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Rapid Communication

Magnetic Resonance Imaging of Propagating Waves of
Spreading Depression in the Anaesthetised Rat
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Summary: Gradient echo magnetic resonance (MR) im-
aging was used to demonstrate propagating waves of cor-
tical spreading depression (SD) in the anaesthetised rat.
SD was initiated by remote perfusion with 150 mM KCl
applied for 0.5-2 min to the left parietal cortex. Gradient
echo MR images were obtained every 12-30 s in either a
vertical coronal section or a horizontal section including
the superficial cortex in plan view. Within 2 min of ap-
plication of KCl, we observed a zone of increased signal
intensity (3-15%) on the MR image, up to 2 mm across,
lasting approximately 1 min and propagating away from

the site of initiation. The mean velocity for 27 of such
waves seen in seven animals was calculated to be 2.79
mm/min, with means (£SD) in individual animals aver-
aging 2.90 = 0.46 mm/min (n = 7). Increased signal in-
tensity in gradient echo images has been attributed to an
increased level of oxygenation within the venous blood.
Our results are consistent with this interpretation al-
though other physiological changes during SD may also
contribute to the signal changes. Key Words: Cortical
spreading depression—Magnetic resonance imaging—
Rat.

Spreading depression (SD) in susceptible tissue
occurs following interventions such as trauma, isch-
emia (Nedergaard, 1988), raised extracellular potas-
sium ([K*].), and neuronal hyperactivity (Ledo,
1944a; Bures et al., 1974). It propagates reliably in
rat cortex, producing reduced [Ca®*],, a nondecre-
menting wave of increased [K ], release of trans-
mitters, depression of neural activity, cell swelling,
and extracellular negativity. SD is known to occur
in cortical tissue surrounding an acute ischemic le-
sion (Nedergaard and Astrup, 1986), and although
its involvement in the infarction process is not
clear, there is some evidence to suggest that the
suppression of SD results in reduced infarct volume
(Gill et al., 1992; Iijima et al., 1992). SD is readily
initiated in the cerebral cortex of the rat by a num-
ber of stimuli, including K*. The wave of SD
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spreads from the site of origin and eventually in-
vades the entire ipsilateral cortex, affecting each
zone profoundly for approximately 1 min. A second
wave can usually be elicited by an adequate stimu-
lus within 5 min, and multiple waves can occur with
continuous stimulation or in some special circum-
stances with recirculating wave patterns (Bures§ et
al., 1974). It is thought possible that a similar phe-
nomenon may occur in humans and contribute to
the pathophysiology of migraine (Leao and Mori-
son, 1945; Milner, 1958; Lauritzen and Olesen,
1984), trauma (Gardner-Medwin, 1992), and stroke
(Hansen and Lauritzen, 1984). Clearly, a noninva-
sive technique capable of demonstrating propagat-
ing waves of SD could be of great value in charac-
terising the pathophysiology of these conditions.
Magnetic resonance (MR) is a valuable noninva-
sive tool for localising structural and chemical ab-
normalities in brain tissue. Recently it has been
shown that MR imaging can demonstrate physiolog-
ical changes in human brain tissue, on a time scale
of seconds, during activation of visual or motor cor-
tex (Kwong et al., 1992; Ogawa et al., 1992; Ban-
dettini et al., 1992). The mechanisms responsible
for these changes have been attributed primarily to
alterations in the deoxyhaemoglobin content of ve-
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nous blood. The purpose of this study was to deter-
mine whether similar imaging techniques could be
used to demonstrate propagating waves of SD in the
anaesthetised rat. Preliminary findings have been
presented elsewhere (van Bruggen et al., 1993).

MATERIALS AND METHODS

Rats (male, Sprague-Dawley, weighing 230-300 g)
were anaesthetised with halothane in oxygen (1.5-2%) for
all surgical procedures. The skin above the skull was re-
moved to expose the skull. The dura was excised, and a

region of left parietal cortex was exposed through a 4.5-
mm-diameter craniotomy centred ~4 mm lateral and §
mm behind the bregma. A silicone rubber chamber
equipped with inlet and outflow tubing for perfusion was
placed over the hole. Spreading depression was initiated
with 150 mM KCl applied to the left parietal cortex and
washed out with NaCl (150 mM). In most experiments,
NaCl solution was constantly perfused through the cham-
ber at a rate of ~1 ml/min and was switched to 150 mM
KCl for 1-3 min for initiation of SD. In two experiments,
including that for Fig. 1, fluid was static except for 1 ml
flushing with 150 mM NaCl or KCI. Flushing with fresh
NaCl, which does not elicit SD, did not produce either

FIG. 1. Changes of MR image signal intensity
recorded from regions of interest in a coronal
slice through the brain of an anaesthetised rat
(a) are shown (b). KCI was applied during image
2 and washed out during image 4. Images were
collected at 21-s intervals. Regions of interest
are individual pixels (0.8 mm?) shown superim-
posed on a standard atlas diagram (Paxinos and
10% Watson, 1986) corresponding to the slice (to
0 scale). The slice was 2 mm thick and 3 mm an-
terior to the centre of the chamber, which is
drawn in projection. Data are superimposed
from three successive KCl applications, produc-
ing three waves of spreading depression as
shown by simultaneous voltage records (c). MR
signal changes (b) are in the same order top to
bottom as shown in (a) and are expressed as
percentage differences from the mean for the
same pixel throughout the records shown. Data
are omitted for clarity from images 2—4 on two of
the runs and from image 6 on the third run,
since these images contained artifacts due to
movement or interference.
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FIG. 2. Distribution of zones of increased MR signal intensity in successive images (at 12.2-s intervals) following induction of
spreading depression as in Fig. 1. White zones are those in which each image exceeds a reference image (no. 27), taken prior
to the sequence shown, by more than 5.5% of the average intensity over the whole brain. A single raw gradient echo image (no.
29) is shown in the top left panel. Regions above threshold for images 30-44 are shown in the remainder of the left-hand four
columns, superimposed on a conventional (spin-echo) image to reveal the relationship to brain structure. Grey-level maps of the
difference between images 32, 36, 40, 44, and the reference image are shown in the right-hand column. KCI was applied during
images 12-15 (finishing 3 min before the start of the illustrated sequence), and the electrically monitored SD wave began during
image 30. Images were smoothed in time and space before subtraction, using a kernel (0.25, 0.5, 0.25) in t, x, y; i.e., each pixel
value is replaced by the sum of its own value times 0.5 plus the values of its immediate neighbours times 0.25, repeating the
operation for the temporal sequence of images and for each spatial dimension. MR imaging parameters are as follow: TR, 80 ms;

TE, 40 ms; 0.3-mm pixels, NEX, 2; 1-mm slice thickness; 64 phase-encoding steps; imaging time, 12 s per image.

electrical changes or propagating MR imaging changes,
though image artifacts due to the movement were seen in
the image taken during the flushing. Propagation of SD
waves away from the chamber was verified with voltage
recordings between a 2-mm-diameter subdural Ag-AgCl
ball electrode 2 mm anterior to the bregma and a s.c.
reference electrode in the neck. An even layer of Agar gel
(3% in 0.9% NaCl) was placed around the apparatus on
the skull to reduce magnetic susceptibility artifacts. The
level of anaesthesia was reduced to 1-1.5% halothane in
oxygen and maintained at this level for the duration of the
MR imaging experiments. MR imaging data were ac-
quired using a 2.35-T horizontal magnet (Oxford Instru-
ments, Oxford, United Kingdom) interfaced to an SMIS
console (Surrey Medical Imaging Systems, Surrey,
United Kingdom). MR imaging experiments were per-
formed with the rats held rigid in a plastic frame so that
the parietal surface of the skull was horizontal within the
magnet. Core temperature and respiratory rate were mon-
itored throughout, and the rats were kept warm (33-38°C)
with water or air circulation. Radio-frequency pulses
were delivered by a cylindrical whole-body transmitter
coil and received with a 2.5-cm-diameter surface coil
placed ~2 mm above the skull surface. Gradient echo MR
images were obtained every 12-30 s in either a vertical
coronal section (Figs. 1 and 2), a parasagittal section, or
a horizontal section including the superficial cortex in
plan view (Fig. 3). Imaging parameters were typically:

repetition time (TR), 80-100 ms; echo time (TE), 3040
ms; either 128 or 64 phase-encoding steps and two aver-
ages per step (NEX); field of view (FOV), 40 mm,; slice
thickness, 1 or 2 mm. The pulse angle was adjusted to
give maximum signal on control images. A pilot series of
spin-echo images was acquired to locate the slice of in-
terest.

RESULTS AND DISCUSSION

Within 2 min of application of KCI, we observed
a zone of increased signal intensity (3—15%) on the
MR image, up to 2 mm across, lasting ~1 min and
propagating away from the site of SD initiation for
distances up to 9 mm. With coronal sections close
to the initiation chamber, the zone of increased sig-
nal intensity was restricted to the superficial 1-2
mm of the brain and moved in a curve through tem-
poral cortex (Figs. 1 and 2), usually as far as the
rhinal fissue (~9 mm from the centre of the cham-
ber). The time courses of three successive waves in
one animal are shown in Fig. 1. Sometimes the zone
propagated part of this distance and then subsided,
varying sometimes between successive waves in
the same animal. We saw no consistent indications
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FIG. 3. a: Threshold gradient echo MR images from a horizontal slice through the superficial cortex, superimposed on a
high-resolution gradient echo image of the same slice. Images were acquired every 25 s. KCl was applied at the starred region
during images 40-42, ~2 min before the start of the sequence shown. b: Voltage record shows SD recorded at the monitoring
electrode. The approximate times at which the zone of enhanced MR signal reached and passed beyond the electrode site are
shown by circled dots, and the site of the electrode is marked on the corresponding images by the same symbol. Signal-to-noise
ratio was improved by smoothing images four times in time and three times in space with the kernel given for Fig. 2 and
thresholding the second time derivative of the resulting sequence. Thresholds correspond approximately to a 2% signal increase.
MR imaging parameters are as follow: TR, 90 ms; TE, 30 ms; 0.3-mm pixels; NEX, 2; 1-mm slice thickness; 128 phase-encoding

steps; imaging time, 25 s per image.

of zones of increased intensity entering the entorhi-
nal cortex at the base of the brain, hippocampus,
thalamus, or the contralateral side of the brain. We
occasionally saw large and variable signals close to
the midline in small zones around the sagittal sinus
or third ventricle, more prolonged than the changes
propagating through the cortex, with both increases
and decreases of intensity; these changes may have
been due to tissue displacement, due to edema, or
blood flow changes.

The mean propagation velocity for 27 of these
waves of increased signal intensity in seven ani-
mals, corrected for temperature variation to 38°C
with a Q,, of 1.7 (Bures et al., 1974), was 2.79 mm/
min, with the means (=SD) in individual animals
averaging 2.90 = 0.46 mm/min. The duration of the
changes varied from site to site in the range of 1-2
min, longer than the negativity recorded at the mon-
itoring electrode (0.5-1 min).

Signals with the best signal-to-noise ratio during
SD were obtained for the temporal cortex seen in
coronal sections (Figs. 1 and 2). This tissue is nor-
mally inaccessible for study of SD with invasive
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techniques. The poorer quality of data from super-
ficial cortex is at least in part due to artifactual dis-
tortion of the images in the regions of the electrode
and chamber (Fig. 2, top left panel), with the loss of
gradient echo MR signal due to the magnetic sus-
ceptibility effects of neighbouring boundaries. This
limitation prevented us from obtaining data from
cortical regions immediately under the chamber and
lessened the accuracy with which we could study
the time relationship between the voltage changes
and the propagating wave, as seen on the MR im-
age, in the neighbourhood of the electrode. We
were able to reduce but not eliminate these artifacts
by using an even layer of Agar gel (3% in 0.9%
NaCl) surrounding the apparatus on the skull. We
could then see waves of SD in plan view propagat-
ing away from the chamber, restricted to the ipsi-
lateral cortex, past the anterior superficial monitor-
ing site (Fig. 3). The increase of MR signal in the
neighbourhood of the electrode site occurred within
about 30 s of the onset of negativity (Fig. 3b).
Gradient echo MR imaging sequences have been
shown to be sensitive to alterations in the oxygen-



MRI OF SPREADING DEPRESSION 11

ation state of haemoglobin within the local cerebral
vasculature (Ogawa et al., 1990a). The presence of
paramagnetic deoxyhaemoglobin causes loss of sig-
nal (Thulborn et al., 1982) due to spin dephasing in
the resulting local field gradients near blood vessels
(Ogawa et al., 1990b). The increase in signal inten-
sity that we have observed with SD could thus be
due to an increase of tissue oxygenation and arteri-
alization of venous blood, which have been ob-
served in SD (Ledo, 1944b; Back et al., 1993). How-
ever, there are many profound changes of tissue
physiology in SD, and we cannot rule out other pos-
sible mechanisms. The pulse sequence used in these
studies has a degree of T1-weighting and, as such,
may be sensitive to alterations in cerebral blood
flow due to inflow of unsaturated spins from outside
the image volume. It remains to be seen to what
extent alterations in deoxyhaemoglobin concentra-
tion of the tissue, cerebral blood flow, or some
other aspect of SD contribute to signal changes seen
in these experiments.

If SD can occur in human cortex, it would readily
explain some symptoms (fortification spectra, sco-
tomata, etc.) in the aura of classical migraine (Leao
and Morison, 1945; Milner, 1958). A common pat-
tern of symptoms relates to profound cortical dis-
turbance that propagates at a steady rate of ~3 mm/
min through limited regions of human cortex (Lash-
ley, 1941). If this disturbance is indeed SD, we must
suppose that much of the cortex in humans is not
susceptible to SD propagation, as has been shown
for other primates (Marshall, 1959). It is therefore
perhaps not surprising that recordings during neu-
rosurgery rarely provide evidence of SD propaga-
tion (Blau, 1992; Gloor, 1986). SD-like events may
occur in particular circumstances and particular
brain regions and may, even in humans, contribute
to secondary insults causing damage following
stroke or trauma (Iijima et al., 1992). If so, adequate
study of such transient disturbances would benefit
from noninvasive techniques such as we have em-
ployed here.
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