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Figure 1

Effect of Lactate Concentration on Uetiylene Blue Respiration

All flasks contained 3*0 ml. cell suspension* p H  7»ht 
in main chamber, 0.2 ml. 20% KOH in center veil. Control:
10 micromoles lactate in side arm. Curves L-6 ; lactate in 
concentrations as indicated on graph and 9.1 x  10*5 |£, 
methylene blue in side arm. Gas phase, oxygen. Temp. 38°C. 
Side arm contents tipped after temperature equilibration 
and 30 minute determination of endogenous respiration.
# For preparation see Methods
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Figure 2

Effects of Lithium Lactate Compared with Sodium Lactate on
Methylene Blue Respiration

All flasks contained 3»0 ml. cell suspension* pH 7#li> 
in main chamber, 0.2 ml. 2C# KOH in center well. Control: 
10 micromoles lithium lactate or sodium lactate in side 
arm. Eiphasic curves: 10 micromoles lithium lactate or 
sodium lactate as indicated and 9.1 x  10™5 li. methylene 
blue in side arm. Gas phase, oxygen. Temp. 38°C. Side 
arm contents tipped after temperature equilibration and 
30 minute determination of endogenous respiration.
* For preparation see Methods

ii
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Figure 3

Relationship Between Methylene Blue-Lactate Metabolism and
Hemolysis

All flasks contained 3.0 ml. cell suspension* pH 7.h» 
in main chamber, 0.2 ml. 20% KOH in center well. Lower 
curve: 10 micromoles lactate in side arm. Upper curve:
10 micromoles lactate and 9.1 i 10~5 M. methylene blue 
in side arm. Gas phase, oxygen. Temp. 38°C. Side arm 
contents tipped after temperature equilibration and 30 
minute determination of endogenous respiration. Red 

blood cell counts done on contents of vessels and plotted 
on graph at time of determination.

» For preparation see Methods

i i i



Figure It

Effect of DLphosphopyridine Nucleotide (DPN) on Methylene Blue-

Lactate Metabolism

All flasks contained 3.0 ml. cell suspension* pH 7.1',, 
in main chamber, 0.2 ml. 20% KOH in center well. Control:
10 micromoles lactate in side arm. Curve 1: 10 micromoles 
lactate and 9.1 x  10~5 M. methylene blue in side arm.
Curve 2: 10 micromoles lactate, 9.1 x 10-5 m . methylene 
blue and li.O mg. DPN in side arm. Curve 3: 10 micromoles 
lactate, 9.1 x 10-5 M. methylene blue in side arm 1, 
li.O mg. DPN in side arm 2. DPN additions as indicated on 
graph. Gas phase, oxygen. Temp. 380C. Side arm contents 
tipped after temperature equilibration and 30 minute 
determination of endogenous respiration.

*  For preparation see Methods

iv
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Figure 5

Effect of Niacinamide on Methylene Blue-Lactate Metabolism

All flasks contained 3.0 ml. cell suspension? pH 7«li, 
in main chamber, 0.2 ml. 20% KOH in center well. Control:
10 micromoles lactate in side arm. Upper curve: 10 micro
moles lactate and 9.1 x 10"5 y, methylene blue in side arm. 
Middle curve: 10 micromoles lactate, 9.1 x  10"5 M. methylene 
blue and 1.12 M. niacinamide in side arm. Gas phase, oxygen. 
Temp. 38°C. Side arm contents tipped after temperature 
equilibration and 30 minute determination of endogenous 
respiration.

* For preparation see Methods

v
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Figure 6

Methylene Blue-Lactate Metabolism of Hemclysate Compared
with Suspension

All flasks contained 0.2 ml. 20% KOH in center well. 
Control: 3.0 ml. cell suspension* pH 7.U, in main chamber; 
10 micromoles lactate in side arm. Suspension curve: 3.0 
ml. cell suspension? pH 7.1*> in main chamber; 10 micromoles 
lactate and 9.1 x  10-5 n. methylene blue in side arm. 
Kemolysate curve: 3.0 ml. distilled water containing 10 
micromoles lactate and 1.7 x  10-5 M. methylene blue in 
main chamber; 1.0 ml. cell suspension? pH 7.1i, in side 
arms. Gas phase, oxygen. Temp. 38°C. Side a m  contents 
tipped after temperature equilibration and 30 minute 
determination of endogenous respiration.

» For preparation see Methods

vi
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Figure 7
Relationship Between Initial Lactate Concentration and the 
Total Amount of Oxygen Consumed During Each Phase of the

Reaction
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CHAPTER X 

ISTHODUCTIOÄ

The hemolytic action of methylene blue um» reported in 

1924 by Huyghabaert. Doge developed anemia following the 

admlnistration of the dye and methylene blue was shown to 

produce hemolysis in vitro (l). In 193**. Wendel and Hefley 

observed the hemolytic property of the dye and suggested its 

use in the treatment of polycythemia (2). Olivier, in 1939* 

reported a ease of polycythemia which he treated with methylene 

blue. A  reduction in the patient's red blood cell count was 

obtained but further studies were impossible when the patient 

became lost in the confusion of the war (3). Investigation of 

methylene blue as a  chemotherapeutic agent again revealed its 

hemolytic action. Mice were successfully treated with the dye 

for Tsutsugamushi disease but subsequently developed anemia (4).

Recently, Struck, et el., have thoroughly investigated the 

effects of methylene blue. Dogs were maintained at various 

levels of anemia for long periods of time by the administration 

of the dye. Studies showed that the anemia was hemolytic in <

nature. Except for secondary bone marrow hyperplasia no other 

effects of the dye were observed (5). In vitro studies by these 

workers have shown that methylene blue enhances the respiratory
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activity of the erythrocyte and also produces certain 

alterations in the glucose metabolism of the cell. They 

suggest that these changes in erythrocyte metabolism may be 

responsible for the destruction of the cell and explain the 

hemolytic action of the dye. However, their reports show no 

conclusive evidence that erythrocyte destruction accompanies 

the altered glucose metabolism in vitro (6,7,8).

Still, the fact remains that methylene blue is definitely 

hemolytic when administered to manuals. If the basis for the 

hemolytic action is an alteration in erythrocyte metabolism, as

postulated by Struck, further investigation is necessary in
s

order to correlate hemolysis with changes in erythrocyte 

metabolism produced by the dye.

In 1928 Barron and Harrop published several reports con

cerning the effects of methylene blue on the respiratory 

activity of the erythrocyte (9,10,11). They showed that in the 

presence of the dye the respiration of non-nucleated, mammalian, 

erythrocytes approached the magnitude of respiration of nucleated, 

avian, erythrocytes. They concluded that

M methylene blue acts in the role of an oxygen 
carrier, supplying a substance which has 
disappeared from the mammalian erythrocyte.
In this way the dye restores the respiration 
to an extent comparable to avian erythrocytes."
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Warburg devoted much study to the effects of methylene 

blue on the erythrocyte. He concluded, in contrast to 

Barron and Harrop, that the dye increased erythrocyte respi

ration because of its ability to produce aetheaoglobln which 

then functioned as a respiratory catalyst (12).

The true nature of the action of aethylene blue on 

erythrocyte respiration has been shown by fendel (13) and by 

Bossal (l4). The role of a eetheaoglebln former has been 

shown to be unimportant. Methylene blue has been shown, as 

Barron and Harrop suggested, to act directly with cell 

oxidising systems, functioning as an electron or hydrogen 

carrier between the substrate oxidised and molecular oxygen.

In this role it resembles the cytochrome system which is 

generally regarded as being absent from the mammalian 

erythrocyte (15). This would explain the ability of aethylene 

blue to increase the oxygen uptake of the mammalian erythrocyte.

Glucose metabolism in the normal mammalian erythrocyte has 

been found to correspond to Meyerhof's scheme of active 

phoephorylative glycolysis (16,17,18). The small amount of 

oxygen consumption that accompanies this glycolysis indicates 

that normally it is the anaerobic type. Lactic acid is the end 

product of this metabolism and approximately two moles of it are 

derived from each mole of glucose (19). Further metabolism of 

the trlose has not been demonstrated to occur, although some of 

the ensymes necessary for its metabolism have been demonstrated
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in the erythrocyte (l4).

The effects of methylene blue on glucose metabolism were 

also investigated by Barron and Harrop in 1928 (20). They 

found that although equal amounts of glucose were metabolized 

in the presence or the absence of the dye, there sms definitely 

less lactate present at the end of the reaction when methylene 

blue was used. Sven though the methods of analysis used by the 

authors were not up to modern standards of sensitivity, the re

sults appear significant. They interpreted the results to mean 

that the normal anaerobic glycolysis in which lactic acid is the 

end product had been shifted to an aerobic type in which lactic 

acid need not 4e formed but increased amounts of oxygen need to 

be utilized. This evidence correlates well with the accepted 

role of methylene blue, l.e., an oxidative respiratory catalyst. 

However, it should be pointed out that the observations of these 

workers could be explained in another way. Their failure to re

cover the usual amount of lactic acid might be due not to 

decreased production but to further metabolic transformation of 

the lactic acid.

The results of the recent investigations of Struck, et al., 

(6,7,8) concerning the metabolic alterations produced by 

methylene blue may be summarised as follows*



1) The amount of oxygen consumed per mole of 

glucose metabolised In the presence of 

methylene blue Is about ten times the amount 

consumed per mole of glucose metabolised In 

the absence of the dye.

2) Only one mole of lactate or pyruvate Is 

derived from each mole of glucose metabolised 

In the presence of the dye.

In order to explain these observations Struck, et al., have 

postulated successive oxidative decarboxylations of glucose in 

the presence of methylene blue. This could account for the 

increased oxygen consumption and for the decreased production 

of triose. However, a recent report from the same laboratory 

shows that they have been unable to demonstrate the metabolism 

of pentose in the presence of methylene blue (21). This obser

vation caused them to question their hypothesis. Here again 

their observations could indicate a  further metabolism of the 

triose product in the presence of methylene blue.

Since the earlier work of Barron and Harrop and the recent 

observations of Struck suggested a metabolic transformation of 

triose by the erythrocyte in the presence of methylene blue, it 

was decided to investigate this possibility.
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The oxygen consumption of erythrocyte suspensions 

incubated in the presence of methylene blue and lactate was 

studied. Standard Warburg equipment and techniques were used 

for these studies.

The influence of methylene blue and lactate on erythrocyte 

integrity was also investigated, and attempts were made to 

correlate methylene blue-lactate metabolism of the erythrocyte 

with hemolysis.

I
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CHAPTER II 

METHODS

Preparation of Erythrocytes

All blood samples were obtained from normal, healthy, adult 

dogs. 3he dogs were quartered at the University Animal Hospital 

and received a standard ration of Nutrana dog chow. Blood was 

drawn froa the unanesthetised dogs by cardiac puncture, and imme

diately heparinized and centrifuged. The plasma and huffy coat 

were removed by a auction tube. One volume of a modified Krebs- 

Kiner phosphate buffer solution,* pH 7.4, was added to the cell 

pack and mixed by inversion. The cello were washed three times 

in this manner. ,

Preparation of Material for Carburg Respiratory Studies

Suspensions of intact erythrocytes were studied in the 

following maimer. The cell pack remaining after the final 

washing was suspended in two volumes of the buffer solution.

Three ml. of the suspension was placed in the main chamber of

each Warburg vessel and 0.2 ml. of 20$ potassium hydroxide was

added to the center well. One-half ml. of the buffer solution

* Composition of buffer solution!

100 parts of 0.9$ Sodium Chloride 
12 parts M 0.1M. Phosphate buffer, pH 7.4, containing

14.2 gm. ilapHPOv/1 and 20.0 ml. 1.0 M.
HC1/1

5 parts " 1.15$ Potassium Chloride
1 part * 3*82$ Magnesium Sulfate
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containing either substrate or methylene blue or both was 

placed in the vessel side arm. Bach set of experimental 

conditions was studied in triplicate.

The vessels were gassed with oxygen for fifteen minutes 

and then the side arms were closed. Twenty minutes was 

allowed for temperature equilibration, and after this the system 

was closed. The endogenous respiration was followed for 30 

minutes after which time the side arm contents were tipped into 

the main chamber. The oxygen consunption was followed for 

periods up to seven hours.

Hemolysates were studied in the following manner. The

! '
cell pack was suspended in one-half volume of the buffer 

solution. One-half ml. of the suspension was placed in each of 

the two side arms of the vessel and 0.2 ml. of 20> potassium 
hydroxide was added to the center well. Three ml. of distilled 

water containing either substrate of methylene blue or both was 

placed in the main chamber. Under these conditions the cells 

hemolysed immediately when the suspension in the side arms was 

tipped into the main chamber. The vessels were gassed with 

oxygen and theraoequilibrated in the same manner as described for 

the suspension. The endogenous respiration was followed for 30 

minutes before the side arm contents were tipped into the main

chamber
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Preparation of Substrate

Pore Lithium Lactate, obtained from Delta Chemical Co., 

see used ae a source of lactate. When suspensions were under 

study, sufficient lithium lactate was dissolved in 0.5 ml. of 

buffer solution, with or without methylene blue, to give the 

desired final concentration, expressed ae lactate, after tipping. 

When investigating hemolyeates, distilled water Instead of buffer 

solution was used as a solvent for the lithium lactate.

▲ solution of 85# lactic acid, obtained from Malllnckrodt 

Chemical Go., was neutralised to pH 7.4 with sodium hydroxide and 

used ae another source of lactate for comparative purposes. A 

sufficient quantity was diluted to 0.5 ml. with buffer solution to 

give the desired final concentration, expressed as lactate, after 

tipping.

Preparation of Methylene Blue

A  concentrated etoek solution of Methylene Blue (Merck 

Chemical Go.) was diluted with either buffer solution or distilled 

water to yield a 9.1 x 10*^ M. solution. When 0.5 ml. of this 

solution was tipped from the side arm into the main chamber, the 

desired final concentration of 1.3 x 10~^ M. was obtained.
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Preparation of Biphosphopyridine Nucleotide (Brtf) and Niacinamide

A  sufficient quantity of either agent was dissolved in 0.5 *1. 

of buffer solution to give the desired final concentration after 

tipping.

Determination of Hemolysis

Bed blood cell counts were made by standard technique on the 

contents of the vessels at the beginning of the experiment and 

periodically during the reaction. If a  reduction in the number 

of intact cells occurred during the reaction, this was taken as

evidence of hemolysis.

1

i
I
I
i
<
:
l
i

<
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GtiJLPTEB 111 

BKSULTS

Lactate Metabolism and the Influence of Methylene Blue

▲ suspension of Intact erythrocytes was placed In the main 

chamber of each vessel. Potassium hydroxide was present in the 

center well. Varying amounts of lithium lactate, dissolved in 

either buffer solution or in buffer solution containing methylene 

blue, were placed in the vessel side arms. Pol lowing oxygenation

and thermoequillbration the side arm contents were tipped into the 

main chamber. Die oxygen consumption was determined for periods 

up to seven hours.

The results of a  series of determinations are Illustrated in 

Figure 1. The endogenous oxygen uptake of the erythrocyte sus

pension was not influenced by the addition of lithium lactate alone 

over a concentration range of 5 to 80 micromoles. In the presence 

of 1.3 x 10-5 Me methyiene blue, the addition of lithium lactate 

resulted in a blphasle curve of oxygen uptake. The rate of 

oxygen consumption during the second phase was about six times that 

during the first phase. As the lactate concentration was increased 

the total amount of oxygen consumed during each phase was increased 

and the duration of the first phase was shortened. It is noteworthy 

that the addition of methylene blue alone resulted la a blphasle 

oxygen uptake curve similar to that obtained with the dye and lactate.
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This could suggest that some residual lactate was being 

metabolised since the three washings to which the cells are sub

jected probably does not remove all of the metabolites.

The effects of lithium lactate were compared with the 

effects of sodium lactate. Suspensions of erythrocytes were 

tested In the presence of equal amounts, with respect to lactate, 

of sodium and lithium lactate and 1.3 x 10"^ M. methylene blue.

Die results Illustrated In Figure 2 show that the same blphasic 

oxygen uptake curves are obtained with each substrate. It Is 

felt, therefore, that the observed effects of lithium lactate are 

due to the lactate and not to any effect of the lithium Ion.

: I ■

Belatlcnship Between Methylene Blue-Lactate Metabolism

and Hemolysis

The number of Intact erythrocytes present In the reaction 

vessel at various stages of the methylene blue-lactate reaction 

was used as an Index of hemolysis. Vessels containing cell sus

pensions were prepared with lactate alone as substrate or with 

lactate and methylene blue. Bed cell counts were done periodically 

on the contents of the vessels during the reaction. As shown In 

Figure 3 it was found that no reduction In the number of Intact 

cells occurred In the presence of lactate alone. When lactate and 

methylene blue were present the cell counts show that hemolysis 

began at the onset of the second phase of oxygen uptake. The 

hemolysis occurred throughout the second phase and when oxygen
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uptake ceased all the cells were hemolyzed. Hemolysis has in

variably been found to accompany the second phase of oxygen 

uptake. The onset of each phenomenon appears to occur simul

taneously as does its completion.

Influence of Diphosphopyridine Nucleotide (DPN) and Niacinamide 

o n  Lactate-Methylene Blue Metabolism

Analytical investigations of the lactate-methylene blue 

metabolism have shown that part of the oxygen uptake can be 

accounted for on the basis of the conversion of lactate to 

pyruvate (22). This enzymatic conversion is usually considered 

to require D F N  (23). Axelrod has shown that the D P N  in the 

erythrocyte is inactivated when the cell hemolyses (24), These 

observations suggested that DPN is a n  important feu:tor in the 

lactate-methylene blue metabolism and inactivation of DPN by 

hemolysis might cause the cessation of the oxygen uptake. For 

these reasons the effects of added D P N  were investigated. 

Erythrocyte suspensions in the presence of lactate and methylene 

blue were studied by the techniques described, except that D P N  in 

concentrations of 4,0 mg. per vessel was added to certain vessels 

at various stages of the reaction. From Figure 4 it can be seen 

that DPN, added at the onset of the reaction had no influence on 

the first phase of the oxygen uptake. However, the second phase 

of oxygen consumption was prolonged in the presence of DPN,



resulting In an Increased total oxygen uptake. DP* added at 

the end of the reaction, when the oxygen uptake had stopped, 

resulted In a resumption of oxygen consuaptlon for a short time, 

these results seem to Indicate that inactivation of DP* by 

hemolysis is an important factor limiting the total oxygen 

uptake of the reaction.

The effect of niacinamide was Investigated since Handler and 

Klein have shown that niacinamide will Inhibit the destruction of 

DP* (25). If this destruction could be prevented in this manner 

it seemed possible that oxygen uptake might be prolonged. Cell 

suspensions were prepared and incubated with lactate and methylene

i
blue. Miaclnemide was added to certain vessels to yield a final 

concentration of 0.l6 M. Besuits of this experiment are shown 

graphically in Figure 5. It is evident that in the presence of 

niacinamide the same type of biphasic reaction occurred* however, 

the oxygen consumption in each phase was reduced. Apparently the 

niacinamide was not preventing DP* destruction but was inhibiting 

the oxygen uptake of the reaction. ‘lhls inhibition could be 

explained on the basis of a structural competition between 

niacinamide and D U  for the ensyme-substrate complex. The work 

of KLvejhem indicates that niacinamide can function in such a role 

(26). It should be pointed out that even though niacinamide 

inhibited the oxygen uptake of both phases of the reaction, total 

hemolysis occurred during the second phase.
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Lactate Metstoollea of Lysed Erythrocytes

The work of Bajssey and Warren has shown that hemolysis is 

accompanied toy a "burst" of oxygen uptake under certain conditions, 

(27). Since hemolysis and the increased oxygen uptake of the 

second phase occur simultaneously under the conditions of the 

experiment, it is a  fair assumption that the erythrocyte destruc

tion is related in some manner to the oxygen uptake. In an effort 

to determine the relationship, hemolysates were prepared as de

scribed and the respiratory activity was determined in the presence 

of lactate and methylene tolue. An equivalent number of intact 

cells was studied in parallel with the lysed cells for comparative 

purposes. Figure 6 illustrates the results of these studies.

It will be noted that hypotonic cell rupture, resulting from the 

tipping of the side arm contents, was not accompanied toy any 

increase in the oxygen uptake. Similar tolphasic curves of oxygen 

uptake were obtained with the hemolyzed cells as with the intact 

cells. The oxygen uptake curve of the heaolysate, however, ex

hibited a prolonged first phase. From these observations it is 

apparent that the tolphasic oxygen uptake curve does not depend upon 

the integrity of the cells. It is also evident that the initiation 

of the second phase does not depend upon the simultaneous rupture

of the cells
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CHAPTER IV 

DISCUSSION

The salient features of the lactate-methylene blue metab

olism of the dog erythrocyte are the blphasic nature of the 

oxygen consumption and the occurrence of hemolysis during the 

second phase of oxygen uptake.

A  mathematical analysis of the relationship between the 

initial lactate concentration and the total oxygen uptake of each 

phase of the reaction is illustrated in Figure 7. It can be seen 

that the total amount of oxygen consumed during each phase is 

logarithmically related to the initial lactate concentration.

This type of relationship is typical of the dose-effect curve 

obtained with most drugs.

The blphasic nature of the oxygen consumption and its 

logarithmic relationship to the Initial lactate concentration 

suggest that two reactions are responsible for the oxygen uptake. 

The Investigations reported hy Collins (22) suggest further that 

the Initiation of the second reaction is dependent upon the accu

mulation of a product of the first reaction. Collins has shown 

that during the first phase of oxygen consumption lactate is being 

converted to pyruvate. This conversion will account for the total 

oxygen uptake of the first phase of the reaction, assuming that the 

carbon dioxide produced arises from a non-oxidative reaction.
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The nature of the second, phase of oxygen uptake is difficult 

to determine. The observations of Collins suggest that it is 

also due to an oxidative enzymatic reaction. It is conceivable, 

however, that the oxygen uptake is non-enzymatlo in origin and 

results from cell rupture which occurs during the second phase. 

Cell rupture could result in oxygen consumption because of the 

complete saturation of hemoglobin with oxygen, the oxidation of 

hemoglobin to aethemoglobin by methylene blue, or the auto

oxidation of some constituent in the erythrocyte.

However, the present experiment e with hemolysates have shown 

that hypotonic eell rupture in the presence of lactate and 

methylene blue is not accompanied by an increase in oxygen uptake. 

This, together with the fact that the total oxygen uptake during 

the second phase is a  logarithmic function of the initial lactate 

concentration, indicates that the oxygen consumption of the second 

phase is enzymatic in origin.

This oxidative ensymatlo reaction may be related to the 

hemolysis in the following ways*

1) The oxygen consuming reaction could con

ceivably, for physical or chemical reasons, 

be the result of the concurrent rupture of 

the cells with liberation of their contents.

2) The oxygen consuming reaction could be the

cause of the cell destruction because a
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product of the reaction ie hemolytic or the 

reaction Involve« constituent« necessary 

for the Integrity of the cell.

The first possibility Is Improbable In view of the results 

obtained from studies of hemolysatee which show that the Init

iation of the second phase of oxygen uptake does not depend upon 

the concurrent rupture of the cells. The second phase of the 

reaction occurs even when the cells have been hemolysed previously.

The evidence, then, seems to suggest that the cell destruction 

results from one or more oxygen consuming reaction«, whatever they 

may be. A  product of the reaction could be hemolytic, or the re

action might remove constituents necessary for the Integrity of 

the cell. Further Investigation Is necessary to clarify this 

point.

This metabolic destruction of the erythrocyte In vitro could 

be an Important factor In producing the hemolytic anemia observed 

In vivo. Certainly the erythrocyte circulating in the Intact 

animal ie exposed to concentrations of lactate similar to those 

studied In vitro. Methylene blue Is known to be present in the 

circulating blood of the Intact animal, following its oral admin

istration. Since the circulating erythrocyte has at its disposal 

lactate and methylene blue it Is conceivable that its metabolism 

Is altered In a manner similar to that observed In vitro. This 

could certainly result in its destruction and explain the hemolytic 

effects of methylene blue when administered to the Intact animal.
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CHAPTER ?

SUMMARY

The oxygen consumption of the dog erythrocyte in the 

presence of lactate and methylene blue mas Investigated.

The oxygen uptake under these conditions mas found to he tri

phasic in nature. The second phase of this oxygen consumption 

was accompanied by hemolysis.

The influence of DPI and Niacinamide on the lactate- 

methylene blue metabolism was determined.

Bxe relationship between hemolysis and the oxygen consuming 

reaction is discussed.

CONCLUSIONS

1. The metabolism of lactate by the dog erythrocyte in the 

presence of methylene blue ie accompanied by a biphasic 

type of oxygen consumption.

?. The reaction during the second phase of oxygen uptake

results in some manner in the destruction of the erythrocyte.

3. This effect of methylene blue on the lactate metabolism of 

the erythrocyte could be the basis for the hemolytic action 

of the dye in vivo.
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