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Direct observation of intracellular 
biochemical events and their relation- 
ship to physiological function presents 
a challenging and long-standing prob- 
lem (1). The determination of intra- 
cellular oxygen levels in tissues has 
already been the subject of much dis- 
cussion (2), but even the most refined 
method for measuring oxygen tension 
in blood and tissue fails to indicate the 
oxidation-reduction states of the respira- 
tory carriers (2). Observations of the 
latter are especially important because 
they reflect the intracellular levels of 
phosphate and phosphate acceptor 
which control the intensity of cell me- 
tabolism (3, 4). 

Keilin used microspectroscopy to ob- 
serve changes in the oxidation-reduc- 
tion level of cytochrome c of the tho- 
racic muscles of the wax moth during 
wing motion (5). Millikan developed 
sensitive methods for following changes 
in oxymyoglobin concentration caused 
by contractions in cat soleus muscle (1, 
6). Arvanitaki and Chalazonitis made 
early and significant observations of 
changes of pigments in nerve (7), and 
Lundegardh has studied cytochromes in 
wheat roots for some years (8). 

The reduced pyridine nucleotide com- 
ponent of cells (9) and of isolated 
mitochondria (3, 4) has a larger ab- 

The authors are affiliated with the School of 
Medicine, University of Pennsylvania, Philadel- 
phia. The experiments were carried out in the 
Johnson Research Foundation. 

17 AUGUST 1962 

sorption band than ot 
of the respiratory chaii 
can be perfused and 
photometric measurem< 
of pyridine nucleotide 
cytochrome componen 
tion of these compor 
tractions indicates incr 
tions of adenosine dir 
muscle mitochondria; 
and pyridine nucleotide 
oxidized in the active i 
are in the resting muse 
was first used to dete< 
of adenosine diphospl 
contraction of muscle 
sult that now appears 
tion in biochemical ai 

The reduced pyri 
component of mitocho 
rescence emission (15, 
tic of the bound fori 
served in studies of b 
ternary (18) complexe 
dehydrogenase. MeasL 
fluorescence emission a 
pecially suitable for q 
chondrial pyridine nucl 
tissues, since light tranm 
the tissue is unnecessa 
fluorescence and mea, 
emission require only E 

In preliminary experi 
cised muscles hemogli 
pear materially to redu 
(19, 20). Also. micrc 

SCIENCE 

sufficient sensitivity that apertures of 
5 microns can be used and less than 
10' molecules of reduced pyridine nu- 
cleotide can be detected (21-23). Other 
components of the respiratory chain 
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Fig. 1. Experimental arrangement for simultaneous microfluorometry of brain and 
kidney cortex in the rat. Two microfluorometers are focused on the exposed surfaces 
of the brain and kidney. By means of a tracheal cannula the oxidation-reduction level of 
the intracellular pyridine nucleotide can be altered and the corresponding fluorescence 
changes can be recorded by the two microfluorometers. For the kidney fluorometer, the 
water-cooled lamp housing attached to the Leitz "Ultrapak" illumination system is 
shown. Light choppers and photomultipliers 

Differential spectrofluorometer. In 
studies of mitochondria and cell suspen- 
sions, spectra representing the differ- 
ences in absorption of the oxidized and 
reduced forms of the respiratory car- 
riers have provided the most incisive 
information (27). We have devised a 
spectrofluorometer that plots a spec- 
trum representing the difference in 
fluorescence emission of two portions 
of excised tissue which differ in the 
oxidation-reduction state of pyridine 
nucleotide (28). The excitation energy 
is selected by a grating monochromator 
from a high-intensity ultraviolet source 
(General Electric type AH6). An exci- 
tation wavelength of 366 m~/ is usually 
employed. The excitation falls upon a 
vibrating sample holder which exposes 
either one of the samples to the excita- 
tion beam for 1/20 second. The fluo- 
rescence emission passes through a sec- 
ondary filter (Wratten 2C) and thence 
to a second monochromator for analy- 
sis, and to a photomultiplier for in- 
tensity recording. The emission spectra 
are not corrected for the sensitivity 
curve of the photosurface but indicate 
exactly the energy distribution observed 
by the microfluorometer, described in 
the next paragraph. Corrected emission 
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are not shown. 

spectra of isolated mitochondria have 
already been published (16). Electronic 
circuits are arranged in such a way that 
the recorder plots the difference in 
emission intensity between the two 
samples. The two specimens are sepa- 
rately bathed on both sides by flowing 
Ringer's solution. Thus, one may be 
aerobic and the other anaerobic, or 
suitable chemicals may be added to one 
and not to the other. When both sam- 
ples are aerobic, the recorder plots a 
very nearly flat base line over the wave- 
lengths desired (390 to 600 ml,) and 
the instrument detects exceedingly small 
changes in the fluorescence emission of 
one of the samples that are due to 
changes in chemical environment. 

Microfluorometer. In order to ob- 
serve oxidation-reduction changes of 
pyridine nucleotide near the surface of 
intact organs of the anesthetized animal, 
we have modified the microfluorometer 
described previously (21, 23, 29) so 
that excitation and emission of fluo- 
rescence require only the free surface 
of the tissue sample. The magnification 
has been decreased, since localization 
of metabolic activity in a circle 20 mi- 
crons in diameter is sufficient. Sufficient 
sensitivity is available for measuring 

the emitted intensity to within less than 
1 percent, even at the low levels avail- 
able from such tissues as the electric 
organ of Electrophorus (30). Thus, the 
cardioid condenser (29) is replaced by 
Leitz "Ultrapak" illumination for exci- 
tation. The apparatus has the following 
features. Excitation energy from a 1- 
kilowatt water-cooled lamp (type AH- 
6) is filtered by a multi-element glass 
filter (Eppendorf) so that only the 366- 

m,u region is transmitted. At this low 
intensity tissues can be observed over a 
period of hours without measurable de- 
crease in fluorescence. The Ultrapak 
focuses the excitation energy on the 
surface of the tissue, occasionally 
through a water immersion dipping 
cone. 

The fluorescence emission is viewed 
through an 11X objective, a secondary 
filter (Wratten type 2C), and a 3 X ocu- 
lar, with provision for simultaneous 
visual observation (this has been found 
to be especially useful for controlling 
mechanical artifacts in observation of 
inhomogenous tissues). A 0.6-mm aper- 
ture is vibrated at 60 cycles per second 
in the image plane and alternately 
shields and illuminates a photomulti- 
plier with the emitted fluorescence. The 
output of the photomultiplier is con- 
nected to a cathode follower, a switch 
demodulator, an adjustable resistance- 
capacitance filter, a millivolt amplifier, 
and a chart recorder. The sensitivity of 
the apparatus is periodically calibrated 
with a fluorescent glass (Corning type 
360). 

The magnification of 33 is suitable 
for observing areas between larger ves- 
sels on the brain cortex and for ob- 
serving small glands such as the adre- 
nals. Without much difficulty quartz 
light pipes could be employed for re- 
cording from less accessible organs. 

Biological preparations. Excised tis- 
sues used in studies with the differential 
spectrofluorometer were cut in the 
Stadie-Riggs tissue slicer in sections 
about 0.75 mm thick. Two identical 
slices were used in the differential spec- 
trofluorometer. When desired, perfu- 
sion through the vena cava and aorta 
was continued until the kidney was 
completely blanched (approximately 
200 ml of perfusion fluid was used). 

Rats were prepared for in vivo ob- 
servation under ether anesthesia fol- 
lowed by administration of urethane. 
The kidney was cleared of fat and 
placed in a cup-shaped holder just above 
the abdominal cavity. Thus it rested 
free from contact with the intestine; in 
this way mechanical disturbance due to 
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respiratory movements was avoided. 
The objective was sharply focused on 
the capillaries lying immediately below 
the tissue surface. The kidney capsule 
was left intact. 

Reagents were added to the circula- 
tion by cannulation of the vena cava 
or, in some cases, the renal artery. 
Changes in the oxygen supply to the 
kidney were accomplished by one of 
three methods. (i) A simple mechani- 
cal clamp was used to shut off the blood 
flow through the vessels supplying the 
kidney. (ii) For a 300-gram rat, 10 
micrograms of norepinephrine in the 
vena cava or 1 microgram of norepi- 
nephrine in the renal artery caused a 2- 
to 4-minute occlusion of circulation, 
sufficient to give a high degree of pyri- 
dine nucleotide reduction (31). (iii) 
The animal was provided with a tra- 
cheal cannula, and inspired gases were 
controlled as desired and monitored by 
the Pauling-Wood oximeter. This meth- 
od was the most satisfactory. In studies 
of the kidney it was found desirable to 
treat the kidney beforehand with phen- 
tolamine methane sulfonate (Regitine) 
(about 1 mg for a 300-gram rat) prior 
to anoxia in order to avoid irregular 
reoxygenations of the kidney, possibly 
due to norepinephrine release in anoxia. 

In studies of the brain cortex a sec- 
tion of the skull was removed carefully 
in order to minimize bleeding into the 
field of observation; about 25 square 
millimeters of the cortex was exposed. 
The dura was left intact. Observations 
were made with or without a dipping 
cone on the objective. The head was 
held by an instrument similar to that 
used in stereotaxic studies of the brain 
and was kept sufficiently motionless for 
continued observation of a small area 
between major blood vessels. In a few 
experiments, observations were made 
simultaneously on the cortex of the 
brain and on the kidney by means of 
two independent microfluorometers. In 
such cases the kidney was held in a 
clamp on the back of the animal. Can- 
nulation of the vena cava or the carotid 
artery was provided. The apparatus is 
shown in Fig. 1. 

Selection of field of view. Areas of 
the brain and kidney were selected 
which showed a bright and uniform 
distribution of fluorescent material. 
Areas containing large blood vessels 
were avoided. On the brain cortex a 
field was selected in which the number 
of visible capillaries was minimal. Since 
continuous viewing is possible during 
photoelectric measurement of the fluo- 
rescence, these positions were moni- 
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Fig. 2. Fluorescence emission spectra. (Dashed-dotted curve) spectrum due to a solution 
of DPNH; (solid curve) spectrum due to DPN reduction in a suspension of rat kidney 
mitochondria; (dashed curve) spectrum due to an aerobic-anoxic transition in a slice 
of kidney cortex obtained from a perfused rat. The peaks of the emission bands, un- 
corrected for photocell sensitivity, are at 480, 463, and 472 m/j, respectively. 

tored to make sure that mechanical 
artifacts were avoided. 

Depth of penetration of fluorescence 
excitation. Since the 366-meu excitation 
energy is highly absorbed by the tis- 
sues, it is to be expected that the field 
of view will not extend far below the 
surface of the tissue. This is, of course, 
highly desirable for localizing metabolic 
responses in well-defined functional 
areas such as the cortex of the brain 
and kidney. In order to obtain quanti- 
tative information on the depth of the 
field of observation, we compared the 
intensity of fluorescence emission of 
slices of perfused kidney cortex of 
thicknesses in the range 1.1 down to 
0.52 mm. The intensity of fluorescence 
emission decreased only 14 percent in 
this range; this suggests that localiza- 
tion is mainly in layers less than 0.5 
mm thick. The gray matter of the brain 
cortex probably gave the major re- 
sponse. A higher degree of localization 
near the tissue surface could be ob- 
tained by using excitation of shorter 
wavelength than the 366 myt employed; 
that is, an extremely high degree of 
localization at the surface would be ob- 
tained by exciting reduced pyridine 
nucleotide fluorescence at 334 m,u or 
even at the absorption peak of the 
adenine band (260 met). 

Correlation with the physiological 
function. In these preliminary experi- 
ments, where attention has been fo- 
cused upon the successful operation of 
the microfluorometer and the exercise 
of suitable controls to avoid artifacts, 
no instrumentation for observation of 
physiological function has been in- 

cluded. Instead, we have resorted to 
the simplest of physiological criteria in 
the experiments with anoxia-namely, 
the moment when breathing ceased 
(32). This provided a convenient index 
of the integrated function of the central 
nervous system and is here correlated 
with the degree of intensification of 
fluorescence in hypoxia. Obviously, 
more refined procedures can be used in 
the future; it is highly desirable to cor- 
relate active transport in the kidney 
and electrical activity in the brain with 
the level of reduction of pyridine nu- 
cleotide in the tissues. 

Experimental Results 

Changes in fluorescence emission 
spectra of kidney and brain cortex 
caused by aerobic-anoxic transition. 
The component of fluorescence emis- 
sion of the intact tissues which is of 
interest here is that which changes with 
the degree of oxygenation of the tissue 
or the degree of metabolic activity- 
fluorescence changes due to changes in 
the extent of reduction of pyridine nu- 
cleotide. A considerable increase in 
fluorescence occurs when nitrogen re- 
places oxygen in the fluid bathing one 
of the two slices of kidney examined 
in the differential spectrofluorometer. 
The blood was removed from the slices 
by perfusion. The spectrum of such an 
increase in fluorescence is indicated in 
Fig. 2 (dashed curve); for our experi- 
mental conditions this spectrum has a 
peak at 472 mju for an excitation wave- 
length of 366 myt. 
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Fig. 3. Effect of perfusion on aerobic-anoxic fluorescence emission changes in slices of 
kidney and brain cortex. The uncorrected emission maxima are at 472 m,u. The same 
energy sensitivity was used in the four experiments, and thus the heights of the peaks 
indicate the relative intensities of emission from kidney and cortex slices. 

In order to identify this increase in 
fluorescence we have included the spec- 
trum for a solution of DPNH (Fig. 2, 
dashed-dotted curve) and that for a 
suspension of mitochondria from rat 
kidney (Fig. 2, solid curve). The bind- 
ing of DPNH within the mitochondria 
shifts the emission to a shorter wave- 
length (463 myt) than that of a solution 
of DPNH (480 mr). The increase in 
fluorescence of the tissue slice in nitro- 
gen is sufficiently similar to that due to 
DPN reduction in mitochondria to al- 
low us to tentatively identify the one 
with the other. The contribution due to 
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cytoplasmic pyridine nucleotide is best 
indicated by Amytal treatment, as de- 
scribed later. 

The emission spectra of the fluoresc- 
ing components of the kidney and brain 
cortex slices do not change in that the 
aerobic-anoxic transition consists of a 
broad band covering the range 460 to 
540 m/t. This spectrum is due in part 
to a steady-state reduction of pyridine 
nucleotide, but it also contains a band 
near 520 mt/ which may be due to 
flavin. However, the spectra of Fig. 2 
lack distinctive fluorescence emission in 
this region. Thus, if there is a flavin 
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Fig. 4. Microfluorometer recordings of the kinetics of increases in fluorescence observed 
in oxygen-nitrogen transition for kidney (A) and brain (B) cortex of urethane-anes- 
thetized rats. The time scale proceeds from left to right, and increases in fluorescence 
are recorded as a downward deflection. The times when gas in the tracheal cannula 
was changed from oxygen to nitrogen and the times when breathing stopped and 
started again are indicated. The photoelectric sensitivity in recordings of the brain cor- 
tex is 212 times that for recordings of the kidney. (Experiment 425, I and II.) 
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component present, it does not change 
its oxidation-reduction state in oxygen- 
nitrogen transitions in these tissue slices 
(see Fig. 3). 

Effect of hemoglobin on fluorescence 
emission spectra. In Fig. 3 the emission 
spectra of slices of kidney and brain 
cortex from perfused and unperfused 
animals are compared in order to de- 
termine whether the fluorescence emis- 
sion can be satisfactorily measured in 
the presence of hemoglobin. The peaks 
of the emission spectra show no shift 
(472 m,), but the intensities are less in 
the presence of blood. This diminution 
is attributed to an absorption of the 
exciting wavelength by erythrocytes. 
From the graphs we compute that 43 
percent of the excitation is absorbed in 
the kidney and 23 percent is absorbed 
in the brain slices. Thus, changes in 
fluorescence emission can readily be 
measured in the presence of erythro- 
cytes with surprisingly little loss of 
sensitivity. 

The shape of the emission spectra of 
Fig. 3 is not significantly altered by the 
concomitant deoxygenation of hemo- 
globin in the unperfused tissue. This 
result indicates that the spectral changes 
of hemoglobin contribute too little to 
the absorption of fluorescence emission 
in the unperfused tissue to be measur- 
able. 

It is apparent from these studies of 
perfused and unperfused slices of kid- 
ney and brain cortex that the increase 
in emission that occurs in the aerobic- 
anoxic transition can be attributed to 
the reduction of pyridine nucleotide. 
We have not yet identified any other 
fluorescing component that changes 
with the oxidation-reduction state of 
the tissue when 366-m/, excitation is 
used. 

Observations of changes in fluores- 
cence emission in intact organs. Fig. 
4A shows a recording of the time 
course of intensity changes as observed 
with the microfluorometer focused on 
the left kidney of a urethane-anesthe- 
tized rat. The time scale runs from left 
to right, and an increase in fluorescence 
intensity is indicated by a downward 
deflection of the trace. Regitine (phen- 
tolamine, 0.4 mg) had been introduced 
into the vena cava prior to the time 
represented in the record, and the ani- 
mal was breathing oxygen through a 
tracheal cannula. At the junction of the 
arrows above the left upper por- 
tion of the trace, the inspired gas is 

changed to nitrogen. Thirty-two seconds 
later the fluorescence abruptly increases, 
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and it follows a roughly exponential 
course to a plateau in 1 minute. The 
increase in fluorescence observed at the 
time respiration ceases is 11 percent of 
the total increase during anoxia. As 
soon as a plateau is reached, the lungs 
are ventilated with oxygen three times. 
Three seconds after ventilation is ended 
an abrupt decrease in fluorescence is 

observed, and breathing starts as the 
decrease reaches its peak. Irregularities 
in the extent of oxidation in the fluo- 
rescence response are observed for the 
next 30 seconds, but the fluorescence 
remains above the initial value for 21/2 
minutes. Then the value observed prior 
to the start of the experiment is rees- 
tablished. 

Figure 4B illustrates a similar re- 
sponse in the brain cortex. No fluo- 
rescence changes are observed for 30 
seconds after the inspired gas is changed 
from oxygen to nitrogen. Then a small 
but consistently observed diminution of 
fluorescence occurs, and 10 seconds 
thereafter hyperventilation is observed. 
About 6 seconds thereafter, an abrupt 
increase in fluorescence is recorded, 
which proceeds rapidly toward its 
plateau value and reaches 80 percent of 
this value when breathing stops. After 
a plateau is established, ventilation with 
oxygen is commenced, and 3 seconds 
thereafter an abrupt decrease in fluo- 
rescence occurs, which extends slightly 
beyond the level observed prior to the 
administration of nitrogen. Six seconds 
after the decrease in fluorescence 
reaches its plateau, breathing com- 
mences. 

These records with brain and kidney 
indicate that anoxia causes similar fluo- 
rescence changes in vivo, in excised 
slices, and in isolated mitochondria. We 
will now describe a number of controls 
to make sure that these changes in fluo- 
rescence correspond to reduction and 
oxidation of intracellular pyridine nu- 
cleotide. 

Effects of terminal respiratory in- 
hibitors. Hydrogen sulfide, like hydro- 
gen cyanide, causes inhibition of cell 
respiration to such an extent that 
hemoglobin is not deoxygenated and 
histotoxic anoxia [the classic "death 
with red blood" of Claude Bernard 
(33)] is obtained. Thus, the change in 
the hemoglobin would be opposite to 
that caused by nitrogen; hemoglobin 
becomes more oxygenated when the 
animal is given oxygen manually after 
injection of hydrogen sulfide or hydro- 
gen cyanide. Thus, this type of experi- 
ment provides an excellent control with 
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Fig. 5. Microfluorometric recording of fluorescence increases caused by oxygen-nitrogen 
transition and by sulfide infusion into the vena cava, for kidney (A) and brain cortex 
(B) of a urethane-anesthetized rat. At points marked above the record the inspired gas 
was changed from oxygen to nitrogen for the kidney, and from oxygen concentrations of 
100 percent to concentrations of 3 percent for the brain. The time scale proceeds from 
left to right, and increase in fluorescence is indicated as a downward deflection. In both 
experiments the oxygen-nitrogen-oxygen transition is followed by slow infusion of a 
solution of 0.1M sulfide. The records indicate that the increase in fluorescence caused 
by sulfide inhibition of cytochrome oxidase is about the same as, or greater than, that 
observed in the oxygen-nitrogen transition, where hemoglobin is deoxygenated as well. 
The sensitivity in recordings on the brain is 2.5 times that in recordings on the kidney. 
(Experiments 422 and 425, II.) 

respect to spectroscopic changes of oxy- 
hemoglobin-hemoglobin transformation 
affecting the fluorescence measure- 
ments. 

In Fig. 5A the fluorescence increase 
caused by anoxia is recorded, the ani- 
mal being under manual ventilation. 
Thirty seconds after administration of 
nitrogen, an increase in fluorescence is 
obtained which reaches a plateau in 
about a minute. The inspired gas is 
changed to oxygen, and 30 seconds 
later the abrupt rise of the trace to a 
plateau value occurs. Thirty seconds 
after this, a slow infusion into the vena 
cava of 0.1M sodium sulfide is begun. 
Fifteen seconds later an increase in 
fluorescence begins, which continues 
for 45 seconds until a plateau is 
reached. This plateau value is only 5 
percent less than that obtained with 
nitrogen. A series of experiments shows 
consistently that over 80 percent of the 
fluorescence increase caused by anoxia 
can be achieved by injecting sulfide into 
the aerobic rat. 

Fig. 5B illustrates a similar experi- 
ment on the brain cortex. The rat is 
initially equilibrated with 100 percent 
oxygen, and then transferred to 3 per- 
cent oxygen. As the concentration ap- 
proaches 3 percent, the fluorescence 
diminishes slightly and remains constant 
for a minute. Thereafter, the fluores- 
cence increases and breathing ceases. 
The fluorescence intensity reaches a 
plateau about 20 seconds later. Seven 
seconds after the changeover from 3 
percent to 100-percent oxygen, the 

fluorescence abruptly diminishes, and 
it overshoots in a characteristic man- 
ner. Infusion of 0. 1M sulfide is begun, 
and after 0.3 ml has been added, the 
fluorescence increases to a level some- 
what in excess of that observed with 
3-percent oxygen. Again, there appears 
to be no evidence of hemoglobin inter- 
ference. 

As a further control on the possible 
effects of oxyhemoglobin-hemoglobin 
changes, we have compared the fluo- 
rescence increase in the kidney caused 
by the transition from oxygen to nitro- 
gen with that caused by the transition 
from oxygen to carbon monoxide. It is 
found that the fluorescence increase 
with carbon monoxide is 96 percent of 
that obtained with nitrogen. Since the 
absorption bands of carboxyhemoglobin 
and reduced hemoglobin differ consid- 
erably, this result seems to be con- 
sistent with the conclusion that oxy- 
hemoglobin-hemoglobin changes inter- 
fere to a negligible extent with the meas- 
urement of fluorescence changes. 

Effect of barbiturates. Addition of 
amobarbital (Amytal) to mitochondria 
causes an increase in the reduction of 
mitochondrial pyridine nucleotide to its 
maximum value (34) and thereby af- 
fords a specific reaction of mitochon- 
drial pyridine nucleotide. Figure 6 
(left) shows the slow infusion (over an 
interval of 1 minute) of 7.5 mg of 
Amytal (0.3 ml of a 25-mg/ml mix- 
ture) into the vena cava of a rat whose 
kidney is under microfluorometric ob- 
servation. About 20 seconds after the 
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beginning of the infusion the fluores- 
cence increases, and it approaches a 
plateau value at the end of 2 minutes, 
a response suggesting the reduction of 
mitochondrial diphosphopyridine nu- 
cleotide. (The animal is then given oxy- 
gen manually.) Due to the distribution 
of the Amytal into the body spaces, the 
effect diminishes somewhat after it 
reaches its plateau value. In order to 
discover whether any pyridine nucleo- 
tide remains oxidized under these con- 
ditions, the gas is changed to nitrogen; 
after approximately 1 minute a further 
40-percent increase in fluorescence is 
observed. This experiment suggests that 
at least 60 percent of the increase in 
fluorescence emission observed in anoxia 
is due to an Amytal-sensitive reaction. 

The effect of Amytal is observed in 
the kidney at lower blood concentra- 
tions than in the brain. A demonstra- 
tion of this has been obtained with the 
simultaneous recordings on the two or- 
gans, and the result is illustrated in Fig. 
6 (right). With the animal breathing 
oxygen, an infusion of Amytal (25 mg/ 
ml) is begun. By the time 0.1 ml (2.5 
mg) has been added, an increase in 
fluorescence is observed on the kidney; 
this increase continues in an almost 
linear fashion while the infusion is 
continued to a total volume of 0.4 ml. 
Then there is a slight decrease, prob- 
ably due to dilution of Amytal infused 
into the body spaces. On the brain, a 
scarcely measurable downward deflec- 
tion of the trace is observed; this is fol- 
lowed in the course of the next 2 min- 
utes by a slight upward rise. In order 
to calibrate the amount of fluorescence 
increase that can be obtained with 
nitrogen, the inspired gas is changed to 
nitrogen, and after 1 minute an in- 
crease in fluorescence intensity is ob- 
served on both traces. These calibra- 
tions indicate that the same blood level 
of Amytal causes a fluorescence in- 
crease of 5 percent on the brain and of 
30-percent on the kidney. High con- 
centrations of Amytal have a greater 
effect on the brain; direct infusion of 
7.5 mg of Amytal into the carotid ar- 
tery causes a fluorescence increase 
which is 24 percent of that obtained 
with nitrogen. 

Effects of perfusion. In order to con- 
trol further the effects of hemoglobin 
on the fluorescence emission from these 
tissues, we compared the fluorescence 
levels obtained in a rat, breathing oxy- 
gen, when blood was circulating through 
the kidney and when a large part of 
the blood volume had been replaced 
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with Ringer solution. These tests indi- 
cate that 60 percent of the fluorescence 
excitation is absorbed by the circulat- 
ing blood, as compared with 43 percent 
absorbed by the noncirculating blood 
of the unperfused tissues (Fig. 3). The 
noteworthy result of the experiment 
was, however, that both the aerobic and 
anoxic levels of fluorescence increased 
proportionately, suggesting that the 
oxyhemoglobin-hemoglobin change does 
not appreciably affect the nature of the 
fluorescence change. 

Oxygen sensitivity of the brain cor- 
tex. In tests of the oxygen sensitivity of 
the brain cortex we measured the in- 
crement of pyridine nucleotide reduc- 
tion as a percentage of the change from 
aerobiosis to anoxia. Oxygen sensitivity 
of the cortex can be evaluated relative 
to that of the kidney, or with reference 
to a fixed level of hypoxia; here the 
point when breathing ceases after in- 
spired oxygen has been replaced by 
nitrogen is used (Fig. 4). An examina- 
tion of four rat kidneys indicates that 
a fluorescence increase of 28 percent 
had been reached at the time breathing 
ceased (these data were obtained from 
animals which had been anesthetized for 
less than 1 hour). Thirteen tests (ex- 
periment No. 425) on the brain of one 
rat indicated that the fluorescence in- 
crease had reached 87 percent of the 
plateau value at the time breathing 
ceased. Tests of other rats gave similar 
values. These data indicate a difference 
in the degree of pyridine nucleotide re- 
duction within two organs associated 
with a given partial pressure of inspired 
oxygen in the artery. 

A second approach to the question 
of the oxygen sensitivity of the cortex 
is afforded by experiments in which the 
oxygen concentration in the inspired air 
is held at low values that give various 
percentages of fluorescence increase. 
Such an experiment is illustrated in 
Fig. 7. The first measurable increase in 
fluorescence is observed when the per- 
centage of oxygen falls to 8. A partial 
recovery of the initial fluorescence is 
obtained by returning to an oxygen con- 
centration of 20 percent. In a second 
interval of anoxia the fluorescence in- 
crease fluctuated between 30 and 60 
percent with an oxygen percentage of 
about 4. It is difficult to stabilize the 
values at a 50-percent increment of 
reduction. 

Response to vasoconstrictors. The 
measurement of intracellular oxidation- 
reduction levels should provide infor- 
mation on the effects of vasoconstrictor 

drugs similar to these obtained with 
microelectrode or oximeter records (see 
35). Noradrenaline (30 ,tg/kg) causes 
vasoconstriction to the point of anoxia 
in the kidney for periods of several 
minutes (31). Simultaneous observa- 
tions of the effects upon the kidney 
and upon the brain show large and 
rapid increases in fluorescence on the 
kidney and a decrease on the brain that 
is smaller and longer-lasting. Presum- 
ably the noradrenaline affects the cir- 
culation of the kidney much more 
markedly than that of the brain. Obvi- 
ously, these are matters which may 
well be investigated in greater detail by 
supplementing fluorometry with oxygen 
microelectrode studies. 

Discussion 

In addition to the considerable ad- 
vantages of studying physiological reac- 
tions of organs on a biochemical basis, 
the microfluorometric method has real 
value for the study of integrated bio- 
chemical processes themselves. Among 
the advantages of using whole organs 
rather than tissue slices for biochemical 
study are the following. 

1) The tissue can readily be kept oxy- 
genated by its own circulation, and at 
any level of blood-oxygen concentra- 
tion desired. Localized intracellular oxy- 
gen concentrations can be measured. 

2) When inhibitors, substrates, and 
so on, are added to the local circulation 
of the organ, not only the onset of the 
effects but also, in the case of reversible 
reactions, dissociation phenomena can 
readily be observed. For example, the 
reversibility of Amytal or sulfide inhi- 
bition of electron transfer can readily 
be observed because of the transient 
nature of the increase in fluorescence 
(see Fig. 6). 

3) It is now possible to compare the 
responses of intact tissues and tissue 
homogenates with more accuracy, par- 
ticularly with respect to factors affect- 
ing energy-linked reactions (36). 

4) Metabolic states as observed in 
isolated mitochondria (3, 4) can be cor- 
related with those of the intact organs. 

Accuracy of results. It is appropriate 
first to discuss the accuracy with which 
the oxidation-reduction state of pyri- 
dine nucleotide may be measured in 
vivo. The experimental results obtained 
so far suggest that hemoglobin causes a 
diminution of fluorescence excitation 
but does not appreciably affect the 
shape of the spectrum of fluorescence 
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emission (see Fig. 3). In a separate 
series of experiments on the unperfused 
rat diaphragm, the absorption of the 
fluorescence change is found to be 
greater below 470 m,u than is indicated 
in Fig. 3, presumably because the mito- 
chondrial fluorescence is smaller in re- 
lation to the hemoglobin content (37). 

It is possible to interpret these effects 
of fluorescence emission in terms of the 
absorption changes occurring in the 
conversion of oxyhemoglobin to hemo- 
globin. There is considerable increase 
of absorption in the region 430 to 450 

m,i and a smaller decrease in absorp- 
tion in the region 450 to 500 m/ 
(38). Since the energy sensitivity of the 
photocell-filter combination is nearly 
uniform from 420 to 490 m/,L, and since 
the emission spectrum is distributed on 
both sides of the isobestic point for 
the oxyhemoglobin-hemoglobin change, 
a considerable cancellation of the 
changes takes place. The net effect 
should be a small increase in fluores- 
cence in the region of 470 my/ due to 
the oxyhemoglobin-hemoglobin change. 
Apparently this increase is so small that 
we have not yet been able to detect it 
in comparisons of fluorescence increases 
observed on ventilation with nitrogen 
with those observed on the addition of 
sulfide. 

Carbon monoxide provides a valu- 
able control. Here the transformation 
is from oxyhemoglobin to carboxy- 
hemoglobin. There is a very little 
change in the region of 430 mpt. At 
470 myT the decrease in absorption is 
only 20 percent of that due to hemo- 
globin formation. Thus, carboxyhemo- 
globin formation should decrease the 
fluorescence emission while hemoglobin 
formation should increase it. Our ex- 
perimental data indicate that the in- 
crease in fluorescence on ventilation 
with carbon monoxide is 96 percent 
of the value obtained with nitrogen. 
The 4 percent decrease in the case of 
carbon monoxide could be explained 
on this basis, but more accurate data 
are needed. 

At 500 mt there is very little change 
in the oxyhemoglobin-carboxyhemo- 
globin spectra. By using an interference 
filter at 500 my in addition to a Wrat- 
ten 2C filter, we find results that are 
the same as those already presented- 
very nearly equal fluorescence intensity 
that increases on ventilation with nitro- 
gen, carbon monoxide, and sulfide. 

Thus, our explanation of the current- 
ly observed insensitivity to the oxygena- 
tion and deoxygenation of hemoglobin 
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Fig. 6. (Left) Microfluorometric recordings, for the kidney, of increases in fluorescence 
intensity caused by infusion of Amytal into the vena cava of a urethane-anesthetized 
rat as compared with the increases caused by the changeover from oxygen to nitrogen. 
The time scale proceeds from left to right. Increases in fluorescence intensity are indi- 
cated as a downward deflection. (Right) Simultaneous microfluorometric recordings, 
for kidney and brain, of changes in fluorescence intensity caused by an infusion of 
Amytal. The Amytal sensitivities of the two organs are comparable to their sensitivities 
with respect to the changeover from oxygen to nitrogen. The amplifier sensitivity used 
in recording from the brain was 4.6 times higher than that used in recording from the 
kidney. 

is that the change in the absorption 
of excitation light by the capillaries is 
too small to be detected, while the ef- 
fects on the fluorescence emission large- 
ly cancel out. (More recently a record- 
ing microspectrofluorometer has been 
perfected and it is found that the shape 
of the fluorescence emission spectrum 
in the region 400-600 my is the same 
in aerobiosis and anoxia; the intensity 
is of course altered.) 

The calibration of the fluorometer is 
readily repeatable to within 3 percent; 
fluctuations in the arc intensity are less 
than this. Also, the sensitivity is re- 
peatedly calibrated with a fluorescence 
standard. The intensity of fluorescence 
emission from a series of rat kidneys 
is most consistent with respect to the 
anoxic level of fluorescence intensity. 
The aerobic level may fluctuate some- 
what, possibly as a result of different 
levels of biochemical activity, as has 

Percentage 
Oxygen 
Inspired 

been noted in the case of muscle (19). 
For a particular animal, measurements 
of the increment between the aerobic 
and the anoxic levels are reproducible 
to within at least 10 percent. 

The very large changes in fluores- 
cence on pyridine nucleotide reduction, 
that are associated with different meta- 
bolic states of isolated mitochondria 
(3, 4) indicate that the currently avail- 
able accuracy is adequate for a corre- 
lation of the oxidation-reduction state 
of pyridine nucleotide with physiolog- 
ical and biochemical function. 

Identification with mitochondrial 
pyridine nucleotide. In metabolically 
active tissues such as kidney and brain, 
a considerable amount of mitochon- 
drial pyridine nucleotide may be oxi- 
dized in the aerobic state (state 3) 
(3, 4). The aerobic-anoxic transition 
should show an abrupt increase in pyri- 
dine nucleotide reduction, correspond- 

Fluorescence Increase l 

*= L-Y^Start 

20-_ -- 
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Fig. 7. Correlation of the percentage of oxygen in inspired air with the increase in 
fluorescence intensity, as measured on the brain cortex of a rat under urethane anes- 
thesia. The oxygen percentages were measured with a Beckman oximeter, and the in- 
creases in fluorescence, with the microfluorometer. The recording sensitivity is the same 
as that of Fig. 4B. 
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ing to the abrupt increases in fluo- 
rescence observed experimentally in the 
study under discussion (Fig. 4) and in 
a suspension of mitochondria (3). In 
these tissues, cytoplasmic pyridine 
nucleotide may become more reduced 
as well. This is a slow process in ex- 
cised frog muscle and may require sev- 
eral hours at 25?C (10, 12, 39). 

In the only cell type in which the 
kinetics of reduction of localized fluo- 
rescence of the cytoplasm have been 
compared with those of a mitochondial 
aggregate (22), no change in cytoplas- 
mic fluorescence was observed in the 
time required for complete reduction of 
the mitochondrial pyridine nucleotide 
in the aerobic-anoxic transition at 
26?C. If these results on grasshopper 
spermatid are applicable to the mam- 
malian tissues, the aerobic-anoxic tran- 
sitions recorded in this article largely 
involve pyridine nucleotide reduction 
in the mitochondria. 

In studies of ascites tumor cell sus- 
pensions, Amytal is found to cause re- 
duction of about half the total pyridine 
nucleotide, and the addition of glucose 
doubles the pyridine nucleotide reduc- 
tion. This indicates that at least half 
of the total change is due to mitochon- 
drial pyridine nucleotide. 

We may further consider whether 
di- or triphosphopyridine nucleotide 
contributes to the observed fluorescence. 
Chemical assays of pyridine nucleotide 
of rat kidney and brain indicate that 
diphosphopyridine nucleotide is the ma- 
jor component of these mitochondria 
(26, 40, 41). 

Klingenberg has made an attempt 
to obtain in vivo chemical assays of 
the DPNH and DPN contents of the 
brain and other organs of the rat (26). 
Unfortunately, data are not available 
for the kidney, but the heart shows a 
threefold increase of DPNH in the 
in vivo to post mortem change (pre- 
sumably anoxic). In this case the post 
mortem reduction level reaches the level 
for the mitochondrial portion (this is 
true for liver and skeletal muscle, as 
well). In the assays of the brain there 
is no post mortem increase; the in 
vivo level indicates that all the mito- 
chondrial pyridine nucleotide is re- 
duced. Klingenberg (42) indicates the 
great difficulty of this technique as ap- 
plied to the brain, and further results 
are awaited. 

In summary, there appears to be rea- 
sonable experimental evidence that the 
reduction of the diphosphopyridine nu- 
cleotide component of mitochondria of 
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the cells under observation is respon- 
sible for over half of the fluorescence 
increase observed in anoxia. 

Metabolic state of kidney and brain. 
In excised muscle the transition from 
rest to activity caused by contractions is 
marked by an oxidation of mitochon- 
drial pyridine nucleotide, which may be 
measured either spectrophotometrically 
(12) or fluorometrically (19, 20). In 
kidney and brain, transitions to various 
levels of functional activity require 
more subtle physical or chemical con- 
trol than has as yet been exercised. 
Thus, we do not have information as 
to which oxidation-reduction levels of 
the pyridine nucleotide in vivo cor- 
respond to a metabolically active state 
(state 3) or to a resting state (state 
4). However, by making some simple 
assumptions we can obtain a pre- 
liminary estimate. In kidney, the ra- 
tio of the anoxic to the aerobic fluores- 
cence has been observed to exceed 2. 
In brain, the ratio is about 1.8. Such 
large ratios of aerobic to anoxic DPN 
reduction are consistent with the idea 
that the cells under observation are in a 
highly active metabolic state (state 3) 
(3, 4). (More recent data obtained 
with the resting gastrocnemius muscle 
of the rat show this ratio to be only 
1.1.) 

Experiments with uncoupling agents 
should confirm the view that the metab- 
olism of the kidney and brain cells is 
in a highly activated state, for if it 
were not, injection of uncoupling agents 
should cause a diminution of fluores- 
cence corresponding to a further oxi- 
dation of the aerobic steady-state levels. 
So far, our inability to obtain de- 
creases in fluorescence with uncoupling 
agents supports the idea that kidney and 
brain cortex are in state 3, but such 
studies must await a variety of more de- 
tailed controls, particularly with respect 
to permeability factors. 

It is also possible that the oxidation- 
reduction level lies between that of the 
active (state 3) and the resting state 
(state 4). In this case an expected re- 
sponse to physiological function is the 
change observed during the oxidative 
recovery from anoxia in brain cortex, 
where a higher oxidation level of pyri- 
dine nucleotide is observed for about 2 
minutes after an interval of anoxia. 

Difference in Amytal sensitivity of 
brain and kidney. At first sight, the re- 
sult of Fig. 6 suggests that the brain is 
much less sensitive to the same blood 
levels of Amytal that cause large pyri- 
dine nucleotide reduction in the kidney. 

Possibly the striking effects of Amytal 
on electron transport are only inciden- 
tally related to its anesthetic properties 
(42a). However, more detailed con- 
sideration of the effects of barbiturates 
on intact tissues is required before con- 
clusions can be drawn, since permeabil- 
ity factors, number of units, and locali- 
zation of the anesthetic effect must be 
considered. Nevertheless, the rapid, sen- 
sitive, and reversible responses of the 
kidney to Amytal clearly demonstrate 
the in vivo response of an intact organ 
to this interesting inhibitor. 

Critical oxygen tension in the brain 
cortex. On the basis of these prelimin- 
ary results it is possible to make some 
estimates of the oxygen tension in the 
cortical cells that are relevant to inte- 
grated function. We find that an incre- 
ment of pyridine nucleotide reduction 
of 80 percent of the range from the 
aerobic steady-state level to the anoxic 
level is associated with cessation of 
breathing. (Subsequent experiments as- 
sociate this level with the diminution 
of the monopolar electroencephalo- 
gram on the area of fluorometric obser- 
vation.) While this value stands inde- 
pendently of other approaches, it is use- 
ful to convert these increments of pyri- 
dine nucleotide reduction observed in 
vivo to localized tissue oxygen con- 
centrations. 

We have recently evaluated the oxy- 
gen concentrations that give varying in- 
crements of pyridine nucleotide reduc- 
tion in cell suspensions, particularly 
rapidly respiring cells such as bakers' 
yeast (43). Although such experiments 
are not yet feasible with brain mito- 
chondria, we have no reason to believe 
that the data on the respiratory chain 
of pyridine nucleotide reduction of 80 
percent as defined above correspond to 
the extremely small oxygen concentra- 
tion of 0.1 micromole. This then ap- 
pears to be the oxygen concentration 
that is critical for intracellular function. 

A criterion of critical oxygen con- 
centration used previously (43a) is that 
at which a decrease of oxygen utiliza- 
tion is noted. For resting frog sartorius 
muscle at 10-20?C a value of 0.5-2.0 
mm Hg (1-3 micromoles) is obtained. 
In the rat cortex, the inspired oxygen 
concentration at which an increment 
of pyridine nucleotide reduction (1.0 
percent) is observed is about 8 percent. 
Based on the studies of yeast cells de- 
scribed above, this corresponds to an 
intracellular oxygen concentration of 
about 1 micromole, which is in reason- 
able agreement with Hill's value for 
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resting frog muscle. It is possible to 
compare these values with determina- 
tions of oxygen concentrations in the 
brain cortex by means of the platinum 
microelectrode. 

According to Davies and Bronk (41), 
oxygen tension against a pial vessel 
of the cat brain is 33 mm with a 7.8- 
percent concentration of inspired oxy- 
gen, and oxygen tension in the venule 
is 15 mm (44, 45). If the data on the 
cat brain are assumed to apply to the 
rat, the gradient of oxygen tension from 
the pial vessel to an averaged intra- 
cellular concentration is from 33 to 1.0 
mm-Hg. Although Davies's data are for 
cat brain, the results of Cater (35) on 
the rat brain suggest no large differ- 
ences between the two animals. Thus 
a decline of oxygen tension from that 
of the capillaries to the values observed 
by these methods must be seriously 
considered (44, 45). 

At a concentration of inspired oxy- 
gen of 4 percent (30 mm), respiration 
is just sustained and the increment of 
pyridine nucleotide reduction is 30 to 
60 percent (roughly 50 percent). The 
corresponding intracellular oxygen con- 
centration is 0.3 micromole, or 0.2 
mm-Hg. These results emphasize the 
extremely efficient use of intracellular 
oxygen by the respiratory chain and 
suggest that the intracellular measure- 
ments may be more readily correlated 
with physiological function than the 
extracellular values. 

We may also compare the oxygen 
tensions in hypoxic brain and kidney 
on the basis of the data of Fig. 4 and 
the section on oxygen sensitivity of the 
brain cortex, which give correlations 
between the increment of pyridine nu- 
cleotide reduction and the moment of 
cessation of breathing in a rapid transi- 
tion from aerobiosis to anoxia. We may 
assume that the oxygen affinities of kid- 
ney and brain mitochondria are the 
same, since we have as yet no data to 
suggest large differences in the oxygen 
affinity of the mitochondria in different 
tissues. On the basis of the results de- 
scribed, we find that the 28-percent 
increment of reduction in the kidney 
corresponds to 1 micromole, or 0.6 
mm of 02, and that the 87 percent in- 
crement in the brain corresponds to 
0.1 micromole or 0.06 mm of O--a 
tenfold difference in the intracellular 
oxygen tension in these two organs at 
the moment of cessation of breathing. 

Other applications of microfluorom- 
etry of pyridine nucleotide in tissue. In 
addition to the applications of micro- 
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fluorometry to rat kidney and rat brain 
described in this article, studies on liver 
are in progress, although at present 
the controls are not clear-cut. Studies 
on the skeletal muscle have already 
been carried out on a large scale (19), 
and a number of preliminary experi- 
ments on the intact frog and on the 
toad sartorius muscle are in progress. 
Preliminary studies of the rat dia- 
phragm and the brown fat body have 
been carried out by Serlupi-Crescenti 
and are being continued by him else- 
where. R. P. Davis has applied the 
Aminco-Bowman fluorometer to the 
study of large areas of the excised toad 
bladder (46). 

We have used the microfluorometer 
for observation and localization of 
fluorescence changes consequent to elec- 
trical activity in the electric organ of 
Electrophorus, in collaboration with R. 
D. Keynes. Correlations of active trans- 
port and energy metabolism in the frog 
skin and toad bladder are being studied 
in Copenhagen with an identical micro- 
fluorometer by Hans Rasmussen and 
Ulla Fugmann. 

Summary 

It now appears to be possible to con- 
tinuously record changes in intracel- 
lular oxidation-reduction levels in terms 
of the fluorescence of reduced pyridine 
nucleotide in mitochondria of various 
tissues and organs in situ. Studies of 
kidney and brain cortex in the rat show 
that changes in fluorescence are not 
measurably affected by the presence of 
oxyhemoglobin. Nitrogen, sulfide, cy- 
anide, and carbon monoxide cause in- 
creases in fluorescence to very nearly 
the same levels, and the increases are 
attributed to larger reduction of mito- 
chondrial diphosphopyridine nucleotide. 
Amytal at a low blood concentration 
causes increased reduction in the kid- 
ney cortex, and at a high blood con- 
centration, in the brain cortex. The 
qualitative response of the pyridine nu- 
cleotide to low oxygen concentrations 
shows the brain to be more sensitive 
than the kidney. The first measurable 
increase in pyridine nucleotide reduc- 
tion observed on the brain occurs at 
a concentration of inspired oxygen of 
8 percent. Breathing stops when the per- 
centage increase of pyridine nucleotide 
reduction on the brain reaches about 
90; at this point the percentage increase 
for the kidney is only about 30. This 
difference corresponds roughly to a 

tenfold difference in oxygen tension. 
Half-maximal increase in pyridine nu- 
cleotide reduction on the brain occurs 
at a concentration of inspired oxygen 
of about 4 percent and corresponds to 
an intracellular oxygen tension of about 
0.2 mm (47). 
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The results of our measurements of 
the cesium-137 level in 1000 individuals 
living in Germany were reported in an 
earlier publication (1). We made these 
measurements in Landstuhl, Germany, 
during the period June through Decem- 
ber 1959, with the aid of the two-7r 
liquid scintillation whole-body counter 
designed by Anderson and his co- 
workers (2). The program was con- 
tinued, and by 1 September 1961, levels 
in more than 6000 individuals living in 
Germany, whose average diet is shown 
in Table 1, had been measured. The 
large number of measurements makes 
possible a thorough study of the influ- 
ence of age and sex, as well as diet, 
on the cesium-137 content in the human 
body. Because cesium and potassium 
are chemically similar, and because 
earlier work (1, 3) had revealed that 
the concentration of potassium in the 
human body is dependent on age and 
sex, we expected to find that levels of 
cesium-137 are age- and sex-dependent. 
Our studies also enabled us to follow 
the cesium-137 content of the general 
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population up to the time that atmos- 
pheric testing of nuclear weapons was 
resumed by the Soviet Union. Various 
investigators (4-6) have reported a 
relatively steady increase in the cesium- 
137 levels during the period 1956 
through 1959. This was to have been 
expected, since testing of fallout-pro- 
ducing nuclear weapons continued until 
the latter half of 1958. It was realized 
that, pending the resumption of testing, 
fallout, and consequently the cesium- 
137 content in the human being, would 
eventually begin to decrease. The fac- 
tor primarily responsible for determin- 
ing the rate of decrease is the length of 
time the fission products remain in the 
stratosphere. In a recent article, Rundo 
(6) reported that the cesium-137 con- 
tent in the human being has been de- 
creasing since December 1959. His 
study was based on regular measure- 
ment levels in 11 individuals. No con- 
clusions were reached regarding the rate 
of the decrease. 

With our more voluminous material, 
an attempt was made to follow the 

changing concentration of cesium-137 
in man by studying the average findings 
in the general population. It was neces- 

sary to establish correction factors for 
sex and age, since the average cesium- 
137 values were found to be dependent, 
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to a certain extent, on sex and age as 
well as on time. Figures 1 and 2 dem- 
onstrate the relationship of levels of 
cesium-137 to age for males and females 
of our study, as indicated by measure- 
ments made between 1 July 1959 and 
1 September 1961. These results are 
not corrected for variations in the 
cesium-137 content in man which oc- 
curred over this long period. This may 
account for the distance of some of the 
points from the curves. 

It is evident from Fig. 1 that the 
cesium-137 content per kilogram of 
body weight is age-dependent. Since the 
ratio is much lower for children than 
for adults, the dose rate from this iso- 
tope is correspondingly lower for 
children. 

Assimilation, by the body, of cesium 
and of potassium differs with sex and 
age, as indicated in Fig. 2. The fact 
that the ratio of cesium-137 to potas- 
sium is much lower in children than in 
adults indicates that children discrimi- 
nate against cesium in favor of potas- 
sium, whereas, as other workers have 
found (5), adults discriminate against 
potassium in favor of cesium. At an 
age of about 22 years, the ratio of 
cesium-137 to potassium reaches a con- 
stant figure; thereafter it is independent 
of age. However, the ratio remains 
lower in females than in males. We 
investigated the possibility that this vari- 
ation could have been caused by a 
systematic error in our measurements 
or calculations but found no discrep- 
ancies. Since the findings are statistically 
valid, it must be concluded that the 
ratio of cesium-137 to potassium varies 
with sex and varies between child and 
adult. Since potassium, and presumably 
cesium, are primarily intracellular con- 
stituents of the human body, it may be 
said that certain groups of cells keep 
changing their discrimination patterns 
with respect to these two elements until 
the individual is 22. This conclusion, 
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