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chapterchapter 6 

INCORPORATIONN OF THE LIPOHILIC 

TRACERR DM IN ENDOTHELIAL CELLS OF 

ISOLATEDD ARETERIS OCCURS INDEPENDENT 

OFF VESSEL PERFUSATE COMPOSITION 



6.11 ABSTRACT 

Thee fluorescent carbocyanine dye l,l ,-dioctadecyl-3,3,3\3'-tetramethylindo-carbocyanine 

perchloratee (Dil ) was used in several permeability studies on isolated cannulated arteries to 

labell  the endothelial cells of the arterial wall. In these permeability studies we determined the 

dependencee of FITC-dextran transport through the endothelial surface layer (ESL) on molecular 

size,, solvent ionic strength and the presence of albumin in the perfusate. Fluorescence kinetics 

off  Dil , measured at the endothelium, may be influenced by transport of Dil through the 

ESL,, by the dynamics of the incorporation process into the membrane or by spreading of Dil 

overr the endothelial membranes by latetal diffusion. We aimed to evaluate by which of these 

processess the Dil fluorescence kinetics were dominated. Dil was infused into the cannulated 

arteriess simultaneously with FITC-dexttans (FITC-As) by means of a double-barreled 6-pipet. 

Fluorescencee kinetics of Dil , due to incorporation of Dil in the endothelial cell membranes, 

weree recorded with confocal laser scanning microscopy. Accumulation of Dil in the endothelial 

cellss of the arterial wall appeared observable in the recorded arterial fluorescence distributions as 

peaks,, increasing in intensity during the dye perfusion period. Location of the Dil peaks (i.e. the 

endotheliall  position) was constant over time. Maximal peak intensity increased at approximately 

constantt rate. The shape over the Dil peaks, as characterized by their full-width-at-half-maximal-

value,, remained also constant. No differences in Dil fluorescence characteristics were observed 

betweenn left and right wall per artery. No differences were observed between the different 

groupss of arteries per protocol and no differences were observed between the different protocols. 

Moreover,, no effect of prolonged illumination of the arteries with a bright mercury lamp (light-

dye-- treatment) on Dil fluorescence characteristics was observed. In conclusion, we demonstrate 

thatt fluorescence kinetics due to incorporation of the lipophilic tracer Dil in endothelial cell 

membraness of isolated arteries were not dependent on experimental conditions such as the 

presencee of different anionic macromolecules, solvent ionic composition, or the presence of 

proteinss in the perfusate. These fluorescence kinetics appear to be mainly determined by the 

incorporationn process itself and not by transport of Dil through the endothelial surface layer 

(ESL)) or by spreading of Dil over the endothelial membranes. Moreover, ESL transport of Dil 

waswas found to be very fast ( « 1 .5 min) in comparison to ESL transport of anionic macromolecules 

(FITC-As,, -30 min). Thus, the initial difference in fluorescence column width (i.e. a measure for 

thee luminal filling)  of Dil and FITC-As provided a fair estimate of ESL thickness. 
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6.22 INTRODUCTION 

Fluorescentt carbocyanine dyes such as Dil (1 , r-dioctadecyl-3,3,3',3'-tetramethyl-

indocarbocyaninee perchlorate; see figure 6.1) have been applied to label neurons 

FigureFigure 6.1: Schematic representation of the structure of Di/ Figure 6.2: Schematic representation of the 

(copied(copied from http://www.probes.com/servlets/structure?item=282, incorporation of Dil in a membrane (copied from 

copyrightcopyright © Molecular Probes, Inc.). http-.lhvww.probes.com/handbook/figures/0912.html, 

copyrightcopyright © Molecular Probes, Inc.). 

(2;5;8;9;17;18;20;22),, tumor cells (7), leukocytes (4), red blood cells (12:19), low-density lipoproteins 

(11;16),, smooth muscle cells (15) and endothelial cells (ECs) (3;13-15). We applied Dil in various 

permeabilityy experiments to label the endothelial cells in isolated cannulated small arteries 

(chapterr 2, 4 and 5). This way we were able to accurately localize the position of the luminal 

arteriall  wall in relation to the location of different fluorescent macromolecules, in order to 

determinee dimension and properties of the barrier for transport of these macromolecules. 

Thee lipophilic tracer Dil has a relatively low fluorescence quantum yield in an aqueous solution 

andd a high fluorescence quantum yield in a membrane-like-environment (6). Thus upon 

incorporationn in the endothelial membrane (see figure 6.2) of isolated perfused arteries, Dil wil l 

becomee brightly visible with an appropriate fluorescence microscope. However, after infusion into 

thee lumen of the artery, Dil first needs to permeate through the endothelial surface layer (ESL) 

-- a gel-like layer o f -2-3 um in thickness that covers the luminal surface of the endothelium and 

thatt forms a profound barrier for anionic solute transport (chapter 2) - to reach the endothelium 

andd to be able to incorporate in the ECs. 

Wee originally hypothesized that the kinetics of Dil fluorescence due to its incorporation in the 

endotheliumm would reflect the transport properties of Dil through the ESL. Altered ESL transport 
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propertiess of Dil , for example due to alterations in ionic composition of the perfusate solution 

(seee chapter 4) or due to alterations in protein composition of the perfusate (see chapter 5), might 

changee Dil fluorescence kinetics measured at the endothelium. Nevertheless, many other factors 

mayy influence Dil fluorescence kinetics as well, such as the dynamics of the incorporation process 

orr the spreading of Dil over the endothelial membranes by lateral diffusion. In the present study 

wee evaluated Dil fluorescence kinetics as measured in the various permeability studies in this 

thesis.. In particular, we evaluated whether the dynamics of Dil fluorescence were dominated by 

ESLL transport properties or by the incorporation process of Dil in the endothelial membranes. 

Thiss way one could obtain more insight in transport properties or vessel wall interactions of e.g. 

vasoactivee agents or hormones that have to interact with the endothelium to exert their function, 

usingg Dil and its fluorescence dynamics as a model for these agents. 

6.33 MATERIALS AND METHODS 

6.3.. f Experiments 

AA full description of the experiments in which all Dil fluorescence data was collected is given 

elsewheree (chapter 2, 4 and 5). Briefly, small arteries (-170 urn) were isolated from rat mesentery, 

cannulatedd and perfused with MOPS-buffered saline solutions of various compositions. Table 

6.11 summarizes the different perfusion protocols that wil l respectively be referred to as the 

"localization-protocol""  (chapter 2), the "ionic-strength-protocol" (chapter 4) and the "albumin-

protocol""  (chapter 5). In the localization-protocol 3 extra experiments had been performed, in 

whichh the ESL was destroyed by prolonged illumination of the arteries with a bright mercury 

lampp (light-dye-treatment, LDT) after 30 min of perfusion with Dil and FITC-A148 (for details 

seee chapter 2). As reported previously, no effect of LDT on Dil fluorescence characteristics 

waswas observed (data not shown). Kinetics ofarrerial filling  with FITC-dextrans (FITC-As) of 

differentt sizes and accumulation in the endothelium of the fluorescent membrane probe Dil (see 

fluorescentfluorescent probes) were recorded by means of confocal laser scanning microscopy (CLSM). For 

thee localization-protocol a Leica Fluovert CLSM was used; for the ionic-strength-protocol and for 

thee albumin-protocol a newly obtained Leica DM IRBE microscope equipped with a Leica TCS 

SP22 confocal unit was used (for detailed descriptions of CLSM image acquisition see chapter 2, 4 

andd 5). Rapid inflow of fluorescent tracers into the arteries was accomplished by using a double-

barreledd 9-pipet. Radial fluorescence profiles of all confocal recorded images were analyzed with 

proceduress written in Matlab (The Mathworks Inc., USA). 
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6.3.26.3.2 Dil fluorescence profiles analyses 

Accumulationn of Oil in the endothelial cells of the arterial wall appeared observable in the 

fluorescencee profiles as peaks, increasing in intensity over time (see for example fig. 2.2, chapter 

2).. The location of the maximum of these fluorescence peaks was determined after subtraction 

off  the luminal Dil fluorescence (i.e. the profile after 1.5 min of dye perfusion) and was used as 

thee position of the endothelium, as described previously (chapter 2). The normalized position of 

thee Dil peaks (KP ), introduced to allow for comparison of arteries of different diameters, was 

calculatedd as follows (see figure 6.3): 

MP|*/(00 = 
X X Dil-midlumen Dil-midlumen , ( ' ) ) 

<< X > 
yy Dil—midlumen 

(6.1) (6.1) 

NPP (t) = normalized Dil peak position over time [norm] 

II  ai W = distance from Dil-peak to midluminal position over time [urn] 

<XX ... > = average distance XDi[ midlumen from 2-30 min of dye perfusion [urn]. 

Normalizedd Dil positions were calculated for left and right Dil peak (i.e. left and right arterial 

wall)) separately. When Dil peak positions remain constant over time, NPnj](t) wil l be equal to 

unity.. Furthermore, maximal peak intensity was measured over time and normalized to 

midluminall  Dil fluorescence intensity. The shape of the Dil peaks was characterized by their full-

width-at-half-maximal-valuee (FWHM). 

+/-150nm m 

distance(s) ) 
Dil-midlumed d 

positionn ' 
left t 

Dil-peak k 
(EC) ) 

midlu u 
pos s 

minal l 
tion n 

position n 
right t 
Dil-peak k 
(EC) ) 

FigureFigure 6.3: Calculation of the normalized Dil peak position (NPDI). NPDd was calculated for left and right Dil peak separately 

accordingaccording to eq. 6.1. 
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6.3.55 Fluorescent  probes 

Thee lipophilic membrane tracer Dil (l,r-dioctadecyl-3,3,3\3'-tetramethylindo-carbocyanine 

perchlorate)) was purchased from Molecular Probes (D-282). Dil was applied in a concentration 

off  1.0-105 M in all experiments. Once incorporated in the endothelial membrane (fig. 6.2), Dil 

wil ll  stay there for the remainder of the experiment. Dil is able to spread along the membrane of 

ann endothelial cell, but cannot migrate from one cell to another (6-9;20). 

6.3.46.3.4 Statistics 

Dataa are presented as means  SEM. Parameters describing fluorescein re characteristics for the 

differentt protocols were compared using ANOVA and bonferroni post-hoc tests. Paired t-tests 

weree used for the comparison of parameters at 2 min versus 30 min. 

6.44 RESULTS 

Thee average development of Dil fluorescence peaks during the 30 min dye perfusion period for 

thee different protocols is shown in figure 6.4. Left and right Dil peak were averaged per artery. 

Thee position of the maximum was taken here as position 0 urn, which presumably represents the 

locationn of the endothelium. Positive positions represent luminal of the endothelium, negative 

positionss represent abluminal of the endothelium. Since fluorescence of Dil bound to the 

endotheliumm appeared rather heterogeneous and different from one artery to another, the Dil 

peakss in fig. 6.4 were normalized to maximal peak fluorescence after 30 min of dye perfusion, 

too allow for comparison of different arteries. In the localization-protocol no differences in the 

Di ll  peaks were observed when perfusion with either FITC-A4 (4 kD, fig. 6.4A), FITC-A50 (50 

kD,, fig. 6.4B) or with FITC-A148 (148 kD, fig. 6.4C) in combination with Dil . In the ionic-

strength-protocoll  no differences in the Dil peaks were observed for the different ionic strength 

conditionss (low ionic strength (LO-MOPS, fig. 6.4D), normal ionic strength (MOPS, fig. 6.4E) 

orr high ionic strength (HI-MOPS, fig. 6.4F)). In the alb urn in-protocol no differences in the 

Di ll  peaks were observed between the different perfusate conditions (MOPS-BSA (fig. 6.4G) or 

protein-freee MOPS-PSS (fig. 6.4H)). 

Di ll  peak position remained constant over time. Average standard deviations of variations in this 

positionn were 0.24  0.01 urn in the localization-protocol, 0.34  0.01 um in the ionic-strength-

protocol,, and 0.26  0.01 um in the albumin-protocol, i.e. less than one pixel in all 
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FigureFigure 6.4: Average normalized Oilfluorescence profiles near the arterial wall during 30 min of dye perfusion for the 

localization-protocol,localization-protocol, when perfusing with Dil in combination with FITC-&4 (A), with FITC-A50 (B) or with FITC-M48 

(C),(C), for the ionic-strength-protocol when using LO-MOPS ID), normal MOPS (E) or H/-MOPS (F) and for the albumin-

protocolprotocol when perfusing with MOPS-BSA (G) or with MOPS-PSS (H). Lefi and right Dil peak were averaged per artery. 

TheThe position of the maximum was taken as position Opm, which represents the location of the endothelium. Positive positions 

representrepresent luminal of the endothelium, negative positions represent abluminal of the endothelium. 
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hignrehignre 6.5: Average normalized Dil positions (NPlhl) of the left and Figure 6.6: Average maximal Dil peak intensity, normalized 
rightright Dil peak for the localization-protocol (A), the ionic-strength- to mid-luminal Dil fluorescence intensity, for the localization-
protocolprotocol (B) and for the albumin-protocol (C). protocolprotocol (A) when per/using with Dil in combination with resp. 

FITC-A4,FITC-A4, F/TC-A50 or FITC-U48 (see also chapter 2), 
forfor the ionic-strength-protocol (B) when using resp. LO-MOPS, 
normalnormal MOPS or HI-MOPS (see also chapter 4), and for the 
albumin-protocolalbumin-protocol (C) when perfusing with resp. MOPS-BSA or 
MOPS-PSSMOPS-PSS (see also chapter 5). 
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FigureFigure 6.7: Average absolute full-width-at-halfmaximal-value (FWHM) of the Dil peaks for the localization-protocol (A), the ionic-

strength-protocolstrength-protocol (C) and for the albumin-protocol (E). Average normalized FWHM, normalized to the value after 30 min of dye 

perfusion,perfusion, for the localization-protocol (B), the ionic-strength-protocol (D) and for the albumin-protocol (F). 
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protocols.. DU staining was always located luminally of the autofluorescent internal elastic lamina 

{onn average 1.2 1 urn), confirming confinement of Dil to the endothelium. Normalized Dil 

positions,, calculated using equation 6.1, for the different protocols are depicted in figure 6.5. 

Thiss figure confirms that Dil positions remained stable over time. Normalized Dil positions 

weree always close to unity, with deviations less than 0.75%, i.e. in the order of one pixel. No 

differencess were observed between left and right Dil peaks. 

Maximall  Dil peak intensity over time, normalized to mid-luminal Dil fluorescence intensity, is 

depictedd in figure 6.6. Normalized peak intensity increased at approximately constant rate and 

didd not reach saturation within 30 min of dye perfusion. No differences in normalized peak 

intensityy or in the increase rate of normalized peak intensity between the different groups of 

arteriess or between the different protocols were observed. 

Thee shape of the Dil peaks, as characterized by their full-width-at- half- maxi mal -value 

(FWHM),, remained constant over time as well (figure 6.7). Although Dil binding is confined 

too theendothelium, which is '0 .2 um thick, the Dil fluorescence profile is much broader, with 

aa width (FWHM) of -6-8 um. Furthermore, no differences in FWHM between the different 

groupss of arteries or between the different protocols were observed (fig. 6.7A, C and E). We also 

normalizedd FWHM to the value after 30 mm of dye perfusion. Average results of the normalized 

FWHMM are depicted in figures 6.7B, D and F. These graphs indicate once more that the shape of 

thee Dil peaks did not change during 30 min of dye perfusion. For the MOPS-PSS group in the 

albumin-protocoll  (fig. 6.7F) normalized FWHM appeared to decrease over time, but this was not 

statisticallyy significant. 

6.55 DISCUSSION 

Analysess of the fluorescence recordings of the lipophilic membrane tracer Dil , whose recordings 

hadd been obtained during previously described permeability studies (chapter 2, 4 and 5), revealed 

thatt fluorescence kinetics due to incorporation of Dil in the membranes of endothelial cells of 

isolatedd arteries were not dependent on experimental conditions such as the presence of different 

anionicc macromolecules, solvent ionic composition, or the presence of proteins in the perfusate. 

6.5.16.5.1 Application of Dil 

Fluorescentt carbocyanine dyes such as Dil have been applied to label neurons (2;5;8;9;17;18;20;22), 

tumorr cells (7), leukocytes (4), red blood cells (RBCs) (12;19), low-density lipoproteins (11; 16), 
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smoothh muscle cells (15) and endothelial cells (ECs) <3;13-15). Labeling of these cells or particles 

withh Dil has been applied for purposes of cell identification (8-l0;l7), cell-cell attachment (4;7), 

celll  growth and development (2;5;I3;14;18), microvascular measurements such as RBC flux (19), 

membranee fluidity measurements (3) and permeability studies (11:16). Dil staining of cells or 

particless can be obtained by amongst others direct application of dye crystals, loading by micro-

injection,, or labeling in a dye-containing solution (6) and can even be obtained in fixed tissues 

(5).. Once incorporated in a membrane, Dil can spread along the membrane by lateral diffusion 

(3;5;6;8-l0;l2).. No transfer of Dil from labeled to unlabeled cells occurs, not even when both cell 

typess are attached to each other (6-9;20). Furthermore, Dil does not affect basic physiological cell 

propertiess or functions (4;6-8;l0). 

Duee to its properties we considered Dil a suitable tracer to label the endothelial cells in isolated 

cannulatedd arteries, in order to localize the arterial wall during confocal fluorescence recordings. 

Wee originally hypothesized that the kinetics of Dil fluorescence due to its incorporation in 

thee endothelium would reflect the transport properties of Dil through the endothelial surface 

layerr (ESL). Altered ESL transport properties of Dil , for example due to alterations in ionic 

compositionn of the perfusate solution (see chapter 4) or due to alterations in protein composition 

off  the petfusate (see chapter 5), might result in altered Dil fluorescence kinetics measured at the 

endothelium.. Nevertheless, many other factors may influence Dil fluorescence kinetics, such as 

thee dynamics of the incorporation process or the spreading of Dil over the endothelial membrane 

byy lateral diffusion. 

6.5.26.5.2 Transport  of  Dil  through  the endothelial  surface  layer 

Vinkk and Duling described that transport of small neutral or positively charged molecules is 

nott hindered by the negatively charged endothelial surface layer (ESL) (21). Transport of the 

smalll  (MW 934), positively charged (valence +1, see fig. 6.1) Dil molecules through the ESL 

shouldd therefore be relatively fast, especially in comparison to large anionic FITC-As. Indeed 

wee observed that, already 1.5 min after simultaneous infusion into the arteries, the fluorescence 

columnn of Dil was more wide than the FITC-A columns. The difference in the width of these 

columnss should therefore reflect the dimension of the ESL and provides a method to estimate 

thee ESL thickness that is independent of the widening of the FITC-A columns over 30 min of 

dyee perfusion. These estimates have been summarized in table 6.1, as well as the estimates of ESL 

thicknesss as obtained from a previously developed and verified procedure (see chapter 2). Thus, 

thee estimates of ESL thickness as obtained from the distance of the Dil fluorescence profile to the 
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FITC-AA fluorescence profile (i.e. half the difference in fluorescence column width) after 1.5 min 

off  dye perfusion, was essentially equal to the estimates of ESL thickness as obtained from the shift 

inn the arterial FITC-A fluorescence profile with respect to the endothelium after 2 min of dye 

perfusionn as compared with the FITC-A fluorescence profile in a glass tube with respect to the 

tubee wall Hence, transport of Dil through the ESL is very fast and is - unlike FITC-A transport 

-- not influenced by experimental conditions that influence ESL permeability such as solvent ionic 

compositionn or the presence of albumin in the perfusate. 

6.5.36.5.3 Spreading  of  Dil  over  the endothelial  membranes 

Carbocyaninee dyes such as Dil spread over membranes in which they are incorporated due to 

laterall  diffusion. Lateral diffusion coefficients for Dil have been reported to be in the order of 

10ss - 10 cnr-s' (3;8;10;12). Adamson reported that arterial endothelial cells are approximately 

~1400 urn long (1). Furthermore, from his data on endothelial cell perimeter and surface area, the 

widthh of endothelial cells can be estimated to be approximately —10 um (1). Thus, the typical 

diffusionn time for Dil to spread lengthwise over an endothelial cell (EC) is in the order of 6.5 

minn and to spread over the width of an EC in the order of 8 sec. Since we may assume that the 

Dill  concentration at the luminal surface of the endothelium is uniform and constant, we may 

alsoo assume that Dil incorporates into the EC membrane along the entire length of the cell and 

nott at only a single position. Thus after incorporation, spreading of Dil over the EC membrane 

iss solely determined by diffusion in circumferential direction (i.e. over the width of the cell), and 

thereforee we feel that spreading of Dil over the membrane should be very fast. Nevertheless, time 

scaless for labeling procedures that make use of lateral dye diffusion have been reported to range 

fromm about 10 min to several days, to label cells or neurons over distances ranging from —100 um 

upp to several millimeters (2-5;7-20;22). 

6.5.46.5.4 Incorporation  of  Dil  in  the endothelial  membranes 

Ass far as we know, no information from literature is available on the dynamics of the incorporation 

processs of Dil into the endothelial membranes. Assuming that continuous incorporation of Dil 

intoo the EC membrane takes place and that a single EC membrane can contain a large amount of 

Dil ,, the dynamics of the incorporation process are most likely responsible for the relatively slow 

saturationn of the Dil fluorescence signal, as reflected in the maximal peak fluorescence intensity 

(seee fig. 6.6), which did not saturate within 30 min. 
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6.5.56.5.5 Conclusion 

Inn conclusion, we demonstrate that fluorescence kinetics due to incorporation of the lipophilic 

tracerr Dil in endothelial cell membranes of isolated arteries were not dependent on experimental 

conditionss such as the presence of different anionic macromolecules, solvent ionic composition, 

orr the presence of proteins in the perfusate. Dil fluorescence kinetics are mainly determined by 

thee dynamics of the incorporation process, and not by the dynamics of ESL transport of DU or 

byy spreading over the EC membrane by lateral diffusion. 
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