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Abstract
Objective—N-methyl-D-aspartate (NMDA) is a powerful cerebrovascular dilator in vivo. Cortical
spreading depression (CSD) has recently been shown to contribute to the pial arteriolar dilation in
mice. Our main aim was to examine the participation of CSD in the overall cerebrovascular response
to NMDA in the rat.

Methods—Anesthetized Wistar rats (eight weeks old) were equipped with a closed cranial window
to allow topical application of NMDA (10−5–10−3 M) to the parietal cortex. Cortical blood flow
(CoBF) under and outside the cranial window was simultaneously monitored by using a two-channel
laser-Doppler flowmeter. CSDs were detected by recording the changes in the cortical DC potential.

Results—Concentrations of 10−4 and 10−3 M of NMDA evoked single CSDs associated with rapid,
transient hyperemia, followed by a sustained, but reduced, increase in CoBF. The latency and
magnitude of the CoBF responses were dose dependent. The higher dose resulted in shorter latency
(100 ± 5* vs. 146 ± 11 seconds, *P < 0.05; mean ± standard error of the mean) and larger overall
flow response (77 ± 12* vs. 28 ± 3% from baseline) under, but not outside, the cranial window.

Conclusions—NMDA elicits dose-dependent increases in CoBF that are composed of CSD-
dependent and -independent components in rats.
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INTRODUCTION
Glutamatergic neurotransmission is ubiquitous in the brain and plays a key role in
neurovascular coupling via activation of ionotropic [N-methyl-D-aspartate (NMDA), alpha-
amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA), and kainate] and metabotropic
receptors [8,21,27,45]. Activation of NMDA receptors has been shown to elicit dose-dependent
cerebrovascular dilation in vivo in numerous species, including rats, rabbits, and newborn pigs
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[10,16,19,32]. It has been hypothesized that the stimulation of NMDA receptors on neurons
and the consequent membrane depolarization/Ca++ influx result in the production of
vasodilator mediators, such as nitric oxide (NO), and ultimately leads to cerebral vascular
relaxation, thereby adjusting the cortical blood flow (CoBF) to the local metabolic activity
[4,14,16,21].

The concept of NMDA-receptor activation contributing to the generation and propagation of
cortical spreading depression (CSD) is well established; synthetic antagonists of NMDA
receptors are potent inhibitors of CSD development in numerous experimental models [22,
29,31,37]. CSD is a self-propagating wave of cellular depolarization in the cerebral cortex that
is typically evoked by localized trauma, excess neuronal firing, potassium chloride, or
neurotransmitter application and is associated with short-lived, but dramatic, increases in
CoBF. The underlying mechanisms of this cerebral hyperemia are very complex and probably
require the contribution of diverse cell types within the neurovascular unit as well as a wide
range of vasoactive factors, depending on age, species, and metabolic status of the cerebral
cortex [8].

Because NMDA dilates pial arterioles via species-and age-dependent mechanisms and is
implicated in CSD initiation and propagation, it is possible that, under some circumstances,
NMDA-evoked CSDs contribute to the overall vascular responses. The recent findings of
Ayata and Moskowitz [2] support this concept by providing evidence that, in mice, NMDA-
induced pial arteriolar dilation is, at least partially, mediated by CSD. These researchers also
suggest that, in some former studies where electrophysiological analyses were not performed,
the apparent dose-dependent nature of the pial arterial responses was due to the increasing
prevalence of CSDs in conjunction with the increasing concentration of NMDA. It is unclear,
however, whether a similar complex interaction between CSD and the direct effects of NMDA
occurs in other animal models.

Most data on NMDA-induced cerebrovascular changes have been acquired through studies on
pial arteriolar diameters, which may or may not fully represent the overall response of the
cerebral vasculature. We have shown previously that pial arterial responses most likely
underestimate CoBF responses, and that in some situations the changes in diameter of pial
arterioles may not accurately reflect alterations in resistance occurring in parenchymal or large
arteries [9,11,40]. The aim of our study was to critically examine the effect of NMDA on CoBF,
using laser-Doppler flowmetry, and to test whether CSD-related cortical hyperemia contributes
to the overall NMDA-induced cerebrovascular response in the rat. To further clarify the
glutamatergic cerebrovascular responses, we also determined if glutamate, AMPA, or kainate
induced cortical hyperemia/CSD similar to NMDA, and if coapplication of glutamate or
AMPA with NMDA would modify the NMDA-induced CoBF response by affecting CSD.
Additionally, we studied the effect of NMDA on CoBF in newborn pigs, since NMDA-induced
cortical hyperemia has not been reported in this species, although dose-dependent NMDA-
induced pial arteriolar vasodilation has been extensively studied. Because the newborn pig is
resistant to KCl-induced CSDs [15], NMDA-induced cerebrovascular changes are likely not
confounded by CSDs in this subject. Therefore, use of piglets will allow us to compare the
NMDA-evoked CSD-independent cerebral hyperemia across experimental models.

MATERIALS AND METHODS
Animals

Adult Wistar rats (male, eight weeks old, body weight 270–320 g, n = 57) and newborn pigs
(male, one to three days old, body weight 1.6–2.4 kg, n = 9) were used in our experiments.
Animals were maintained and used in compliance with the principles set forth by the Animal
Care and Use Committee of Wake Forest University Health Sciences.
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Surgical Procedures
Rats were anesthetized with pentobarbital [Nembutal; Hospira Inc., Lake Forest, Illinois, USA;
60–70 mg/kg intraperitoneally (i.p.) for induction and 25 mg/kg intravenously (i.v.) for
maintenance]. This anesthetic is known to have no influence on CSD generation and
propagation [26,28]. The surgical sites were treated with lidocaine (2%; Abbott Laboratories,
North Chicago, Illinois, USA) locally for analgesia. Rats were intubated via tracheotomy and
mechanically ventilated with room air and supplemental oxygen. Ventilation parameters were
adjusted to maintain normal end-tidal CO2 levels (~40 mmHg), which were continuously
monitored by a capnometer (Micro-Capnometer; Columbus Instruments, Columbus, Ohio,
USA). The right femoral artery and vein were cannulated to measure arterial blood pressure
and to administer drugs and fluids. A water-circulating heating mat was used to maintain the
body temperature at ~37°C, which was monitored with a rectal probe. Arterial blood-gas
tensions and pH were determined to verify the end-tidal pCO2 levels.

The heads of the rats were fixed in a stereotaxic frame, and a closed cranial window was inserted
in the following manner. An incision was made on the scalp, and the soft tissues were retracted
from the calvaria. A circular craniotomy was made over the right parietal cortex (~4 mm in
diameter; the center of the window was 3 mm lateral and 4 mm caudal to the bregma), and then
the dura was carefully removed. A ~2-mm-high rim was formed around the craniotomy, using
bone wax, and was stabilized with cyanoacrylate. Two plastic tubes were inserted into the rim
as input and output ports to enable drug administration and flushing of the brain surface. The
window was sealed with Parafilm (American National Can, Greenwich, Connecticut, USA),
through which a laser-Doppler probe (referred to as probe 1) was guided onto the surface
(Figure 1). The window was filled with artificial cerebrospinal fluid (aCSF; composition in
mg/L: 220 KCl, 7714 NaCl, 665 dextrose, 251.4 CaCl2, 61.9 MgCl2, and 2066.6 NaHCO3;
bubbled with 5% CO2 in N2 and maintained at 37–38°C). Two additional holes were drilled
under saline cooling over the right frontal cortex close to each other, one for a second laser-
Doppler probe (probe 2) and one for a DC electrode, to verify the presence of possible CSDs.
The distance between the two Doppler probes (7–8 mm) was measured to calculate CSD
velocity. The dura was also removed under probe 2. The Doppler probes were mounted on
micromanipulators and positioned so that they touched the surface of the brain, avoiding larger
pial vessels. CoBF was monitored by using a two-channel laser-Doppler flowmeter (Periflux
4001 master; Perimed, Stockholm, Sweden). An Ag-AgCl electrode (1 mm in diameter) was
connected to a DC amplifier (DAM 50, Differential Amplifier; World Precision Instruments,
Sarasota, Florida, USA) for the measurement of DC potentials. A reference platinum electrode
(Grass; Astro-Med, West Warwick, Rhode Island, USA) was fixed in the neck muscles.

Piglets were anesthetized and underwent surgery, as previously described [10], with some
modifications. Anesthesia was induced with pentobarbital (50–60 mg/kg, i.p.) and minimally
supplemented by α-chloralose only when needed (in four of nine animals; Sigma, St. Louis,
Missouri, USA; 5–10 mg/kg, i.v.). α-chloralose is known to have no effect on CSD, similar to
barbiturates [28]. A catheter was inserted in the right femoral artery to monitor blood pressure
and blood chemistry. Drugs and fluids were administered through a second catheter placed in
the right femoral vein. The animals were intubated via tracheotomy and mechanically
ventilated with room air. The ventilation rate (~30 breaths/min) and tidal volume (~20 mL)
were adjusted to maintain the end-tidal CO2 level and arterial blood-gas parameters in the
physiological range. The end-tidal CO2 level was monitored continuously, using a capnometer
(Micro-Capnograph CI240; Columbus Instruments). A water-circulating heating pad was used
to maintain the body temperature at ~37°C; core temperature was monitored with a rectal probe.
The cranial window consisted of a stainless steel ring with three needle ports for drug
administration, and aCSF flushing and was covered with Parafilm to facilitate the placement
of Doppler probe 1 and the DC electrode onto the brain surface. For DC potential measurement,
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the same types of recording and reference electrodes were used as in the rat experiments, with
appropriate changes in placement. according to the morphology of the piglet. Following
surgery, the closed window was filled with aCSF [10]. For the placement of Doppler probe 2,
a hole was drilled 5–8 mm anterior to the window (so that the maximal distance was 10 mm
between the two probes) and the dura was removed.

Protocol
After reaching a stable baseline CoBF, the vehicle (aCSF) was superfused through the window
to provide an experimental control for drug application in all animals. In rats, NMDA (group
1A; n=8) or glutamate (group 1B; n=10) (both drugs were purchased from Sigma, dissolved
in aCSF) were administered topically at 10−5, 10−4, and 10−3 M concentrations for 10 minutes,
interrupted by 10-minute-long drug-free periods when the surface was flushed with aCSF. To
examine reproducibility, 10−4 or 10−3 M (n = 6) of NMDA was applied on the surface twice
(group 2). In group 3 (n = 11), glutamate (10−3 M) was applied for 10 minutes prior to the
coapplication of 10−4 and 10−3 M of NMDA. In group 4 (n = 8), the CoBF responses to AMPA
(10−5 and 10−4 M, dissolved in 0.1 M of NaOH to 2 × 10−2 M and further diluted with aCSF;
Acros Organics, Morris Plains, New Jersey) were characterized. In group 5 (n = 8), NMDA
(10−4 and 10−3 M) was coapplied with AMPA (10−4 M) after a 10-minute incubation period
with this latter agonist. In group 6 (n = 6), the brain surface was treated with 10−5 and 10−4 M
of kainate (Sigma, dissolved in aCSF) for 10 minutes.

In piglets, the effects of topical NMDA (10−4 and 10−3 M, group 7A; n = 5) on CoBF were
determined. The brain surface was exposed to NMDA for 10 minutes, after which this stimulus
was removed with aCSF. DC potential and CoBF recording continued for an additional 20
minutes. In group 7B, CoBF responses to glutamate (10−4 and 10−3 M, n = 4) were evaluated
similarly. In five animals, at least 30 minutes after the removal of the highest dose of NMDA/
glutamate, we attempted to evoke CSDs by using repeated pinpricks (26-G needle, 1–2 mm in
depth) as a mechanical stimulation. CoBF and DC potential were recorded in a 30-minute
period following each pinprick.

CoBF, DC potential, blood pressure, and end-tidal CO2 were recorded continuously by PC-
based software (IOX; EMKA Technologies, Falls Church, Virginia, USA). At the end of the
experiments, the anesthetized animals were euthanized with an i.v. injection of saturated KCl
solution. At this time, a biological zero for the laser-Doppler signal was determined. Data were
analyzed offline.

Data Analysis
CoBF was recorded in arbitrary perfusion units. The biological zero was subtracted from the
absolute values, and CoBF data were normalized to the average flow of five minutes prior to
drug application. We evaluated CoBF responses in two ways, depending upon the experimental
protocol and whether a CSD occurred during the application of drugs. In situations in which a
CSD was absent, we determined the maximal CoBF response occurring over a one-minute
interval. In situations in which a CSD occurred, we determined the maximal increase or peak
CoBF response, the latency between the beginning of drug application and peak CoBF, and
integrated CoBF responses within different time intervals.

Data were analyzed by one- or two-way ANOVA for repeated measures or by one-way
ANOVA, followed by Tukey’s exact test, where appropriate. Reproducibility of NMDA-
induced CoBF responses (group 2) was tested with the one-sample t-test. To compare the
frequency of CSD occurrence between groups, Fisher’s exact test was used. A value of P <
0.05 was considered significant. Data are represented as mean ± standard error of the mean;
n reflects the number of animals.
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RESULTS
Body temperature, arterial blood pressure, end-tidal CO2 level, and blood gases were
maintained within the normal range and did not vary significantly among different groups or
during experiments. For example, in group 1A, rectal temperature was 37.1 ± 0.1°C, mean
arterial blood pressure was 106 ± 5 mmHg, and while ventilation parameters were set to reach
the normal end-tidal CO2, which was approximately 5%, arterial oxygen tension was 147 ± 5
mmHg, arterial carbon dioxide tension was 40 ± 1 mmHg, and pH was 7.39 ± 0.01. Also, raw
baseline laser-Doppler flowmetry data (in arbitrary perfusion units; PUs) were similar among
groups and did not shift considerably over the course of experiments. Baseline perfusions under
the window were 163 ± 16 and 147 ± 14 PU in group 1A and 1B, respectively. Flushing of the
brain surface with aCSF did not affect the CoBF significantly.

NMDA Induces CSD and Dose-Dependent CoBF Increase in the Rat
Topical NMDA at 10−5 M did not change the local CoBF significantly (5 ± 3%) and did not
evoke any CSDs (0/8 trials). However, after the application of higher concentrations of NMDA
(10−4–10−3 M), a rapid onset, but transient hyperemia, was observed, followed by a reduced,
but sustained, elevation of CoBF under the cranial window (recorded by probe 1).
Subsequently, a negative direct current (DC) potential shift (5–10 mV) and a characteristic
CoBF increase were detected at the distant registration site (probe 2), confirming the induction
of a CSD by NMDA (Figure 1).

The CoBF responses to 10−4 and 10−3 M of NMDA were significantly different (Figure 2,
upper panel). The higher dose of NMDA evoked CSD-related hyperemia with a significantly
shorter latency (i.e., the time from the beginning of drug application to the maximal elevation
in the flow) than the lower concentration (Figure 3A). The total CoBF increase (expressed as
the integrated average of eight minutes after the flow maximum), the amplitude of the first,
rapid CoBF increase (referred to as a peak), and the second, sustained CoBF increase or wave
(defined as a five-minute period starting one minute after the peak) all showed prominent dose
dependency (Figure 3B–3D) at the site of NMDA application. However, at the distant recording
site, features of the CoBF responses were not concentration dependent (Figure 2, lower panel).
The total CoBF responses detected by probe 2 were 21 ± 5 and 36 ± 8% (P = 0.094), the peak
CoBF increases were 213 ± 21 and 278 ± 28% (P = 0.058), and the magnitude of the waves
were 10 ± 3 and 21 ± 6% (P = 0.102) after the 10−4 and 10−3 M NMDA doses, respectively.

The time intervals between the two peaks detected at the two sites were similar: 91±6 and 98
±7 seconds when administering NMDA at 10−4 and 10−3 M concentrations, respectively (P =
0.24). The calculated velocities of 5.1±0.4 and 4.8±0.4 mm/min for 10−4 and 10−3 M,
respectively, are consistent with published rates of CSD propagation [20], and confirmed that
the detected CSD spread from the initiation site within the cranial window.

We demonstrated that repeated application of the same concentration of NMDA (group 2)
induced remarkably similar CoBF elevations, which verified that dose-dependent responses
seen at the site of the drug application were not due to hypersensitivity caused by the previously
induced CSD. The ratios of second to first CoBF responses with NMDA application were 0.96
±0.09, 1.04±0.11, and 1.05±0.12 for the peak, total, and wave values, respectively, which were
not significantly different from the expected value of 1.

Glutamate Does Not Elicit CSD or CoBF Increase
In contrast to NMDA application, administration of glutamate (10−5–10−3 M) failed to increase
CoBF significantly (maximal change was 9±2% at 10−3 M; P = 0.25) or to evoke a CSD (0/10
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trials at each concentration). The CoBF and the DC potential were constant at the distant
registration site following glutamate application.

AMPA Does Not Elicit CSD but Increases CoBF
AMPA did not evoke CSD but increased CoBF by 6.8±1.7 and 17±5%* (expressed as average
CoBF change of one minute at maximal rate of hyperemia; *P < 0.05) for 10−5 and 10−4 M on
AMPA, respectively (group 4). The CoBF increase was gradual, reaching the maximum from
the fourth to fifth minutes of application. However, CoBF did not change at the distant
registration site and the DC potential remained constant.

Glutamate and AMPA Reduce the Frequency of NMDA-induced CSDs but Do Not Affect the
CSD-Independent Component of NMDA-induced CoBF Increases

Glutamate was able to limit NMDA-induced CSD development (group 3) when it was
coapplied with 10 −4 M (CSD failed to occur in 5 of 11 animals; *P < 0.05) but not with
10−3 M of NMDA (CSD occurred in all 11 animals). Despite the suppression of CSD expression
with glutamate coapplication in the five animals, NMDA at 10−4 M still increased the CoBF
significantly (Figure 4) to a level consistent with the post-CSD wave when only NMDA was
applied (Figures 2–4).

Coapplication of AMPA also interfered with CSD induction by NMDA (group 5). AMPA
(10−4 M) prevented the initiation of CSDs in all eight animals when coapplied with 10−4 M
(*P < 0.05), and prevented occurrence of CSD only in one of eight animals when coapplied
with 10−3 M of NMDA. Despite the absence of CSD, coapplication of 10−4 M of NMDA still
resulted in a significant increase in CoBF, as compared with 10−4 M of AMPA alone (Figure
4).

Kainate Does Not Elicit CSD but Increases CoBF
Kainate (group 6) increased CoBF by 36±6* and 114±16%* (10−5 and 10−4 M, respectively;
*P < 0.05) but did not induce CSD in rats. However, in contrast to AMPA and NMDA, CoBF
did not return to baseline, even after repeated aCSF flushing. Consequently, due to the
magnitude and the prolonged nature of the CoBF response, we did not coapply kainate with
NMDA.

NMDA Elicits Dose-Dependent CoBF Increase without CSD in the Piglet
Topical application of NMDA (group 7A) produced concentration-dependent increases in
CoBF, as recorded under the cranial window (Figure 5). The pattern of the CoBF responses
was not consistent with those seen in the rats during NMDA application (Figure 5), and we
did not detect significant CoBF changes at the second, distant registration site outside the
window (3±2 and 2±0.5% to 10−4 and 10−3 M NMDA; P=0.7 and 0.9, respectively). The DC
potential decreased gradually (by 5–10 mV) and returned to the baseline level in approximately
two to three minutes after removal of the NMDA with aCSF. Local activation of cortical
neurons with “pinpricks,” using a sterile needle, although sufficient to cause CSD in other
models, also failed to initiate CSD (0/5 animals) or significantly change CoBF in piglets (3.2
±1.2% in response to the first pinprick; P=0.5). In group 7B, we did not detect the presence of
CSDs during glutamate application, and the increase in CoBF (8.3±1.4 and 9.5±1.1% to
10−4 and 10−3 M of glutamate) was not significant (P=0.35 and 0.3).

DISCUSSION
The major findings of our experiments were: 1) NMDA induced dose-dependent CoBF
increases in both species studied; 2) NMDA-evoked CSDs contributed to the CoBF response
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in adult rats; 3) stimulation of cortical AMPA- and kainate-receptors also increased CoBF in
rats without generating CSD; 4) glutamate failed to generate CSD-related CoBF changes; 5)
glutamate and AMPA reduced the occurrence of NMDA-induced CSDs, thus unveiling CSD-
independent vasoactivity of NMDA; and finally, 6) NMDA-induced hyperemia was
independent of CSDs in piglets. After the elimination of the CSD-dependent component of the
CoBF response to NMDA in rats, the degree of cortical hyperemia to NMDA was similar in
rats and piglets.

NMDA evokes well-described dose-dependent pial arteriolar dilation in vivo [10,12,32,16,
17,19]; however, many studies failed to show NMDA-induced vasodilation in isolated cerebral
resistance vessels [16,24,41]. NMDA-induced vasodilation is abolished by NMDA-receptor
antagonist MK-801 and attenuated by inhibitors of neuronal nitric-oxide synthase (nNOS)
[4,16,18,32]. These findings suggest that neuronal NMDA-receptor stimulation and
subsequent Ca++ influx/membrane depolarization would activate nNOS, leading to vascular
smooth muscle relaxation by NO [8,14,21,35,44]. In addition to the unequivocal role of NO,
the participation of other species-specific factors, such as adenosine [25], carbon monoxide
(CO) [30], ATP-sensitive potassium (KATP), and/or calcium-activated potassium (KCa)
channels [36] has been proposed.

Ayata and Moskowitz [2] suggested an alternative mechanism of NMDA-induced pial
arteriolar vasodilation in mice. Using electrophysiological recordings and vessel-diameter
measurements, they demonstrated the involvement of CSD in the complex vascular responses
evoked by topical application of as little as 50 μM of NMDA. However, there are some
limitations of that study. First, responses of small arterioles (approximately 25 μm in diameter)
were tested that may not represent responses of other resistance blood vessels during CSD. As
recently described, different vascular segments of the cerebral circulation are exposed to
varying influences from dilator and constrictor stimuli during CSD [7]. Second, pial arteriolar
diameter may not accurately reflect the overall response of the cerebral vasculature to CSD
[9,11,40]. And, third, the CSD component of the overall responses to NMDA was not removed,
so that the direct effects of NMDA could not be conclusively determined.

Our study provides novel evidence that NMDA-evoked CSD is a major component of the
overall cerebral vascular response to higher (100 μM to 1 mM) doses of NMDA in the rat
model; however, detailed analysis of the response to NMDA revealed non–CSD-dependent
characteristics as well. CoBF increases were dose dependent, which might be explained by a
faster, deeper penetration of the drug at the higher dose and/or by a more extensive receptor
occupation. In the present study, we also demonstrated the CSD-independent cerebrovascular
effect of AMPA and the inhibitory potential of AMPA-receptor activation on NMDA-induced
CSDs. Importantly, even in the absence of CSDs, the CSD-independent increase in CoBF upon
NMDA application remained intact. Similar to AMPA-receptor activation, kainate application
also increased CoBF without producing CSDs. The dramatic, sustained CoBF effects of topical
kainate prevented the exploration of any potential modulatory influence of kainate on NMDA-
induced CoBF and CSD responses in the rat. We previously described the pronounced,
prolonged effects of kainate on pial arterioles in piglets [5].

Unlike NMDA, AMPA, or kainate, the application of the natural neurotransmitter, glutamate,
failed to significantly increase CoBF or to induce CSDs in the rat. This apparent discrepancy
is likely caused by experimental conditions. The peak concentration of glutamate in the
synaptic cleft during neurotransmission is unknown, but is estimated at about 1.1 mM in
hippocampal glutamatergic synapses [13]. In our study, glutamate and its analogs were applied
with a single application in a small volume (~15–20 μL) under the cranial window to minimally
interfere with the laser-Doppler flowmetry signal that is very sensitive to movement. The
discrepancy between the cerebrovascular effects of glutamate and NMDA/AMPA/kainate may
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be due to the well-known difference in the clearance of these drugs from the extracellular space
[34]. In our experiments, glutamate concentration may not have stayed high enough or reached
the appropriate cell layers in the stimulated cortex because of degradation and neuronal/glial
uptake to reproduce the cerebrovascular effects of the selective analogues. Further, the
difference between glutamate and NMDA in facilitating CSDs has been described by other
researchers [29,33]. These results further indicate that the effect of glutamate is complex,
resulting not only from NMDA receptor stimulation, but from the summation of different, and
sometimes opposing, actions via multiple receptors and vasoactive substances [8,27]. The
complex action of glutamate is further suggested by its efficacy to reduce the incidence of
NMDA-induced CSDs. Glutamate has two more ionotropic (AMPA and kainate) and
numerous metabotropic receptors. It is possible that the activation of one or more of them acts
antagonistically in terms of CSD initiation. The AMPA receptor can be an important site of
this effect, since AMPA produced a similar inhibition in the present study. AMPA is able to
antagonize NMDA-induced changes in rat cortical networks [1]. Conceivably, AMPA-receptor
activation may have antagonized CSD initiation by NMDA, as well. Importantly, glutamate
or AMPA did not affect the CSD-independent component of the CoBF response to NMDA,
suggesting that not the direct interaction with the NMDA receptor, but the subsequent
electrophysiological sequence triggering a CSD, was impaired by glutamate/AMPA.

Our findings in the piglet provide novel data on the integrated CoBF responses to the activation
of cortical neuronal NMDA receptors in this important experimental model and confirm our
earlier results concerning the dose-dependent nature of responses to NMDA, based upon
measurements of pial arteriolar diameters in this species [3,6,10,12,15,36]. The hemodynamic
changes are not the consequence of CSD-related events, but rather represent a direct, specific
effect on cortical neurons [8,14]. While CSD has been shown to occur in the mature brains of
all mammalian species studied, the neonatal brain appears to be relatively resistant to
generation of CSD [39]. For example, in the rat, it is difficult to elicit CSD-like events before
postnatal days 9–10 [38], and in the piglet, we have not been able to induce CSD, even with
mechanical means (i.e., pinpricks), during the first days of life. While the inability of the
neonatal brain to produce CSDs is not completely understood, it seems likely that factors such
as lack of maturity of individual neuronal and glial components and their incomplete integration
with each other, as well as different expression of ion channels and neurotransmitter receptors,
are responsible for this phenomenon [42]. In a recent study, Girouard et al. [23] found that the
cortical application of 40 μM of NMDA increased CoBF in mice by 20–25% without inducing
CSD. Additionally, they confirmed earlier reports that cerebral vascular dilation to NMDA is
dependent on NO derived from neuronal NOS [4,18]. The amount of the increase in CoBF
observed in mice, following NMDA application by Girouard et al. [23], is similar to the non-
CSD component of the CoBF response that we observe in rats and to the CoBF responses we
see in piglets.

CONCLUSIONS
In summary, NMDA elicits dose-dependent CoBF increases in rats and piglets. Although
previous data obtained by pial arteriolar diameter measurements suggest many superficial
similarities in the cerebrovascular responses to NMDA, our results show that the underlying
mechanisms are quite different between these two models. In rats, NMDA-evoked CSD has a
substantial, but not exclusive, contribution to the cerebrovascular response. In piglets, however,
the CoBF increase seems to be solely the result of the local activation of neuronal NMDA
receptors without the confounding effect of CSDs.
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Figure 1.
Experimental design and representative recordings of cortical blood flow (CoBF) and direct
current (DC) potential in the rat. On the left side, schematic figures show the position of the
two laser-Doppler probes and the DC electrode during the experiments. The cranial window,
where the drugs were applied, was placed over the parietal cortex, and additional holes were
drilled anteriorly to the window. The first Doppler probe was placed under the window. The
second probe and the DC electrode were positioned at a distant site, to detect the spread of
depolarization and related cortical blood flow (CoBF) changes. In the presented experiment,
NMDA (10−3 M) applied under the window evoked characteristic CoBF changes at the site of
application (CoBF 1). Similar CoBF change was detected after a short delay outside the window
(CoBF 2), accompanied by a negative DC-potential shift. The calculated rate of propagation
between the two sites was consistent with that of cortical spreading depression. On the time
axis, the 0 time point indicates the beginning of drug application onto the brain surface. The
stimulus was removed 10 minutes later, when the window was flushed with artificial
cerebrospinal fluid.
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Figure 2.
The effect of topical NMDA on cortical blood flow (CoBF) in rats. CoBF was recorded under
and away from the cranial window (marked as probes 1 and 2, respectively). NMDA evoked
a rapid, cortical spreading depression (CSD)-related hyperemia (peak) followed by a sustained,
but reduced, increase in CoBF (wave) that was concentration dependent only under the cranial
window and not at the distant site. The CoBF data are represented as mean ± standard error of
the mean (SEM) (SEM plotted as curve thickness; n = 8). The intervals between the 0 time
point and the peaks represent the average latency (without error) from the beginning of drug
application in both cases.
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Figure 3.
NMDA evoked dose-dependent cortical blood flow (CoBF) increases in rats. The higher dose
of NMDA (10−3 M) induced cortical spreading depression–related hyperemia with a
significantly shorter latency than the lower (10−4 M) concentration (A). The magnitude of the
total CoBF response (calculated as the average CoBF change of eight minutes after the maximal
or peak value) was also dependent on the dose of NMDA applied (B). A similar difference was
evident when analyzing its components; the peak (C), and the following, sustained CoBF
increase or wave (measured during a five-minute period starting one minute after the peak;
D). The dashed lines on the schematic icons show the beginning of NMDA application, whereas
the arrows and filled areas determine the represented features of the flow response. Data are
mean±standard error of the mean (n = 8; *P < 0.05) via one-way repeated measures analysis
of variance and Tukey’s test.
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Figure 4.
Cortical spreading depression (CSD)-independent NMDA-evoked cortical blood flow (CoBF)
increases in rats. Topical glutamate (10−3 M) and AMPA (10−4 M) administration prevented
the NMDA (10−4 M)-induced CSD generation in 5 of 11 and 8 of 8 cases, respectively. Despite
blocked CSD formation, coapplication of 10−4 M NMDA still resulted in a significant increase
in CoBF, as compared with AMPA or glutamate application alone (expressed as average CoBF
change of one minute at maximal rate of hyperemia). The CoBF increase was consistent with
the post-CSD wave when only NMDA was applied (represented as the average increase of
CoBF over a one-minute interval, three minutes after the peak, time-matched with CSD-
independent CoBF increases). Data are mean±standard error of the mean; (n = 5–8; *P < 0.05)
via one-way repeated measures analysis of variance and Tukey’s test.
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Figure 5.
A representative recording of cortical blood flow (CoBF) and direct current (DC) potential and
NMDA-evoked dose-dependent cortical blood flow (CoBF) increases in newborn pigs. Right
panel: NMDA (10−3 M) application onto the cortex elicited a transient CoBF increase (CoBF
1) and a prolonged DC potential deflection; however, propagation of the CoBF response was
not detected with the distant probe (CoBF 2). On the time axis, the 0 time point indicates the
beginning of drug application onto the brain surface. The stimulus was removed 10 minutes
later, when the window was flushed with artificial cerebrospinal fluid. Left panel: Average
CoBF change per minute was calculated during a 10-minute period of drug application. Bars
represent the maximal CoBF changes within the examined time interval. Artificial
cerebrospinal fluid did not produce significant CoBF changes, while topical NMDA (10−4 and
10−3 M) increased CoBF in a concentration-dependent manner. Data are mean±standard error
of the mean (n=5; *P < 0.05) via one-way repeated measures analysis of variance and Tukey’s
test.
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