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ABSTRACT: Spreading depression has been implicated in the pathophysiology of a number of diseases such as 
migraine, stroke and epilepsy. The characteristics of this phenomenon were explored in neocortex of anesthetized rats. 
Spreading depression was produced in 10 of 15 animals using mechanical, electrical and chemical stimulation. Mean 
amplitude of the DC shift was -9.3 mV, mean duration at any one electrode 65 sec and rate of spread 2-5 mm/min. 
Spreading depression was facilitated by focal interictal spike activity induced by penicillin and completely blocked by 
the N-methyl-D-aspartate (NMDA) receptor antagonist, DL-2-aminophosphonovaleric acid (APV), providing further 
evidence that excitatory amino acid neurotransmission is a critical element in the development or propagation of the 
phenomenon. 

RESUME: Suppression de la depression propagee de Leao dans le neocortex par un antagoniste du recepteur 
du N-methyl-D-aspartate. La depression propagee a ete impliquee dans la physiopathologie d'un certain nombre de 
maladies, dont la migraine, l'accident cerebro-vasculaire et l'epilepsie. Ce phenomene a ete explore au niveau du neo­
cortex de rats anesfMsies. Une depression propagee a ete produite chez 10 animaux sur 15 en utilisant une stimulation 
mecanique, electrique et chimique. L'amplitude moyenne du deplacement DC a ete de -9.3 mV, la duree moyenne a 
n'importe laquelle electrode de 65 sec et la vitesse de propagation de 2 a 5 mm/min. La depression etait facilit6e par 
une activite de pointes interictales focales induites par la penicilline et bloquee completement par un antagoniste du 
recepteur N-methyl-D-aspartate (NMDA), l'acide DL-2-aminophosphonovalerique (APV), appuyant l'hypothese que 
la neurotransmission par les acides amines excitateurs est un element critique du developpement ou de la propagation 
du phenomene. 
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Spreading depression was defined and characterized by 
A.A.P. Leao in his Ph.D. thesis in 1944, although its effects had 
been observed as early as the late 19th century.1 Leao demon­
strated that focal stimulation of the cerebral cortex of rabbits 
resulted in an attenuation of local spontaneous activity in the 
electrocorticogram (ECoG) as well as evoked cortical potentials, 
in association with an increase in cerebral blood flow due to 
dilation of pial arterioles. In addition, he noted that these effects 
lasted tens of seconds to minutes in any one area and that they 
had the unique property of spreading slowly through the cortex 
like ripples on the surface of a pond at a rate of 2-6 mm/min. 
Subsequently, a distinctive slowly spreading DC potential shift 
was also shown to occur.2 

Spreading depression has been suggested as a pathophysio­
logical mechanism which might explain certain aspects of a 
number of disease states including migraine,3-4 stroke,5 

epilepsy,6 transient global amnesia7 and head injury.8 Although 
excitatory amino acid neurotransmitters have been suggested as 

possible mediators of spreading depression,910 this concept has 
been disputed." However, recent evidence suggests that gluta-
mate in particular is important in the production of spreading 
depression.1214 In preparation for a study of spreading depres­
sion in human cortex, the following experiments were done in 
rats to confirm that recording techniques were satisfactory and 
that appropriate stimuli were being used to induce spreading 
depression. In addition, the effect of the N-methyl-D-aspartate 
(NMDA) receptor antagonist, DL-2-aminophosphonovaleric 
acid (APV) on spreading depression was assessed in these 
experiments. 

METHOD 

Acute experiments were carried out in 15 Wistar rats (250-
350 g) of both sexes anesthetized with urethane (1.15 g/kg IP) 
and placed in a Kopf stereotaxic frame. Body temperature was 
maintained at 37.5 +/-0.3°C using a heating pad and rectal 
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probe. A scalp incision was made and a 4x8 mm craniotomy 
opened over the left hemisphere. The dura was reflected over 
the somatosensory cortex and using the stereotaxic device, a lin­
ear array of three or four platinum ball electrodes (0.5 mm 
diameter, 1.5 mm interelectrode distance) was applied to the 
cortical surface. A reference electrode was placed in the posterior 
neck muscles. The signal from each recording electrode led 
through a silver/silver chloride half cell to a Grass Model 8 
DC/AC amplifier and was stored on magnetic tape (TEAC) for 
offline analysis. 

At least 20 minutes following electrode placement, a stimu­
lus was applied to the cortex 1-2 mm from the first recording 
electrode in an attempt to induce spreading depression. The 
stimulus was mechanical (M) in 12 rats (pressure with a 1 mm 
blunt probe for 1 second), chemical (C) in 9 (intracortical injec­
tion of 0.5-1.0 nl of 15% KC1) and electrical (E) in 7 (0.8 mA, 
50 Hz, 2 ms cathodal current for 1 second). Animals were given 
one or more types of individual stimuli in the following combi­
nations: M = 2, C = 2, E = 0 , M + E = 4, M + C = 4, E + C = l 
and M + E + C = 2. Spreading depression was considered to be 
present if there was 1) transient attenuation of background 
ECoG activity lasting more than 15 seconds, 2) a simultaneous 
negative shift in the cortical surface DC potential and 3) a 
sequential appearance of one or both of these over time at adja­
cent electrodes. 

In 6 of 8 animals from which spreading depression could not 
be elicited, topical sodium penicillin G 100 000 IU/ml was 
applied to the exposed cortex using a 1 mm pledget of litmus 
paper followed by a retrial of stimulation. Focal spike activity 
induced by penicillin is known to facilitate spreading depres­
sion.15 In the 7 animals which had spreading depression without 
the enhancing effect of penicillin, topical 500 ^M APV was 
applied to the cortex prior to additional stimulation. Topical 
normal saline was used as an additional control in four of these 
animals. 

RESULTS 

Spreading depression occurred in 10 of the 15 rats. If it 
occurred in an animal, it was reproducible using any of the three 
types of stimulation as long as there was a latent period of at 
least 10 minutes between stimuli. Within one minute of the 
stimulus application, a bi- or triphasic primarily negative DC 
shift occurred at the first electrode followed by slow spread to 
the other electrodes at a rate of 2-5 mm/min (Figure 1). The 
duration of the negative wave was from 45-80 seconds (x = 65 
seconds) and the amplitude of the negative potential change 
from 5-12 mV(x = 9.3 mV). A low voltage short duration 
prepositivity occurred in some animals and the negative DC 
shift was always followed by a more prolonged after-coming 
positive wave lasting up to five minutes. In 3 animals, K G 
application was followed by recurrent waves of spreading 
depression every three to five minutes lasting up to 15 minutes. 

The spreading DC shift was associated with a simultaneous 
spreading attenuation of the ECoG (Figure 2). Although this 
was observed in 7 animals, low voltage recordings in 3 animals 
before stimulation did not change during spreading depression 
probably because any further attenuation would not have been 
noticeable. 

Local application of penicillin to the cortex in 6 animals pro­
duced typical interictal penicillin spikes with an associated tran­

sient standing DC shift.16 Spreading depression could not be 
induced in any of these animals prior to the establishment of a 
penicillin focus but occurred readily in 3 animals after interictal 
spike activity appeared. 

Figure 3 shows that the application of APV to the cortex of 
seven rats completely blocked spreading depression (p < 0.001, 
Student's T test using either paired or independent variables), an 
effect which was reversible in 4 of the 7 animals after irrigation 
of the cortex with saline to remove APV. Saline application by 
itself prior to APV in 4 animals had no effect on spreading 
depression. 

DISCUSSION 

Spreading depression was produced in the neocortex of two-
thirds of the animals tested using various stimuli. The reason 
spreading depression did not occur in some of the animals is not 
clear but this is a recognized phenomenon particularly in ani­
mals with less lissencephalic brains which are higher in the phy-
logenic scale.17 For example, it is more difficult to obtain 
spreading depression in the monkey than in the cat, in the cat 
than in the rat and so forth. The results of these experiments in 
rats provide a basis for comparison when the same methodology 
is used in forthcoming studies of spreading depression in human 
cortex. 

Spreading depression has been shown to result from transient 
changes in the apical dendrites of pyramidal cells which are trig­
gered by a substance released from adjacent depressed neurons 
which excites contiguous neurons to allow the slow spread to 
occur.17 Although primarily studied in cortex, spreading depres­
sion has been demonstrated in other brain areas as well using 
both in vivo and in vitro techniques.1819 The wave of depression 
is usually preceded by a brief period of excitation in which neu­
ronal spike activity is increased, followed by inhibited neuron 
firing.20-21 At the same time, intracellular recordings have 
revealed a sustained depolarization of pyramidal neurons22 

which occurs in association with a striking increase in extracel­
lular potassium19 and decrease in calcium.13 Potassium efflux 
from neurons23 or glia,24 which results in extracellular potassium 
concentration rising above a critical level,25 may be responsible 
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Figure I —A DC potential shift occurs at sequential electrodes 1.5 mm 
apart following mechanical stimulation of the cortex adjacent to 
electrode I. The stimulus was applied 30 seconds before the first 
DC change appeared at electrode I. 
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Figure 2 — ECoG at three electrodes before (Pre) and at different times after KCI application 2 
mm from electrode I. Note almost complete attenuation of both spindle activity and inlerictal 
spikes which spreads to involve all three electrodes at two minutes. 

for depolarization of adjacent dendrites allowing the abnormal 
activity to spread. 

Focal interictal spike activity increases extracellular potassium 
locally in the cortex.26 If epileptiform activity is sufficiently 
intense, extracellular potassium levels exceed the 10-12 mM 
threshold for spreading depression25 and the spikes begin to 
trigger waves of spreading depression.15 Although spreading 
depression from extrinsic cortical stimulation was facilitated in 
3 of 6 animals after a penicillin spike focus was established, 
spontaneous spreading depression in association with interictal 
spikes did not occur in this study. 

Other evidence suggests that a synaptic mechanism may 
account for these changes. Apart from KCI, the most potent 
stimulus of spreading depression is NMDA.27 In addition, 
spreading depression is associated with various degrees of gluta-
mate release.10"28 These findings strongly implicate amino acid 
neurotransmitters such as glutamate and aspartate in the patho­
physiology of the phenomenon. Our finding that topical APV, a 
specific competitive NMDA antagonist completely and consis­
tently abolished spreading depression supports this contention. 
It is also in agreement with the suppression of spreading depres­
sion in vitro by APV in hippocampal slices13 and in vivo by 
intraperitoneal, non-competitive NMDA antagonists such as 
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ketamine1214 or the competitive antagonist 2-amino-7-phospho-
noheptanoate.14 The effect of such parenteral administration is 
widespread throughout the brain and the concentration reaching 
the cortex is unknown. With topical application of 500 \xM 
APV, the concentration acting at the cortical surface is diluted 
even further by cerebrospinal fluid. APV blocks responses to 
NMDA at concentrations as low as 10 \iM with only minimal 
effect on quisqualate and Kainate responses (see ref. 29 for dis­
cussion). Increasing the concentration as high as 500 (iM pro­
duces little additional effect.30 Therefore it is likely that the 
APV-sensitive receptor affected in spreading depression is the 
NMDA receptor. 

The reason spreading depression could not be obtained fol­
lowing the removal of APV in 3 animals is unclear but may 
relate to the phenomenon of long-term depression. This type of 
prolonged depression of synaptic activity has been demonstrated 
in neocortex and is caused by a sudden increase in intracellular 
calcium such as occurs in spreading depression.31 Unlike long-
term potentiation, it can persist even after NMDA receptor 
blockade. 

NMDA antagonists have a strong antiepileptic effect when 
used in animal models of epilepsy29-32 or in slices of human neo­
cortex obtained at epilepsy surgery.33 They have also been found 
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Figure 3 — The mean potential shift from baseline to maximum nega­
tivity is shown following control stimulation (n = 10). following stimu­
lation after application of APV (n = 7) and following stimulation after 
application of normal saline (n = 4). 

to protect against hypoxic damage to cerebral tissue of the type 
which occurs in stroke.34 Since spreading depression has been 
suggested as a possible mechanism by which both seizures and 
the effects of focal ischemia might be enhanced, part of the pro­
tective effect of NMDA antagonists in these disorders may 
relate to their inhibition of this phenomenon. If spreading 
depression is also important in certain forms of migraine, then 
NMDA antagonists could be explored as possible therapeutic 
alternatives in that condition. Further research being carried out 
with human tissue may provide additional insight into the patho­
physiology and treatment of several of these neurological dis-
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