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HEXOSE MONOPHOSPHATE SHUNT ACTIVITY 

AND OXYGEN UPTAKE 

Lawrence R. DeChatelet 
J. Wallace Parce 

GENERAL INTRODUCTION 

Phagocytic cells show marked alterations in oxidative 
metabolism when stimulated with a suitable particle or membrane 
perturbent. This phenomenon is collectively referred to as 
the "respiratory burst" and has been best described in poly-
morphonuclear neutrophils. In those cells, phagocytosis 
results in marked increases in oxygen consumption, oxidation 
of glucose via the hexose monophosphate shunt, generation of 
hydrogen peroxide, Superoxide anion, and chemiluminescence, 
and reduction of tetrazolium dyes (1). 

Similar alterations have been described in other phago-
cytic cells, including eosinophils (2), monocytes (3), and 
macrophages (4). In general, the alterations in macrophage 
metabolism upon phagocytosis are qualitatively similar to 
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those observed in the neutrophil, but resting (basal) levels 
tend to be higher and the degree of stimulation is generally 
substantially less. This is a generalization and varies with 
the type of macrophage as well as method of isolation and 
degree of activation. The fact that the oxidation metabolism 
of the cell may reflect the degree of "activation" allows 
these parameters to be used to assess the immunologie status 
of macrophages (5). 

II. METHOD FOR MEASUREMENT OF HEXOSE MONOPHOSPHATE 
SHUNT ACTIVITY 

Ά. Introduction 

The estimation of glucose oxidation via the hexose mono-
phosphate shunt relies on the ability of the cell to oxidze 
preferentially [1-14C] glucose over [6-̂ -̂ C] glucose to -^co 
as originally described by Beck (6). Glucose specifically 
labeled in the C-l position with 14c may be degraded to ^^002 
by either the hexose monophosphate shunt or mitochondrial 
(Krebs cycle) pathways. In contrast, glucose labeled in the 
C-6 position with l^C is essentially metabolized only via the 
Krebs cycle. The difference in 1^C02 evolved from [1-l^C] glu-
cose and [6-14c] glucose is thus a reasonably accurate measure-
ment of hexose monophosphate shunt activity. The usual pro-
cedure involves incubating cells in a closed system separately 
with [l-14c] glucose and [6-l^c] glucose under resting and 
phagocytizing conditions. The incubation system contains a 
trap for 1^C02 containing a strongly basic substance. Follow-
ing a period of incubation at 37°C, the reaction is stopped by 
the addition of acid (which releases -^C02 dissolved in the 
medium) and the radioactivity in the base is determined with 
a liquid scintillation counter. 

B. Reagents 

1. Buffer. Dulbecco's phosphate-buffered saline (PBS) 
without sodium bicarbonate or phenol red is purchased as a 
10-fold concentrate from Grand Island Biological Co., Grand 
Island, New York. The buffer does contain physiologic con-
centrations of Ca2+ and Mg2+. To prepare the working buffer, 
100 ml of the concentrate is diluted with 850 ml of deionized 
water and the pH adjusted to 7.4 by the dropwise addition of 
10 N NaOH, using a magnetic stirrer and pH meter. The concen-
trated buffer is made up at pH 5.0 to avoid precipitation of 
magnesium and calcium salts; it is imperative to adjust the 
pH in dilute solution. Once the pH has been adjusted to 7.4, 
the solution is brought to a final volume of 1 liter by the 
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addition of deionized water. The dilute buffer may be stored 
in the refrigerator for several weeks; it should be discarded 
if it exhibits a cloudy appearance. 

2. Isotopes. D-[1-14C] glucose and D-[6-14C] glucose are 
purchased from New England Nuclear Corp., Boston, Mass. The 
isotopes usually have a specific activity of 45 - 60 mCi/mmol 
and are supplied in ethanol:water (9:1) solution. The exact 
specific activity of the isotopes is not important, since the 
assay is performed in the presence of a large excess of non-
labeled glucose. Before use, the isotopes are evaporated to 
dryness under a gentle stream of nitrogen and the material 
dissolved in deionized water to a final concentration of 
2 yCi/ml. The isotope solutions are divided into 5.0 ml ali-
quots and stored frozen at -20°C. Under these conditions, 
both isotopes are remarkably stable and may be kept for at 
least 12 months without significant deterioration. 

3. Zymosan. Zymosan is employed as a phagocytic stimulus 
because we have generally observed that it is more avidly phago-
cytized and yields a greater degree of respiratory burst acti-
vity than other particles. It is purchased as a dry powder 
from Sigma Chemical Co., St. Louis, Mo., and stored in the 
refrigerator. Just prior to use, it is suspended in PBS so 
that the absorbance at 525 nm is 1.00, using a Beckman spectro-
photometer. 

4. Serum. Pooled serum is obtained from the same species 
of animal as the macrophages. The serum is stored frozen at 
-70°C in small aliquots and is used as a source of both opso-
nins and unlabeled glucose in the assays; it is not heat-
inactivated. For expression of data in nmoles of glucose 
oxidized, it is necessary to determine the serum glucose con-
centration by standard procedures. With rabbit alveolar macro-
phages, we commonly employ a final serum concentration of 10%; 
with smaller animals where the amount of serum might be limit-
ing, this can readily be reduced to 1%. In this case, non-
labeled glucose should be added to the assay to maintain the 
desired glucose concentration. 

C. Procedure 

The reaction is typically performed in 50 ml erlenmeyer 
flasks in a total volume of 3.0 ml. Cells are suspended in 
PBS to a final concentration of 5 x 106/ml and zymosan to an 
O.D. of 1.0 at 525 nm. All additions are made to the flasks 
on ice with the exception of cells. The reaction is initiated 
by the addition of cells and a center well containing 0.50 ml 
of hyamine hydroxide is simply placed inside the flask. We 
routinely use mini-scintillation vials for the center wells; 
these fit very nicely within the 50 ml flasks. The center 
well is most easily introduced into the flask by means of a 



480 METHODS FOR STUDYING MONONUCLEAR PHAGOCYTES 

hemostat; the hemostat is inserted into the mouth of the mini-
vial and slight outward pressure allows easy manipulation of 
the vial. Following addition of the center well, the flask 
is tightly capped with a soft rubber stopper and transferred 
to a 37°C shaking water bath. Flasks are started at timed 
intervals and stopped in the same sequence. A typical proto-
col for an experiment is presented in the tabulation (Table I) 
below; all numbers represent the ml of stock solution employed. 

Triplicate assays are performed for each of the above 
conditions. After 60 min incubation, the reactions are stopped 
in timed sequence by the addition of 1.0 ml of 10% trichloro-
acetic acid to the main body of the flask; care must be exer-
cised not to get acid into the center well. As soon as the 
acid is added, the flask is re-stoppered and allowed to 
incubate 15 - 30 min longer to ensure that all released CO2 
has been trapped in the hyamine. The center wells are then 
removed and the outside of the wells washed with a stream of 
deionized water to remove any adherent isotopes and dried with 
a Kimwipe. Three ml of scintillation fluid (4.0 g Omnifluor, 
New England Nuclear Corp., Boston, Mass., per liter of toluene) 
are added to each mini-vial. The vials are capped and radio-
activity determined directly in a liquid scintillation counter. 

D. Calculation of Data 

The average data obtained in the representative experiment 
are given below in the tabulation (Table II). 

The specific contribution of the hexose monophosphate 
shunt is given by (cpm from [l-14c] glucose) - (cpm from 
[6-14C] glucose). Thus the above data may be expressed 
directly as HMS activity as follows (see tabulation below 
(Table III)). 

Table III. 

HMS activity (cpm) 

Cell Type Resting Zymosan 

Normal Alveolar Macrophages 1,197 4,636 

BCG-Induced Alveolar Macrophages 1,707 13,690 

For most purposes, simple expression of the data as cpm is 
sufficient. It is apparent from the above that resting HMS 
activity is somewhat higher in BCG-induced as opposed to normal 
alveolar macrophages. The activity in both cell types 
increases with phagocytosis, but the increase in the activated 
cells is 3-fold higher than in the normal cells. 



T a b l e I . 

A B C D E F G H 

PBS 
14 

[1- C] glucose 
14 

[6- C] glucose 

Serum 

Zymosan 

Normal Alveolar 

(2 yCi/ml) 

(2 yCi/ml) 

Macrophages 

1.60 

0.10 

—-

0.30 

— 

1.00 

0.60 

0.10 

— 

0.30 

1.00 

1.00 

1.60 

— 

0.10 

0.30 

— 

1.00 

0.60 

— 

0.10 

0.30 

1.00 

1.00 

1.60 

0.10 

— 

0.30 

— 

— 

0.60 

0.10 

— 

0.30 

1.00 

— 

1.60 

— 

0.10 

0.30 

— 

— 

0.60 

— 

0.10 

0.30 

1.00 

— 

BCG-Induced Alveolar Macrophages — — — — 1.00 1.00 1.00 1.00 

Table II. 

Cell Type 

14, cpm in CO2 from 

[1-14C] glucose 

Resting Zymosan 

[6-14C] glucose 

Resting Zymosan 

Normal Alveolar Macrophages 1,436 6,326 

BCG-Induced Alveolar Macrophages 2,047 16,147 

239 

240 

1,690 

2,457 
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In some situations, e.g. stoichiometric comparisons with 
oxygen uptake, it is useful to express the data as the abso-
lute amount of glucose oxidized/5 x 10^ cells. For this cal-
culation, one must determine the cpm added to each flask under 
the same counting conditions used in the assay and must further 
know the absolute amount of glucose present in each flask. In 
the experiment illustrated above, 0.10 ml of [l-^C] glucose 
was counted in 0.50 ml hyamine hydroxide and 3.0 ml scintilla-
tion fluid and yielded 310,000 cpm. Thus under phagocytizing 
conditions, the BCG-induced macrophages oxidized 
(13,690/310,000) x 100 or 4.4% of the available glucose. 
Since the glucose concentration of the serum was experimentally 
determined to be 80 mg/dl, the addition of 0.30 ml serum 
corresponds to 0.24 mg glucose/flask. Since the molecular 
weight of glucose is 180.2, then 1 ymol of glucose = 180.2 yg 
or .180 mg and the amount added/flask is 0.24/0.18 or 1.33 
ymol. The amount oxidized via the HMS is 4.4% of this or 
(1.33 ymol)(0.044) = 0.059 ymol or 59 nmol. Similar calcula-
tions may be performed for the remaining data. 

E. Critical Comments 

There are a number of advantages to this assay. The assay 
is quite precise and replicate values are generally in very 
good agreement; further, a large number of experimental con-
ditions may be performed simultaneously. Because of the iso-
topic nature of the assay, it is extremely sensitive. If 
cells are limiting, it may be easily scaled down simply by 
reducing simultaneously the number of cells and of serum while 
maintaining the same quantity of radiolabeledglucose. We have 
employed this assay with human neutrophils, monocytes, and 
eosinophils and with rabbit and guinea pig alveolar macrophages 
(both normal and activated); others have employed similar pro-
cedures with virtually every type of macrophage obtainable. 
As described, the assay utilizes cells in suspension; modifi-
cations have been described in which HMS activity in adherent 
cells can be measured (7). One disadvantage to this assay is 
that measurements are made at a single time point and thus 
rates are not directly determined. This can be overcome by 
stopping the reaction at various time intervals and plotting 
cpm versus time of incubation. Although we routinely employ 
zymosan as the challenge particle, a large number of different 
types of particles may be employed. However, if a live organ-
ism is used as the challenge particle, controls must be 
included in which the macrophages are omitted to account for 
the glucose oxidation of the organism itself. 
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III. MEASUREMENT OF OXYGEN UPTAKE 

A. Introduction 

Oxygen uptake by the cells may be determined by measuring 
the loss of oxygen from the suspending medium. This measure-
ment is most readily performed by continuous polarographic 
monitoring of the dissolved ocygen concentration in the sus-
pending medium during the experiment. A Clark type polaro-
graphic electrode in conjunction with the proper electronics 
produces a signal which is directly proportional to the con-
centration of dissolved oxygen in the suspension. This signal 
may be applied to a meter which can be read at various time 
points to determine the rate of oxygen uptake, or more typi-
cally, the signal is applied to a strip chart recorder to get 
a continuous trace of oxygen concentration versus time. 

B. Equipment 

The necessary equipment for performing oxygen uptake mea-
surements consists of an oxygraph cell, circulating water bath, 
magnetic stirrer, oxygen probe, and an oxygen meter. Also, 
although not absolutely necessary, a strip chart recorder is 
highly recommended as part of the setup. The following hybrid 
of commercially available parts has been found to be the most 
satisfactory setup for these measurements. 

1. Oxygraph cell. The Gilson oxygraph cell consists of a 
1.8 ml water-jacketed sample chamber, a horizontal opening for 
the oxygen probe, and a vertical opening with a ground glass 
joint which accommodates a hollow glass plug used for making 
additions to the sample during a measurement. Inlet and out-
let nipples on the water jacket fit 7 mm ID tygon tubing 
(Fisher) which is connected to the circulating water bath for 
temperature control of the sample. 

2. Circulating water bath. Practically any circulating 
water bath will suffice. The temperature of the water bath 
should be adjusted, however, to give the desired temperature 
in the sample chamber as measured directly with a thermometer. 

3. Magnetic stirrer. Practically any magnetic stirrer will 
suffice. In general, the stronger the magnet the better, since 
the stir bar in the sample chamber is elevated above the stir-
rer due to the thickness of the water jacket. The best stir 
for this system is the 2 x 7 mm stir bar sold by Tri-R 
Instruments, Inc., Rockville Centre, New York. Carpet tape 
(both sides sticky) is used to hold the oxygraph cell to the 
top of the magnetic stirrer. The tape is pressed onto the top 
of the stirrer and the bottom of the oxygraph cell is pressed 
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firmly against the tape. The adhesive on this tape (available 
at Sears and carpet stores) is sufficient to hold the oxygraph 
cell in place, and furthermore, it minimizes the distance 
between the stirrer and the stir bar. 

4. Oxygen probe. The oxygen probe (Clark electrode) can 
be purchased from Yellow Springs Instruments (YSI 5331), Yellow 
Springs, Ohio. In addition a Standard Membrane/KCl Kit (YSI 
5775) and a Membrane Mounting Kit (YSI 5350) should be purchased 
for probe preparation. 

5. Oxygen meter. The oxygen meter (YSI 53) can also be 
purchased from Yellow Springs Instruments. This instrument 
contains two separate oxygen probe inputs, a meter, and a 
100 mV output for a strip chart recorder. 

6. Strip chart recorder. Any lOOmV strip chart recorder 
will do. 

C. Instrumental Setup and Calibration 

1. Oxygen probe preparation. The oxygen probe consists 
of two silver anodes and a platinum cathode which are embedded 
in an epoxy matrix but exposed at the end of the probe. The 
cathode and anodes are separated from the sample solution by 
a Teflon membrane. Preparation of the probe involves cleaning 
of the silver anodes and application of the Teflon membrane 
to the end of the electrode. The probe should be placed in 
the probe holder such that the end with the exposed silver 
and platinum electrodes is pointing up. Clean the two silver 
(rectangular) anodes by gently rubbing with a cotton swab 
soaked in 50% concentration of NH4OH solution. This should 
leave the silver electrodes clean (e.g., free of any tarnish 
or scale). If the silver does not come clean this way, a drop 
of "Pearl Drops" toothpaste should be placed on the end of the 
probe and the silver polished by gently rubbing with a fresh 
cotton swab. When the silver is completely clean, wipe the 
residual toothpaste off with a paper wiper and rinse the end 
of the eletrode with distilled water. 

Place a sheet of Teflon membrane (handle only at edges) 
over the membrane holder ring and secure to holder ring by 
passing the large "0" ring over the membrane and onto the metal 
membrane holder ring. This should hold the membrane such that 
it is stretched taut (no wrinkles) over the end of the mem-
brane holder ring. Slide the probe "0" ring (small) onto the 
Teflon applicator tool. Place a drop of the 50% saturated 
KC1 solution on the end of the probe and wet the "0" ring 
groove on the probe with this solution as well. Pass the mem-
brane holder ring (membrane end up) over the end of the probe 
until it is suspended by the membrane resting on the end of 
the probe. Firmly press the large end of the Teflon applica-
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tor against the end of the probe and slide the probe "0" ring 
down the applicator and onto the probe such that it secures 
the Teflon membrane to the end of the probe. Remove the Tef-
lon applicator, the large "0" ring and the membrane holder 
ring, and cut away the excess Teflon membrane close to the 
"0" ring with a pair of scissors. Inspect the end of the 
probe to make sure that there are no holes or wrinkles in the 
Teflon membrane and that there are no air bubbles in the KC1 
solution between the Teflon membrane and the end of the probe. 
Wet the "0" ring on the end of the probe and slide the probe 
into the horizontal opening in the oxygraph cell until it 
comes to the stop. Insert the plug on the other end of the 
probe cable into either one of the two probe jacks (I and II) 
on the back of the oxygen meter and set the probe switch on 
the front panel (I or II) to the corresponding position. 

2. Oxygen meter calibration. Turn on circulating water 
bath, magnetic stirrer and oxygen meter. Allow time for water 
bath to reach desired temperature. Fill sample chamber with 
air saturated distilled water (caution: freshly distilled or 
deionized water may be low in oxygen content) and drop the 
magnetic stir bar in. Adjust the magnetic stirrer for a 
vigorous stir rate. Wait three minutes for temperature equi-
libration of the sample and probe. Set oxygen meter selector 
switch to AMP ZERO and set meter to zero with AMP ZERO control. 
Set selector switch to AIR position and adjust the meter to 
100% with the appropriate PROBE control. At this point when 
first setting up the system, it is advisable to properly 
adjust the stir rate in the sample. Turn the magnetic stirrer 
off and the reading on the meter should start dropping. Turn 
the stirrer back on and slowly increase the stirring speed. 

As the stirring speed is increased, the meter reading should 
increase up to a point and then level off. Any stir rate 
above the point at which the meter reading levels off is ade-
quate. With the stir rate properly adjusted, readjust the 
meter to 100% with the PROBE control if necessary. 

3. Recorder calibration. When using a recorder, set the 
recorder to the lOOmV full-scale setting. Set the oxygen 
meter to AMP ZERO and adjust the recorder to read zero with 
the recorder zero knob. Switch the oxygen meter to AIR and 
adjust the recorder sensitivity knob to set the pen at full-
scale position. If the recorder does not have a sensitivity 
control, use the RECORDER ADJUST control at the back of the 
oxygen meter to set the recorder to full scale. 

D. Procedure 

Remove water from the sample chamber by aspiration. Add 
0.62 ml Dulbecco's phosphate-buffered saline (see Section II. 
B.l), 0.18 ml serum (see Section II.B.4) and 1.0 ml of the 
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cell suspension at 5 x 10" cells/ml. Fit the hollow stopper 
into the ground glass joint of the sample cell. All air 
bubbles should rise to the top of the cell and exit via the 
narrow channel through the center of the stopper. The sample 
fluid should fill approximately the bottom one-third of the 
hollow channel in the stopper. If the level is much higher 
or lower than this, the amount of buffer which is added to the 
sample chamber should be adjusted in order to give the proper 
fluid height when the stopper is inserted. The volume of the 
sample chamber varies slightly from cell to cell and it is, 
therefore, often necessary to adjust the buffer volume to com-
pensate for these differences. Allow three to four minutes 
for temperature equilibration and then start the recorder or 
begin reading and recording percent saturation at known time 
intervals. Record this "resting" rate of oxygen uptake for 
10 or 15 minutes or until a straight line is obtained on the 
recorder trace. Inject 20 ul of a 55 mg/ml suspension of 
zymosan (see Section II.B.3) in PBS into the sample chamber 
with a 50 yl Hamilton syringe. Place the needle through the 
channel in the hollow glass plug and make sure the tip of the 
needle is all the way into the sample chamber before injecting. 
Again record the rate of oxygen uptake for 10 to 15 minutes 
as before the zymosan injection. 

E. Calculation of Data 

For data obtained without a recorder, the percent satura-
tion versus time is plotted and the best straight line drawn 
through the data points representing the resting and stimulated 
rates of oxygen uptake. The slope of these plots or of the 
recorder trace will give a number for the rate of oxygen up-
take in units of precent saturation/time. Typical values for 
human polymorphonuclear leukocytes will be 0.2 to 0.5%/min for 
resting cells and 2 to 5%/min for stimulated cells. Air sat-
urated water contains approximately 2.2 x 10~4 moles 02/ml and 
the volume of the sample cells is approximately 1.8 ml (see 
Section III.D). Oxygen uptake would then be calculated as: 

^ . .moles . 
Oo uptake ( : ) z min 

moles 0 
[% 0o uptake (-T-)] [sample vol. (ml)] [2.2 x 10 (—. „ _ )3 

2 m m ml H O 
_ 

Typical values for resting human polymorphonuclear leukocytes 
would therefore be 0.8 to 2.0 ymoles 02/min and when stimulated 
would give values in the range of 8 to 20 ymoles 02/min. In 
general, macrophages will have higher resting rates for oxygen 
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uptake (̂ 4 times that for polymorphonuclear leukocytes) and 
higher rates for stimulated oxygen uptake. The ratio of the 
stimulated oxygen uptake rate to resting oxygen uptake rate 
is generally less for macrophages than for polymorphonuclear 
leukocytes (4). If more accurate oxygen uptake rates are 
necessary, the altitude of the laboratory should be ascertained 
and the final answer should be reduced by 3.4% for every 1000 
feet above sea level. Extremes of barometric pressure in a 
given area, however, can change the final value by as much as 
±3%. 

F. Critical Comments 

Measurement of oxygen uptake as outlined above is reason-
ably sensitive and values for the rate of oxygen uptake gener-
ally agree to within 5 to 10% error. 

The system allows for addition of reagents (drugs, etc.) 
at any time during the experiment via a microliter syringe. 
When using various drugs, care should be taken to make sure 
that the drug is completely removed from the sample cell 
between runs. Many compounds adsorb to the Teflon membrane 
of the probe and the stir bar. When using these types of com-
pounds, it is a good practice to wash the sample cell with 
water several times followed by one or two washes with methanol 
and an additional two washes with water. Washing is most 
simply performed by filling the sample cell with the wash solu-
tion and aspirating the solution immediately with a Pasteur 
pipette connected to a vacuum line. 

This procedure may be used for macrophages from any source, 
but is limited to use of cells in suspension; oxygen consump-
tion by adherent cells cannot be determined in this assay due 
to the requirement for vigorous stirring. The assay has the 
advantage of continuous measurement so that reaction rates are 
easily determined. A major disadvantage lies in the fact that 
if a single electrode is employed, only one parameter can be 
varied at a time. During the course of a series of experiments, 
the baseline can vary due to cell senescence, alterations in 
the characteristics of the membrane, etc. It is good practice 
to occasionally repeat a given set of conditions to ensure 
that similar results are obtained over a period of time. 
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