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Summary 

We studied the effect of changes in the arterial tensions of 
oxygen and carbon dioxide on blood flow to the retinal (RBF) 
and choroidal (ChBF) capillary beds in 20 lambs. One to three 
days after placement of catheters in the left ventricle, abdominal 
aorta, and brachiocephalic artery, different gas mixtures were 
delivered to a bag enclosing the lamb's head. One group of lambs 
was studied at normal and low oxygen tensions while normocar- 
bic, and another group was studied at normal and high carbon 
dioxide tensions while normoxic. RBF and ChBF were measured 
using the radioactive microsphere technique. RBF increased as 
Pa02  and, thus, arterial oxygen content ([02Ia) fell; in contrast, 
ChBF was not related to [02],. Oxygen delivery to the capillary 
bed of the retinal artery (i.e., RBF x [02],) was independent of 
arterial oxygen content because the change in [02], was balanced 
by a reciprocal change in RBF. Oxygen delivery to the choroidal 
capillary bed, however, rose with [02], because there was no 
reciprocal decrease in ChBF. Both RBF and ChBF increase as 
arterial carbon dioxide tension rose. Although an increase in 
arterial carbon dioxide tension produced an increase in RBF with 
no change in [02],, oxygen delivery to the retinal capillaries rose. 
Similarly, oxygen delivery to the capillaries of the choroid rose 
with carbon dioxide tension. Oxygenation of retinal tissue, which 
depends on oxygen diffusion from both the retinal and choroidal 
capillary beds, may change with variations in arterial oxygen 
content (increase in oxygen delivered to the choroidal capillary 
bed) or arterial carbon dioxide tension (increase in oxygen deliv- 
ered to both the retinal and choroidal capillary beds). 

Abbreviations 

ChBF, choroidal blood flow 
[02],, arterial oxygen content 
RBF, retinal artery blood flow 
RLF, retrolental fibroplasia 

Among premature infants needing intensive care, there is an 
increasing incidence of RLF (1 8). This disease has been convinc- 
ingly linked to excessive oxygen administration (12), but the 
reappearance of RLF despite careful oxygen monitoring makes 
it clear that the relationship to oxygen is not as simple as was 
hoped. Oxygen diffuses to retinal tissue from both the retinal 
and choroidal circulations (2, 7). It is necessary, therefore, to 
study both $irculations in order to gain an understanding of 
factors affecting retinal tissue oxygenation. 

Alterations in oxygen and carbon dioxide tension have been 
found to change blood flow through the retinal and choroidal 
circulations in the adult (2, 5, 8, 9, 10, 22, 24). The retina is a 
neural tissue, and it is not surprising that the effects of oxygen 

and carbon dioxide on retinal blood flow are similar to those in 
the adult central nervous system (2). As blood flow to the 
newborn brain is also regulated by oxygen and carbon dioxide 
(14, 19), they are likely to affect blood flow to the newborn retina 
as well. Our previous study demonstrated the importance of 
oxygen to retinal blood flow in the sheep fetus (17). The experi- 
ments presented in this paper measure the RBF and ChBF to 
the capillary beds in the newborn lamb as they relate to changes 
in arterial carbon dioxide and oxygen tension as well as arterial 
oxygen content. 

MATERIALS AND METHODS 

Twenty lambs, aged 3-9 d, were anesthetized with pentobar- 
bital. We placed catheters into the left ventricle (via axillary 
artery), the abdominal aorta (via femoral artery), and the bra- 
chiocephalic artery (via axillary artery). The catheters were then 
brought to the lamb's abdomen where they remained in a pouch 
until use. The lambs were allowed to recover for 1-3 d postop- 
eratively. 

During the study, different gas mixtures were delivered in a 
random order to a bag enclosing the lamb's head. Arterial oxygen 
tension (Pao?) was varied by changing the inspired gas from 
room air to a mixture containing 6-7% oxygen and 3% carbon 
dioxide (to maintain constant P ~ c o ~ ) .  In this way, arterial P02s  
ranging from 2 1 - 106 were obtained. Arterial carbon dioxide 
tension was changed by varying the inspired gas from room air 
to 2 1 % oxygen and 6-9% carbon dioxide. Eleven animals were 
studied at normal and low oxygen tensions while normocarbic 
(one of these animals was studied at three different oxygen 
tensions). Ten additional animals were studied at normal and 
high C 0 2  tensions while normoxic. After 15-20 min of inhalation 
of any given gas mixture, blood samples were collected for 
analysis of Pace?, Paor (Radiometer Copenhagen pH/blood gas 
monitor-Model DHM73), [O?], (Lex-02-Con; Lexington In- 
struments, Waltham, MA), and hematocrit (microhematocrit 
method). The blood flow to the capillary bed of each tissue was 
then measured by the microsphere technique (6, 15) which relies 
on the reference sample approach (15). Over 1-2 min, one of 
four (I4'Ce, "Sr, y5Nb, or 4 h S ~ )  radiolabeled 15-p diameter micro- 
spheres (3M Company, St. Paul, MN) was injected through the 
left ventricular catheter. A reference blood sample was withdrawn 
from the brachiocephalic artery at a known rate beginning 1 min 
before and continuing for 1 min after injection. Microsphere 
counts in these blood samples served as references for determi- 
nation of blood flows to the eyes. 

After the study, the animal was sacrificed and the eyes enucle- 
ated. The eyes were dissected as described by Alm and Bill (2). 
The choroid and retina from both eyes of a given animal were 
combined, placed in preweighed vials, and weighed immediately. 
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The radioactivity in each of these samples as well as the reference 
blood samples was determined in a gamma counter (Model 1 185, 
Tracor Analytic, Chicago, IL). In two animals in whom PC01 
was varied, the retina was inadvertently not counted; therefore, 
RBF data are shown for eight rather than ten animals. The blood 
flow to each part of the eye was then calculated using the 
relationship: 

No Flow = - x reference sample withdrawal rate 
NR 

where No, number of microspheres (radioactivity) in a given part 
of the eye and NR, number of microspheres (radioactivity) in the 
reference sample. In all experiments NR contained more than 
400 microspheres to minimize errors in measuring flow (6). In 
experiments measuring ChBF, No was also greater than 400, 
ensuring that the error in ChBF measurement was less than 10% 
at the 95% confidence limits (6). For measurements of RBF, 
however, the amount of tissue available was such that No ranged 
from 39-666. Although organ flows calculated from such small 
numbers of microspheres would be expected to be more variable 
than flows calculated from larger numbers of microspheres, 
previous investigators have not found smaller numbers of micro- 
spheres to bias the relationships found (6). To ensure that no 
bias in our retinal flows was introduced by our use of small 
numbers of microspheres, we divided the RBF data depicted in 
Figure 1 into that determined by more or less than 200 micro- 
spheres. The two relationships thus defined were not significantly 
different in slope, elevation, or residual variance by covariance 
analysis (20). We have, therefore, shown a single line representing 
the combined data. 

Oxygen delivery to either the retinal or the choroidal vascular 
beds was calculated by multiplying blood flow by the arterial 
oxygen content: O2 delivery (mmol.min-I. 100 g-I) = flow 
(ml . min-I. 100 g-') x [Orla (mM) + 1000. Analysis ofcovariance 

ARTERIAL OXYGEN CONTENT(rnt.4) 

Fig. I. The relationship between retinal artery blood flow (RBF) and 
[Oz],. Each point is the combined flow to both eyes of a single animal. 
(e), blood flows calculated from fewer than 200 microspheres and (O), 
blood flows derived from experiments with more than 200 microspheres. 
Analysis of covariance of separate regressions using more than and less 
than 200 microspheres revealed no differences of the regressions. The 
line shown is, therefore, the reciprocal relationship between RBF and 
[OJa (RBF = 256 [02],-' - 1.7; r = 0.87) using all data points. 

ARTERIAL CARBON D I O X I D E  TENSION 
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Fig. 2. The relationship between retinal artery blood flow (RBF) and 
Pacoz. Euch point is the combined flow to both eyes of an animal. Solid 
lines connect separate experiments on each animal. The dushed line 
represents the overall relation between RBF and Pacoz as defined by 
analysis of covariance. 

was used to determine whether interanimal variation was a 
significant contributor to the overall variation in the dependent 
variable, and, if so, a weighted slope and standard error are 
reported. In experiments relating either retinal or choroidal blood 
flow to Pao, or to [O2Ia, inter-animal variation did not account 
for a significant amount of the variation in blood flow; therefore, 
we used standard least squares linear regression techniques fol- 
lowing transformation of oxygen content or tension to derive 
each slope and its standard error (20). In addition, we included 
data obtained in room air from animals used in studying varia- 
tion in PCO?. Comparison to the t distribution was used to 
determine whether a slope was significantly different from zero. 
Comparison to the F distribution was used to test whether one 
regression was significantly better than another in accounting for 
changes in the dependent variable. Significance was defined as 
rejection of the null hypothesis at P = 0.05. All means are shown 
with their standard deviation. 

RESULTS 

The hematocrit for the animals used in these experiments was 
36 + 4% (SD) and ranged from 30-44%. The hematocrit was 
not affected by either hypoxia or hypercapnia. 

We expressed our measurements of RBF in the lamb as a 
function of both arterial oxygen content, [02], (Fig. I), and 
arterial oxygen tension, Pao2. As the scatter plots of these data 
suggested a nonlinear relationship, we compared reciprocal func- 
tions with the linear relationship of RBF and either [O2Iaor Pao2. 
The relationships between RBF and [O2Ia were significantly (P < 
0.005) better at explaining variation in RBF than the relation- 
ships using Paor as the dependent variable. The relationship of 
RBF to the reciprocal of [O2Ia is shown in Figure 1. During the 
experiments, Paco2 (mean, 36.6 _+ 5.0 mm Hg) did not change. 

We measured RBF in eight animals at normal and high CO? 
tensions (Fig. 2). Using analysis of covariance, the following 
relationship was obtained: RBF = 0.40 (Paco,) + 1 1 (SE,I,, = 
0.08; P < 0.001). Oxygen content did not change as P a c q  
increased. 

We could show no relationship between ChBF and either 
[Or], (Fig. 3) or Paor. The mean ChBF for all neonatal lambs 
studied was 2393 -+ 954 ml. min-' ,100 g-l. 
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The variation of ChBF as Pace? changes is shown in Figure 4. change as Paco, increased (average change = -0.02 2 0.47 mM 
Analysis of covariance showed a significant increase in ChBF as P = 0.9 1). 
Pace? increased: ChBF = 14.2 (Paco2) + 1680 (SE,,,, = 4.6; P The relationship between oxygen delivery to the individua 
= 0.0067). Du"g this experiment, oxygen content did not retinal and choroidal capillary beds and both oxygen conten 

ARTERIAL OXYGEN CONTENT(mM1 

Fig. 3. Scatter plot of choroidal blood flow (ChBF) and [O2Ia Each point is the combined flow to both eyes of an animal. Solid lines connect 
separate experiments on each animal. One animal was studied at three rather than two oxygen concentrations and these data are included. 
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Fig. 4. The relationship between choroidal blood flow (ChBF) and Pace*. Eachpoint is the combined flow to both eyes duringa single experiment. 
Solid bnei connect separate experiments in a single animal. The dashed line represents the overall relation between ChBF and Pacer as defined by 
analysis of covariance. 
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Fig. 5. The relation of retinal and choroidal oxygen deliveries to 
arterial oxygen content. Oxygen delivery was calculated as described in 
"Materials and Methods" and subjected to analysis of covariance. The 
dushed line represents choroidal O2 delivery (ChOz delivery = 2.01 
[Or], + 2.80; SE,I,, = 0.46; P  < 0.001). The solid line represents retinal 
O2 delivery (Ret. O2 delivery = -0.00 12 [O2Ia + 0.25 1 ; SErlo, = 0.0047; 
P= 0.8). The difference in scales for retinal and choroidal oxygen 
deliveries should be noted. 

ARTERIAL CARBON DIOXIDE TENSION 
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Fig. 6. The relation of retinal and choroidal oxygen deliveries to 
arterial Pacoz. Oxygen delivery was calculated as described in "Materials 
and Methods" and subjected to analysis of covariance. The dushed line 
represents choroidal Oz delivery (Ch02 delivery = 0.099 (Pacoz) + 12.3; 
SESI,, = 0.033; P  = 0.009) and the solid line retinal 01 delivery [Ret. 0 2  

delivery = 0.0029 (Paco~) + 0.080; SESI,, = 0.00052; P  < 0.0011. The 
difference in scales for retinal and choroidal oxygen deliveries should be 
noted. 

and P ~ c o ~  are given in Figures 5 and 6. Oxygen delivery to the 
capillary bed ofthe choroid is related positively to oxygen content 
but oxygen delivery to the capillary bed of the retina is not (Fig. 
5). Oxygen delivery to both the choroidal and retinal capillary 
beds is related positively to Pacol (Fig. 6). 

DISCUSSION 

The importance of oxygen in the regulation of RBF in im- 
mature animals was demonstrated in the fetal sheep (17). The 
present studies show results of postnatal life in the same species. 
After testing both [Orla and Paor, we found that [02], was the 
better predictor of RBF. In this respect, the retinal vascular bed 
is like that in the brain of the fetal and neonatal sheep (13, 14). 
The reasons for a better correlation of RBF with [O2Ia than Pao? 
may be that [O2la reflects both Paor and hemoglobin concentra- 
tion. In the lamb brain these variables have independent effects 
on blood flow ( 14). 

Peeters et al. (1 7) recently reported a reciprocal relationship 

between RBF and [Orla in the sheep fetus. They noted that the 
normoxic neonate had RBF similar to that of a fetus at the same 
[O2Id. Comparison of their data to ours reveals no significant 
difference (P = 0.53) between the fetus and neonate in the 
regression coeficient relating [Or], to RBF. Whether the same 
quantitative relationship between [Oz], and RBF would persist 
in the adult sheep will require further study. Previous studies of 
adult primates and humans show that lowered PO2 increases 
RBF (8, 11) but quantitative comparisons with data in lambs 
and fetal sheep are not possible. 

The significance of a reciprocal relationship between [Orla and 
cerebral blood flow in isocapnic hypoxia has been previously 
discussed ( 16): Or delivery, the product of blood flow and [Or],, 
is not dependent on [Oz],. Similarly, the delivery of oxygen to 
the retinal capillary bed, the product of [Or], and RBF, is 
independent of oxygen content over the range of oxygen contents 
we studied. 

The response of the retinal vasculature to changes in Paco, 
has been studied in a number of species (2, 1 1 ,2  1, 24). All have 
found or suggested that retinal blood flow increases as P ~ c o ~  
rises. We find similar changes in the lamb. The response of the 
retinal vasculature to Pacer in lambs is apparently less than that 
in adult cats (2) or rhesus monkeys (24). Whether this is related 
to age or species is unclear. The increase of RBF in response to 
hypercapnia, like the response to hypoxia, is similar to the 
response noted in other components of the fetal and neonatal 
central nervous system (1 3, 19). 

The choroidal circulation has not been well studied. Peeters et 
a[. (17) previously noted a lack of effect of [Or], on ChBF in the 
fetal sheep, the same as our findings in the lamb. Increased C02 
tension has generally been reported to increase ChBF in adult 
animals (2, 25). We also find a significant rise in ChBF as Pace? 
increases in lambs. Once again, we can find no other work in 
immature animals or the adult sheep with which to compare our 
results. In the adult cat, ChBF increases by 38.7 g/min/100 
g/mm Hg P C O ~  (g,. min-' . l o0  g-I - mm Hg Pcor-l) (2). Our 
comparable figure is 14.2 k 4.6 ml/min/100 g/mm Hg P C O ~  
(ml. min-I . l o0  g-' . mm Hg Pcor-I). It should be emphasized 
that the changes in Paco? accounted for only 9% of the total 
variance in ChBF, so other factors must play a role in its 
regulation. Alm and Bill (2, 3) found that ChBF changes with 
ocular perfusion pressure. We were not able to monitor perfusion 
pressures as we did not measure intraocular pressure. 

The relationship of our experiments to the pathophysiology of 
RLF is indirect. The lamb, either premature or at term, is not 
an animal in which RLF has been found. Additionally, we have 
not investigated the effects of hyperoxia on ocular blood flow. 
Nevertheless, there are aspects of this study that may relate to 
RLF. 

Oxygen diffuses to the retina from 60th the retinal and cho- 
roidal circulations. Indeed, available evidence suggests that under 
normoxic conditions the choroidal circulation can supply the 
majority of retinal oxygen consumption (2, 7). If oxygen is toxic 
to the developing retina, then factors which increase the oxygen 
delivered to the respective capillary exchange sites by either the 
retinal or choroidal arteries would increase the likelihood of 
damage to the susceptible retina. 

When oxygen content rises, RBF falls and oxygen delivery by 
the retinal circulation is constant. In the choroid, blood flow 
does not fall as [O?]., rises; thus, the amount of oxygen delivered 
to the choroidal capillaries increases as blood oxygen content 
increases. As more oxygen is delivered to the choroid, diffusion 
of oxygen to the retina will increase retinal tissue oxygen tension. 
Because oxygen delivery to both retinal and choroidal circula- 
tions increases as PC02 rises, more oxygen is carried to these 
capillary beds. Again, increased retinal tissue PO2 should result 
from increased oxygen delivery to these capillary beds. Such an 
increase in local retinal PO2 has been shown directly in the adult 
with hypercarbia (1, 23). If similar physiology applies to the 
premature infant, increased retinal PO2 as a result of hypercarbia 
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might explain a proposed relationship between Paco. and RLF G.: Regulation of cerebral blood flow in the ovine fetus. Am. J. Physiol., 

(4). 235: H 162 ( 1978). 
14. Jones. M. D.. Jr.. Traystman. R. J.. Simmons. M. A,, and Molteni. R. A,: 

Effects of changes in arterial 0, content on cerebral blood flow in the lamb. 
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Summary 

Between 1 :I20 and 1 :I80 of human newborn T cells proliferate 
in limiting dilution cultures with allogeneic lymphocytes or with 
Ia-bearing monocytic stimulator cells. The proliferating re- 
sponder cells were derived from both the OKT 4+ and OKT 8' 
subsets as determined by immunofluorescence and by thymidine 
uptake. Five to seven days after an exchange blood transfusion 
there was a slight increase in the percentage of OKT 8' T 
lymphocytes In the recipient's blood. Newborn blood also con- 
tains a population of non-T cells which proliferate in the absence 
of allogeneic stimulator cells. In limiting dilution cultures, the 
frequency of these spontaneously dividing cells was 1:3125 of 
mononuclear cells, Our results suggest that the newborn T lym- 

phocyte proliferative response to alloantigen is mature by the 
time of birth and they provide no phenotypic explantion for the 
previous report of mixed lymphocyte culture-induced suppression 
by newborn T cells. The predominance of newborn metaphases 
in 2-way mixed lymphocyte cultures with adult cells (on which 
the previous report of suppression was based) is not seen if the 
non-T (stimulator) cells are irradiated. These results suggest that 
the data previously interpreted as evidence for suppression arose 
through proliferation of newborn non-T cells. 

Abbreviations 

AMoL, acute monocytic leukemia 
HBSS, Hank's balanced salt solution 
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