichthyosis vulgaris; XRI = X-linked recessive 
ichthyosis. 

Our results obtained with the antibody Pab601 are given in figure 2. 

Values are given as number of Pab601 -positive cells per mm length of section. 

The number of Pab601 -positive cells was increased significantly in treated 

(p<0.05) and untreated (p<0.05) psoriatic epidermis compared to normal 

epidermis. There was no significant difference between treated and untreated 

psoriatic epidermis. Pab601 values were also increased in epidermis from 

patients with atopic dermatitis. Epidermis of the other skin disorders showed 

Pab601 staining in the normal range. In sections with increased numbers of 

Pab601 -positive cells, staining was usually not restricted to the basal layer 

only, but the lower 2-3 layers of the epidermis were positive. 

Within the diseases we studied, the absolute numbers of Ki-67-positive 
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Figure 3 Кі-67-positive nuclei per mm. 

nuclei in psoriasis and atopic dermatitis were much higher compared to 

normal skin (figure 3). Although, in treated psoriasis the number of Ki-67-

positive nuclei was significantly decreased compared to untreated patients 

(p<0.05), this number was still higher than in normal epidermis. Whereas in 

psoriasis increased numbers of Ki-67-positive cells could be observed 

throughout the germinative layers of the lesion, in cryostat sections of lesions 

from patients with atopic dermatitis Ki-67 staining was confined to certain 

areas, most often those areas underlying parakeratotic stratum corneum. In 

skin disorders characterized predominantly by abnormal keratinization (i.e. 

ichthyosis and Darier's disease) Ki-67 values seemed much smaller. 

Mean values of absolute numbers of positive cells for Pab601 and Ki-67, 

and the ratio Ki-67 over Pab601 are given in table I. The Ki-67/Pab601 ratio 

estimates the fraction of cycling cells in the germinative compartment indepen

dent of the total cell number in the epidermis. This ratio is defined here as the 

GF. In this study, the GF varied from 0.04 (normal epidermis) to 0.73 (un

treated psoriatic epidermis). This means that in this particular case more than 
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Table I Mean values for Pab601, Ki-67 and the Ki-67/Pab601 ratio. Values are showed 
± S.D. and with the number of observations in parenthesis. 

DIAGNOSIS 

normal epidermis 

psoriasis 

psoriasis (treated) 

atopic dermatitis 

ADIV 

XRI 

Darier's disease 

BFCP 

Pab601/mm 

312 + 17 (5) 

589 ± 130 (6) 

560 ± 172 (5) 

531 ± 69 (5) 

273 ± 17 (2) 

315 ± 45 (5) 

322 ± 46 (2) 

320 ± 42 (2) 

Ki-67/mm 

13 ± 2 (5) 

340 ± 113(6) 

127 ± 71 (5) 

88 ± 3 4 (5) 

13 ± 1 (2) 

28 ± 22 (5) 

18 ± 7 (2) 

54 ± 6 (2) 

Ki-67/Pab601 ratio 

0.04 ± 0.01 (5) 

0.57 ± 0.12 (6) 

0.23 ± 0.12 (5) | 

0.17 ± 0.06 (5) I 

0.05 ± 0.01 (2) | 

0.09 ± 0.05 (5) | 

0.06 ± 0.03 (2) 

0.17 ± 0.01 (2) 

70% of the germinative cells were cycling. There was a significant difference 

between the GF in treated and untreated psoriatic epidermis (p<0.05). 

Furthermore GF in atopic dermatitis and BFCP were also increased compared 

to normal epidermis. 

3.2. Double Immunoenzymatic Staining Method 

Cycling cells and cells in S-phase of the cell cycle were visualized simul

taneously, using MAb Ki-67 and a monoclonal anti-Brdurd antibody. Ki-67 was 

tested in the range 1:4 to 1:50. Higher Ki-67 concentrations resulted in more 

nuclear signal. However, with dilutions in the range 1:4 to 1:10 the background 

signal (in particular cytoplasmic labelling of basal cells) interfered with the 

nuclear staining. Every batch of peroxidase-conjugated second antibody as 

well as alkaline phosphatase-conjugated second antibody was tested for 

optimum concentration. Although small variations did exist, dilutions of 1:25 

and 1:10, respectively, were generally used. After hydrolysis in 4 N HCl, 

anti-BrdUrd antibody was added and visualized using alkaline phospha

tase-conjugated goat anti-mouse IgG. The primary idea of hydrolysis was 

denaturating DNA, but it was also destroying all the antibodies present in the 

cryostat section without interfering with the insoluble peroxidase product. 

Control experiments in which the second labelling step with anti-BrdUrd and 

the alkaline phosphatase conjugate were omitted revealed similar Ki-67 results. 
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Experiments in which we first denatured DNA, labelled with anti-BrdUrd, and 

Ki-67 was used as the second MAb failed, presumably due to destruction of 

the nuclear antigen for Ki-67. 

Both antibodies recognize antigens located in the cell nucleus. Cell nuclei 

binding anti-BrdUrd (i.e. having incorporated BrdUrd) are in S-phase of the 

cell cycle (see chapter III). These BrdUrd-positive cells should also bind Ki-67. 

We found that nuclei staining blue (alkaline phosphatase) had a brown precipi

tate (peroxidase) underneath as well. A grossly increased number of BrdUrd-

positive nuclei as well as Кі-67-positive nuclei could be observed in psoriatic 

lesionai epidermis compared to normal epidermis. 

Evaluation of Ki-67 binding in normal epidermis was sometimes difficult 

due to staining of the cell cytoplasm in addition to the nuclear binding of the 

MAb. In contrast to normal skin, Ki-67 staining of cycling cells in hyperproli

ferative epidermis such as psoriasis gave much less problems regarding 

non-specific cytoplasmic staining. Mean values of numbers of BrdUrd-positive 

Table II BrdUrd-positive and Кі-67-positive cells per mm section length and the calculated U 
for the various groups of specimens. All values are means ± S.D. 

SPECIMEN 

normal epidermis (N) 

psoriasis uninvolved (PU) 

psoriasis involved (treated) 
(PLJO 

psoriasis involved (untreated) 
(PL_U) 

atopic dermatitis (AD) 

BrdUrd + 

8.6 ± 2.6 

6.3 ± 1.6 

62.1 ± 22.1 

76.1 ± 24.9 

48.8 ± 20.1 

Ki-67+ 

24.7 ± 5.8 

19.7 ± 4.4 

191.2 ± 57.4 

196.9 ± 59.3 

135.3 ± 72.2 

LI 

0.35 ± 0.03 

0.32 ± 0.02 

0.32 ± 0.03 

0.39 ± 0.08 

0.37 ± 0.05 

η 

7 

4 

8 

7 

3 

and Кі-67-positive cells per mm length are given in table II. Increased numbers 

for BrdUrd-positive cells as well as Ki-67-positive cells were found in lesionai 

epidermis of psoriasis and atopic dermatitis. 

The ratio of the number of S-phase cells and the number of cycling cells 

for each condition is given in Table II (col.4). Similar mean values were obser-
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Figure 4 Correlation between numbers of BrdUrd-positive and numbers of Кі-67-positive 
cells In individual biopsies. Abbreviations: see table II. 

ved for normal as well as hyperproliferative skin. A scattergram of the data for 

individual biopsies is illustrated in figure 4; no major differences in ratios of 

BrdUrd positive cells/Ki-67 positive cells (NyN^) were found (correlation coef

ficient = 0.961, p<0.01). The theoretical implications of this ratio for the 

calculation of cell cycle times is discussed in detail in section 4. 

Because data to support the specificity of Ki-67 in human epidermis are 

limited, experiments were carried out to test the suitability of the antibody for 

staining proliferating epidermal keratinocytes (see also chapter IV). Firstly, the 

majority of human keratinocytes cultured on 3T3 feeder cells in the presence 

of serum express Ki-67 antigen. After 48 h serum starvation about 30% of the 

cells became КІ-67-negative. Secondly, 40 h after a standardized trauma of the 

skin (sellotape-stripping of the stratum corneum) in order to induce hyperproli-

feration, an induction was observed of Ki-67-positive cells in the lower layers of 

the epidermis. 
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3.3. Flow Cytometric Analysis Using Monoclonal Antibodies Against 

Intermediate Filaments 

Flow cytometric analysis of four different MAb against intermediate 

filament-type proteins, in addition to measurement of relative DNA content, 

was performed on cell suspensions derived from lesionai and clinically 

uninvolved skin of psoriatic patients and from skin of healthy controls. MAb 

K,8.12, reacting with keratins 13 and 16 was used as a marker for hyperpro-

liferation. Pab601 recognizes the basal cell layer(s) of human epidermis. 

Keratin 10 expression as a marker of keratinization was quantified with 

RKSE60 and the anti-vimentin MAb MVI was used as a marker for non-

keratinocytes. 

Table III summarizes the MAb staining results. Results are expressed as 

the percentage FITC-positive cells of all cells measured. Relative pool sizes of 

RKSE60-positive cells are significantly decreased in psoriatic lesionai skin 

(p< 0.001) compared to normal skin and compared to distant psoriatic 

Table III Values of percentage MAb-positive cells in normal skin, psoriatic lesionai skin, and 
distant uninvolved skin of psoriatic patients*. 

SPECIMEN 

normal 

psoriatic 
uninvolved 

psoriatic 
lesion 

RKSE60 (n) 

57.2 ± 3.5 (17) 

53.9 ± 6.1 (6) 

46.6 ± 8.3 (9) 

Pab601 (n) 

36.4 ± 4.5 (5) 

ND 

NO 

1^8.12 (n) 

1.8+ 1.0(6) 

1.0 ± 0.2(2) 

40.4 ± 19.5 (11) 

MVI (n) 

7.6 ± 3.0 (5) 

7.0 ± 3.5 (5) 

3.3 ± 2.1 (6) 

'Mean ± S.D. 
ND, not done. 

uninvolved skin (p<0.05). In the case of vimentin-positive cells a significant 

decrease (p<0.05) was only observed in cells obtained from lesionai skin 

compared to normal skin. The difference between normal and psoriatic skin 

with respect to K„8.12 binding is striking (p<0.001). In normal skin and distant 

uninvolved skin from psoriatic patients K,8.12-positive cells are found in very 

low amounts. In lesionai skin of psoriatic patients, however, the percentage 

108 



K,8.12-positive cells can vary from 10-60%. Percentage cells in S-phase and 

Q2M-phase of the cell cycle in psoriatic lesionai skin is significantly increased 

compared to normal skin (p<0.001, chapter II, p. 39). 

3.4. Incorporation of kJUrd in vivo. 

Simultaneous measurement of the incorporated IdUrd and relative DNA 

content by FCM yields detailed information regarding cell kinetics. In particular, 

N s and Ts can be obtained in this way. Parallel samples were stained also with 

the anti-keratin 10 MAb RKSE60, to quantify the suprabasal differentiated 
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Figure 5 Scanergram of percentage cells in S-phase (x-axis) against N s (y-axis). 

compartment. Although skin specimens were more than 0.2 mm thick, 

preparation of cell suspensions was carried out using standard trypsinization 

conditions. However, they were cut into 1 mm pieces before trypsinization 

using a pair of scissors. Ns was found to be 3.5% ± 0.4 (mean ± S.E.M., 

n=13). The Ns was calculated as the sum of IdUrd-labelled cells with SG2M 

DNA content and 0.5 χ IdUrd-labelled cells with diploid DNA content (divided 

cells). Mean percentage cells with S-phase DNA content as calculated from 

DNA histograms was 3.5 ± 0.4 (n=13). In figure 5 Ns of the 13 individual 
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biopsies is plotted against %cells in S-phase. The average duration of the S-

phase (Tg) was estimated to be 9.7 h ± 0.6. No correlation was found bet

ween Ts and Ns (figure 6). 

The mean percentage RKSE60-positive cells in this group of normal 

controls, as a quantitative measure of the differentiated compartment was 59.6 

± 4.6 (n=12), and proved to be similar to earlier findings. There seems to be 

an inverse relationship between percentage RKSE60-positive cells and N s 

(figure 7). 
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Figure 6 Scanergram of duration of the S-phase (Ts) on the x-axis and Ns on the y-axis. 

4. Discussion 
In this chapter we have applied some of our recently developed techni

ques to normal and diseased skin. Combining data obtained by phenotyping 

with MAb directed against intermediate filament-type proteins, MAb Ki-67, and 

data derived from cell kinetic studies, we have found that the population of 

germinative cells as measured by the MAb Pab601, was grossly increased in 

psoriatic lesionai epidermis compared to normal epidermis. Secondly, we have 
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Figure 7 Relationship between percentage RKSE60-posrt(ve cells (x-axls) and N s (y-axis). 

shown a relative reduction of cells expressing keratin 10, whereas the number 

of K,8.12-positive cells was grossly increased. Furthermore, we have shown 

additional evidence that the dramatic overproduction of keratinocytes found in 

psoriatic skin, characterized macroscopically by thickening of the epidermis 

and abnormal scaling, can be explained by an increased number of cycling 

cells rather than a reduced cell cycle time. 

Because of their relatively poor solubility compared to most other proteins, 

intermediate filament-type proteins can be identified easily in normal and 

psoriatic epidermis by means of SDS gel-electrophoresis. Basically, two 

keratin abnormalities have been observed in psoriatic epidermis using this 

technique. Firstly, a reduction and sometimes even absence of a high mole

cular weight keratin (keratin 1)1 9 г о and secondly, the induction of two hyper-

proliferation-specific low molecular weight keratins (keratins 6 and 16)21'22. 

However, information about specific location, which cells and how many cells 

express a specific keratin is lost. 

After preparation of epidermal cell suspensions from normal, psoriatic 
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uninvolved and psoriatic lesionai skin, quantification of RKSE60 binding using 

a fluorescence microscope revealed a relative reduction of the number of 

keratin lO-positive cells in psoriasis23. To the best of our knowledge no 

differences have been published between normal and psoriatic epidermis with 

respect to expression of keratins specific for the basal layer (keratins 5 and 

14) using SDS gel electrophoresis. Here it is shown immunohistochemically 

that Pab601 staining in psoriatic lesionai epidermis is not restricted to the 

basal cell layer but that the lowest two or three cell layers are Pab601 -positive. 

The boundary between positive and negative cells is not clear. Using K,8.12, 

keratin 16 expression has been shown in the suprabasal layers of hyperpro

liferative skin24, including the psoriatic lesion25. In normal skin no suprabasal 

staining could be shown, however, a minor patchy staining of the basal layer 

was seen. 

Important in the studies with anti-keratin antibodies was that immunohis-

tochemistry and FCM were combined. This means that epidermal characteris

tics were assessed on a per cell basis and many cells were analyzed rapidly 

when FCM was used, whereas morphological characteristics and topographi

cal relations were obtained by immunohistochemistry. 

The results obtained with Ki-67 and anti-BrdUrd suggest the existence of a 

population of resting (G0) cells in normal and hyperproliferative epidermis. In 

hyperproliferative epidermis, however, the majority of germinative cells are 

cycling, whereas in normal epidermis only a small fraction is cycling. The MAb 

Ki-67 used in this study to label all cells in S, G2, M and the majority of cells in 

G,, but not G0 and differentiated cells2*, stains only a small proportion of all 

germinative cells in normal skin. In hyperproliferative skin disorders the 

number of Кі-67-positive cells increases dramatically. 

Two methods are used in the literature to determine the number of 

keratinocytes in S-phase of the cell cycle: autoradiography and cytometry27. 

Using autoradiography after incorporation of a radioactive DNA precursor 

([3H] thymidine or [14C] thymidine) into DNA, cells actively synthesizing DNA 

can be visualized. With cytometric methods the DNA content of individual cells 

can be measured using a quantitative DNA stain. In this way the fraction of 

cells in S-phase can also be determined. For our studies we have chosen a 

recently developed method using a MAb to detect actively DNA synthesizing 
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cells (chapter III). BrdUrd and IdUrd, both pyrimidine analogues of thymidine 

can be identified in the nucleus after their incorporation into DNA by means of 

an anti-BrdUrd (or anti-ldUrd) MAb. This method gives results similar to auto-

radiography28,29, but has the advantage that straight immunohistochemical 

methods can be used to quantify S-phase cell numbers. 

Total numbers of Ki-67-positive and BrdUrd-positive cells in hyperproli

ferative skin disorders are both grossly increased, as shown in Table II. 

Absolute numbers using per mm length of cryostat section should be inter

preted with caution because of technical aspects, for instance tissue orien

tation when sections are cut30 and because of differences in tissue architec

ture when psoriatic lesionai skin and normal skin are compared. However, 

combining both Ki-67 and anti-BrdUrd labelling in a sequential double staining 

a true independent LI can be measured, according to the following equation: 

Ns 
LI = 

Nc 

where N s is the number of S-phase cells and N c the number of cycling cells. 

Table II (col.4) shows the LI for normal skin, psoriatic lesionai skin, psoriatic 

uninvolved skin and lesionai skin of patients with atopic dermatitis. Obviously, 

the values of LI, using this approach, are much higher than those reported in 

the literature, because we have used the cycling cell population as the 

reference, whereas others have used an estimate of the total germinative com-

partment31,32. In contrast to these latter studies we show that LI in hyperpro

liferative skin is not different to that found in normal skin. This remarkable 

finding is best illustrated by plotting the number of BrdUrd-positive cells per 

unit length against the number of Кі-67-positive cells per unit length for each 

individual (figure 4). 

Calculation of absolute cell cycle times depends on the assumption that 

cells are randomly distributed through the various phases of the cycle. 

Although this assumption has been questioned33, it has been used by va

rious investigators in this field (for example by Bauer27)· t follows that: 

Ns _ Ts 

Nc Tc 
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where Ts is the duration of S-phase and Tc is the cell cycle time. The ratio of 

Ns over N c was determined from the sequential double staining, and Ts for 

normal epidermis was calculated from the in vivo IdUrd labelling experiments, 

being 9.7 h ± 0.6. Our results were similar to results from the literature27, 

which gives Ts relatively constant for normal epidermis as well as psoriatic 

lesion (varying from 6.5 h to 16 h, averaging about 10 h). In the studies of 

normal epidermis so far, only small numbers of cells (either radioactive-

labelled S-phase cells or M-cells) were counted on slides to determine Ts. 

Thus the precision of the estimates obtained for normal epidermis was poor. 

None of the data in the literature were obtained with the BrdUrd (idUrd)-

technique. The cell cycle time of dividing keratinocytes in human skin can be 

calculated in this way to be 28 h. This figure is compatible with that of 26 h 

found by direct observation of keratinocytes in culture (chapter VII), with the 

value of about 25 h found by Rijzewijk et al34 and also with 39 h using the 

stripped skin model35. 

This study demonstrates that an immunohistochemical double staining 

technique can be an useful tool in studying cell cycle kinetics in epithelial 

tissues in general, and in epidermis in particular. Using ratios of numbers of 

BrdUrd-positive cells over numbers of Кі-67-positive cells methodological and 

technical problems with respect to cell counting were omitted. The technique 

is reproducible and accurate despite the many steps that are needed; label

ling with the antibodies must be sequential because of the denaturation step 

required for anti-BrdUrd binding. 

With respect to the cell kinetic results we state firstly that, although 

evidence is accumulating, in particular for blood cells and also for other cell 

types that Ki-67 is a reliable marker for cycling cells, further research concer

ning its specificity in epidermis is urgently needed. The appearance of Ki-67-

positive and Кі-67-negative cells in several layers in the basal region of pso

riatic lesionai skin, suggests an increased germinative compartment, as we 

have showed using MAb against intermediate filament-proteins. Because total 

epidermis is also much thicker, there is a relative increase of the germinative 

compartment from 30% to 50%г7. However, the absolute numbers of Ki-67-

positive and BrdUrd-positive cells have increased in psoriatic lesionai skin β

ίο 10-fold (table II). 
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Table IV Summary of cell kinetic data on normal 
and psoriatic lesionai epidermis. 

N 
•Лиг 

Ν«™ 

Ne/N«™ 

T s 

Tc 

normal 

60% 

40% 

<0.1 

1 0 h 

30 h 

psoriatic 
lesion 

45% 

55% 

0.3-1 

10 h 

3 0 h 

In conclusion, using MAb 

against intermediate filament-type 

proteins, the sequential double 

immunoenzymatic staining proce

dure, and application of in vivo 

IdUrd labelling, we show that 

there seems no major difference 

between normal and hyperproli

ferative skin with respect to cell 

cycle time our data instead 

suggest an increased GF. 

Differences reported in the ^ ^ ^ ^ ^ ^ ^ — β ^ ^ ^ β ^ ™ ^ ^ — 

literature could be the result of 

overestimation of the GF in normal epidermis. Furthermore, the inverse 

relationship found between percentage RKSE60-positive cells and Ns in vivo 

supports the idea that proliferation and differentiation are integrated 

processes. Table IV summarizes cell kinetic data of normal epidermis and 

epidermis from psoriatic patients. The production rate can be calculated by 

dividing N c by Tc. Assuming that the number of keratinocytes per surface area 

is 4 times higher in a psoriatic lesion, this means that the production rate in 

psoriatic lesionai epidermis is at least 15 times higher when compared with 

normal epidermis. 

We think that further research concerning increased cell proliferation and 

its significance for the pathogenesis of psoriasis and other hyperproliferative 

skin disorders should be focused onto the mechanisms involved in controlling 

the recruitment of resting (G0) cells and the roles of other epidermal sub-

populations besides the germinative subpopulation (differentiated cells, 

Langerhans cells, infiltrate cells). 
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1. Introduction 
Keratinocyte growth and differentiation in vivo can be modulated by the 

local environment, for example, directly by mesenchymal-epithelial interactions, 

or by cytokines produced by other cell types. However, despite this depen

dence on environmental influences, it seems that the tendency of the keratino

cyte to stratify and differentiate is retained in vitro, even in the absence of 

instructive information from the connective tissue stroma1 and despite the fact 

that basal cells of different epithelia have diverged irreversibly from each other 

during development, resulting in different programs of differentiation2,3. These 

findings suggest that a culture system for human epidermal keratinocytes can 

be a good model for cellular growth and differentiation, especially to study the 

effect of environmental influences. 
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Early methods for culturing keratinocytes were hampered by problems 

with mechanical dissociation of epidermal tissue, or the need for very high 

inoculation densities. In addition, the lifespan of normal keratinocytes was 

limited, and fibroblast overgrowth continued to be a major problem. Neither 

glass nor plastic proved to be an ideal substrate for epidermal cells in culture. 

Collagen coating of plastic petri dishes improved the culture technique by 

enhancing attachment and growth4·5. Régnier et al8 developed a technique 

for the cultivation of keratinocytes on de-epidermized human skin. On top of 

the dermis the basement membrane was functionally intact and as such a 

substrate for the keratinocytes. The authors claimed that differentiation under 

their conditions was enhanced, and that several markers of keratinization were 

found. Maintenance of the cultures at the culture medium-air interface induced 

even more complete or complex differentiation. However, a major problem with 

the techniques described above was that cell production was limited. This 

rapid, exponential growth of keratinocytes, from single cells to macroscopic 

colonies, was achieved by using a feeder technique7. Human keratinocytes 

obtained by trypsinization of newborn foreskin, and later also adult skin, were 

co-cultivated with gamma-irradiated 3T3 cells (Swiss mouse fibroblasts). 

Terminal differentiation of the cells was incomplete. Some degree of differen

tiation occurred when the cultures reached confluence. Keratinocytes derived 

from foreskin of newborn humans could be serially cultivated in the presence 

of 3T3 cells through a total of 50 cell generations. It was believed that the 

number of generations could be substantially extended if epidermal growth 

factor (EGF) was added to the culture medium8. 

In this study our aim was to analyze growth and differentiation of exponen

tially growing and confluent cultures of human keratinocytes, using immunohis-

tochemical and flow cytometric techniques described in the previous chapters. 

Secondly, we wanted to investigate the possibility of using cultured keratino

cytes as an in vitro model for recruitment of quiescent cells. Furthermore, an 

extended in vitro model was evaluated in which trypsinized keratinocytes 

derived from confluent cultures were maintained in suspension by continuous 

rotation. Green and others have shown that prevention of keratinocyte ad

hesion to a substratum results in the induction of terminal differen-

t¡at¡onβ•10•,,. 
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2. Methods & Materials 
2.1. Passage and Culture of Swiss Mouse 3T3 Fibroblasts 

The cells were cultured in 20 cm2 petri dishes. Cells were passaged 

2 times weekly, on Monday and Friday. The culture medium was Dulbecco's 

modified Eagle's medium (DMEM, Gibco, Breda, The Netherlands), containing 

10% newborn calf serum (Flow Laboratories, Irvine, Scotland), 100 U/ml 

penicillin (Gibco, Breda, The Netherlands), and 100 μg/гг\\ streptomycin. On 

passage the medium was removed, and the cells were washed once with 

PBS. Trypsinization was carried out using a solution containing 0.25% trypsin 

(Difco 1:250, Gibco, Breda, The Netherlands), 0.02% EDTA, and 0.1% glucose. 

The incubation time was 30 seconds. The trypsin solution was removed totally, 

and the incubation was continued for another 15 min at 370C in a СОг-іп-

cubator. Then 3.3 ml culture medium was added and the suspension was 

finally distributed over 3 new petri dishes, which contained 5 ml culture 

medium each. 

2.2. Keratinocyte Culture and Tissue Preparation 

Human keratinocytes derived from adult skin, were cultured on feeder 

cells7. The epidermal cells were seeded on lethally irradiated (3000 Rad in 

3 min) Swiss mouse 3T3 fibroblasts in DMEM/F12 3:1 v/v (Flow Laboratories, 

Irvine, Scotland) supplemented with 0.4 дд/ті hydrocortisone (Collaborative 

Research Inc., Lexington, MA, USA), Ю^М isoproterenol (Sigma, St.Louis, MO, 

USA), 100 U/ml penicillin plus 100μg/ml streptomycin (Gibco, Breda, The 

Netherlands), 6% v/v fetal bovine serum (Seralab, Nistelrode, The Netherlands) 

and, starting at day three after seeding, with 10ng/ml EGF (Collaborative 

Research Inc., Lexington, MA, USA). Cells were grown at ЗТХ, 95% relative 

humidity, and 7.5% C02 in air. EDTA treated, trypsinized keratinocytes from 

the first 1-2 passages were used in the experiments. 

2.3. Maintenance of Cultured Keratinocytes in Suspension 

Confluent keratinocyte cultures were trypsinized using a solution con

taining 0.25% trypsin (Difco 1:250, Gibco, Breda, The Netherlands), 0.02% 

EDTA, and 0.1% glucose. Trypsinized cells were washed once and resuspen-

ded in DMEM/F12 medium (3:1 v/v) as described in section 2.2. EGF was not 

added. The cell suspension derived from one petri dish (about 107 cells) was 

collected in one 10 ml plastic tube and culture medium was added till the tube 
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was filled completely. Tubes 

were placed in a rotating 

device as drawn schema

tically in figure 1, which com

pleted one rotation in 4 min. 

Preliminary experiments sho

wed that cells kept vital up to 

5 days. However, from day 3 

cells started aggregating and 

could not be used for flow 

cytometrical analysis. A 

standard maintenance period 

• * * 

Figure 1 A: Front view of rotating device for suspen
sion maintenance of human keratinocytes. 
B: Insert shows side-view. 

of 48 h was chosen, and during the last 30 h IdUrd-labelling was performed. 

2.4. IdUrd Labelling 

Cell cultures and cells maintained in suspension (10e cells/ml) were 

labelled 30 h in vitro with IdUrd (Sigma, St.Louis, USA) in order to measure 

the growth fraction (QF). Pulse labelling of cell cultures was performed using a 

1 h pulse and reincubation in IdUrd-free medium. The labelled cells were 

sampled in time up to 30 h after the pulse. The final IdUrd concentration for 

both experimental conditions was 10 μΜ. Cells were harvested, washed in 

ice-cold PBS fixed in ice-cold 70% ethanol and stored at -20oC until use. 

2.5. Immunohistochemistry 

An indirect immunoperoxidase staining was performed, both on cells 

grown on coverslips and cells adherent to poly-l-lysine-coated microscope 

slides, using primary and secondary antibodies as listed in table I. Detaiis of 

the staining protocol can be found in chapter II. In the case of staining with 

DAKO-BrdUrd (Dakopatts, Copenhagen, Denmark), hydrolysis was performed 

as described in chapter III. AEC (Sigma, St.Louis, USA) together with H202 

were used as enzyme substrates. 

2.6. Denaturation and Staining for Flow Cytometry 

Between 0.5-1.0x10* ethanol-fixed cells were used for staining with a 

variety of antibodies (table II). Cells were washed once with PBS. In the case 

of staining with DAKO-BrdUrd a hydrolysis step was included using the 

pepsin/HCI protocol described in chapter III. Hydrolysis was terminated with 
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Table I Overview of primary and secondary antibodies used with the immunoperoxidase 
technique. 

ANTIBODY 

K40 (rabbit) 

MVI (mouse) 

RKSE60 (mouse) 

К;8.12 (mouse) 

RCK102 (mouse) 

DAKO-BrdUrd 
(mouse) 

Ki-67 (mouse) 

o-involucrin (rabbit) 

o-filaggrin (mouse) 

RAM-PO3 

SWAR-PO" 

SPECIFICITY 

spectrum of keratins 

vimentin 

keratin 10 

keratin 13 and 16 

keratin 5 and θ 

BrdUrd and IdUrd 
incorporated in DNA 

human proliferation-
associated nuclear 
antigen 

Involucrin 

filaggrin 

SOURCE 

dept. Pathology' 

Eurodiagnostics 

dept. Pathology 

Sigma 

dept. Pathology 

Dakopatts 

Dakopatts 

BTf 

BTI 

Dakopatts 

Dakopatts 

CODE 

MVI 

C-7034 

M-744 

M-722 

BT-601 

BT-576 

P-161 

P-217 

DILU
TION 

1:10 

... 

1:10 

1:40 

1:20 

1:20 

1:20 

1:8 

1:500 

1:50 

1:50 

'University of Nijmegen 
'Biomedical Technologies Ine, Stoughton, USA 
3Peroxidase-conjugated rabbit immunoglobulins (Ig) to mouse Ig 
'Peroxidase-conjugated swine Ig to rabbit Ig 

excess 0.1 M N a j B ^ . After a minimum of 2 washes with PBS, denatured/pro

tein-digested cells were pelleted. These cells, and in the case of the other 

antibodies, the cells after the first PBS wash step, were incubated with 

appropriate dilutions of primary and secondary antibody. In the case of label

ling with Ki-67-FITC the incubation step with secondary antibody was omitted. 

After incubation with the second antibody in all other cases, the cells were 

washed and resuspended in 400 μΙ PBS containing 20 /ig/ml PI (Calbiochem, 

San Diego, CA, USA) and incubated for 15 min with 50 μΙ 1 % w/v RNAse 

(Sigma, St. Louis, MO, USA). Prior to flow cytometric analysis cell suspensions 

were filtered through gauze (mesh 50 μΓη). 
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Table II Overview of primary and secondary antibodies used for flow cytometric analysis (for 
specificity of the antibodies see table I). 

ANTIBODY 

K40 (rabbit) 

«58.12 (mouse) 

RKSE60 (mouse) 

HN-IU (mouse) 
(anti-ldUrd) 

DAKO-BrdUrd (mouse) 

Ki-67-FITC (mouse) 

Ki-67 (mouse) 

o-involucrin (rabbit) 

o-filaggrin (mouse) 

RAM-FITC3 

SWAR-FITC4 

SOURCE 

dept. Pathology' 

Sigma 

dept. Pathology 

dept. Haematology' 

Dakopatts 

Dakopatts 

Dakopatts 

BTI2 

BT1 

Dakopatts 

Dakopatts 

CODE 

C-7034 

M-744 

F-788 

M-722 

BT-601 

BT-576 

F-313 

F-205 

DILUTION 

1:10 

1:20 

1:10 

1:10 

1:20 

1:20 

1:5 

1:8 

1:500 

1:25 

1:25 

'University of Nijmegen 
biomedical Technologies Ine, Stoughton, USA 
3FITC-conjugated rabbit immunoglobulins (Ig) to mouse Ig 
'FITC-conjugated swine Ig to rabbit Ig 

2.7. Flow Cytometry 

Cells stained with FITC and PI were measured with a flow cytometer 50H 

(Ortho Instruments, Westwood, CA, USA) equipped as described in chapter II. 

3. Results 
3.1. Immunohistochemistry 

Figure 2 shows how human keratinocytes were grown in vitro in the 

presence of a feeder of irradiated 3T3 cells. Keratinocytes of the first or 

second passage were used, and these keratinocytes formed visual colonies 

within 2-3 days after inoculation. Confluent epithelia were grown from these 

colonies in 9-14 days. In general, cultured keratinocytes grew as a monolayer. 

However, in the centre of the colonies from which the confluent epithelium was 
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Figure 2 Phase-contrast photographs of exponentially growing keratinocytes (A) and 
keratinocytes grown to confluency (B) in vitro. 
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formed, the cells underwent terminal differentiation. Cells from those areas 

were continuously discharged as squames. 

щ.т **« > ». \ Coverslips containing either 

exponentially growing cells (i.e. 

less then 30% of the petri dish 

contained epidermal cells) or 

confluent cells were studied. 

The 3T3 fibroblasts used as 

feeder cells were negative for 

all antibodies tested. 

All exponentially growing 

keratinocytes and all cells in 

confluent cultures stained 

positively with the epithelial cell-

specific polyclonal antibody 

K40, and with the basal cell-

specific monoclonal antibody 

RCK102 (see figure 5A in 

Figure 3 Immunoperoxidase staining of cover-
slips using the monoclonal antibody 
RKSE60. Very few cells stain positive in 
the centre of the colonies. 

chapter II, p. 40). Sporadically 

human fibroblasts could be 

detected in the cultures by in

tense staining with the anti-vi-

mentin antibody MVI. A minority 

of the keratinocytes also ex

pressed vimentin. However stai

ning of these cells was less 

intense. Only very few cells ex

pressed keratin 10 as visualized 

by RKSE60 binding. In general 

the desquamating keratinocytes 

in the centre of a colony were 

positive for keratin 10 (figure 3). 

The number of keratin 10-posi-

tive cells increased slightly 

Figure 4 

• 

Immunoperoxidase staining of coverslip 
using the monoclonal antibody KS8.12 
Cells at the periphery of the colonies 
are Ks8.12-negative. 
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when cultures became confluent. 

A significant difference between subconfluent and confluent cultures was 

found in the staining patterns with «38.12. While under confluent conditions all 

keratinocytes were 1^8.12-positive, under subconfluent conditions the cells at 

the periphery of the colonies were KsS.^-negative (figure 4). 

With respect to the proliferation-specific antibodies Ki-67 and DAKO-

BrdUrd a dramatic reduction of positively stained nuclei was observed when 

cultures were reaching confluency. Reduction of the number of Ki-67-positive 

nuclei was accompanied by a slightly increased cytoplasmic staining. 

3.2. Bivariate IdUrd/DNA Analysis after a Pulse Label 

Figure 5 shows bivariate IdUrd/DNA distributions measured for exponen

tially growing keratinocytes after a 1 h exposure to 10 /iM IdUrd. Cells were 

harvested at 0, 3, 6, 16, 24, and 30 h after the pulse label. Each panel in 

figure 5 is a two-parameter cytogram relating the green fluorescence (IdUrd 

content vertically) of each cell to its red fluorescence (DNA content horizontal-
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Figure 5 Bivariate IdUrd/DNA distributions with PI (DNA content) on the x-axis, and FITC 
(DAKO-BrdUrd) on the y-axis. Time intervals (h) are indicated in the individual 
plots. 
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ly). At least 10,000 cells were analyzed for each cytogram. At time=0, im

mediately after pulse labelling with IdUrd, the cells which stained with DAKO-

BrdUrd lay between two populations without green fluorescence, G, cells on 

the left and G2 cells on the right. At later times, the IdUrd-positive population 

moved progressively to the right (t=3 h), through S-phase into G2. Once these 

cells had completed mitosis, IdUrd-positive cells occurred in G,-phase (t=6 h). 

By 16 h, some of the cells that had originally been in S-phase had moved 

through G2, M, and G, and reappeared in S. For the exponentially growing 

keratinocytes in figure 5, a cell cycle time can be estimated of 20 h. in 3 

additional experiments using exponentially growing keratinocytes from different 

volunteers, similar cell cycle times were found ranging between 20-30 h. When 

keratinocytes were used derived from confluent cultures, again similar cell 

cycle times were observed. 

3.3. Quantitative Flow Cytometric Analysis 

Flow cytometric analysis using proliferation-specific and differentiation-

specific antibodies in combination with measurement of relative DNA content 

was performed on single cell suspensions derived from exponentially growing 

and confluent human keratinocyte cultures, and keratinocytes maintained in 

suspension. Early experiments were carried out using keratinocytes derived 

from neonatal human foreskin. However, using this source, proliferating activity 

of the cultures stayed high, even under confluent culture conditions. Per

centage cells in S and G2M-phase of the cell cycle was found to be 28.4±6.0 

(7) (mean ± S.D. and the number of cultures in parenthesis). When adult skin-

derived keratinocyte cultures were analysed, a value of 10.8±2.4 (12) was 

found (see also table III). Restimulation of these confluent cultures with fresh 

serum did not result in a measurable recruitment of quiescent cells. 

The polyclonal antibody K40 was used in order to exclude the possibility 

of contamination with non-keratinocytes (human fibroblasts, 3T3 cells). In all 

experiments described in this study, the percentages keratinocytes in the cell 

suspensions were more than 95%. When keratinocyte cultures were grown to 

confluency in a 60 mm petri dish, they contained about 10 times as many cells 

as the subconfluent cultures. Morphological differences of the cells derived 

from subconfluent and confluent cultures were minimal. However, when 

keratinocytes derived from confluent cultures were maintained in suspension 
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their sizes increased, and most of the cells lost their nuclei after 2-5 days. After 

2-4 days the cells became permeable to trypan blue. Maintenance of cells in 

suspension for periods of more then 2 days was not practical, because cells 

started to aggregate and flow cytometric analysis became impossible. 
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Figure 6 Growth fractions measured by continuous IdUrd incorporation. IdUrdpositive 
cells were visualized using DAKO-BrdUrd. 

Aliquots of cells were labelled with the antibodies listed in table II. Cells 

were simultaneously stained with the quantitative DNA fluorochrome PI. The 

DNA values from this double labelling technique were identical to those 

obtained with single-parameter measurements, indicating that no artifacts were 

introduced by measuring more than one parameter at once and an increased 

number of incubation and wash steps. DNA values calculated from bivariate 

IdUrd/DNA cytograms were also identical to results obtained with the other an

tibodies, despite the additional hydrolysis and proteolytic digestion step. When 

human keratinocytes were growing exponentially about 35% of the cells were 

in S and G2M-phase of the cell cycle. This value decreased significantly when 

the cultures reached confluence. Under suspension conditions SG2M-values 

increased again, however measurements were hindered by the fact that cells 
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started to lose their nuclei. 

Flow cytometric quantification of the growth fraction for individual samples, 

as measured by continuous (30 h) labelling with IdUrd and detection of the 

IdUrd-positive cells by the MAb DAKO-BrdUrd, is shown in figure 6. In sub-

confluent cultures growth fractions were over 80%, whereas confluent cultures 

entered a steady state with about 10% cycling cells. When these cells were 

kept in suspension they stopped DNA-synthesis completely. An alternative 

technique to quantify the growth fraction is nuclear Ki-67 binding. The results 
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Figure 7 Quantification of the growth fraction using the MAb Ki-67. 

are shown in figure 7. Surprisingly, Ki-67 values were very high in suspension 

maintenance. Light microscopical assessment revealed an additional cytoplas

mic staining pattern. In cell suspensions derived from confluent cultures, per

centage Кі-67-positive cells was lower than in cell suspensions derived from 

subconfluent cultures. However, a percentage of 38% was much to high, when 

compared to the DAKO-BrdUrd value. 

Values found for K.8.12 and RKSE60 were in line with the immunohis-

tochemical findings. The number of cells binding 1^8.12 was higher in con-
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fluent cultures compared to subconfluent cultures. This value decreased 

slightly when the cells were maintained in suspension. Keratin 10 expression 

as visualized by RKSE60 binding, was very low in human keratinocyte cul

tures, although a small increase seemed evident under suspension conditions. 

Involucrin expression was induced when keratinocytes were grown to con

fluence, and in keratinocytes maintained in suspension for two days up to half 

of the population was stained with anti-involucrin (figure 8). 

Results with anti-filaggrin as a differentiation marker were similar to values 

obtained with RKSE60. 

Table III summarizes the flow cytometric data by giving mean values and 

standard deviations for all proliferation and differentiation markers, subdivided 

in three experimental culture conditions. 

4. Discussion 
Epidermopoiesis, the process of controlled continuous production of 

keratinocytes, therefore involving proliferation and differentiation, has been 

subject to many investigations in the past (for review12). Cultured human 

keratinocytes have been used as a model system to study epidermal growth 

and differentiation using immunohistochemical and flow cytometric techniques. 

Study of this process in vivo is complex, due to the heterogeneity of the 

epidermal cells, and the interference by systemic factors and infiltrate cells. For 

this reason, in vitro studies, in which no systemic influences and other cell 

types are interfering, can contribute to a better understanding of the complex 

regulating mechanisms. However, it has been repeatedly shown that, using 

the standard culture technique of Rheinwald and Green7, epidermal cells can 

be induced to differentiate only to a certain extent13. Morphologically, epider

mal cells growing as a monolayer are different from the epidermis in vivo. By 

these morphologic criteria, the keratinocyte stratification in vitro does not 

proceed further than what is observed in the lower layers of the epidermis, 

namely mainly the basal and suprabasal layers. This was confirmed by the fact 

that in both subconfluent and confluent cultures the majority of the keratino

cytes were stained positively with the basal cell-specific antibody RCK102, and 

by the lack of staining with the differentiation-specific antibody RKSE60. 

Furthermore, only few cells were positive for an anti-filaggrin antibody, and 
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less then 10% of the cells stained with anti-involucrin. However, the phenotype 

of the keratinocytes in vitro was found to differ from normal basal cells in vivo 

with respect to vimentin and keratin 13 and/or keratin 16 expression. 

In cultured keratinocytes vimentin was found in more than 20% of the cells. 

This is in agreement with the results of Van Muijen et al14 who showed that 

40-70% of the basal cells were vimentin-positive. Others, however, did not find 

vimentin expression in cultured keratinocytes15. A possible explanation for 

%involucrin-positive cells 
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о 

8 
о 

exponential confluent suspension 

Figure 8 Binding of anti-involucrin In human cultured keratinocytes subdivided in three 
experimental culture conditions. 

this discrepancy may be that keratinocytes used for culturing were obtained 

from different sites or that the culture conditions were different. For instance, 

Rheinwald et al16 reported that keratinocytes grown under low-Ca++ con

ditions did not express vimentin, whereas keratinocytes cultured without 3T3 

feeder cells were found to be vimentin-positive. 

Although normal basal cells in vivo do not react with the antibody 

Кдв.іг17, the majority of keratinocytes in vitro are positively stained with the 

antibody. І^в.іг-розііі е cells are primarily located in the upper layers of 
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hyperproliferative epidermis17. In subconfluent cultures we found that «¡¡ . і г-

binding was restricted to the central area of growing colonies. When these 

cultures reached confluency and entered a steady state where less than 10% 

of the cells were dividing, all keratinocytes were found positive for К5ВЛ2. 

These immunohistochemical data were confirmed by flow cytometric data 

showing that the number of Кдв.іг-розііі cells was increasing from 82.7% in 

subconfluent cultures to 98.4% in confluent cultures. Van Muijen et al14 showed 

that in confluent cultures only about 30% of the superficial cells were positive 

for keratin 13. This means that only a minority of the 1^8.12-binding can be 

due to expression of keratin 13, and that the majority of the keratinocytes 

express keratin 16, even under steady state conditions with only little prolifera

ting activity. This suggests that keratin 16 expression is not only a marker of 

hyperproliferation as proposed by Weiss et al18 and others, but also could be 

a marker of abnormal differentiation. 

Table III Mean values (± S.D.) for percentage of cells in S and G2M-phase of the cell cycle, and per
centage MAb-posltive cells in cultured keratinocytes. 

Exponential 

Confluent 

Suspension 

SG2M 

35.9 
± 2.6 
(12) 

10.8 
± 2.4 
(12) 

22.1 
± 2.9 

(5) 

DAKO-
BrdUrd 

85.6 
± 2.8 
OD 
9.5 

± 4.0 
(12) 

2.8 
± 1.5 

(7) 

Ki-67 

91.3 
± 6 . 9 

(5) 

38.1 
± 7.3 

0) 
64.0 

± 4.7 
(7) 

KS8.12 

82.7 
± 7.1 

(4) 

98.4 
± 0.7 

(5) 

87.6 
± 5.5 

(6) 

RKSE60 

7.9 
± 1.1 

(4) 

1.9 
± 0.8 

(5) 

11.0 
± 9.2 

(6) 

o-lnvolucrin 

9.4 
± 4.3 

(4) 

18.7 
± 10.3 

(7) 

53.6 
± 19.5 

(10) 

a-Filaggrin 

13.4 
± 1.8 

(2) 

6.5 
± 3.3 

(5) 

15.4 
± 6.8 

(β) 

Measurement of proliferative activity was performed using three different 

approaches. As a result of the double labelling techniques as described in 

detail in chapter II, relative DNA content is measured simultaneously with 

antibody binding. Additionally we have measured the GF using two alternative 

methods, namely bivariate IdUrd/DNA analysis and Ki-67/DNA analysis. The 

GF is defined here as the fraction of cells that are actively cycling at a given 
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time". For GF measurements using the IdUrd/DNA technique, a 30 h ex

posure period with IdUrd was chosen, because of a cell cycle time for cultured 

human keratinocytes of 25-35 h19,2C·21. The same value was also estimated 

from the pulse label experiments described in section 3.2. This means that 

over a 30 h labelling period all proliferating cells had the opportunity to 

incorporate IdUrd in their DNA. In principle, the IdUrd/DNA technique is a 

powerful technique for detailed cell cycle kinetics and for measuring GF. 

However, use of IdUrd or BrdUrd in vivo in humans is limited due to ethical 

considerations involved in administering a precursor of DNA and the re

quirement for multiple biopsies if cell cycle measurements are to be made. 

Additionally, in the case of continuous labelling the result obtained is an 

integrated measure of a preceding period (in this case 30 h), assuming that 

no major changes occur during that period. Alternatively, the monoclonal 

antibody Ki-67 can be used for estimations of the GF. Ki-67 recognizes a 

human proliferation-associated nuclear antigen22 and could be measured 

simultaneously with relative DNA content using a standard indirect and direct 

immunofluorescent technique (chapter IV). Remarkably, in confluent cultures 

the Ki-67 GF was invariably higher than the IdUrd GF. A possible explanation 

for this finding could be that cells withdrawn from the cell cycle under con

fluent culture conditions retain the antigen recognized by Ki-67 for a con

siderable period of time. 

Several successful attempts have been made to induce more complete 

differentiation in vitro. Nearly physiological in vitro conditions were created 

when keratinocytes were cultured on an air-liquid interface using de-epider-

mized dermis as a substrate23. When mechanical pressure was exerted on 

keratinocyte monolayers periodically, they locally grew up to several layers 

and the number of horny cells increased^. However, these techniques are 

complex, time-consuming, and preparation of single cells from the cultures is 

laborious. This makes these culture techniques in principle less suitable to flow 

cytometric analysis. In 1977 Green reported that when growing colonies of 

epidermal keratinocytes were disaggregated and the cells were suspended in 

medium containing methyl cellulose, they could not multiply, but within a few 

days started to differentiate synchronously9. We have modified and simplified 

this technique and kept keratinocytes derived from confluent cultures in 
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Suspension using a rotating device (figure 1). Differentiation was indeed 

induced by preventing the keratinocytes from adhering to the plastic surface 

of the tubes. In agreement with results reported by Green using methyl 

cellulose-containing medium, cell size was increasing and cells started to lose 

their nuclei9. The number of involucrin-positive cells increased to more than 

50%. Simultaneously, cells stopped multiplying. Only IdUrd GF could be used 

for quantification of cell cycle withdrawal, because measurement of relative 

DNA content became difficult due to nuclear disaggregation, and Ki-67 

measurements were hindered by cytoplasmic staining as seen in normal 

epidermis in vivo**. Together with small increases in the number of filaggrin-

positive and RKSE60-positive cells, and a slight reduction of Кд .іг-розіІі 

cells, these results suggest a differentiation program closer to normal terminal 

differentiation in vivo than with standard confluent culture conditions. 

The results presented in this chapter demonstrate that cultured human 

keratinocytes can be used as a model system to study epidermal growth and 

differentiation. Using a combination of immunohistochemical and novel flow 

cytometrical techniques it is possible to obtain a detailed description of these 

vital processes. An improvement and extension of the standard culture 

method according to Rheinwald and Green7 was achieved by maintenance in 

suspension of keratinocytes derived from confluent cultures. Under those 

conditions, cells were not capable of dividing, started to lose their nuclei, and 

the expression of differentiation-related proteins such as involucrin and 

filaggrin was induced, suggesting that these cells changed towards a differen

tiated phenotype resembling normal differentiated cells in vivo. Keratin 16 

expression occurred under all conditions, suggesting that it is a marker for 

abnormal differentiation rather than for hyperproliferation. 
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1. Cytometry as a tool to study epidermal growth and 
differentiation 
In cytometric methodology in general, and with techniques such as im-

munohistochemistry and flow cytometry in particular, the cell is considered as 

a functional unit it is important to realize that studies using exclusively these 

techniques can only give a limited amount of information with respect to the 

complex processes of growth and differentiation However, possibilities of the 

techniques are increasing Flow cytometric measurement of enzyme activities 

and signal transduction pathways demonstrate that the technique is capable 

of analyzing at the subcellular level Phenotypmg, detection of specific gene 

products using monoclonal antibodies has become a standard procedure We 

have used the latter technique to give a more complete description of different 

compartments and cell types in the epidermis We have also shown that 

functional information can be obtained by measurement of pH, and DNA syn

thesis In principle it is even possible to measure gene expression flow 

cytometrically by in situ hybridization1. 

The advantages and disadvantages of the individual techniques have been 

discussed in detail in the technique-specific chapters (chapter II - V) In 

general, the techniques have in common that they are novel, and allow quali

tative as well as quantitative analysis of epidermal growth and differentiation 

beyond the possibilities presently available Applications are in fact not limited 

to epidermis, but can be used for studies on proliferation and differentiation of 
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any tissue, or in vitro cell system. However, it is important to realize that the 

strength of the methodology described in this thesis cannot be found in one 

particular technique, but that the techniques are complementary. One of the 

conclusions to draw is that one should not aim for the ultimate technique to 

measure either proliferation or differentiation, but one should use a panel of 

phenotypic and functional markers to evaluate the total process of epidermal 

growth and maturation. In this case it has been done from a cell biological 

point of view, but this approach will also stand when biochemical assays are 

used. Future search for new techniques will therefore not only be focused on 

whether they are better or can do more, but also to what extent they contri

bute to the panel of techniques already in use, and what information they add 

with respect to the processes studied. 

2. Heterogeneity in the germinative population of human 
epidermal keratinocytes 
In chapter I we have shown that the epidermis can be divided essentially 

into three compartments, i.e. germinative cells, differentiated cells, and stratum 

corneum cells. Whereas in the compartment of differentiated cells a mor

phological heterogeneity exists anyway, and also a functional heterogeneity 

seems very likely, the existence of heterogeneity in the germinative population 

of human epidermal keratinocytes is matter of much discussion in experimen

tal dermatology. 

The old concept of Weinstein2 that all epidermal cells in the germinative 

compartment of human epidermis are actively proliferating with an equal cell 

cycle time for normal epidermal cells of 457 h, is still not totally repudiated by 

all dermatologists. However, in any renewal system, and therefore also in 

human epidermis, the cell production rate is not only determined by the cell 

cycle time, but also by the growth fraction. The growth fraction is then defined 

as the proportion of cells in any population which is actively engaged in the 

cell cycle. Thus a hyperproliferative state, such as psoriatic epidermis, can be 

due to a decrease in the cell cycle time or an increase in the growth fraction. 

In order to define the proliferative defect in psoriatic epidermis more precisely, 

we have to distinguish between the two. The measurements of Weinstein and 

co-workers were performed with the one major assumption that the growth 
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fraction is unity, and all cells are proliferating. Our point is that in normal 

human epidermis in vivo there are, most probably, a considerable number of 

germinative cells which are not proliferating. The first evidence for this state

ment originates from the work of Gelfant et al3,4 using continuous [3H]-thymi-

dine labelling of normal epidermis in vivo in a limited number of human 

subjects. They concluded that a rough estimate of 50 to 60 percent of ger

minative epidermal cells may reside in the non-cycling state. More recently, 

additional evidence in favour of a resting G0 population was brought about. 

Tape stripping of human skin invoked a cohort of synchronously-dividing cells, 

entering S-phase by 36 h after induction of the trauma5. This cohort was 

described as the recruitment of cells from a pre-existing G0 compartment 

which consists of 76% of all proliferative cells. These authors calculated a cell 

cycle time of 39 h for normal human keratinocytes. 

In this thesis we have showed that ¡mmunohistochemical staining with the 

MAb Ki-67 (chapter IV) labels only a minority of positive cells in the basal layer 

of normal human skin. Sections of psoriatic epidermis and epidermis 40 h 

after tapestripping showed large numbers of positive nuclei in the basal and 

suprabasal layers. Using a double labelling with Ki-67 and anti-BrdUrd we 

were able to demonstrate equal cell cycle times of 30 h for normal and 

psoriatic epidermis (chapter VI). The same value was found for cultured 

human keratinocytes (chapter VII). This ΓβευΙΙ was in line with recent findings 

of others67. 

Some of these recent studies have indicated heterogeneity of the cycling 

population of keratinocytes and have inferred a more complex functional or

ganization of the epidermal tissue. Although we were not able to show this 

heterogeneity up to now, we think that in vitro IdUrd-labelling studies with 

more time points could be a method to test the validity of these findings. 

With respect to analysis of the germinative cell compartment we may 

conclude that the classic concept of a growth fraction of unity is no longer 

valid. The cell cycle time of normal proliferative human keratinocytes, prolifera

tive epidermal cells derived from hyperproliferative tissue, and proliferating 

epidermal cells in vitro, is equal and in the order of 30-40 h. Differences in 

tissue turnover and tissue thickness are therefore most likely caused by 

changes in the growth fraction. 
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3. Expression of the differentiated phenotype 
The maturation of keratinocytes to form cornified envelopes is accom

panied by multiple biochemical changes, and without doubt the cytoskeleton 

plays an important role in this process. By far the most thoroughly studied 

components are the intermediate filament proteins. Keratinocytes can be 

early embryo simple epithelia 

K17 

cornea 

КЗ Kl 2 

K5 Kl 4 

B(ll) A(l) 

Figure 1 A given epithelium or epithelial cell can be characterized by a specific pattern of 
its keratin components. 

recognized among all other cell types in skin, such as Langerhans cells, 

melanocytes, fibroblasts, and infiltrate cells, by the specific expression of 

keratin-type intermediate filament proteins. The keratinocytes themselves are 

functionally heterogeneous, ranging from germinative cells to those in the 

terminal, fully differentiated state. Keratins in all epithelial cells, including 

keratinocytes, tend to be expressed in pairs containing one acidic-type and 

one basic-type protein (figure 1). As shown in chapter II, the identification and 

quantification of epidermal cellular subpopulations was performed by using 

specific monoclonal keratin antibodies either on cryostat sections or in single 

cell suspensions using flow cytometry. Besides keratins other structural 

146 



proteins, in particular involucrin and filaggrin have been implicated in terminal 

differentiation. Filaggrin is a basic, histidine-rich protein and is synthesized by 

differentiating epithelial cells as a large precursor, known as profilaggrin8. 

Profilaggrin has been shown to constitute the major component of kerato-

hyalin granules found in the stratum granulosum and therefore is considered a 

marker of late-stage differentiation. Involucrin is one of the substrates for the 

formation of cornified envelopes and is synthesized in normal epidermis in the 

stratum granulosum as well. This should imply that this protein is also a 

marker of late-stage differentiation. However, in pathological epidermis and in 

cultured keratinocytes this protein is synthesized much earlier*. Some cells in 

cuiture synthesized DNA and expressed involucrin simultaneously. This implies 

that the sequence of events leading to the formation of corneocytes is not the 

same for all situations, and presumably even not the same for all cells in a 

given situation. Reasonably, this differentiation process must be cautiously 

regulated and parallel steps, such as induction of enzyme activity and sub

strate biosynthesis, must be "synchronized" by the tissue. It is attractive to 

propose that the specific expression of keratins 6 and 16 could be a signal 

that this synchronization of the differentiation process is lost for some or all 

cells in a tissue, instead of being a hyperproliferative-specific pair of keratins 

(figure 1). If so, one must assume that in psoriatic epidermis keratin 16 

expression as measured by Кд8.12 binding is also reflecting asynchronous 

differentiation. Whatever causes this abnormality remains to be elucidated. It is 

tempting to speculate that the overproduction of basal keratinocytes causes a 

disbalance in the sequence of differentiation steps; the overproduction itself 

being the result of a defect in the G^G, recruitment mechanism. 

4. Regulation of human keratinocyte proliferation and 

differentiation 
The epidermis is an excellent example of a dynamic tissue in which highly 

regulated mechanisms exist to control cell proliferation and differentiation. The 

ultimate and primary goal of all keratinocytes is to protect the organism 

against unwanted external influences. This means from a functional point of 

view that the process of cell production is in principle subordinated to the 

process of differentiation. However, experimental evidence, also from studies 
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in this thesis, is accumulating that the control of keratinocyte proliferation and 

differentiation is integrally regulated. Clonal analysis, growth kinetics, and cell 

cycle studies of normal human keratinocytes cultured in serum-free medium 

show that if keratinocyte proliferation is promoted, differentiation is inhibited 

and when differentiation is induced, proliferation is inhibited10. Also calcium 

modulation11 and maintenance of cells in suspension (chapter VII) have been 

used to show that terminal differentiation could be initially stimulated at the 

expense of proliferation. An in vivo study using sellotape stripping, in which 

the outermost layer of cornified cells is removed by repeated application of 

adhesive tape, also suggests that proliferation and differentiation are in

tegrated processes12, and in chapter VI we show an inverse relationship 

between N s and the percentage of RKSE60-positive cells. 

A third process, the process of inflammation, although somewhat outside 

the scope of this thesis, should be mentioned. The existence of regulatory 

circuits between dermal and epidermal inflammatory infiltrate and the overlying 

epidermal keratinocytes has been implicated in the fine control of epidermal 

proliferation and turnover13. Evidence was presented that activated peripheral 

blood mononuclear cells produce factors that modify keratinocyte growth and 

differentiation, and it was suggested that these interactions may play a role in 

wound repair and skin pathology. In general, skin disorders with increased 

epidermal growth, such as psoriasis, are accompanied by cutaneous inflam

mation. Several in vivo models have been used by Van de Kerkhof and co

workers to investigate the interrelationship between epidermal growth and 

inflammation: the response of the skin to standardized injury, the response to 

epicutaneous application of leukotriene B4 (LTB4), and the various phases of 

the skin disorder psoriasis14. In these studies, a key role for the polymor

phonuclear leukocyte (PMN) has been suggested. Alternatively, Valdimarsson 

et al propose that the process leading to psoriatic lesions is triggered by 

Τ lymphocytes within the epidermal compartment15. 

In summary it seems very likely that proliferation, differentiation and inflam

mation are integrated processes. Any modulation of one of the processes will 

interfere in regulation of the others. 
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5. Future prospectives 
The general direction of the lines of investigation presented in this thesis 

will be maintained. From a theoretical point of view the molecular mechanisms 

underlying the recruitment of G0 cells in human epidermis will be explored 

further as a concept linking the various biochemical and cell biological aspects 

of the work going on in our department. From a practical aspect, approaches 

which will receive greater emphasis include (a) use of the new monoclonal 

antibodies which are becoming available in order to analyze further the 

heterogeneity of the epidermal cell population, (b) exploration of the pos

sibilities to use hybridocytochemistry directed towards the detection of mRNA, 

and (c) development and expansion of flow cytometric techniques for studies 

at the molecular level (calcium, pH, enzymology). 
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1. Summary 
Chapter I outlines the aim of the studies presented in this thesis. Ttie aim 

was to develop novel cytometric techniques to study epidermal growth in vivo 

as well as in vitro. Different models for investigation of epidermal growth have 

been used to test the techniques and to obtain better insight into the proces

ses of epidermal cell division and differentiation. Furthermore, in chapter I an 

introduction is given to epidermal cell kinetics, keratinocyte differentiation and 

presently available models for epidermal growth. Finally, cytometric techniques 

and methodology are introduced to the readers. 

Chapter II deals with intermediate filament-type proteins and other differen

tiation-related proteins as compartment-specific markers in the epidermis. 

Antibodies have been used to detect these proteins. Immunohistochemical 

techniques are described to visualize antibody binding and a flow cytometric 

technique for simultaneous measurement of monoclonal antibody binding and 

relative DNA content was developed to perform quantitative analysis. It is 

shown that multiparameter flow cytometry indeed allows quantitative popula

tion analysis, that could lead to a better understanding of the complex mecha

nisms of epidermal growth control under normal and pathologic conditions. 

In chapter III an immunocytochemical procedure is described for simul

taneous quantification of bromodeoxyuridine (BrdUrd) or iododeoxyuridine 

(IdUrd) incorporated into cellular DNA and total DNA content in individual cells 

in suspension. Improvement of existing methods was achieved by combining 

acid denaturation and proteolytic enzyme digestion. Although experimental 

conditions were tested on cultured keratinocytes, this method appeared also 

applicable to bone marrow cells and cells obtained from solid tissues. In order 

to visualize BrdUrd or IdUrd incorporation into cellular DNA, immunohis

tochemical techniques were applied to human skin and cultured cells. 
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Chapter IV describes immunohistochemical and flow cytometrical methods 

for the detection of a proliferation-associated nuclear antigen recognized by 

the antibody Ki-67 in human keratinocytes. Using an immunoperoxiaase 

technique on cryostat sections, the antigen was detectable in human epider

mis and in cultured keratinocytes. The technique is reproducible, although 

detection in normal epidermis is often hampered by interference of cytoplas

mic staining. An existing flow cytometric method was optimized for precise 

quantification of Ki-67-positive cells in ethanol-fixed cell suspensions derived 

from keratinocyte cultures. We were unable to detect Ki-67 antigen in single 

cell suspensions derived from human skin due to interfering cytoplasmic 

staining. 

Chapter V describes a method to measure intracellular pH in cultured 

human keratinocytes using flow cytometry. Keratinocytes have the disad

vantage that the population is heterogeneous in size. In order to compensate 

for this cell-to-cell variability in factors such as dye uptake, dyes were selected 

which change colour with pH. The ratio of fluorescence intensities at two 

wavelengths was recorded and used as a measure of intracellular pH. It is 

shown that the novel pH-sensitive dye carboxy-seminaphthorhodafluoM 

(SNARF-1) can be used for flow cytometric pH-measurements. SNARF-1 had 

a practical and stable excitation wavelength of 488 nm rather than UV, it 

offered the possibility of ratiometric measurements on the basis of a real 

emission shift, and had superior resolution for the pH range we are interested 

in. With SNARF-1 we found that keratinocytes cultured under low serum 

conditions (0.2%) contain a higher proportion of cells with relative low intracel

lular pH compared to high serum cultures (6%). Furthermore pH changes 

were followed by changes in relative DNA content. These findings suggest that 

intracellular pH can be an early functional proliferation marker for human 

keratinocytes. 

In chapter VI techniques described in previous chapters have been 

applied to normal and psoriatic epidermis in order to study epidermal growth 

and differentiation. Additionally, a sequential double immunoenzymatic staining 

procedure was developed using the monoclonal antibodies anti-BrdUrd and 

Ki-67 in order to determine whether hyperproliferative skin disorders, such as 

psoriasis, are characterized by an increased growth fraction rather than a 
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much shorter cell cycle time of all germinative cells. The ratio of BrdUrd-

positive cells over Ki-67-positive cells was not changed in hyperproliferative 

epidermis compared to normal epidermis. Combining this result with S-phase 

duration (Tg) calculated from flow cytometric IdUrd/DNA analysis after in vivo 

IdUrd labelling, these findings suggest an increased growth fraction in hyper

proliferative epidermis. 

Chapter VII deals with cytometric methods described in previous chapters 

which have been applied to epidermal growth and differentiation in vitro. Both 

processes were studied in exponentially growing and confluent cultures of 

human keratinocytes. Furthermore, an extended in vitro model was evaluated 

in which trypsinized keratinocytes derived from confluent cultures were 

maintained in suspension by continuous rotation. It is shown that with a com

bination of immunohistochemical and novel flow cytometric techniques a 

detailed description of epidermal growth and differentiation can be obtained. 

Under suspension maintenance conditions cells were growth arrested and at 

the same time changed towards a differentiated phenotype, resembling in 

many ways normal differentiated cells in vivo. 

Finally, in chapter VIII findings of the previous chapters were brought 

together. From a methodological point of view it is concluded that one should 

not aim for the ultimate technique to measure either proliferation or differen

tiation, but one should use a panel of phenotypic and functional markers to 

evaluate these processes. Having used this strategy, we conclude that results 

presented in this thesis show that differences in tissue turnover and tissue 

thickness are probably caused by changes in the growth fraction, rather than 

differences in cell cycle time. Furthermore, it is shown that keratin 16 expres

sion in suprabasal cells in vivo and in cultured keratinocytes is not a charac

teristic of hyperproliferation per se, but instead is reflecting a condition in 

which synchronization of differentiation steps is lost. It is proposed that 

keratin 16 expression in psoriasis is also reflecting asynchronous differentiation 

and is caused by the overproduction of basal keratinocytes. The overproduc

tion itself is a result of a defect in the G^G, recruitment mechanism. 
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2. Samenvatting 
In hoofdstuk I wordt de doelstelling van het onderzoek uiteengezet. Het 

doel van de verschillende studies was in de eerste plaats de ontwikkeling van 

cytometrische technieken, waarmee in vb/o en in vitro epidermale groei kan 

worden bestudeerd. Om de bruikbaarheid van de nieuwe technieken te testen 

en om een beter inzicht te krijgen in epidermale celdeling en differentiatie, 

werden verschillende modellen voor epidermale groei gebruikt. Verder worden 

in hoofdstuk I begrippen als epidermale cel kinetiek en differentiatie van 

keratinocyten geïntroduceerd en worden op dit moment gebruikte modellen 

voor epidermale groei besproken. Tenslotte wordt een inleiding gegeven met 

betrekking tot cytometrische technieken en methodologie. 

Intermediaire filamenteiwitten en andere aan differentiatie gerelateerde 

eiwitten zijn het onderwerp van hoofdstuk II. Hierbij wordt in het bijzonder 

ingegaan op hun rol als compartiment-specifieke merkers in de epidermis. Om 

de eiwitten te detecteren werden antilichamen gebruikt en immunohis-

tochemische technieken worden beschreven om de binding van deze an

tilichamen te visualiseren. Verder werd een flowcytometrische techniek 

ontwikkeld om simultaan binding van antilichamen en relatieve DNA hoeveel

heid te meten, waardoor kwantitatieve analyse mogelijk werd. In hoofdstuk II 

wordt aangetoond dat multiparameter flowcytometrie inderdaad gebruikt kan 

worden voor kwantitatieve populatie-analyse en dat die metingen kunnen 

leiden tot een beter begrip van de complexe mechanismen, die ten grondslag 

liggen aan epidermale groeicontrole onder normale en pathologische con

dities. 

In hoofdstuk III wordt een nieuwe immunocytochemische procedure 

beschreven, die de mogelijkheid biedt om simultaan in het DNA ingebouwd 

bromodeoxyuridine (BrdUrd) of jododeoxyuridine (IdUrd) en de totale DNA 

hoeveelheid te meten in celsuspensies. Omdat bestaande technieken niet of 

nauwelijks bruikbaar bleken voor keratinocyten werd gezocht naar een 

alternatieve techniek. Uiteindelijk werd een verbetering gerealiseerd die zure 

denaturatie combineerde met enzymatische Proteolyse. Hoewel de experimen

tele condities werden uitgezocht met gekweekte keratinocyten, bleek de 

methode ook bruikbaar voor cellen afkomstig uit het beenmerg en solide 
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weefsels. Om BrdUrd of IdUrd inbouw in het DNA zichtbaar te maken werden 

immunohistochemische technieken toegepast. 

Hoofdstuk IV beschrijft immunohistochemische en flowcytometrische 

methoden om een proliferatie-geassocieerd kernantigeen aan te tonen in 

humane keratinocyten door middel van het antilichaam Ki-67. Met behulp van 

een immunoperoxidase techniek was het antigeen aan te kleuren in humane 

epidermis en in gekweekte keratinocyten. De techniek bleek reproduceerbaar, 

hoewel detectie in normale epidermis vaak werd bemoeilijkt door interferentie 

van cytoplasmaire kleuring. Een eerder beschreven flowcytometrische techniek 

werd geoptimaliseerd voor de precieze kwantificering van Ki-67-positieve 

cellen in ethanol-gefixeerde celsuspensies afkomstig van keratinocytenkweken. 

Het bleek niet mogelijk om Ki-67 antigeen aan te tonen in celsuspensies 

afkomstig van humane huid, opnieuw door de interfererende cytoplasmaire 

kleuring. 

Hoofdstuk V beschrijft een methode om flowcytometrisch de intracellulaire 

pH (pHJ te meten in gekweekte keratinocyten. Keratinocyten hebben het grote 

nadeel dat de populatie wat betreft celgrootte erg heterogeen is. Om te 

kunnen compenseren voor deze cel tot cel variabiliteit werden pH-gevoelige 

fluorochromen gekozen die van kleur veranderen als de pH verandert. De 

ratio van fluorescentie signalen gemeten bij twee excitatie golflengten werd 

gebruikt als een maat voor de pH,. Aangetoond wordt dat de recent geïntro

duceerde pH-gevoelige kleurstof carboxy-seminaphthorhodafluoM (SNARF-1) 

gebruikt kan worden voor flowcytometrische ρΗ,-metingen. SNARF-1 bleek 

een praktische en stabiele excitatiegolflengte te bezitten van 488 nm. Het 

emissiespectrum vertoonde een reële pH-afhankelijke verschuiving en de pH 

resolutie was superieur in het gebied waarin wij zijn geïnteresseerd. Met 

behulp van SNARF-1 waren we in staat om aan te tonen dat in een keratino-

cytenpopulatie, die gekweekt werd met een lage serum concentratie (0.2%), 

meer cellen aanwezig waren met een relatief lage pH, dan in een populatie 

gekweekt met een standaard serum concentratie (6%). Verder werden deze 

pH, veranderingen gevolgd door veranderingen in relatieve DNA hoeveelheid. 

Deze bevindingen suggereren dat pH, gebruikt kan worden als een vroege 

proliferatie merker voor epidermale cellen. 

In hoofdstuk VI worden technieken, die werden beschreven in de hoofd-
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stukken H-V, toegepast op normale en psoriatische epidermis ter bestudering 

van epidermale groei en differentiatie. Daarnaast werd een sequentiële 

immuno-enzymatische dubbelkleuring ontwikkeld, gebruik makend van de 

monoclonale antilichamen anti-BrdUrd en Ki-67, om aan te tonen dat hyper-

proliferatieve huidaandoeningen zoals psoriasis worden gekenmerkt door een 

toegenomen groeifraktie in plaats van een verkorte cel cyclus tijd van alle 

germinatieve cellen. Vergeleken met normale epidermis bleek de ratio van anti-

BrdUrd-positieve en Ki-67-positieve cellen niet veranderd in hyperproliferatieve 

epidermis. Dit resultaat, gecombineerd met de S-fase duur, berekend uit de 

flowcytometrische IdUrd/DNA analyses na in vivo IdUrd labeling, suggereert 

een toegenomen groeifraktie in hyperproliferatieve epidermis. 

Hoofdstuk VII behandelt cytometrische methoden, beschreven in eerdere 

hoofdstukken, die worden toegepast om in vitro groei en differentiatie te 

bestuderen. Groei en differentiatie werden onderzocht in exponentieel groei

ende en confluente keratinocytenkweken. Verder werd een uitbreiding van de 

kweekcondities getest, waarbij getrypsineerde keratinocyten, afkomstig van 

confluente celkweken, roterend in suspensie werden aangehouden. Met 

behulp van een combinatie van immunohistochemische en flowcytometrische 

technieken bleken wij in staat om een gedetailleerde beschrijving te geven van 

groei en differentiatie onder de verschillende kweekcondities. Wanneer cellen 

in suspensie werden aangehouden verloren ze hun capaciteit om te delen 

terwijl tegelijkertijd een meer gedifferentieerd fenotype geëxprimeerd werd wat 

in veel opzichten overeenkomst vertoonde met normaal gedifferentieerde 

cellen in vivo. 

In hoofdstuk VIII tenslotte worden de belangrijkste bevindingen uit hoofd

stuk ll-VII nogmaals bijeen gebracht. Methodologisch bekeken moet geconclu

deerd worden dat het gebruik van een panel van fenotypische en functionele 

merkers om proliferatie en differentiatie te meten valt te prefereren boven het 

zoeken naar de volmaakte techniek en merker die of proliferatie of differen

tiatie kan meten. Gebruik makend van deze strategie kan vervolgens gecon

cludeerd worden dat de resultaten met betrekking tot groei en differentiatie 

van keratinocyten, die gepresenteerd worden in dit proefschrift, aantonen dat 

verschillen in weefsel turnover en dikte naar alle waarschijnlijkheid worden 

veroorzaakt door veranderingen in de groeifraktie in plaats van veranderingen 
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in celcyclus duur. Verder wordt aangetoond dat expressie van kératine 16 in 

suprabasale cellen in vivo en in gekweekte keratinocyten geen kenmerk is van 

hyperproliferatie per se, maar daarentegen een toestand reflecteert waarin de 

synchronisatie van differentiatie stappen verloren is gegaan. Deze bevindingen 

hebben geleid tot de hypothese dat expressie van kératine 16 in psoriasis het 

gevolg is van het niet synchroon verlopen van differentiatiestappen en dat 

deze asynchrone differentiatie veroorzaakt wordt door de massale overpro

duktie van basale keratinocyten. De overproduktie zelf is op haar beurt het 

resultaat van een defect in het G^G, recruteringsmechanisme. 
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proefschrift. Tenslotte was het Joost Schalkwijk die op zijn eigen nuchtere 

wijze zorg droeg voor de "finishing touch". 

Waltraud Verbeeck wil ik niet alleen danken voor de (tekst)verwerking van 

manuscripten, abstracts en posters, maar ook voor de plezierige periode dat 

we de werkplek en PC in het "tussenhok" deelden. 

De (ex-)studenten Joris Rijzewijk, John Leenders, Hennie Groenendal, 
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