
7

k  ,                                                                                                           OR-5-16.0-  1 4 8 0.,

f

'.

MASTER
Measurement of Adenosine Triphosphate (ATP)

Content in Single Red Blood Cells Using the   -
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A unique optical instrument is described which uses
the firefly bioluminscent reaction to measure adenosine
triphosphate (ATP) levels in single red blood cells.
The method allows chemical content level to be associated
with individual cell features. The optical instru-
ment consists of a phase contrast microscope to view
cells, a pulsed argon-ion laser to rupture the cell
membrane, and a photon counting system to measure
the bioluminescent yield. The technique has been
calibrated against a standard ATP measurement using
bulk analysis methods. The ATP loss mechanism for
blood cells in a controlled depletion experiment was
also investigated.
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INTRODUCTION:

Adenosine Triphosphate (ATP) is the main

source of energy for cellular activities.  A

number of characteristics of cells are directly

linked to cellular levels of this compound for

normal cell functioning and development. For

instance, in the case of red blood cells, it is

suspected that their shape and deformability are

controlled in part by the cell's ATP level.

Maintenance of normal cellular flexibility is

necessary for passage through the microcircula-

tion. It is possible that release of blood cells

from the bone marrow might also require specific
12

.ATP levels. '

A number of abnormal red cell types are

also suspected of having identifying physical

characteristics associated with specific ATP

levels. Pyruvate kinase (PK) deficiency is char-

acterized by the presence of a greater than nor-

mal number of reticulacytes (young blood cells)

in the blood plasma, and "young" reticulocytes

have a different shape from mature erythrocytes.

Another disease, sickle cell anemia, is character-
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ized by blood cells with abnormal shapes. 

In each of·the above cases, identification 

of cell types in a heterogeous population is pos­

sible with conventional microscopy techniques 3 

(Fig.l). However, currently available instru-

ments can only measure the ATP content of entire 

cell populations. Some cell features, i.e. age, 

are believed to be related to cell density which 

facilitates discrimination of certain cell fea-

tures by centrifuging the blood sample and then 

measuring different density samples with a bulk 

ATP instrument. However, accurate measurements 

using any of these techniques require at least 

10 6 cells for each ATP value. 4 

The instrument described here incorporates 

a phase contrast microscope which allows the 

operat~r to select a single cell for ATP concenc 

analysis, and thereby associate chemical level 

with cell features. This important step allows 

the instrument to be used to obtain knowledge of 

the relationship between individual cell fea-

tures and ATP content not previously available. 

This new information could have a significant · 
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impact in many areas of blood research. 

The actual measurement of ATP is performed 

by rupturing the cell membrane with a laser pulse 

which allows the released compound to combine ~ 

with a surrounding bath of luciferin and luci-

£erase. The mixture biolurninesces, and the emitted 

light is measured with a _.photon counting ~ystem. 

The prototype device was conceived by Weed and 

Bessis 5 and implemented by Lajeunie. 6 A number 

of component modifications and technique changes 

have been made on the original system which im-

proves its sensitivity and reliability. The 

evolved instrument and recent ATP measurements 

are discussed in this article. 

INSTRUMENTATION: 

The optical instrument is outlined schemat-

ically· in Fig. 2. The heart of the optical sys-

tern is the phase contrast microscope, modified 

to accomplish the following: 1) allow visual re­

cognition of specific cell features, 2) pro-

vide a means for focusing the laser pulse o.nto 

the blood cell, 3) optimize collection of flux 

from the bioluminescent reaction and simultane-

·.;· 
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~usly minimize the effect·of noise produced by 

background emissions in the luciferin-luciferase 

preparation. A. lOOX, 1.3N.A. oil immersion ob-

jective provides adequate magnification for 

viewing the 7.5~m diameter cells and identifying 

their characteristic shapes.· The large N.A. of 

this objective accommodates flux collection over 

an angle e, determined by: 

N .A. = n sin e 

where e is half the total flux~collection angle. 

For this case n is about 1.5 for the immer-

sion oil and N.A. is 1.3 which makes e = 60°. 

·The 100 ~m diameter object field of the system is 

determined by a 1.0 em apert~re located near the 

PMT. This size proves to be a good compromise 

between a field large enough for locating an in­

tecestiug cell and s~all enough to limit the 

background signal from low level bioluminescence 

in the lu~iferin-luciferase enzyme preparation. 

The condenser of the microscope is another lOOX; 

1.3 N.A. objective lens. This lens is used to 

increase the irradiance of the laser pulse and 

focus it to a region 1 ~m in·diameter which is 

'-/ . 
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small enough to rupture only one cell. 7 

The Leitz PHACO objectives used in this 

system have focal lengths of 1.9 mm, working dis-

tances of 0.08 mm, and a depth of focus d' 8 

given by: 

I- 250 - [ 2 . 2]%: 250 
d -d+M2 ->. n - (N .A.) I_(N .A. )+M2 

where M is the system magnification, and d is 

the depth of focus in object space without con-

sidering visual accommodation. Substituting the 
. -4 

system values M=2000; >.=5.145xl0 mm; n=l.S; 

and N.A.=l.3 gives the depth of visual focus as 

d'=3~m. These objectives have a design con­

jugate image distance of 170 mm. Using the thin 

lens approximation, th~ distance between the focal 

plane and 

X = f
2 

0 

the object (X ) is seen to be: 
0 

2 (1. 9mm) = 0. 021 mm. These 
(170-1.9mm) 

con-

straints produ~e a fairly critical alignment sit­

uation. To soive this problem the ·condenser is 

mounted on a precision X-Y-Z mount to allow com-

plete spatial positioning. 

The laser (Fig. 2) is directed into the con-

denser with a dichroic mirror at the base o£ the 



microscope which ·reflects-~the shorter blue-

green wavelengths and.transmits longer wave-

length light. This allows passage of most of 

the light emanating from the tungsten source 

for microscope illumination, and reflects the 

laser light for focusing orito the blood cell. 

The method used for rupturing the cell's 

membrane evolved from several considerations. 

First, the system must operate on one cell at a 

time. Next, if the enzyme surrounding the blood 

0 cells ·is.heated above 60 C, the efficiency of 

the bioluminescent reaction is reduced. Final-

ly hembglobin has a sp~ctral absorption peak at 

514 nm which is also one of the stronger emis-

sian lines of the argon-ion laser. With these 

conditions, it was decided to use a laser_pulse 

with low total energy to minimize heating ef­

fects, and hig~ irradiance to effectively rup­

ture the cell membrane. A Quantrad Corp; 

Model 71B pulsed argon ion laser is used which 

has a peak mu~timode, multicolor power of 3 watts 

delivered in a 40 ~sec pulse. As mentioned 

earlier, the pulse is focused to a 1 ~m diameter 
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2 spot giving an irradiance of 3.8W/~m and an 

energy of 120 ~joules. 

Light detection of the bioluminescent reac-

tion is accomplished with a Princeton Applied 

Research 1109/1120 photon counting system with 

a cooled RCA-C31034A PMT. The GaAs photocathode 

of this tube has a nearly const;mt spectral res­

ponse from 300 rum to 900 nm with an average Q.E.· 

of about 10%. Although the wide spectral res-

ponse is not the pest situation with respect to 

background noise, it is advantageous in that it 

covers the relatively broad bioluminescent emis-

sion spectrum (500nm to b40nm), and allows for 

minor shifts in this spectrum without introducing 

noticeable changes in the count (the emission 

spectrum is dependent on the pH of the buffering 

solution) 9 . The background count generated by 

the preparation and detec.tion system is. ahcmt 

30 counts per second. 

The flux collection scheme consists of the 

lOOX, 1.3N.A. objective in the viewing section 

of the microscope, and a 63mm focal length lens 

to reduce the beam to a 4 mm diameter spot at 

·--~-···:-:.:-....... 
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the photocathode (the GaAs photocathode is a 4mm 

X 12mm rectangle). The objective coliects about 

20% of. the total bioluminescent flux. Combining 

this factor with·the 10% Q.E. of the photocathode 

gives a maximum collection efficiency of 2%. 

Since under optimal conditions, one photon is 1. 

emitted per consumed ATP molecule, the approxi­

mately 9 X 107 ATP I;Ilo1ecules in a blood cell 

should produce an equal number of photons. The­

oretically, a count of 1 .. 8 X 106 is obtainable. 

Measurement of ATP from normal red blood cells 

with our system.give average eel~ counts of 105 

during a 20 second period. We are within a fac-

tor of 20 of the theoretical limit and obtain 

a signal to noise ratio of over 160 to one. 

An electronic timer sequences the measu~e-

ment eyc.:l~:. The tirner controls the arrival of 

the laser pulse, opens and.closes the PMT shut-

ter, and activates the frequency meter. A 

20msec interval between the laser pulse and the 

signal to open the PMT shutter eliminates the pos­

sibility of damage to the photocathode. An ad­

ditional 120msec delay allows the.PMT shutter to 

,:,'' 
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open fully before photon counting begins. The 

20 second counting time is set by the PAR 1109 

controls. The millisecond duration signals are 

contro'Iled by two 74123 monostable multivibra­

tors, and the PMT shutter duration by a 555 timP.r· 

IC. The tungsten source and TV camera shntt.P."CS 

are electrically closed when the flip mirror is 

moved to its vertical position. Vincent As­

sociates Uniblitz type electro-mechanical shut­

ters are used. 

PREPARATION TECHNIQUE: 

In order to keep a blocd cell at the focus 

of the laser beam, a special preparation holder 

WA~ designed (Fig. 3). The mount consists u·f 

two 0.17mm thick cover slips with the prep­

aration sandwiched between them. The cover slips 

and preparation are clamped into an aluminum 

bracket with a restraining 0-ring. It was neces­

sary to U.S~:! Llu: Q...;.ring ·because ·the inuex matching 

oil adheres to the cover slips and moves them 

when focusing the objectives. The resulting mount 

provides an easily handled system for inserting 

.l 
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new preparations and satisfi~s the opticalicon­

straints of the high power objectives . 

. To prepare a stationary target with a large 

bioluminescent reaction yield, several. problems 

had to be overcome. Initially, the blood cells 

were· simply mixed with the enzyme. We found that 

if we used too much of this solution the cells 

would drift, making them difficult to rupture 

and causing the reacting solution to move in and 

out of the micros~ope's field of view. ·This sig-i. 

nificantly influenced the resulting count. If 

a small quantity of solution was sandwiched between 

the cover slips, the cells would not be completely 

surrounded with the enzyme. This caused consid­

erable signal loss and variability in the measure­

ment. To overcome these problems, the technique 

shnwn in Fig; 3 was employed. A drop of silicone 

oil is placed on the lower cover slip acting 

as a cup for the blood cell and enzyme solution. 

Cell motion is gre~tly reduced, and adequate 

enzyme. coverage .of the blood cells is provided 

wi·th this ·rnet_hod. 

Another problem encountered during early ex-

..... ~-- ~ .. , . 
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periments was low photon yield from the bioll~in­

escent reaction. This difficulty was rectified 

by increasing the amount of luciferin in the 

premix solution. An optimum yield was obtained 

with premix concentrations of 0.33 mg/ml of luci­

ferin, 1.3 mg/wl of lu~lferase, and 0.4 mg/ml of 

Mgso4 buffered with glycylglycine. The blood cell 

solution consisted of O.OOSml whole blood and 

0.2ml autologous (i.e. from the same donor) plas­

ma. The preparation placed on the cover slip is 

O.OOlml of a mixture consisting of O.Olml of 

premix and 0.003ml of blood cell solutions. 

A typical measurement is carried ou~ by 

first placing the oil on a cover slip, and then 

iniecting blood cell and premix $Olutions into 

the oil. This is enclosed with another cover slip, 

and the combination secured in the aluminum brae-

ket with the q-ring (Fig. 3), and then placed 

on the microscope stage. The flip mirror is set 

in its 45° position for viewing on the TV mon­

itor. A cell of interest is centered in the field 

of view with the microscope stage's X-Y posi­

tioners. This is also the location at which the 



laser beam is brought to focus. The flip mirror is 

placed in its vertical position which automatical-

ly closes the TV camera and tungsten source shut-

ters. The timer is initiated which switches out 

a laser pulse to rupture the cell, and after a 

few milliseconds delay opens the PMT shutter and 

starts the 20 seco.nd count period. At the end 

.of this time the PMT shutter closes and the se-

quence is repeated on another cell. Cell measure-

ment requires about one minute to complete, and 

the preparation mounting and focusing about five 

minutes. 

EXPERIMENTAL RESULTS: 

After optimizing the signal to 0.8-l.OXl05 

counts per lysed cell, it was necessary to cali-

brate the system to relate thesP. r.n1mrs to the. 

cellular content of ATP molecules. This was ac-

complished by depleting the ATP content of control 

cells in a precise manner, measuring the counts 

at known stages of depletion. Depletion was ac-

complished by inhibiting the enzymes which pro­

duce ATP, while adding ·other reagents which caused 

;' ~·-
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the ATP to be rapidly consumed. The inhibitor 

used was iodoacetamide, 1.vhich specifically and 

rapidly inhibits the enzyme glyceraldehyde-3-

lU phosphate dehydrogenase , and thereby blocks all 

re-synthesis of ATP. The existing ATP was de­

pleted by the addition of inoGine which is phos-

phorylated by the cell upon entry, and thereby 

uses up one ATP per inosine. Cells were incubated 

with these reagents and samples were taken at 

various times after stopping the reaction by 

chilling the cells (this reaction is rapid at 

0 0 37 C and very slow at 4 C). 

The major portion of each sample wac ~nalysed 

for ATP content by a commercial "bulk" method 

(Sigma Technical Bulletin No. 366-UV, a pyruvate 

kinase coupled assay measured with a conventional 

UV-visible spectrophotometer) and the remainder 

of the cells used for the single cell ATP measure-

ments. In order to duplicate the process oc-

cJJrri.ng in the. "bulk"-instrument, the blood cells 

on the single cell instrument were measured at' o; 

random with respect to their individual features. 

These values produced photon count distributions 

J{ 
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similar to that shown in Fig. 4. The means of 

these distributions were then compared to the 

"bulk" ATP value at various states of deple-

tion for blood from three different donors and 

the results are illustrated in Fig. 5. The "r" 

values are the correlation coefficients fitting 

data from each donor to a .strai8ht>line.~. Al­

though the slopes differ somewhat petween donors, 

the remarkably good correlations with straight 

lines indicates a one to one relationship between 

the bulk and single cell methods. This all6ws 

·us to determine ATP conterit from photo~ counts. 

The lines do not pass through the origin; 

either 0.2 mM ATP is prevented from reacting 

with luciferase, or the pyruvate kinase based 

"bulk" assay is consistently 0.2 rnM too high. The 

same result was obtained in each of several ex­

periments. This discrepancy is under invesd .. ga­

tion, but does not detract from the usefulness 

of the calibration curve. \ 

The frequency distribution of counts during 

depleti?n for one experiment is shown in Fig. 6. 

It is possible to use this distribution to make 
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inferences about the biochemical mechanism of 

ATP loss. The kinetics of ATP loss could be either 
d(ATP) 

first order, i.e. dt = -K(ATP), or zero order, 

d(ATP)/dt = -K where K is the rate constant. In 

the former case, cells with higher ATP (either 

content or concentration) should lose ATP faotcr 

than cells with less ATP, and in the latter case 

ATP should be lost at the same rate. 

The results for five experiments, similar 

to that given· in Fig. 6, are presented in Table 1. 

(Fig. 6 is the data for experiment #1 presented 

in Table 1). A distribution parameter D for cel­

lular ATP content is obtained by calculating the 

standard error of· the mean and dividing this num-

ber by the mean number of counts. D is deter-

mined for each of five depletion levels. If 

first order kinetics is occuring D should re-

main constant since both the count spread and the 

mean decrease together, while zero order kinetics 

wuulu yleld an lucreasing D. For each experi-

ment, the value of D increases giving strong 

evidence that zero order kinetics is the process 

taking place.' 

·/ . 
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The actual reaction in this system is pro-

bably: 

1) Inosine.+ phosphate 

ribose-1-phosphate 

hypoxanthine + 

2) Ribose-1-phosphate 
+ 
+- Ribose-5-Phosphate 

3) Ribose-5-phosphate + ATP + 
+- AMP+ 

phosphoribose phrophosphate (PRPP) 

4) PRPP. + hypoxanthine + 
+- inosinemonophos-

p!"late + Pyrophosphate (IHP) 

5) AMP + ATP 

NH3 

+ 
+- 2 ADP or A!1P IMP + 

There are other reactions occurring, but this 

should be the major source of ATP loss. Two 

ATP's are used up per inosine. Each reaction 

is first order, but inosine is present in large 

excess. If the ATP.-consuming enzyme (PRPP syn­

thetase, reaction 3), has a very strong af-

finity for ATP, then the reaction can be 

pseudo-zero order unt~l the ATP concentration 

is decreased to. about ten times above the af-

finity constant. Hence we can obtain an upper 
-5 . 

limit (~2 x 10 M) for the affinity constant 

·.!' . i~tJ. 
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of the enzyme for ATP without having to iso-

late it. While the present example is some-

what contrived in the sense that we have mani- . 

pulated the cell's metabolic machinery by using 

reagents with known effects, it .demonstrates that 

useful information can be derived from the fre-

queucy di.stribution obtained wit.:lt Lhe single 

cell apparatus. 

CONCLUSIONS: 

The single cell instrument is capable of 

measuring the ATP.content of cells which have 

been visually isolated from a mixed cell pop-

ulation. Typical counts from a normal red blood 
' 5 

cell range from 0. 8 to 1. 0 x 10 which is \vi thin 

a factor of 20 of the theoretical limit. These 

counts are obtainedpver·a 2.0 second interval at 
a signal to noise ratio in excess of 160. The 

instrwnent has been calibrated and was used to 

detenniue the depletion of ATP loss from single 

red blood cells. There are several other photon 

producing systems .found in animals which are 

readily adaptable to·this single cell instrument. 

. .f 7 
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One such reaction involves aqueorin, a substance 

found in certain jellyfish species which reacts 

with calcium. 11 This element is important in 

h 1 f b . b"l" 12 Th t e contra o mem rane permea l lty. e 

single cell instrument and its associated tech-

niques comprise a unique medical research tool 

which shows promise of providing significant ad­

ditions to the knowledge of cell processes. 
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TABLE 1 

Comparison of Distribution Parameters of 
Fresh and Depleted Cells 

A distribution parameter D for cellular ATP 

content was obtained by calculating the standard 

error of the mean and dividing this number by the 

mean number of counts. For samples of similar size, 

this parameter can distinguish beLweeu first order 

kinetics of A'l'P loss {d(ATP)/dt=-K(ATF), D docs not 

change} and zero order {d(ATP)/dt=-K, in which case 

D will increase}. The data indicates the presence 

of a zero-order process. 

DISTRIBUTION PARAMETER D (x 102 ) 

Experi- 1 2 3 4 5 ment :ff 

Depletio 
Step 

0 4.01 4.64 4.37 10.49 3.28 

1 6.72 5.67 10.36 5.63 

2 8.56 9.76 10.34 7.85 

3 10.03 11.15 

4 15.06 14.36 17.34 14.93 

-----'-------- - ----------
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FIGURE CAPTIONS: 

Fig. 1: 

Illustration of blood cell shapes (Phase con­

trast; magnification 800x) panels A through F give 

typical shape changes of cells in the transition form 

the normal biconcave shape (A,B) through spiculated 

forms which are progressively more spherical (C,D,E) 

to cells \vhich are spherical (F). These are optimal 

phase contrast images recorded directly on film; 

television monitor images are not as clear. (Photo.-

micrograph reproduced with permission from Ref. 13). 

Fig. 2: 

Bloc·k diagram of instrumentation used for meas~ring 

ATP in single red blood cells. The phase contrast. 

microscope is in the viewing mode when the flip mirror. 

is in the 45° position as shown. The X-Y substage 

positioners move the cell preparation holder to con-

trally position a cell of interest. The flip mirror 

is then rotated to its vertical position which electro-

mechanically clu~e~ ·the lamp house and TV monitor shut-

ters. The electronic synchronizer is then triggered 

which switches out a laser pulse to rupture a blood 



cell and then opens the PMf shutter and initiates a 

20 second photon counting period. 

Fig. 3: 

.. __ .· .. ·:·~·.:. .. ,. 

Diagram of preparation holder. An aluminum plate 

similar in size and shape to a microscope slide has 

a central opening wi~h an uveLla~~ing edge.· A cover 

slip rests ort t:his edge and a drop of .silicone fluid 

is placed on the cover slip. The blood cell and premix 

solutions are injected into the fluid and sealed in 

with a second cover slip and re~ainiqg 0-ring. 

Fig. 4: 

Histogram showing the relationship between number 

of cells and photon count for erthrocytes form a nor­

mal donor obtained with the single cell instrument 

when individual cell features were randomized. Ap­

proximately lUO cells were r~~LuLed and gave a mcGn 

photon count of 90508'+ 312 . 

. Fig. 5: 

Plot showing the relationship between measurements 

taken .on the single cell instrument in a random manner 



compared to those made using "bulk" analysis techniques. 

Cellular ATP was depleted to different levels and then 

measured with both instruments. The three lines cor­

respond to the results from three different donors. 

The "r" values are linear correlation coefficients 

showing the fit of the data to a straight line. Each 

point for the single cell measurement is the mean of a 

distribution similar to that given ·in Fig. 4. 

Fig. 6: 

Relationship between the percentage of total cells 

measured in a random fashion on the single cell instru­

ment to the log of the photon count obtained for these 

cells after various periods of ATP depletion. 
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LINEAR CORRELATION BETWEEN SINGLE CELL ANALYSIS 
AND 'BULK: ANALYSIS OF ATP IN RED BLOOD CELLS 
DURING DEPLETION OF CELLULAR ATP 

<: 
0 .._ 100 

0 
:r: 
Q 
-.J;:;' 
-.J' 
LLJ2 
0 :>.::. --LLJ._ 

80 

60 

-.J<: 
<:> :::) . 40 
~0 
(/)0 
LLJ 
<:> 20 
"( 
0:: 
IJ.J 
::::::.. 0 
oc::r:: 0 2 4 6 8 10 12 14 

BULK ATP (x 10+17 moles/Red Blood Cell) 

·Figure 5 - ·- - - · ·---· 

PERCENT OF TOTAL CELLS 
"-> w ~ (.n o- '-1 co -.() ~~() 0 0 0 0 0 ·o 0 0 0 0 -mo 0 

•--' -j -j c '-1 I>z -m_, 
0 goo 

0 . r 
-.() .0 () (/) (Q )> -j 

OO:::IJ 
"1J mm-
I -=f-oCD 

0 )>rC 
~m-l .-f --lo 

0 0 oz z w m • t> .. 0 • >zo 
0 ~t.>"->~N zOC VlOOOm 
0 3 3 3 3 ::0 

o-n:::IJ 
c (.n :;· :;· :;· :;· 0 -zz .. ~ -l ZQG) z I 

w·-
...... ~ O::o> -f ~m (/)~() (/) ID 

'-1 / . NW.t:.O>c5 
c z>o 

X ~r mrm i/ N-c.na>o ;FA 
....I. i:»U.C:c ~)> or 
0 -I mm -o 

' :..0 r:::IJ w .() r)> - ....... f\.) w C'> 0~ C/)-j 

~· 
mwwcnc:ro em •. -"->00-00 

z)> m ooooo ... ooooo -!Z 0 rv U"J 
.~ 

Figure.6 

.,:,, . :. . ' . ~ .. 

I 
I 




