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Systemic Theophylline Augments the Blood
Oxygen Level-Dependent Response to Forepaw
Stimulation in Rats

Douglas W. Morton, Kenneth R. Maravilla, Joseph R. Meno, and H. Richard Winn

BACKGROUND AND PURPOSE: Functional MR imaging with blood oxygen level-dependent
(BOLD) contrast enhancement is believed to rely on changes in cerebral blood flow and
deoxyhemoglobin level to estimate the location and degree of neural activation. We studied the
relationship between neural activation and the observed BOLD response by using theophylline,
an antagonist of the inhibitory neurotransmitter adenosine and a potent inhibitor of the

vasodilatory response to neural activation.

METHODS: Using a rat model with electrical forepaw stimulation, we performed fMRI
measurements before and after the systemic injection of either theophylline (0.1 mmol/kg) or an
equivalent volume of saline. Changes in the BOLD response were quantified by determining the
number of activated voxels and the amplitude of the BOLD response for each animal in the

theophylline and saline groups.

RESULTS: The theophylline group had a significantly increased BOLD response (70-150%
increased activated voxel count and 60-65% increased BOLD response amplitude) at 45 and 60
minutes after systemic injection compared with baseline. The response of the saline-injected

control group did not change significantly.

CONCLUSION: The administration of systemic theophylline significantly augmented the
BOLD response due to either an elevation of resting deoxyhemoglobin levels or the neuroex-
citatory effect of theophylline. This effect potentially could be used in human fMRI studies to
increase the sensitivity of the BOLD response.

Functional MR imaging (fMRI) with blood oxygen
level-dependent (BOLD) contrast enhancement is
believed to reflect the relative levels of oxy- and
deoxyhemoglobin in the brain, with the local balance
changing as nearby neural activity increases. The re-
lationship is complex, however, because the levels of
oxyhemoglobin and deoxyhemoglobin depend on the
local oxygen consumption, as well as the local cere-
bral blood flow response to neural activity. Findings
from optical studies (1) support the hypothesis that
an activation-induced increase in local cerebral blood
flow causes a dilutional decrease in deoxyhemoglobin
levels. These near infrared spectrometry and laser
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Doppler results show a clear increase in localized
cerebral blood flow and a decrease in the local con-
centration of deoxyhemoglobin in the region of acti-
vated cortex. Changes in the deoxyhemoglobin con-
centration are believed to be the primary cause of
BOLD contrast (2, 3).

On the basis of the model of BOLD theory, one can
hypothesize that a change in the vascular response to
neural activation alters the pattern of BOLD activa-
tion. The purpose of this study was to test this model
by using theophylline, a compound known to perturb
the activity of adenosine, a putative activation-flow
coupling agent (4). Theophylline, an antagonist of aden-
osine A-1 and A-2 receptors, mediates its effect by
crossing the blood-brain barrier and blocking adenosine
A-2 receptors on perivascular smooth muscle cells (5).
Direct visual observations made by using a closed-cra-
nial-window rat preparation have shown that 0.05-0.2
mmol/kg of systemic theophylline significantly attenu-
ates the vasodilatory response to neural activation (6—
8); it also produces a mild baseline decrease in cerebral
blood flow (6).

Using a rat forepaw stimulation model, we sought
to determine the effect of systemic theophylline on
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Physiologic parameters in animals undergoing BOLD experiments
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Pco, (mm Hg) Pao, (mm Hg) MABP (mm Hg)*

Group pH
Systemic saline, control animals (n = 4)
Preinjection 7.42 + 0.03
Postinjection 7.41 = 0.04
Systemic theophylline, test animals (n = 5)
Preinjection 7.40 = 0.04
Postinjection 7.38 = 0.02

36+ 1.6 152 =29 100 =8
37149 126 = 38 96 = 12
36 +19 157 =27 106 =7
3721 166 = 11 106 = 10

Note.—Postinjection values were recorded approximately 90 minutes after systemic injection. Pre- and post-injection values of the parameters did
not differ significantly in either the test group or control group (P = 0.5, ¢ test). The groups did not differ significantly (P = .05, ¢ test).

* MABP indicates mean arterial blood pressure.

the BOLD response, as well as the time course of this
effect.

Methods

Animal Preparation

The University of Washington Animal Care Committee ap-
proved all animal procedures. Our preparation was based on a
well-characterized rat model of cerebrovascular autoregulation
(9). It involved a forepaw stimulation paradigm similar to that
of Hyder et al (10), and it has been previously described (11).
Briefly, adult, male 350-450 g Sprague-Dawley rats (B & K,
Kent, WA) were anesthetized with 4% halothane (Halocarbon
Laboratories, River Edge, NJ) and then maintained with 1-2%
Halothane and 100% O,. Surgical incision sites were further
anesthetized with subcutaneous injections of 2% mepivacaine
hydrochloride (Astra USA, Westborough, MA). Then, a fem-
oral artery and vein were catheterized by using 24- and 22-
gauge catheters, respectively (AngioCatheter; BD Instruments,
Franklin Lakes, NJ), and continuous monitoring of arterial
blood pressure and heart rate was initiated by using an MR-
compatible monitor (BPA-2000 analyzer; Micro-Med, Louis-
ville, KY). A 22-gauge intraperitoneal catheter was then placed
through a small, anterior midline abdominal incision. Next,
tiny, subcutaneous needle electrodes (made from 30-gauge
copper transformer wire) were subcutaneously placed in the
radial and ulnar aspects of the left forepaw. Finally, tracheot-
omy was performed, and the trachea was cannulated with a
14-gauge catheter. Immediately after the initiation of mechan-
ical ventilation, the animal was paralyzed with D-tubocurarine
chloride (Abbott Laboratories, North Chicago, IL; 1 mg/kg
intravenous administration).

Next, a 1:10 (by weight) mixture of a-chloralose (Sigma, St
Louis, MO; 40 mg/kg) and urethane (Sigma; 400 mg/kg) was
administered intraperitoneally (IP), and the halothane anes-
thesia was gradually discontinued during the ensuing 15 min-
utes. The inspired gas was then changed to a mixture of oxygen
and room air; the resultant FiO, was 60%. Finally, the animal
was placed in an MR-compatible stereotactic head holder. MR
imaging was delayed until at least 1 hour after the discontinu-
ation of halothane anesthesia to ensure adequate washout.

On the basis of the results of the arterial blood gas analysis,
ventilator settings and the FiO, were adjusted to maintain the
following parameters: pH, 7.35-7.45; Pco,, 35-45 mm Hg; and
Pao,, 110-180 mm Hg (Table). The animal’s body temperature
was maintained by using a circulating water warming blanket
(Gaymar Industries, Orchard Park, NY). Supplemental doses
of p-tubocurarine chloride (1 mg/kg) were administered every
30 minutes for the duration of the experiment. Supplemental
doses of a-chloralose (10-15 mg/kg IP) with urethane (100—
150 mg/kg IP) were administered approximately every 60 min-
utes for the duration of the experiment.

Once gradient shimming, radio-frequency (RF) transmitter,
and RF receiver gains were set, these parameters and the
animal’s position within the magnet remained unchanged for

the duration of the experiment. At the end of each experiment,
the rat was euthanized under anesthesia, according to approved
protocol.

BOLD fMRI

All experiments were performed with a 1.5-T Horizon Echo
Speed whole-body MR machine (GE Medical Systems, Mil-
waukee, WI) in an RF-shielded room. A 2.5-cm transmit-
receive surface coil (designed in our laboratory by Cecil Hayes,
PhD) was used for all measurements.

We used a standard multisection, two-dimensional, single-
shot, gradient-echo, echo-planar pulse sequence for all func-
tional imaging examinations. BOLD fMRI pulse sequence pa-
rameters were as follows: TR/TE/NEX, 2000/50/1; flip angle,
90°, FOV, 7 X 4 cm; matrix, 70 X 40; and section thickness, 1
mm. The frequency axis and the 7-cm FOV axis were oriented
left-right. Both fat saturation and ramp sampling were enabled.
These parameters resulted in 1-mm? voxels. Ten section loca-
tions were imaged at each time point, with 51 image sets in
each BOLD fMRI measurement. Each measurement lasted
102 seconds and generated 510 images. fMRI measurements
were obtained at intervals of approximately 15 minutes.

Forepaw electrical stimulation was accomplished with 5-V,
0.3-ms, 3-Hz pulses generated by a pulse generator (Grass
Instruments, Quincy, MA). The maximal current delivered
during each pulse was 0.75-1.0 mA. A boxcar pattern of fore-
paw stimulation was used (off/on/off/on/off for 11/10/10/10/10
image sets). The pulse generator was controlled by a computer
(PowerMac 8100/100; Apple Computers, Cupertino, CA) run-
ning PsyScope software (12) via a hardware interface (Psy-
Scope Button Box; New Micros, Dallas, TX). A monostable
multivibrator (74123; Texas Instruments, Dallas, TX) was used
to shape the scope trigger output from the integrated pulse
generator module of the MR unit. This setup allowed PsyScope
to count each image in the fMRI acquisition as it was obtained
and use this count to enable and disable the pulse generator at
precise predetermined times during the acquisition. We en-
sured that the forepaw stimulation pulses did not interfere with
the MR measurements by using bipolar forepaw electrodes
constructed from twisted-pair insulated copper wire to mini-
mize RF emissions.

Theophylline Effect on the BOLD Response

Animals were divided into two groups. The test group (five
animals) received theophylline, 0.1 mmol/kg IP, which was
dissolved in 1 mL normal saline. The control group (four
animals) received 1 mL normal saline IP. Five fMRI images
were obtained in each animal: one baseline and four postinjec-
tion images. Baseline images were obtained 5 minutes before
the IP injection. Postinjection images were obtained 15, 30, 45,
and 60 minutes after the IP injection. Because of technical
problems, one animal in the theophylline group did not un-
dergo 45-minute postinjection imaging.
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Fic 1. Theophylline effect on the BOLD fMRI response to left forepaw electrical stimulation. Data are shown for a single section through
the sensory cortex in a single animal at baseline (left) and 60 minutes after the administration of 0.1 mmol/kg systemic theophylline

(right).

A, The number of activated voxels significantly increased 60 minutes after the administration of systemic theophylline. Arrows indicate
the most significantly activated voxel, which had the same location on both images.

B, BOLD response for the voxel indicated in A. Bars to the right of each graph indicate the average signal intensity during forepaw
stimulation (upper bars) and at rest (lower bars). The double-arrowhead vertical lines to the right of each graph indicate the BOLD
response amplitude. The BOLD response amplitude significantly increased 60 minutes after systemic theophylline compared with the
baseline. Horizontal bars above each graph indicate periods of forepaw electrical stimulation with a 4-second hemodynamic delay.

Data Analysis

To qualitatively detect areas of BOLD activation, prelimi-
nary analysis was performed during the experiment (Func-
Tools; GE Medical Systems) on a UNIX-based workstation.
Images were then extracted into Digital Imaging and Commu-
nications in Medicine format (xginx; GE Medical Systems).
Detailed quantitative analysis was then performed by using the
extracted images and MEDx (Sensor Systems, Sterling, VA)
running on a LINUX-based computer. Z scores were generated
for each voxel by using an unpaired #-test statistic referenced to
a boxcar waveform that matched the pattern of forepaw stim-
ulation, with a 4-second hemodynamic delay. Activation maps
were generated by using thresholds with these Z-score maps.
The activation threshold was individually determined for each
animal, because of variations in overall signal-to-noise ratio
between animals. Once determined, the same threshold value
was used in every measurement for that animal. Cluster anal-
ysis was used to identify clusters of activated voxels.

We observed a single well-defined cluster of activated voxels
in each animal in the contralateral S, cortical area during each
BOLD measurement (Fig 1A). The activated voxel count was
defined as the number of active voxels in this cluster. This

parameter was reported in normalized form by dividing the
activated voxel count from each BOLD measurement by that
animal’s baseline (ie, pretheophylline or presaline) value.

The most significantly active voxel (ie, that with the highest
Z score) in the cluster of active voxels was identified in each
BOLD measurement (Fig 1A). We found that the location of
this voxel remained constant for all BOLD measurements in a
given animal. By using data from the most significantly acti-
vated voxel, the BOLD response amplitude was defined as the
difference between the average signal in this voxel during
forepaw stimulation and at rest (Fig 1B). This parameter was
reported in normalized form by dividing the BOLD response
amplitude for each fMRI measurement by that animal’s base-
line (ie, pretheophylline or presaline) value.

Statistical Analysis
A two-tailed Student ¢ test was used to determine the sig-
nificance of changes in the BOLD response amplitude and
activated voxel count relative to baseline values in the control
and theophylline groups.
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Theophylline Effect on Activated Voxel Count
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Fic 2. Theophylline effect on the BOLD fMRI response to fore-
paw electrical stimulation. Results are the average for five test
and four control animals. Five measurements were obtained in
each animal: one before and four after the systemic injection of
either 0.1 mmol/kg theophylline (n = 5) or an equivalent volume
of normal saline (n = 4). The timing of each acquisition is relative
to the systemic injection. The data for each animal were normal-
ized to the preinjection value. * indicates a statistically significant
difference compared with the baseline (P < .05).

A, The activated voxel count significantly increased 45 and 60
minutes after the administration of theophylline. It did not signif-
icantly change in the control group. The arrow indicates when
theophylline or saline was administered, just after the first fMRI
measurement.

B, The BOLD response amplitude significantly increased 45
and 60 minutes after the administration of theophylline, com-
pared with baseline. It did not significantly change in the control
group. The marker indicates when IP theophylline or saline was
administered, just after the first fMRI measurement.

Results

In both the theophylline group (five animals) and
the control group (four animals), a focal region of
BOLD activation was centered 1-2 mm anterior to
the bregma and 4 mm lateral to midline in the cortex
contralateral to the stimulated forepaw. This finding
was consistent with the location of forepaw sensory
cortex reported in other studies (10, 11, 13-15).

The theophylline group had a significantly in-
creased activated voxel count and BOLD response
amplitude at 45 and 60 minutes after systemic admin-
istration, compared with baseline (Figs 1, 2). The
activated voxel count increased by 70% and 150% at
45 and 60 minutes, respectively, after systemic the-
ophylline administration. Similarly, the BOLD re-
sponse amplitude increased by 60% and 65% at 45
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and 60 minutes, respectively, after systemic theophyl-
line administration. In the control group, these values
did not significantly change at any time point after the
injection of saline.

Measured physiologic parameters, including the
Pao,, Paco,, and blood pressure did not significantly
change in either group, and no significant differences
between the groups were found (P = .05, ¢ test)
(Table). During forepaw stimulation, the mean arte-
rial blood pressure never changed by more than 2 mm
Hg from its value immediately before stimulation.

Discussion

In an attempt to better understand the processes
underlying the BOLD response, we studied changes
in the BOLD response after perturbation of the nor-
mal cerebral blood flow response by using systemic
theophylline. Theophylline is a methylxanthine deriv-
ative that inhibits cerebral vasodilation by antagoniz-
ing adenosine, the putative activation—flow coupling
agent (6). Theophylline has been shown to decrease
activation-induced vasodilation (6, 7, 16, 17); it also
mildly decreases the resting cerebral blood flow.

Our experimental results showed a marked in-
crease in both the BOLD response amplitude and the
total volume of tissue in which the activation thresh-
old was reached (as measured by number of activated
voxels), compared with pretheophylline measures and
findings in saline-treated controls. This increase was
observed in all theophylline-treated animals at 45 and
60 minutes after the systemic injection. The time
course of this effect was consistent with the measured
time course of theophylline levels in the cerebrospinal
fluid after IP administration (6).

fMR imaging of the brain relies on a small but
measurable increase in regional brain signal intensity
of 1-5% that approximates the area of brain activa-
tion. This change in signal intensity is believed to be
the result of changes in local blood concentrations of
oxyhemoglobin and deoxyhemoglobin. Oxyhemoglo-
bin is diamagnetic and has little influence on blood
signal intensity. Deoxyhemoglobin, on the other hand, is
paramagnetic and causes intravoxel dephasing and a
loss of signal intensity. According to the leading theo-
retical model of BOLD imaging, a steady state level of
oxyhemoglobin to deoxyhemoglobin concentrations oc-
curs during resting brain perfusion. After neuronal ac-
tivation, oxygen utilization increases in the activated
tissue; this change is associated with an increase in the
regional cerebral blood flow (rCBF) to meet this in-
creased oxygen demand. However, because of the
known effects of decoupling between metabolic demand
and rCBF, the increase in blood flow is disproportion-
ately large for the modest increase in the amount of
oxygen required. The effect of this excess increase in
rCBF is the dilution of deoxyhemoglobin in the regional
draining venous channels. This relative decrease in the
paramagnetic deoxyhemoglobin level results in an in-
creased signal intensity (caused by a decrease in the
amount of paramagnetic-related signal loss), compared
with the signal intensity in the steady state. The precise
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mechanisms that control the changes in rCBF in re-
sponse to neural activation are incompletely under-
stood.

Other systemic agents have been shown to increase
the BOLD response. Several groups report that acute
hypercarbia, which causes vasodilation and increased
cerebral blood flow, increases the BOLD response
(18-21), likely by means of an adenosine-mediated
mechanism (22, 23). Acetazolamide, another vasodi-
lator, also increases the BOLD response (21, 24, 25).
Theophylline is a generalized vasoconstrictor. With
the dose used in this study, theophylline also has an
effect of decreasing the vasodilatory response to neu-
ral activation (6, 7); in this way, theophylline differs
from these other systemic agents. The precise mech-
anism underlying the effect of each agent on the
BOLD response is not well understood. However,
given the very different effect of theophylline on the
cerebrovascular response to neural activation, one
would expect the mechanism by which theophylline
augments the BOLD response is different from that
of hypercarbia or acetazolamide.

The amplitude of the BOLD response directly de-
pends on the difference between the MR signal in-
tensity during activation and the signal intensity at
rest. Increasing this difference increases the size of
the observed BOLD response. This difference can be
increased either by producing a higher signal intensity
during brain activation or by lowering the baseline
signal intensity during the resting state.

The decreased resting cerebral blood flow due to
the vasoconstrictor response might possibly account
for the increased BOLD response after theophylline.
The dose of theophylline used in this study reportedly
produces a decrease of approximately 10% in the
resting cerebral blood flow (6). If a constant level of
oxygen utilization is assumed, a decreased resting
cerebral blood flow should increase the resting deoxy-
hemoglobin concentration in the venous outflow, re-
sulting in a decrease in the baseline signal intensity in
the brain. If the increased rCBF with activation
causes the signal intensity during activation to in-
crease to the same or similar levels as the pretheo-
phylline baseline level, the result is an increased dif-
ference between the lowered resting state and the
normal or near-normal levels of activated signal in-
tensity (Fig 1B). This increased difference would in-
crease the observed BOLD response.

Recently, similar mechanism was proposed to ac-
count for the effects of anesthesia on the functional
cerebral blood flow (fCBF) response to forepaw stim-
ulation. Similar to the BOLD response, the f{CBF
response is determined by comparing cerebral blood
flow during rest versus activation states. Hyder et al
(26), have shown that the fCBF response during deep
anesthesia is larger than the fCBF response during
light anesthesia. This difference, they postulated, is
due to changes in the resting cerebral blood flow; the
resting blood flow during deep anesthesia is substan-
tially lower than that during rest or light anesthesia.

Prior studies in which the BOLD response was
perturbed have revealed a complex, sometimes con-
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fusing, picture. For example, hypercapnia is associ-
ated with vasodilation and increased cerebral blood
flow. Some groups have shown that hypercapnia in-
creases the BOLD response (27-30), whereas other
groups suggest no significant change is observed (31).
On the other hand, some have shown that hypocapnia
increases the BOLD response (32), and others have
shown that it decreases BOLD contrast (33). The
reasons for these differences are not clear; they may
be related to the experimental technique, the dura-
tion of hypercapnia and/or hypocapnia, or the specific
brain location studied. The complexity of these find-
ings suggests a multifactorial mechanism in which a
given perturbation may affect several underlying
physiologic processes.

Theophylline also has known neuroexcitatory prop-
erties that could potentially account for the increased
BOLD response. Theophylline is an antagonist of the
inhibitory neurotransmitter, adenosine, and it has
been shown to increase the evoked potential levels in
brain sections (34). With such a neuroexcitatory ef-
fect, theophylline could increase the number of neu-
rons that are activated in response to a given forepaw
sensory stimulus. An increase in the number of acti-
vated neurons could increase the volume of tissue
activated. With a volume averaging effect, the BOLD
response amplitude could appear larger than that of
pretheophylline activation. This mechanism is sup-
ported in a recent report by Rees et al (35), who
showed that the level of BOLD contrast is directly
proportional to the average neuronal firing rate.

A paradoxical increase in cerebral blood flow dur-
ing activation is unlikely to have caused our results.
We monitored blood pressure, arterial Po, and Pco,
throughout the experiments. These physiological
measures remained stable and were not significantly
different between the groups (Table). Additionally,
theophylline has been shown to substantially attenu-
ate cortical blood flow and pial vessel dilation during
sciatic nerve stimulation in the rat (7); it also signifi-
cantly decreases the cerebral blood flow response to
whisker stimulation in rat whisker barrel cortex (17).
However, we did not obtain dedicated MR flow mea-
surements to directly quantify the effect of theophyl-
line on the rCBF.

In this study, augmentation of the BOLD response
after systemic theophylline administration was both
robust and reproducible. We proposed several possi-
ble mechanisms to account for these observations.
Additional experimental measurements, such as mea-
surement of the changes in rCBF and resting deoxy-
hemoglobin level caused by theophylline, are re-
quired to distinguish between these possibilities.

Conclusion

With an experimental rat model, the BOLD re-
sponse can be substantially increased by using a sys-
temically administered drug. Potentially, experiments
such as these can help in improving our understand-
ing of the physiologic processes involved with cerebral
activation. In addition, an increase in the BOLD re-
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sponse can potentially increase the sensitivity of the
fMRI technique. This improvement could allow the
detection of more subtle activation patterns, and it
may prove useful in applications that involve subtle
alterations in neural activation, as in the study of
cognitive tasks, neuropsychiatric disorders, and brain
organization.
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