
of donor and acceptor, and how well these 
electronic states couple with the intervening 
DNA. It is not clear that nature has taken 
advantage of the DNA polymer as a media- 
tor of electron transfer, but in fact oligonu- 
cleotides and polynucleotides should serve 
well as vehicles that may be readily manipu- 
lated to examine systematically the effects of 
medium, orientation, and separation dis- 
tance on electron transfer in a polymeric 
system. 
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Imaging of Phosphorescence: A Novel Method for 
Measuring Oxygen Distribution in Perfbsed Tissue 

The imaging of phosphorescence provides a method for monitoring oxygen distribu- 
tion within the vascular system of intact tissues. Isolated rat livers were perfused 
through the portal vein with media containing palladium coproporphyrin, which 
phosphoresced and was used to image the liver at various perfusion rates. Because 
oxygen is a powerful quenching agent for phosphors, the transition from well-perfused 
liver to anoxia (no flow of oxygen) resulted in large increases of phosphorescence. 
During stepwise restoration of oxygen flow, the phosphorescence images showed 
marked heterogeneous patterns of tissue reoxygenation, which indicated that there 
were regional inequalities in oxygen delivery. 

IN MAMMALIAN TISSUES, OXYGEN MUST 

be continuously supplied to maintain 
cellular homeostasis. Even moderate re- 

ductions of blood flow compromise physio- 
logical function. In order to investigate the 
nature of oxygen supply to tissue in detail, a 
method is needed for the accurate measure- 
ment of the concentration of oxygen at its 
site of transfer from the vascular bed to 
parenchymal cells. Methods that have been 
used to assess tissue oxygenation not only 
have individual technical problems but in 
general are weakened by their inflexibility. 
For example, oxygen microelectrodes are 
not always suitable because (i) they are 
restricted to specific locations within the 
tissue, thereby preventing evaluation of a 
large area, and (ii) they must be inserted 
into the tissue, which disturbs its local envi- 
ronment. 

Recently we developed a method for mea- 
suring oxygen that is based on its ability to 
quench phosphorescence of selected lumi- 
phores ( 1 ,  2). This method is accurate and 

provides precise serial measurements of oxy- 
gen in the physiological range, from ~ o - ~ M  
to less than 1 0 - 8 ~ .To date, however, this 
methodology has been restricted to the in 
vitro study of biological samples that can be 
placed in a cuvette, such as suspensions of 
isolated mitochondria (3) and cells (4). We 
have shown that phosphorescence measure- 
ments can be used to obtain images of 
oxygen distribution in tissue without inva- 
sion of that tissue. Inhomogeneities of oxy- 
gen delivery to tissue of isolated perfused rat 
liver have been demonstrated with a video 
camera, which detects the phosphorescence 
of palladium (I'd)-coproporphyrin in the 
tissue perfusate. 

When the tissue is illuminated, some light 
is absorbed by the Pd-coproporphyrin, 
which excites it to the triplet state. The 
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triplet state returns to the ground state 
either by light emission or by energy transfer 
to other molecules (quenching). In biologi- 
cal materials, the principal quenching agent 
is oxygen and this quenching is diffusion 
limited. The effect on phosphorescence is 
described by the Stem-Volmer relation: 

where Zo and TO are the phosphomcence 
intensity and lifetime, respectively, in the 
absence of oxygen; Z and T are the phospho- 
rescence intensity and lifetime, respectively, 
at a given oxygen concentration [a]; and 
k, is a constant related to the rates of 
diffusion of oxygen and the selected lumi- 
phore. The Stem-Volmer relation is accu- 
rately obeyed for the quenching of the phos- 
phorescence of Pd-coproporphyrin by oxy- 
gen (2). This relation can be used to caku- 
late the concentration of oxygen flom the 
intensity of the emitted light or fiom the 
lifetime of the mplet state. 

After fasted (24 hours) male Spngue- 
Dawley rats (275 to 325 g) had been anes- 
thetized, the livers were perfused in situ via 
the p o d  vein with Krebs-Henseleit buffer 
supplemented with 5 mM glucose (5). The 
buffer was maintained at 37°C and equili- 
brated with 95% 0 2 :  5% C02 (v:v) by mild 
bubbling. In addition, the influent was 
passed through gas-permeable Silastic tub- 
ing (60 an long, 2 mm in internal diameter) 
placed within Tygon tubing (3.5 mm in 
internal diameter) through which the same 
gas mixture flowed. During this single-pass 
perfusion period, the liver was surgically 
removed from the body and placed in a dear 
plastic petri dish positioned on a mpod 
from which the tissue was illuminated from 
below (6). A xenon arc lamp was placed 
about 12 an from a mirror positioned under 
the liver. The collimated light was reflected 
upward by the mirror to the surface of the 
liver where it illuminated a cirmlar area 3 to 

Flg. 1. Change in phosphorescence intensity in 
response to anoxia m perfUsbd rat liver: (A) the 
underside of the right lobe under conditions of 
maximal oxygenation; (B) the same aspect of the 
liver after 45 s of zero flow (anoxia). During 
perfusion without Pd-coproporphyrin, illumina- 
tion of the hepatic surface with a xenon arc lamp 
did not result in light emission when monitored 
with a SIT camera. The perfusate was then 
switched to an experimental medium containing 
Pd-coproporphyfin (1 fl. and 1% bovine serum 
albumin. A typ~cal experiment was completed 
within 2 m 3 hours in which several brief (30 m 
45 s) pulses of anoxia were repeated. Anoxia was 
~roduced bv smooine the flow of ~ortal  influent. 'I 

4 an in diameter. Phosphorescence emission 
1 >665 nm. with the use of a Schott cutoff 
h e r )  from'the illuminated area was reflect- 
ed to a silicon intensified target (SIT) video 
camera (Dage MI3 model 66, Michigan 
City, India&) by a second mirror @i- 
tioned beneath the liver. The video camera, 
placed approximately 0.25 m fiom the latter 
mirror, imaged the liver through a 90-mm 
lens. The camera output was continuously 
displayed on a monitor and recorded by a 
video cassette recorder (7). 

The Pd-copmporphyrin (1 CcM) was add- 
ed to Krebs-Henseleit M e r  containing 1% 
bovine senun albumin (Fraction V, ICN 
Immunobiologicals, Lisle, Illinois) and re- 
circulated for 5 to 10 min before data 
aquisition and then for the remainder of 
the experiment. Pd-coproporphyrin was 
chosen as the oxygen probe because it re- 
mained in the perfusate and was not taken 
up by the tissue, as evidenced by the com- 
piete- disappearance of the image within 2 
min after the tissue was returned to the 
perfusion medium without the probe. The 
data were digitized and displayed on an 
analog monitor (Sony PVM- 1271Q). Pho- 
tographs were made of the monitor image 
with a single-lens reflex camera (Yashica FX- 
3) equipped with a 35- to 70-mm m m  
lens. To improve the overall contrast of the 
imagcs, we subtracted a constant amount of 
background intensity, just enough to delete 
light from the areas external to the liver and 
the perfusate pool immediately surrounding 
the liver. The remaining intensity was linear- 
ly expanded to make th;: max&l pixel value 
for the anaerobic liver equal to 250. All of 
the images were subjected to the same quan- 
titative bg the relatiGe lu- 
minescence intensities. 

Oxygenation of the liver was established 
by the flow of perfusate entering the portal 
vein, that is, the portal iduent. The initid 
rate of perfusion of the liver was 28 to 32 

he selectad imaers are m-tative of eieht indivi 

d m i n  (8). At this level of flow, the phos- 
phorescence intensity from the surfsce of the 
liver was very low (Fig. 1A). The emitted 
light was diffuse and had a relatively homo- 
geneous distribution, being equivalent in 
intensity or pixel value (60 to 64) through- 
out much of the illuminated area of the liver 
lobe. Phosphorescence intensity was nearly 
uniform (Fig. lA), indicating that the tissue 
had a relatively even level of oxygenation. 
When we made the tissue anoxic by stop 
ping completely the portal influent flow of 
oxygen (no flow), light intensity increased 
approximately fourfold (Fig. 1B). The illu- 
minating light intensity was less at the pe- 
riphery of the lobe on the right side of the 
photographs in Fig. 1, indicating the de- 
creased intensity of phosphorescence in that 
region. A small amount of p&te escaped 
the tissue, producing a low level of light 
emission at the perimeter of the tissue (the 
latter is most noticeable on the left side of 
Fig. 1, A and B). 

The changes in phosphorescence intensity 
due to differences in the perfhion rate are 
best observed by subtraction of the phos- 
phoresce  from well-oxygenated h u e .  
Thus, the image of fully aerobic tissue was 
subtracted from the images of the tissue at 
lower rates of p d i o n  ( ~ i ~ .  2, A through 
D). After a brief period (45 s) of zero 
influent, phosphomcence intensity reached 
a maximum value (Fig. 2A). Flow was then 
increased from 0 to 10 mllmin. Reperfusion 
caused a rapid decrease in phosphorescence 
intensity, which stabilized in 45 s (Fig. 2B). 
Regions of better oxygenated tissue appear 
as darker areas; regions with less oxygen 
appear as brighter areas. The image of the 
phosphorescence from the liver lobe has a 
mottled appearance, indicating a marked 
heterogeneity in the reperfusion and reoxy- 
genation process. The differences can be 
seen as small peaks and troughs in the plot 
of intensity versus pixel number. The pixel 

dual aueriments conducted over a 6-month period. 
Bath phot*ph 'wasprepared fink an average of eight framcs (1.5;). The &ntrast was ~nha~ccd by subtractin'g a background intensity of appro&tely 40 
gray levels and linearly stretching the remaining intensities to a full scale of0 to 250. The white line appearing across the lobe was arbitrarily scribed for mca- 
surement of the values of phosphorescence intensity shown in the inset of each photograph. This line is 290 pixels long and represents 20 rnrn on the liver sur- 
face. The intensity value for each pixel along the line has a range of 0 to 256 gray levels. The letters C and R in the insets correspond to the column and row, 
respectively, at which the white line is positioned on the monimr, 
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values in the left lateral aspect of the lobe 
range from 64 to 100 units and are about 40 
to 60% of the intensity observed during 
anoxia. Phosphorescence emanating from 
the right central portion of the lobe, howev- 
er, was not markedly affected. When the 
influent flow was increased to 18 d m i n  
(Fig. 2C), reoxygenation proceeded from 
the peripheral regions of the lobe, that is, 
those areas at the perimeter of the lobe, to 
the more central portions of the tissue. Pixel 
values at the periphery were now reduced to 
near 0, equivalent to those for maximal 
perfusion rates, whereas those in the central 
area of the lobe were about 64 to 100. After 
the flow was increased to 23 d m i n ,  there 
were marked regions of heterogeneity in the 
phosphorescence image, but the overall in- 
tensity approached that of fully perfused 
tissue (Fig. 2D). 

These results demonstrate that phospho- 
rescence is an effective indicator of tissue 
oxygenation levels. The increase in phos- 
phorescence as a result of anoxia (no flow) 
was large (9), and the response time of 
phosphorescence intensity to changes in lo- 
cal oxygen concentration was a few millisec- 
onds. Thus the rate of change in oxygen 
pressure can be measured with a temporal 
resolution limited only by the time between 
camera frames (60 s-'). Phosphorescence 
intensity can be mapped (with appropriate 

software) across defined regions of tissue, 
providing two-dimensional images of oxy- 
gen pressure in the organ of interest. In 
these experiments, the illuminating light 
penetrated only a few millimeters into the 
tissue, thereby preventing the visualization 
of oxygen pressures at greater depths. On 
the other hand, the resolution was d c i e n t  
to identie differences in oxygen pressures at 
the level of individual pixels. In Figs. 1 and 
2, a pixel represents about 0.07 mrn of the 
liver surface. Higher resolution could be 
obtained by replacing the 90-mm lens used 
here with optics capable of greater magnifi- 
cation. 

The pattern of reoxygenation initiated by 
reperfusion indicates that (i) there is marked 
heterogeneity of perfhion within a given 
region of tissue and that (ii) the peripheral 
aspects of the lobes are preferentially reoxy- 
genated as compared with the central zones. 
The portal vasculature is a low-pressure 
system without valves. Alterations of oxygen 
pressure arising from the portal vein are 
thought to be rapidly transmitted to the 
peripheral branches of the portal system 
including the specialized capillary network 
of the liver, the sinusoids (10). The spatial 
resolution of the video system that we used 
was approximately 70 p m  per pixel. This 
was not d c i e n t  to determine differences in 
perfusion at the level of individual sinusoids. 

Fig. 2. Changes in oxygen distribution in response to r e m i o n  after anoxia. The images were 
obtained from the same animal as those in Fig. 1 with the experimental conditions essentially 
unchanged. In each case, the image derived kom the fully oxygenated state was subtracted from those 
obtained during hypoxic conditions, thereby eliminating extraneous phosphorescence. In (A), the 
selected image represents the anoxic state, that is, the portal influent was stopped for 45 s. Reperfusion 
was then initiated at a rate of 10 d m i n  (B), increased to 18 d m i n  (C), and increased to 23 d m i n  
(D). Each image is produced from data taken 45 s after the increase in perfusion rate. 

It is possible, however, that the small irregu- 
larly shaped areas of greater and lesser phos- 
phorescence intensity shown in Fig. 2, B, C, 
and D, comspond to periportal (around the 
portal vein) and pericentral (around the 
central vein) ~atches of the liver. Thus oxv- 
gen deliver; huring reperfusion was qui& 
different for adjacent areas of tissue (1 1). 

Oxygen consumption has been reported 
to be &eater in the periportal zones than in 
the pericentral regions (12). Differences in 
oxygen consumption could contribute to 
the heterogeneity in reoxygenation rate ob- 
served on reperhion under our experimen- 
tal conditions. In areas of tissue with greater 
metabolic rate, greater oxygen demand 
would require higher levels of perfusion to 
produce a decline in phosphorescence inten- 
sity upon reperfusion. 
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