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ABSTRACT. Theophylline attenuates cerebral hypoxic
hyperemia in several adult models and this is thought to
be due to receptor-mediated antagonism of adenosine, a
proposed mediator of hypoxic hyperemia. This attenuation
of hypoxic hyperemia reduces cerebral oxygen delivery and
may thus jeopardize cerebral oxidative metabolism. With
these considerations in mind, and because theophylline is
widely used in neonatal medicine, the present study was
designed to investigate the effect of theophylline on re-
gional cerebral blood flow, cerebral oxygen delivery, and
cerebral metabolic rate for oxygen during normoxia and
hypoxia in the newborn piglet model. In 16 newborn piglets,
regional cerebral blood flow (microspheres) increased 250-
350% during hypoxia (Pa0O, 20-30 torr), while cerebral
oxygen delivery and cerebral metabolic rate for oxygen
were maintained at normoxic levels. Eight of these piglets
were then given 10 mg/kg theophylline ethylenediamine
intravenously and studies during normoxia and hypoxia
were repeated; the remaining eight piglets served as time
controls. Regional cerebral blood flow, cerebral oxygen
delivery, and cerebral metabolic rate for oxygen during
normoxia and hypoxia were not influenced by theophylline,
despite plasma theophylline levels of 55-65 pmol/liter, and
cerebrospinal fluid theophylline levels of 30-40 pmol/liter.
These negative results are reassuring with respect to hy-
poxic cerebral blood flow control in theophylline-medicated
infants. However, they do not support a role for adenosine
as a mediator of cerebral hypoxic hyperemia in this model.
(Pediatr Res 21: 573-578, 1987)

Abbreviations

CBF, cerebral blood flow

COD, cerebral oxygen delivery

CMRO,, cerebral metabolic rate for oxygen
MAP, mean arterial pressure

SSP, sagittal sinus pressure

CPP, cerebral perfusion pressure

ANOVA, analysis of variance

Theophylline is used widely in neonatal medicine, its uses
include the treatment of apnea of prematurity (1, 2), the treat-
ment of bronchopulmonary dysplasia (3), and the facilitation of
weaning from mechanical ventilation (4-6). Several studies in
adult models have shown that theophylline attenuates CBF re-
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sponses to hypoxia (7-9). This is thought to be due to theophyl-
line’s ability to act as an antagonist of specific cerebral vascular
receptors for adenosine, the proposed tissue-derived mediator of
cerebral hypoxic hyperemia (10), and as such these studies pro-
vide support for the adenosine hypothesis.

The increase in CBF during hypoxia is quantitative, with the
arterial oxygen content and CBF being inversely related. Because
of this, COD (the product of arterial oxygen content and CBF)
is maintained constant during hypoxia, and this constitutes an
important protective mechanism for the maintenance of cerebral
oxidative metabolism (11). If theophylline attenuates CBF re-
sponses to hypoxia, then COD will not be maintained, and
cerebral oxidative metabolism may be jeopardized. This is of
some clinical concern, because such a situation may render the
cerebral circulation prone to damage during hypoxia.

With these considerations in mind, the present study was
designed to investigate the effect of theophylline on regional CBF
responses to hypoxia and on the attendant changes in COD and
CMRO; in the newborn piglet model of CBF. In addition, as
with comparable studies in adult models, the present study
indirectly addressed the role of adenosine as a mediator of
hypoxic hyperemia in this model.

MATERIALS AND METHODS

Animal preparation. Sixteen newborn piglets aged 1-5 days
and weighing 1000-1790 g (mean 1340 g) were used in the study.
Venous access was secured under brief halothane (1-2%) anes-
thesia. Thereafter, barbiturate anesthesia was established with
intravenous sodium pentobarbital 25-35 mg/kg and maintained
with small additional doses throughout the experiment. Rectal
temperature was monitored and controlled to 39.0 + 0.5° C using
an electrically heated operating surface and an overhead radiant
heat source. Next, a tracheostomy was performed and mechani-
cal ventilation with a 70% N,/30% O, gas mixture was begun at
a rate of 60 breaths per min (Palmer Ventilator, London, Eng-
land). The tidal volume was adjusted to maintain an arterial
pCO; of 30-40 torr. Polypropylene catheters (PE 50 Intramedic,
Clay Adams, Parsippany, NJ) were then placed in the left femoral
artery (to monitor arterial pressure), in the right femoral artery
(for arterial sampling including the microsphere reference with-
drawal specimen), and in the left ventricle via the left carotid
artery (for microsphere injection). Studies have shown that liga-
tion of a carotid artery does not influence differential hemispheric
flow in this model (12, 13). Similarly in the present study, right
hemispheric blood flow was 25.8 + 1.3 ml (100 g-min)~' and
left hemispheric blood flow was 25.9 + 1.3 ml (100 g-min)™'
during normoxia (rn = 32), while flows of 70.7 = 3.7 and 69.2 +
3.6 ml (100 g-min)~’, respectively, were seen during hypoxia (n
= 32). Also, there was no effect of theophylline on differential
hemispheric blood flow. Finally, the anterior fontanelle was
exposed via a mid-saggital scalp incision, and a 22-gauge Teflon
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cannula (Jelco, Critikon, Tampa, FL) was advanced caudally
into the sagittal sinus. This was used to measure sagittal sinus
pressure and to sample cerebral venous blood. The animal was
then placed in the left lateral position, and all vascular pressure
calibrations were referenced to the midspinal level.

Experimental protocol. The experimental protocol for the
study is shown in Figure 1. A 45- to 60-min recovery period
followed the surgical preparation. Each animal was then studied
during normoxia (normoxia I, arterial pO, > 60 torr). Following
this, hypoxia was induced by decreasing fractional inspired oxy-
gen to achieve an arterial pO, of 20-30 torr, and further meas-
urements were made (hypoxia I). These measurements were
made 5 min after the induction of hypoxia, and because this
degree of hypoxia regularly caused a decrease in arterial pCO,,
supplementary CO, was added to the inspired gases to maintain
arterial pCO, at 30-40 torr. A 15- to 20-min recovery period
followed this first hypoxic study. Half of the animals, the exper-
imental group (EXP, n = 8), were then given a bolus infusion of
10 mg/kg theophylline ethylenediamine (Aminophylline, David
Bull Laboratories, Melbourne, Australia) diluted in 5% dextrose
to a concentration of 10 mg/ml. The remaining animals, the
control group (CON, n = 8), were given an equivalent bolus of
diluent. Twenty min later, studies were repeated during nor-
moxia (normoxia II) and then hypoxia (hypoxia II) in both
groups.

At each study period, cardiac output and regional CBF were
determined using the reference organ modification of the radio-
labeled microsphere technique (14). Immediately prior to each
flow determination, arterial and sagittal sinus blood samples
were drawn and analyzed for pH, pCO,, and pO, using a Corning
165 blood gas analyzer (Corning, Medfield, MA), and for he-
moglobin concentration and % oxygen saturation using an OSM
2 hemoximeter (Radiometer, Copenhagen, Denmark). The he-
moglobin, pO,, and saturation results were used to calculate
oxygen content (in vol %) assuming a hemoglobin capacity of
1.34 vol/g and an oxygen solubility of 0.003 vol/torr. These
values were then used to calculate COD as flow X arterial O,
content, CMRO, as flow X cerebral arteriovenous O, content
difference, and extraction fraction as the cerebral arteriovenous
O, content difference <+ arterial O, content. After each flow
determination, 2-4 ml of whole blood from a donor piglet were
infused to replace sampling losses.

Arterial and sagittal sinus pressures were measured with pre-
calibrated transducers (P23ID, Gould Inc, Cleveland, OH), and
were recorded continuously on a Gilson polygraph (Gilson Med-
ical Electronics, Middleton, WI). Heart rate, MAP, and SSP were
determined directly from the pressure tracing, and the CPP was
calculated as MAP minus SSP. In the experimental group,
plasma theophylline levels were determined with the normoxia
II and hypoxia II measurements, and in three animals lumbar
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cerebrospinal fluid was sampled immediately after the hypoxia
I measurements. Plasma and cerebrospinal fluid specimens were
batched and theophylline levels were measured using fluorescent
polarization methods (TDX, Abbott Laboratories Irving, TX).
The intraassay coefficient of variation for levels in the range 40-
150 pmol/liter is less than 7% in our laboratories.

At the end of the experiment, each animal was rapidly killed
by an overdose of sodium pentobarbital, and the brain was
removed, weighed, and allowed to fix for 5-7 days in a 10%
formalin solution. Thereafter the brain was dried, reweighed,
and divided into left and right hemispheres, basal ganglia, cere-
bellum, and midbrain/brainstem. These tissues were dessicated
at 120-150° F for 24-36 h and then packed into counting tubes.

Microsphere technique. The preparation and use of the micro-
spheres followed the recommendations of Heymann et al. (15).
Microspheres 15 p in diameter and labeled with 3'Cr, ''*Sn, *>Sr,
*Nb, or *'Ce (Nentrac, New England Nuclear, Boston, MA)
were used. The microspheres were suspended in normal saline
containing 0.01% Tween 80, with supplied stocks containing
about 800,000 spheres/ml. A sample from each batch was ex-
amined by direct microscopy to confirm uniformity of size and
absence of fragmented forms and aggregates. Standards were
prepared from each batch and specific activity was determined
in triplicate by counting spheres spread on a graph paper grid
(15).

Preparation of the microspheres for injection involved with-
drawal of a 1.0-ml aliquot of the stock suspension followed by
sonication and counting of each aliquot. Immediately prior to
an injection, the microspheres were vigorously mixed for 30-
60 s, drawn into a syringe, and injected via the left ventricular
catheter over 10-15 s. The ventricular catheter was then flushed
with 0.5 ml of normal saline and its position verified from the
pressure tracing. The reference withdrawal specimens were drawn
beginning 10-15 s prior to, and continuing for 60-75 s after the
injection, and the reference withdrawal rate was 1.23 ml/min
(Orion, Cambridge, MA). Heart rate, arterial pressure, and pulse
pressure were monitored throughout the injection and sampling
periods to confirm the absence of arrhythmias or pressure
changes. The order of the microsphere injections in a given
experiment was determined using a computer generated random
table.

The microsphere standards and the injection, withdrawal, and
tissue specimens were counted in a well-type v counter (118
series, Nuclear Chicago, Des Plaines, IL), with the counting
windows set to optimize counts for the individual microsphere
species, and to minimize cross-overs. Specimens were kept to a
height of less than 1 cm in order to maximize counting efficiency.
The injection apparatus and injectate tube were counted and
subtracted from the preinjection counts to determine the total
counts injected. The reference withdrawal catheter, complete
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Fig. 1. Experimental protocol. At each study period (*) arterial and sagittal sinus blood gas analyses, hemoglobin, O, saturation, vascular
pressures, heart rate, regional CBF, and cardiac output were determined. In the experimental group, serum theophylline levels were determined

during normoxia II and hypoxia II (+).
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with the last sampled blood, was counted separately; absence of
counts in this specimen was used to confirm completeness of
sampling. The raw counts for the tissue specimens were corrected
using the cross-overs derived from counting the standards. Car-
diac output was determined as:

T/RXW

where T is total cpm injected, R is cpm in the reference with-
drawal specimen, and W is the reference withdrawal rate (1.23
ml/min). The cardiac output is expressed as ml (kg-min)™".
Tissue sample blood flows were determined as:

C/RX W

where C is the corrected cpm in the tissue sample. All tissue
flows are expressed as ml (100 g-min)~' formalin-fixed tissue.
All tissue samples contained more than 400 microspheres, and
all reference organ samples contained more than 2000 micro-
spheres.

Criteria for the valid application of the microsphere technique
in this laboratory were tested in a series of preliminary studies.
Adequacy of mixing was tested by comparing counts in simul-
taneously drawn right brachial and left femoral arterial speci-
mens. The ratio of upper limb to lower limb counts during
normoxia was 0.99 (range 0.87~1.12, n = 57), and during hypoxia
was 1.01 (range 0.90-1.10, n = 28), with no evidence of ductal
right-to-left shunting. These results compare favorably with those
of others (15-17). Cerebral and systemic arteriovenous bypass
were tested by comparing counts in sagittal sinus or central
venous specimens with those in a simultaneously drawn arterial
specimen. Cerebral arteriovenous bypass averaged 0.6% (range
0-2.6%, n = 22), and systemic arteriovenous bypass averaged
1.0% (range 0-3.8%, n = 25). Neither cerebral nor systemic
arteriovenous bypass was influenced by hypoxia.

Statistical analysis. The effect of hypoxia on blood gas, meta-
bolic, hemodynamic, and regional CBF results was assessed by
comparing the normoxia I and hypoxia I periods using paired ¢
tests. The effect of theophylline on hemodynamic and flow
results during normoxia and hypoxia was determined by com-
paring the CON and EXP groups over all four study periods

Table 1. Blood gas, vascular pressures, heart rate, and cardiac
output results during normoxia I and hypoxia 1

Normoxia I Hypoxia I
(n=16) (n=16)
Arterial pH 7.53+0.02 7.52+0.02
pCO; (torr) 374+ 1.1 371+ 1.2
pO; (torr) 99.0 + 4.8 23.1 + 1.0*
Hemoglobin 8.8 +0.3 9.3 +0.3*
(g %/100 ml)
O, saturation  98.0 + 0.5 36.9 + 3.0%
(%)
O, content 11.8+04 4.7 + 0.4
(vol %)
Sagittal sinus pH 7.43 +£0.02 7.47 £0.02f
pCO; (torr) 498 + 1.1 440 £ 1.2F
pO; (torr) 237+ 1.3 120+ 1.7*
O, saturation  35.8 = 3.1 13.0 = 1.9*
(%)
O, content 44+04 1.7 £ 0.3*
(vol %)
MAP (mm Hg) 64 +3 84 + 3*
SSp (mm Hg) 54+04 12.7 £ 1.3*%
CPP (mm Hg) 593 71 + 3*
Heart rate (min)™" 157 £ 6 213+ 7*
Cardiac output ml  (kg-min)~! 207 £ 17 270 £ 20*

* < 0.001, 1 p<0.01 for comparison with normoxia I (paired / test).
Results as mean + SEM.
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Table 2. Regional cerebral blood flow (rCBF), cerebral vascular
resistance (CVR), COD, CMRO,, and fractional oxygen
extraction results for normoxia I and hypoxia I

Normoxia I Hypoxia |
(n=16) (n=16)
rCBF ml (100 g-min)™"
Cerebral hemispheres 259 + 1.6* 71.5 £ 5.9%%
Basal ganglia 348+24 101.4 £ 9.2¢
Cerebellum 40.0 = 2.7 112.7 = 10.6F
Midbrain-brainstem 37227 127.3 £ 13.01
Whole brain 287+ 1.8 81.1 = 7.5%
CVR mm Hg-100 g-min (ml)™"  2.16 £ 0.18 0.97 £ 0.11%
COD vol (100 g-min)™! 3.34 £0.20 3.54 £ 0.25
CMRO; vol (100 g- min)™ 2,09 £0.12 228 £0.12
Fractional O, extraction 0.63 £0.04 0.64 = 0.04

*p < 0.05 compared with other regions during each study period
(ANOVA).

tp < 0.001 hypoxia I compared with normoxia I (paired t-test).
Results as mean + SEM.

using 2-way ANOV A with repeated measures. Logarithmic trans-
formations were used when indicated. ANOVA was also used to
study differences in regional CBF at each study period. When
significant effects were determined by ANOVA, further compar-
isons were made using the Waller-Duncan modification of the
least significant difference rule (18). In all analyses, a p level of
<0.05 was considered significant, and all results are expressed as
mean £ SEM.

RESULTS

Response to hypoxia. The results of the arterial and sagittal
sinus blood gas analyses, vascular pressures, heart rate, and
cardiac output measurements during the normoxia I and hypoxia
I study periods are shown in Table 1. The hypoxic manipulation
produced the desired reduction in arterial pO; to the 20-30 torr
range, and arterial oxygen content was reduced from 11.8 + 0.4
t0 4.7 + 0.4 vol % (p < 0.001). Arterial pH did not change and,
by design, arterial pCO, was maintained constant. The sagittal
sinus pO,, oxygen saturation, and oxygen content also decreased
during the hypoxic manipulation, and there was a significant
decrease in sagittal sinus pCO, with a corresponding increase in
sagittal sinus pH.

The hypoxic manipulation was also associated with significant
increases in MAP, SSP, CPP, heart rate, and cardiac output.
MAP increased from 64 = 3 to 84 = 3 mm Hg, SSP from 5.4 +
0.4 to 12.7 = 1.3 mm Hg, CPP from 59 + 3 to 71 = 3 mm Hg,
heart rate from 157 + 6 to 213 £ 7 beats/min, and cardiac
output from 207 # 17 to 270 £ 20 ml (kg-min)~" (p < 0.001 for
all comparisons).

The results of regional CBF, cerebral vascular resistance,
CMRO,, COD, and cerebral fractional oxygen extraction during
normoxia I and hypoxia I are shown in Table 2. During the
normoxia I studies, the hemispheric blood flow was significantly
less than the flow to the other regions studied, and this pattern
persisted at all other study periods. Hypoxia resulted in a marked
increase in flow to all regions. Overall, whole brain blood flow,
as determined from the regional flows, increased from 28.7 +
1.8 ml (100 g-min)~’ during normoxia I to 81.1 = 7.5 ml (100
g-min)~! during hypoxia I (p < 0.001), and this increase in flow
was associated with significant vasodilatation, as shown by the
decrease in cerebral vascular resistance from 2.16 + 0.18 to 0.97

~ % 0.11 mm Hg-100 g-min (ml)~" (p < 0.001). The COD,

CMRO,, and fractional extraction of oxygen during hypoxia I
were not different from those seen during normoxia I.

Effect of theophylline. Administration of theophylline ethyl-
enediamine resulted in plasma theophylline levels of 61 + 5
umol/liter at normoxia Il and 57 + 4 wmol/liter at hypoxia Il in
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the EXP group. The cerebrospinal fluid theophylline levels in
the three samples obtained, were 42, 35, and 33 wmol/l, repre-
senting 58, 70, and 53% of their respective plasma values. These
CSF levels are consistent with plasma protein binding of 50—
70% which is similar to that seen in premature newborns (19).
The results of the arterial and sagittal sinus blood gas analyses,
vascular pressures, heart rate, and cardiac output measurements
for the CON and EXP groups during the normoxia II and
hypoxia II study periods are shown in Table 3. Overall, there
were no significant differences between the CON and EXP groups
during each of the normoxia II and hypoxia II study periods,
although heart rate and cardiac output did tend to be higher in
the EXP group. When the normoxia I results were compared
with the normoxia II results, and the hypoxia I results with the
hypoxia II results, the only significant difference detected was a
small decrease in arterial pH during the second study periods. In
both the CON and EXP group, the changes and responses during
the normoxia II/hypoxia II study were similar to those seen
during the normoxia I/hypoxia I study, although the increase in
MAP (and consequently CPP) during the normoxia II/hypoxia
II study appeared less than that seen during the earlier study.
The regional CBF results for the CON and EXP groups during
the normoxia Il and hypoxia II study periods are shown in Figure
2. The regional CBF values in the CON and EXP groups during
normoxia II are similar, and comparison with the corresponding
values during normoxia [ revealed no differences. During hy-
poxia I, regional CBF increased similarly in both the CON and
EXP groups, and again these flow increases were not different
from those seen during hypoxia I. The resuits of cerebral vascular
resistance, cerebral O, delivery, CMRO,, and fractional extrac-
tion of O, during the normoxia II/hypoxia II study were similar
to those seen in the early study, and again, no difference between
the CON and EXP groups was evident for any of these measure-
ments. Thus, during the normoxia II/hypoxia H study, CVR
decreased from 2.47 £ 0.40 to 0.97 = 0.14 mm Hg- 100 g-min
(ml)~" in the CON group and from 2.15 + 0.20 to 0.84 + 0.07
mm Hg- 100 g-min (ml)~' in the EXP group. The COD, CMRO,,
and fractional extraction of oxygen results during normoxia II
were 3.24 = 0.33 vol (100 g-min)~!, 1.97 + 0.19 vol (100 g-
min)~' and 0.61 + 0.04 in the CON group, and 3.27 £+ (.15 vol
(100 g-min)~", 1.95 + 0.16 vol (100 g-min)~' and 0.60 + 0.05
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in the EXP group. The corresponding results during hypoxia II
were 3.26 + 0.24, 2.18 + 0.17, and 0.67 + 0.03 in the CON
group, and 3.17 + 0.22, 2.23 + 0.16, and 0.70 = 0.02 in the
EXP group.

DISCUSSION

Because barbiturate anesthesia has a marked effect on both
CBF and CMRO,, the implications of its use in the present study
deserve comment. Barbiturate anesthesia produces parallel dose-
dependent reductions in both CBF and CMRO, and this is
thought to be a passive reflection of its direct effect on cerebral
function (20). Although the effects of barbiturate anesthesia on
CBF and CMRO,; were not addressed directly in the present
study, comparison of our results with those of others suggests a
similar parallel reduction in CBF and CMRO; during barbiturate
anesthesia in the newborn piglet model. Thus, studies in acute
unanesthetized piglets have shown an average CBF of 80-110
ml (100 g-min)™" (13, 21-24) and CMRO; of 5.7-6.0 vol (100
g-min)~' (21, 25) while in the present study CBF and CMRO,
were proportionately reduced to 25-30 ml (100 g-min)™' and
2.09 vol (100 g-min)™*, respectively. These considerably lower
baseline CMRO, and flow values raise the question of the
influence of anaesthesia with respect to the aims of the present
study, namely the investigation of the effect of theophylline on
cerebral hypoxic hyperemia, and by inference, the role of aden-
osine as a mediator of this hyperemia. However, as the results in
the normoxia I/hypoxia I phase of the present study show,
barbiturate anaesthesia does not interfere with the inverse rela-
tionship between arterial O, content and CBF which has been
demonstrated in a number of studies in unanaesthetized models.
In these studies as in ours, the response of the cerebral circulation
to a decrease in arterial O, content is an increase in flow, such
that COD is maintained constant, and CMRO, is preserved
without an increase in fractional extraction of oxygen (11).
Because it is unlikely that the preservation of this relationship is
achieved through different vasoregulatory mechanisms in an-
aesthetized compared with unanaesthetized animals, we do not
believe that the use of barbiturate anaesthesia detracts from
addressing the questions posed in this study.

In the present study, the administration of 10 mg/kg theo-

Table 3. Blood gas, vascular pressures, heart rate, and cardiac output results in the CON and EXP groups during the normoxia 11
and hypoxia Il study periods

Normoxia II Hypoxia II
CON EXP CON EXP
(n=28) (n=28) (n=28) (n=28)

Arterial

pH 7.49 = 0.02* 7.48 = 0.02* 7.50 £ 0.02 7.46 + 0.02*

PCO:; (torr) 36.9 % 1.2 386 +0.8 360+ 1.0 38.0+0.8

pO; (torr) 945+ 5.7 93.3+6.7 22.3 +0.8% 24.5 £ 1.4%

Hb (g/100 ml) 9.0+04 84+0.3 9.6 £ 0.4% 8.7+0.3%

O, saturation (%) 97.9 £ 0.6 97.0 £ 0.9 35.1 £2.7¢ 36.1 £ 3.2

O, content (vol %) 12.1 £0.5 11.2+0.5 4.5 + 0.41 4.3 + 0.4}
Sagittal sinus

pH 7.41 £0.02 7.40 = 0.02 7.46 = 0.02% 7.42 £0.02

pCO, (torr) 479+ 1.3 50.3 £ 0.7 42.1 + 1.6% 45.5 £ 0.9%

pO; (torr) 24.1 £ 1.6 250+ 1.9 12.0 = 1.5¢ 10.5 £ 0.9t

O, saturation (%) 386 +£35 379+ 50 11.5 £ 1.5¢ 10.6 = 1.0

O, content (vol %) 4.8 £0.6 44+0.7 1.5+ 0.2t 1.3+0.1¢
MAP (mm Hg) 66 + 4 65+3 79 + 5% 74 + 4%
SSP (mm Hg) 5.1+04 56+04 10.3 £ 0.9¢ 11.2 £ 1.4%
CPP (mm Hg) 61 x4 603 68+ 6 635
Heart rate (min)™ 150 £ 6 180 = 12 218 + 13+ 227 + 10t
Cardiac output 171 £ 20 216 = 31 228 + 23% 275 x 36%

ml (kg-min)™'

* p < 0.05 for comparison with corresponding group during normoxia I or hypoxia I (ANOVA).
+p <0.01, £ p <0.05 hypoxia II compared with normoxia II for each group. Results as mean + SEM.
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Fig. 2. Regional CBF results for the CON and EXP groups during the normoxia Il and hypoxia II study periods. *p < 0.01 compared to
corresponding normoxia II measurement (ANOVA). Results as mean + SEM.

phylline ethylenediamine did not affect regional CBF and
CMRO; during normoxia. These findings agree with those from
a comparable study in piglets given 6 mg/kg theophylline ethy-
lenediamine (25) and argue against a direct cerebral vascular or
metabolic effect of theophylline at this dose.

The effect of theophylline on cerebral hypoxic hyperemia is
pertinent, albeit indirectly, to the proposed role of adenosine as
a mediator of hypoxic hyperemia (10). Adenosine is a potent
vasodilator, is produced during hypoxia, and is thought to exert
its vascular effects via an interaction with specific receptors
(adenosine A, receptors) on vascular smooth muscle (10, 26).
Considevable indirect evidence for the adenosine hypothesis of
cerebral hypoxic vasoregulation has come from studies using
pharmacologic agents which either alter perivascular adenosine
concentrations, or antagonize adenosine at the receptor level.
The ability of such agents to alter vascular responses to adenosine
and to alter flow responses to hypoxia has been advanced as
evidence of the role of adenosine as a vasoregulator (27-29),
although some controversy exists (30).

Similarly theophylline, an adenosine A, receptor antagonist,
has been shown to attenuate adenosine-mediated vasodilatation
and flow responses to hypoxia. Thus in vitro, theophylline 30—
100 umol/liter attenuates adenosine induced vasodilation of
KCl-contracted rabbit coronary arteries (26), and similar concen-
trations of theophylline block adenosine mediated actions at
other A, receptor sites (31). In vivo, micropipette studies of pial
arterioles in adult cats have shown that theophylline 50 zmol/
liter attenuates the vasodilatation induced by physiologically

relevent levels of adenosine (0.1-1.0 umol/liter) (32), and several
studies have shown that theophylline can attenuate CBF re-
sponses to hypoxia. In adult rats, hypoxic hyperemia was inhib-
ited in the presence of a cerebrospinal fluid theophylline concen-
tration of 50 umol/liter (9). Also the intracerebrovascular infu-
sion of theophylline | ug/min markedly attenuated hypoxic
hyperemia in rats (8) while a similar infusion of 20 gg/min in
adult dogs (7) blocked the flow response to moderate hypoxia
(arterial pO, 47 torr) and partially blocked the flow response to
severe hypoxia (arterial pO, 20 torr). Although the theophylline
concentrations resulting from these intracerebrovascular infu-
sions were not determined, estimates based on the infusion rate
and flow results can be made. Thus, in adult dogs (7), an infusion
of 20 pg/min and a CBF of 30 ml/min would result in a blood
theophylline concentration of 0.7 ug/ml (about 3-4 xmol/liter),
while a concentration of about 5 umol/liter can be estimated in
the study in adult rats (8). Overall these studies of the effects of
theophylline on adenosine-mediated vasodilation and hypoxic
hyperemia support the adenosine hypothesis. Moreover, from a
clinical perspective, theophylline exerts these effects at therapeu-
tically relevant concentrations (1), and clearly alters the relation-
ship between CBF and arterial oxygen content. Inasmuch as this
relationship is important for the maintenance of COD and
CMRO,, this effect of theophylline has potential adverse effects
with respect to cerebral oxidative metabolism.

In the present study, theophylline did not influence regional
CBF responses to hypoxia, despite plasma levels of 55-65 ymol/
liter, which are in the high therapeutic range for the treatment
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of apnea of prematurity (1). Our inability to show that theo-
phylline compromises regional CBF and COD during hypoxia,
as suggested by the adult studies cited above, is reassuring with
respect to the theophylline-medicated neonate. However, the
results do not provide support for the adenosine hypothesis.
Possible explanations for our negative findings include the choice
of anesthesia, the model used, the dosage and route of adminis-
tration of theophylline, and the possibility of confounding effects
of theophylline. The implications of barbiturate anaesthesia have
already been discussed; in addition, barbiturate anaesthesia was
used in a study supporting the hypothesis in adult dogs (7). A
species effect of adenosine seems unlikely, particularly in view
of a recent study in newborn piglets in which a different manip-
ulation of interstitial adenosine produced evidence in favor of
the adenosine hypothesis (29).

With respect to the dosage and route of administration of
theophylline, there are obvious differences between our study
and those studies using intracerebrovascular infusions and topi-
cal theophylline. However, the interstitial fluid theophylline con-
centration is the critical determinant of receptor antagonism,
and assuming that the cerebrospinal fluid theophylline concen-
tration approximates the interstitial fluid concentration, then
interstitial fluid concentrations of 30-40 wpmol/liter were
achieved in the present study. This is comparable to the concen-
tration which attenuated adenosine-mediated vasodilatation and
hypoxic hyperemia in adult cats (32) and rats (9), and is consid-
erably higher than those estimated in the studies using intracer-
ebrovascular theophylline (7, 8). Nevertheless, because the the-
ophylline concentration required to block the cerebral vasodila-
tion produced by physiologically relevant levels of adenosine in
the piglet is unknown, it is possible that our negative results
reflect inadequate perivascular theophylline levels. Further stud-
ies investigating the dose-response relationship between theo-
phylline and exogenous adenosine, and perhaps using more
potent receptor antagonists such as 8-phenyltheophylline (33)
are indicated. The possibility of confounding vascular or meta-
bolic effects of theophylline is suggested by similar discrepancies
when theophylline has been used to study flow control in other
tissues in which adenosine is proposed to subserve vasoregulatory
functions (33, 34). Such discrepancies suggest caution in the
interpretation of our negative results with respect to the adeno-
sine hypothesis. Finally, a recent report in which neither intra-
peritoneal theophylline (30-35 mgm/kg) nor cortical superfusion
with 100 pmol/liter theophylline altered cerebrocortical flow
responses to hypoxia in adult cats (35), is in agreement with our
study. Overall, it is difficult to reconcile these conflicting studies
and unfortunately the results of the present study only add to
the controversy of the role of adenosine in cerebral hypoxic
vasoregulation.

In summary, regional CBF and CMRO, during normoxia and
hypoxia were not affected by pretreatment with theophylline
ethylenediamine 10 mg/kg in barbiturate anaesthetized newborn
piglets. The levels of theophylline achieved were in the high
therapeutic range for the treatment of apnea of prematurity and
the absence of an effect on hypoxic hyperemia is reassuring with
respect to the apneic infant. While the results of this study do
not support a role for adenosine as a mediator of hypoxic
hyperemia in the newborn model of CBF, further studies using
more potent receptor antagonists and other pharmacologic ma-
nipulations of perivascular adenosine are indicated in order to
further investigate this hypothesis.
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