
Neurocrit Care
https://doi.org/10.1007/s12028-021-01429-4

SPREADING CORTICAL DEPOLARIZATION

Questioning Glutamate Excitotoxicity 
in Acute Brain Damage: The Importance 
of Spreading Depolarization
R. David Andrew1*  , Eszter Farkas2, Jed A. Hartings3, K. C. Brennan4, Oscar Herreras5, Michael Müller6, 
Sergei. A. Kirov7, Cenk Ayata8, Nikita Ollen‑Bittle9, Clemens Reiffurth10,11, Omer Revah12, 
R. Meldrum Robertson1, Ken D. Dawson‑Scully13, Ghanim Ullah14 and Jens P. Dreier10,11,15,16,17,18,19,20

© 2022 The Author(s)

Abstract 

Background:  Within 2 min of severe ischemia, spreading depolarization (SD) propagates like a wave through 
compromised gray matter of the higher brain. More SDs arise over hours in adjacent tissue, expanding the neuronal 
damage. This period represents a therapeutic window to inhibit SD and so reduce impending tissue injury. Yet most 
neuroscientists assume that the course of early brain injury can be explained by glutamate excitotoxicity, the con‑
cept that immediate glutamate release promotes early and downstream brain injury. There are many problems with 
glutamate release being the unseen culprit, the most practical being that the concept has yielded zero therapeutics 
over the past 30 years. But the basic science is also flawed, arising from dubious foundational observations beginning 
in the 1950s

Methods:  Literature pertaining to excitotoxicity and to SD over the past 60 years is critiqued.

Results:  Excitotoxicity theory centers on the immediate and excessive release of glutamate with resulting neuronal 
hyperexcitation. This instigates poststroke cascades with subsequent secondary neuronal injury. By contrast,  SD 
theory argues that although SD evokes some brief glutamate release, acute neuronal damage and the subsequent 
cascade of injury to neurons are elicited by the metabolic stress of SD, not by excessive glutamate release. The chal‑
lenge we present here is to find new clinical targets based on more informed basic science. This is motivated by the 
continuing failure by neuroscientists and by industry to develop drugs that can reduce brain injury following ischemic 
stroke, traumatic brain injury, or sudden cardiac arrest. One important step is to recognize that SD plays a central role 
in promoting early neuronal damage. We argue that uncovering the molecular biology of SD initiation and propaga‑
tion is essential because ischemic neurons are usually not acutely injured unless SD propagates through them. The 
role of  glutamate excitotoxicity theory and how it has shaped SD research is then addressed, followed by a critique of 
its fading relevance to the study of brain injury.

Conclusions:  Spreading depolarizations better account for the acute neuronal injury arising from brain ischemia 
than does the early and excessive release of glutamate.
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Introduction
Spreading Depolarizations and Brain Ischemia
Year after year, published reviews imply that the basic 
cellular mechanisms underlying acute neuronal death 
following brain ischemia are reasonably well established 
based on glutamate excitotoxicity theory. But in fact, the 
concept that glutamate release by overexcited neurons 
leads to short- and long-term brain cell death is neither 
well supported by basic science nor well supported by 
clinical evidence. In contrast, the role of spreading depo-
larization (SD) in evoking acute brain damage is more 
compelling despite SD being underestimated or ignored 
for years by most researchers of brain ischemia. In this 
review, we briefly outline the importance of SD in early 
brain injury, with evidence presented in more detail in 
the accompanying reviews published in the current issue 
of Neurocritical Care [1]. We then address the glutamate 
excitotoxicity theory and compare it with the SD theory 
in terms of interpreting acute brain injury.

SD is the principal mechanism of electrochemical 
membrane disruption and neuronal swelling [2–5] in 
gray matter of the higher brain. Severe ischemia depletes 
the adenosine triphosphate (ATP) pool, leading to Na+/
K+ pump failure, which generates a front of cellular 
depolarization that propagates at 1–9  mm/min through 
the ischemic gray matter and even into healthy tissue 
[6–8]. The SD wave is a sudden loss of membrane poten-
tial to near-zero millivolts that occurs over seconds. SD 
can be evoked by various noxious electrical, chemical, 
thermal, or mechanical disturbances of gray matter that 
stress the Na+/K+ pump. Thus, SD is associated with a 
range of diseases and conditions, including migraine-
associated aura, concussion, traumatic brain injury (TBI), 
subarachnoid hemorrhage, intracerebral hemorrhage, 
ischemic stroke, circulatory arrest, and brain death prior 
to circulatory collapse [1, 9–14]. SD can also invade gray 
matter that has not been metabolically compromised, 
inducing a loss of neuronal activity termed “spreading 
depression” [15].

In the ischemic core, neurons will die under a main-
tained depolarization that typically lasts 20–30  min or 
more [16–19]. However, if the ischemic core is reper-
fused within ~ 15  min, all neurons will survive, even 
though persistently depolarized for about 15  min [18, 

20]. In contrast, perfusion completely ceases after cardiac 
arrest, and so neurons start to die after about 5 min [21]. 
In milder in vivo models, there is no terminal SD (those 
with no recovery), but typically a cluster of recurrent 
moderately prolonged SDs occurs superimposed on a rel-
atively shallow negative ultraslow potential. Yet cell death 
also develops. Clustered SD events pose particularly high 
metabolic challenge for recovery.

The delayed nature of penumbral SDs presents a 
potential therapeutic window, whereby their inhibi-
tion could improve neurological outcome [22]. These 
SDs appear to arise as a consequence of energy sup-
ply–demand mismatch [23, 24]. The cumulative effect 
of many secondary SDs is a progressive deterioration 
of metabolic status and lesion expansion. This occurs 
because of cytotoxic membrane failure as well as SD 
evoking microvascular constriction in injured tis-
sue with impaired neurovascular coupling. Known as 
“spreading ischemia” [25], this inverse hemodynamic 
or initially vasoconstrictive response to SD promotes 
prolongation of the cellular depolarization and thus cell 
death [7, 9, 24, 26–28].

In brain trauma as well as ischemic and hemorrhage 
stroke, 50–90% of patients exhibit neocortical SDs, and 
many show continuous, repetitive events lasting several 
days or even weeks after injury, with total counts of 50 
to 100 or more. Even terminal SDs have been observed 
as the correlate of newly developing focal infarcts and of 
brain death at end-of-life [10, 11, 18, 29]. The full contin-
uum from the normal hyperemic to the inverse ischemic 
response to SD has been found in patients with aneurys-
mal subarachnoid hemorrhage [18, 30, 31], TBI [32], and 
malignant hemispheric stroke [8].

The Na+/K+ ATPase is the main transporter regulat-
ing transmembrane cationic gradients. Its compromise 
leads to SD. The pump exchanges three cytosolic Na+ for 
two extracellular K+ via hydrolysis of ATP [33]. In mam-
malian gray matter, the Na+/K+ pump is responsible 
for ~ 50% of ATP hydrolysis [34]. Lack of blood oxygen 
and glucose inhibits ATP production, with pump failure 
evoking sudden SD, driven by the opening of a cryptic 
Na+/K+ current [35, 36]. Neurons in live slices undergo 
SD in response to oxygen–glucose deprivation (OGD) 
[1, 37–39] (Fig. 1). Similarly SD is imaged and recorded 
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in vivo under ischemia [1, 40–42] (Fig. 2). In both cases, 
it is the twin stresses of Na+/K+ pump failure combined 
with the energy-demanding requirement to repolarize 
that can kill or injure neurons. Yet the central role of the 
Na+/K+ ATPase is rarely considered in explaining excito-
toxic mechanisms.

Rather, it is accepted by many researchers that the 
glutamate excitotoxicity theory essentially accounts for 
the acute neuronal swelling and brain injury that fol-
lows ischemia. Simply stated, on reduced blood flow to 
the brain, nerve cells suffer overexcitation, swelling, and 
death when the neurotransmitter glutamate is released 
or is not retaken up. Pathologically high glutamate levels 
are proposed to overstimulate its receptors, inducing fur-
ther excitation in a vicious cycle of release and excitation. 
This neuronal firing leads to high levels of intraneuronal 
Ca2+, which activates enzymes (phospholipases, endonu-
cleases, and proteases), thereby damaging the cytoskel-
eton, membrane, and DNA. At least, that is the original 
textbook story, and numerous modifications have ensued 
to shore up the concept. However, there are many prob-
lems with glutamate being the culprit in brain swelling 
and neuronal death [4], the most practical being that the 
concept has yielded zero therapeutics despite decades 
of work. Moreover, the basic science related to the glu-
tamate excitotoxicity theory must also be reexamined, as 
well as the assumption that this theory can be extended 
to yield insights to other central nervous system (CNS) 
disorders.

The purpose of this critique is to compare  SD the-
ory, briefly outlined above and described in detail in an 
accompanying review [1], with  glutamate excitotoxicity 

theory. Additionally, we explore whether these two con-
cepts might have some common ground. We start with 
briefly examining the historical basis for the acceptance 
of elevated glutamate levels  being the trigger for activat-
ing a cascade of biochemical events that kills neurons.

How did Excessive Glutamate Release Gain Traction as a 
Major Cause of Brain Injury?
Glutamate release caused by ischemia has been de facto 
accepted as the cause of stroke injury for more than 
35  years. This developed from a series of four founda-
tional observations beginning in the 1950s. The first 
finding was that excess glutamate injection injured 
the mouse CNS. But to produce a severe retinal lesion, 
Lucas and Newhouse [43] in 1957 showed that a paren-
teral dosage of “a little less than lethal was needed.” In 
1969 Olney [44] administered a near-lethal single dose 
of glutamate subcutaneously, which caused massive 
brain lesions, later showing that glutamate analogues at 
high concentration were also effective. A second obser-
vation was that ischemia caused glutamate release, an 
unsurprising finding given that neurons depolarize and 
that about 70% of CNS neurons are glutamatergic. It is 
important to note that the extracellular increase was 
short lived and included other neurotransmitters [45, 
46]. For example, OGD-evoked dopamine release is par-
ticularly high in striatal slices [47], as is gamma amin-
obutryic acid (GABA) release in hippocampal slices [48]. 
The third finding by Choi et al. [49] in 1987 was that glu-
tamate receptor (gluR) antagonists protected cultured 
neurons from glutamate toxicity. However, note that 
cultured neurons, being derived from immature tissue 

Fig. 1  In brain slices, SD is well underway before the extracellular glutamate concentration climbs significantly. A The intrinsic optical signal 
(IOS) change (top trace) was temporally correlated with the DC negative shift (bottom trace). Both signals denote SD onset (shaded region). The 
glutamate efflux transient is shown in the middle trace. The horizontal bar indicates [K+]o elevation to 40 mM for 80 s, thereby inducing SD. From 
Dr. N. Zhou’s doctoral thesis [161]. B More recent recordings using a finer glutamate biosensor also implicated SD as preceding glutamate release. C 
During SD, glutamate release took ~ 35 s to peak. In mice where the glutamate transporter GLT-1 is knocked out, glutamate uptake is slowed. B and 
C from [83]; B is digitally stretched horizontally from the original. In such multi-recording studies, it is important that sensors are closely placed to 
precisely determine signal onset times, as further demonstrated in Fig. 2



and having adapted to living in a dish, can tolerate long 
periods of OGD and do not undergo the incisive event 
of early stroke ischemic SD. The fourth observation was 
that N-methyl-d-aspartate receptor (NMDAR) antago-
nists were reported to reduce ischemia-induced neuronal 
damage in rodents in vivo. But hundreds of compounds 
unrelated to gluRs showed efficacy, most reported in 
rodent models of ischemia over the past 30  years [50]. 
Yet no drug has proven to be protective in clinical trials 
of ischemia. Twenty-eight suspected inhibitors of exci-
totoxicity were tested preclinically in patients with acute 
stroke in 1993–2001 [50], but none proved to be neu-
roprotective. Two other potentially useful drugs, keta-
mine (“Ketamine and SD Inhibition” section) and NA-1 
(“Therapeutic Hope for Combating Glutamate Excitotox-
icity?” section), antagonize NMDARs but may also have 
broader actions.

The many rationalizations for these negative results 
have included claims of too broad patient selection cri-
teria, problems with delayed intervention, poor toler-
ability by patients, publication bias in favor of positive 
results (perhaps for commercial or other reasons), qual-
ity of the molecules (pharmacokinetic deficiencies), 
inability to reach effective concentrations in the penum-
bra, inappropriate neuroprotective time window, insuf-
ficient receptor subunit selectivity, high drug toxicity in 
humans, inequivalent doses compared to rodents, devel-
opment of tolerance (eg, upregulation of NMDARs), and 
finally side effects blocking normal synaptic N-methyl-
d-aspartate (NMDA) activity that would have promoted 
neuronal survival [51]. Some of our authors feel that it 
is still worthwhile to search for clinical applications for 
gluR antagonists. Nevertheless, it is surprising that this 
litany of excuses has rarely led to questioning the basic 
science that has portrayed glutamate release as the great 
destroyer of the CNS. A handful of publications provide 
exceptions [52–55].

Glutamate Release and SD
Use of Antagonists to Block SD in Live Brain Slices
Glutamate was originally considered a contender as an 
SD mediator because of its progressive release into the 
interstitial space during brain ischemia [56]. There is 
a long history of studies using live brain slices with the 

goal of identifying how SD is initiated and sustained. A 
common presumption has been that glutamate release 
must have a central role. Various inhibitors of channel 
opening, of transmitter receptors, or of transporters have 
been bath-applied to test which mechanisms elicit SD 
(Table 1).

Na+ Channel Blockers
The Na+ channel blocker tetrodotoxin (which silences all 
action potential activity) does not block either hypoxia- 
or OGD-induced SD (Fig.  3b, d), indicating that spike-
activated synaptic release of neurotransmitters is not 
a requirement for SD. Likewise, Na+ channel blockers 
composing the caine family (dibucaine, lidocaine, pro-
caine, etc.) silence action potential firing but merely delay 
OGD–SD onset [46, 57–59]. And in vivo, lidocaine only 
delays SD and is not neuroprotective [21]. Although not 
necessary for SD generation, V-sensitive Na+ channel 
opening supports SD onset [60].

NMDAR Antagonists
NMDAR antagonists tested individually could indeed 
inhibit the propagation of SD in nonmetabolically 
stressed brain slices [61]. Under hypoxia in slices, 
NMDAR antagonists generally delay but cannot block 
SD [62]; however two hypoxia studies did report block-
ade (Table  1), so the results are inconsistent. NMDAR 
antagonists did not prevent SD evoked by lowering both 
oxygen and glucose levels [39, 63, 64].

Non‑NMDAR Antagonists
Tested individually, these inhibitors of α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
and kynurenate receptor binding could delay but, again, 
not block OGD-evoked SD [39, 64] (Table 1).

Antagonist Cocktails
Slice researchers have also combined blockers (Table 1). 
Early slice studies showed that gluR antagonists can delay 
or stop the onset of hypoxic SD [62] but only delay SD 
evoked by OGD [36, 39, 64, 65], findings supported in 
many but not all subsequent slice studies (Table 1, Fig. 3b, 
d). Commonly the cocktails include antagonists of gluRs, 
of glutamate transport, and/or of cation channels to 

(See figure on next page.)
Fig. 2  Dynamics of extracellular glutamate and K+ during SD in vivo. The SD was evoked at a distance by applying a droplet of 1 mM KCl to the 
surface of the mouse brain. A iGluSnFR, a fluorescent probe, monitors the extracellular glutamate level. B Speed of the extracellular glutamate 
wave. C Average fluorescence traces with 95% confidence interval, amplitude, and duration of the glutamate transient. D Glutamate trace (blue) 
aligned to the DC potential below. E Latency between negative DC deflection and glutamate increase. F Relationship between [K+]o, DC potential, 
and neuronal [Ca2+]i. The latency between 0.25 mM [K+]o rise (arrow over K+ trace) and increase in fluorescence (red vertical line) is indicated to the 
right. Dashed line indicates start of the negative DC potential shift. G As in F but with [Ca2+]i in astrocytes instead of neurons. H As in F but with 
[glutamate]e instead of neuronal [Ca2+]i. Images in F–H show positions of electrodes (stippled lines) and sampled regions (white circles). Sampled 
regions were picked along the front edge of the SD wave as it hit the K+-sensitive microelectrode. Scale bars: 50 μm; error bars, SEM. From [85]



Fig. 2  (See legend on previous page.)
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isolate conductances required for SD generation and 
propagation. There are variations in cocktail constitu-
ents, in the mode of SD induction, and in the degree of 
SD inhibition. Additionally, there is no reported drug 
reversibility because of high antagonist concentration, 
tight chemical binding, or both.

The role of gluRs in SD generation remains a conten-
tious issue for several reasons. Normoxic and hypoxic 
SDs are more easily inhibited than ischemic SD both 
in  vivo and in slices. Finally, note in Table  1 that cock-
tails may contain one or more non-NMDAR antagonists 
(CNQX (6-cyano-7-nitroquinoxaline2,3-dione), DNQX 
(6,7-dinitroquinoxaline-2,3-dione), NBQX (2,3-dioxo-
6-nitro-1,2,3,4-tetrahydrobenzo[f ]quinoxaline-7-sulfon-
amide)) at concentrations between 25 and 100  μM. Yet 
these drugs are approximately equipotent at the same 
AMPA receptors and are fully potent in hippocampal 
slices at only 3 to 5 μM based on several standard elec-
trophysiological paradigms [66]. Likewise, the NMDAR 
antagonist MK-801 applied at 50  μM nevertheless fully 
blocks evoked field potentials in slices at 1 to 2 μM [67, 
68]. This is also an issue with the wide-spectrum gluR 
antagonist, kynurenate. It selectively blocks responses 
to NMDA at 200  μM [69] yet is incapable of block-
ing OGD–SD at 1 to 2 mM (Fig. 3b, d, Table 1). So gluR 
antagonists are commonly bath-applied at much higher 
concentrations than the effective dose required to block 
the receptors during normal synaptic transmission.

These gluR blocker levels may represent pharma-
cological overkill. This is an important point because 
Tanaka et  al. [39] showed that individually increasing 
AP-5 stepwise from 50 to 100 μM, and then to 200 μM, 
significantly delayed OGD–SD onset longer at each 
step. Likewise, individually increasing CNQX from 10 
to 20  μM significantly delayed OGD–SD onset further. 
This suggests that including enough gluR blockers in 
a cocktail at concentrations that exceed their effective 
physiological thresholds for synaptic blockade can cause 
cumulative and nonspecific effects. Most importantly, 
this includes a nonreversible silencing of the gray mat-
ter, making it appear that SD has been blocked [70]. This 
issue of the potentially toxic effects by gluR antagonists 
was discussed by Revah et  al. [71]. They noted that the 
high levels used in slice studies had confounded their use 
clinically. Whether lower levels of gluR antagonists might 
prove therapeutically useful is worth pursuing.

False SD Blockade
Another reason why potential SD inhibitors may appear 
to block SD (but do not) is the issue of “false positives in 
SD suppression” [72]. When SD is imaged in  vivo [73] 
or in slices, SD often does not invade the entire field 
under view. If a neuron is recorded without imaging of Ta

bl
e 

1 
(c

on
ti

nu
ed

)

St
ud

y
St

im
ul

us
G

lu
ta

m
at

e 
re

ce
p‑

to
r b

lo
ck

er
s

N
a+

 c
ha

nn
el

 
bl

oc
ke

rs
G

A
BA

A
 re

ce
pt

or
 

bl
oc

ke
rs

Ca
2+

 c
ha

nn
el

 
bl

oc
ke

rs
O

th
er

 c
ha

nn
el

s 
bl

oc
ke

d
Re

co
rd

in
g 

m
od

e
SD

 b
lo

ck
ed

? 
(in

 
so

m
e 

sl
ic

es
)

SD
 im

ag
ed

?

G
ag

ol
ew

ic
z 

et
 a

l. 
[1

65
]

O
G

D
Bl

oc
k 

of
 A

SI
C

, 
P2

7X
, a

nd
 

TR
PM

7 
ch

an
‑

ne
ls

 +
 g

lu
ta

‑
m

at
e 

tr
an

sp
or

t 
in

hi
bi

tio
n 

ha
d 

no
 e

ffe
ct

In
tr

ac
el

lu
la

r
N

o
Ye

s

G
lu

R 
an

ta
go

ni
st

s, 
ap

pl
ie

d 
ei

th
er

 s
ep

ar
at

el
y 

or
 a

s 
a 

co
ck

ta
il,

 d
o 

no
t b

lo
ck

 S
D

 in
 th

e 
m

aj
or

ity
 o

f s
tu

di
es

 o
f O

G
D

. B
ei

ng
 le

ss
 m

et
ab

ol
ic

al
ly

 d
em

an
di

ng
, h

yp
ox

ic
 S

D
 is

 m
or

e 
ea

si
ly

 in
hi

bi
te

d.
 W

he
re

 S
D

 is
 re

po
rt

ed
 a

s 
bl

oc
ke

d,
 a

 
ca

ve
at

 is
 th

at
 S

D
 m

ay
 h

av
e 

oc
cu

rr
ed

 o
ut

si
de

 th
e 

re
co

rd
ed

 c
el

l’s
 a

re
a,

 u
nl

es
s 

co
nfi

rm
ed

 w
ith

 im
ag

in
g.

 In
va

ria
bl

y,
 n

on
e 

of
 th

es
e 

st
ud

ie
s 

bl
oc

k 
SD

 in
 a

ll 
sl

ic
es

 te
st

ed

N
-m

et
hy

l- d
-a

sp
ar

ta
te

 (N
M

D
A

) r
ec

ep
to

r a
nt

ag
on

is
ts

 in
hi

bi
t N

M
D

A
 re

ce
pt

or
s:

 A
P5

 o
r A

PV
 D

L-
2-

am
in

o-
5-

ph
os

ph
on

o-
va

le
ra

te
, C

PP
 (±

)-3
-(2

-c
ar

bo
xy

pi
pe

ra
zi

n-
4-

yl
)-p

ro
py

l-1
-p

ho
sp

ho
ni

c 
ac

id
, k

et
am

in
e 

2-
(2

-c
hl

or
op

he
ny

l)-
2-

(m
et

hy
la

m
in

o)
cy

cl
oh

ex
an

-1
-o

ne
, M

K-
80

1 
(5

R,
10

S)
-(+

)-5
-m

et
hy

l-1
0,

11
-d

ih
yd

ro
-5

H
-d

ib
en

zo
[a

,d
]c

yc
lo

he
pt

en
-5

,1
0-

im
in

e

N
on

-N
M

D
A

 re
ce

pt
or

 a
nt

ag
on

is
ts

 in
hi

bi
t A

M
PA

/k
ai

na
te

 re
ce

pt
or

s:
 C

N
Q

X 
6-

cy
an

o-
7-

ni
tr

oq
ui

no
xa

lin
e2

,3
-d

io
ne

, D
N

Q
X 

6,
7-

di
ni

tr
oq

ui
no

xa
lin

e-
2,

3-
di

on
e,

 N
BQ

X 
2,

3-
di

ox
o-

6-
ni

tr
o-

1,
2,

3,
4-

te
tr

ah
yd

ro
be

nz
o[

f]
qu

in
ox

al
in

e-
7-

su
lfo

na
m

id
e.

 T
EA

 te
tr

ae
th

yl
am

m
on

iu
m

, T
TX

 te
tr

od
ot

ox
in

. F
or

 a
dd

iti
on

al
 tr

ea
tm

en
ts

 th
at

 d
o 

no
t b

lo
ck

 O
G

D
–S

D
, s

ee
 [6

3,
 6

4]

Ky
nu

re
na

te
 3

-A
nt

hr
an

ilo
yl

- l
-a

la
ni

ne
, b

ro
ad

ly
 in

hi
bi

ts
 g

lu
ta

m
at

e 
re

ce
pt

or
s

1  S
om

e 
si

gm
a 

re
ce

pt
or

 li
ga

nd
s 

dr
am

at
ic

al
ly

 in
hi

bi
t S

D
 o

ns
et

 [3
7]

, b
ut

 th
e 

fu
nc

tio
n 

of
 s

ig
m

a 
re

ce
pt

or
s 

re
m

ai
ns

 u
nc

le
ar

2  T
w

o 
st

ud
ie

s, 
[5

7,
 5

8]
, s

ho
w

ed
 n

eu
ro

na
l p

ro
te

ct
io

n 
fr

om
 S

D
 in

iti
at

io
n 

an
d 

in
ju

ry
 b

y 
1–

10
 m

M
 d

ib
uc

ai
ne

, t
he

 m
os

t p
ot

en
t N

a+
 c

ha
nn

el
 b

lo
ck

er
 o

f t
he

 c
ai

ne
 g

ro
up

3  O
G

D
-in

du
ce

d 
in

tr
ac

el
lu

la
r C

a2+
 in

cr
ea

se
s 

ar
e 

m
ed

ia
te

d 
by

 C
a2+

 in
flu

x 
th

ro
ug

h 
N

M
D

A
Rs

, V
G

CC
s 

an
d 

TR
PC

 c
ha

nn
el

s 
as

 w
el

l a
s 

by
 C

a2+
 re

le
as

e 
fr

om
 R

yR
s 

an
d 

IP
3R

s. 
Th

is
 im

pa
irs

 m
ito

ch
on

dr
ia

, f
ac

ili
ta

tin
g 

SD
 g

en
er

at
io

n 
[6

3]



the entire slice, it is uncertain if the SD front has actu-
ally reached the recorded cell. If not, SD would appear 
to be blocked. Likewise, the lack of a negative direct cur-
rent (DC) shift recorded near the recorded neuron may 
represent a true blockade of SD. Alternately, SD simply 
did not invade the locale of the field recording. Therefore, 
in studies in which complete SD blockade is reported 
(Table 1), either imaging or multiple electrode recordings 
would confirm that SD was indeed blocked throughout a 
recorded slice.

Despite variation in slice study findings, several points 
of consensus stand out:

1.	 Inhibiting OGD-induced SD is difficult; hence, an 
unidentified channel (or channels) responsible for 
generating SD is likely. One proposal being pursued 
is that the Na+/K+ pump converts to an open chan-
nel [74].

2.	 The opening of standard Na+, Ca2+, or K+ channels 
is not necessary for SD generation.

3.	 High concentrations of toxic drugs are less effective 
in inhibiting SD than simply lowering slice tempera-
ture, which protects neurons from hypoxia [75] or 
OGD [38].

Nonsynaptic release of extracellular glutamate during SD
In hippocampal slices, the orthodromically evoked CA1 
field potential is typically lost prior to hypoxia- and 
OGD-induced SD onset [76] (Fig.  10c in Ref. [37]). The 
effect is less obvious in neocortical slices, where SD onset 
has a shorter latency (Fig.  11b in Ref. [37]). The loss of 
the synaptic response in CA1 prior to SD may be an early 
effect of lowered ATP levels because it is not seen prior 
to SD evoked by ouabain or high K+ levels, in which ATP 
production is not compromised as with OGD. Addition-
ally, an early release of the presynaptic blocker adenosine 
has also been proposed [77]. However, the OGD-evoked 
loss of the synaptic response raises the question as to how 
the extracellular glutamate concentration ([glu]o) begins 
to climb because of SD onset. There are several proposed 
mechanisms to account for this increase, including (1) 
reversal of glutamate transporters [78], (2) release by 
volume-activated channels in astrocytes [79], (3) release 
via presynaptic NMDAR activation [80], (4) release of a 

small but readily releasable pool (RRP) of glutamate [71, 
81], (5) Ca2+-dependent vesicular glutamate release from 
astrocytes (although this process has not been directly 
linked to SD), and (6) a major source of extrasynaptic 
glutamate (the cystine/glutamate antiporter) stimulated 
by ischemia [82]. Specifically, Revah et  al. [71] showed 
that hypoxia can elicit a small RRP of glutamate from 
axon terminals in slices. The RRP is not linked to action 
potential invasion of the terminal, which means that 
there is then less available glutamate for regular synaptic 
release. This could potentially contribute to the eventual 
synaptic failure that precedes SD initiation under hypoxia 
or OGD. However, there are, as of yet, no recording tech-
niques sensitive enough to directly detect the small [glu]o 
increase originating from the RRP. So there are several 
sources of extracellular glutamate that could support SD 
ignition evoked either by elevated extracellular potassium 
concentration ([K+]o)  levels or by hypoxia. Nonetheless, 
with the greater metabolic load of OGD, SD persists in 
the presence of gluR antagonists in most but not all stud-
ies, both in vivo and in acute slices (“Use of Antagonists 
to Block SD in Live Brain Slices” section).

Importantly, there is no evidence to date that the ini-
tiation of any form of SD onset is preceded by measur-
able glutamate release. Early in vivo studies showed that 
a [glu]o increase followed local OGD–SD onset, as meas-
ured by the initial DC shift or by the slight upswing in 
[K+]o [55]. A glutamate surge was also detected in slices 
within seconds of the SD front passing [83, 84] (Fig. 1a). 
More recently, use of genetically encoded optical gluta-
mate sensors allowed improved spatiotemporal reso-
lution of transient glutamate levels near the SD front 
measured as the negative DC shift [85]. The onset of the 
DC shift coincided with the first increases in [K+]o, but 
coregional [glu]o elevation began only after the DC shift, 
and [K+]o had been increasing for 2–3 s (Fig. 1b, c). Thus, 
elevated [glu]o in the locality of SD initiation appears to 
be a result, rather than a cause, of ischemic or hypoxic 
SD. This is not to say that elevated [glu]o cannot increase 
SD propensity in normoxic situations [86, 87].

Glutamate Transporter Studies and OGD‑Induced SD
Reduced reuptake of glutamate as a promoter of 
ischemia-like SD was examined by Rossi et al. [88] using 

Fig. 3  Unlike O2/glucose deprivation (OGD), bath superfusion of glutamate at pathophysiological concentrations onto a brain slice does not 
induce SD. A Imaging change in light transmittance (ΔLT) reveals OGD-induced SD and propagation (arrows) along neocortical gray matter (NC) 
and through striatum (S) with damage arising in the wake of SD (magenta). w = slice weight. B A cocktail of blockers (Mix-1, constituents listed in 
Fig. D) delays OGD-induced SD onset but not propagation (arrows). By 16.8 min, light scattering in NC caused by dendritic beading indicates acute 
neuronal damage. C Bath superfusion of glutamate causes slight signal creep from the overlying weight, but no SD. D Superfusion of Mix-1 signifi‑
cantly (p = 0.002) delayed OGD-induced SD onset by 46 ± 11.8%. Adding MK-801 slightly but significantly (p < 0.0001) further delayed SD onset by 
52 ± 9.9%. E Percent of slices generating signal creep but no SD in three experimental groups of glutamate application to naïve slices. No SD was 
observed in slices superfused in aCSF alone (n = 6) or in aCSF + 1 mM glutamate (n = 6)

(See figure on next page.)



Fig. 3  (See legend on previous page.)



hippocampal slices. Although there are no specific block-
ers of glutamate transporters, pretreatment with the glu-
tamate analogue l-trans-pyrrolidine-2,4-dicarboxylic 
acid (PDC) slows glutamate release via reverse transport 
induced by simulated ischemia. Their finding that PDC 
pretreatment blocked ischemic SD led them to conclude 
that the increased [glu]o caused by reversed glutamate 
transport plays a key role in generating SD. However, 
SD was blocked in only 4 of their 19 slices. In five other 
slices, the SD was smaller and slower in onset. Full-blown 
SD was still generated in their remaining ten slices. In 
the five slices in which SD appeared to be blocked, there 
remained the possibility that SD was generated and prop-
agated elsewhere in the slice but might not have invaded 
the locale of the recording (Table  1). So, although 
reversed glutamate transport may contribute to elevated 
[glu]o during ischemia, the argument that it plays a key 
role in SD generation remains unconvincing. Also, trans-
porter reversal by ischemia requires the rundown of ion 
gradients, which is the result of SD, not the cause. That is, 
SD precedes the reversal of glutamate transport. Moreo-
ver, an earlier in vivo study found that PDC microdialysis 
hastened SD onset in the neocortex but not in the hip-
pocampus and striatum, despite extracellular glutamate 
being markedly increased by PDC [89].

A recent study showed that inhibiting one particular 
excitatory amino acid pump (Glu-1, i.e., GLT-1) but not 
two other glutamate transporters promoted nonischemic 
SD [83]. Again, however, glutamate release lagged SD ini-
tiation (Fig. 1b). Another study showed that although the 
antibiotic ceftriaxone increased expression of GLT-1 and 
lowered extracellular glutamate, it did not alter SD fre-
quency (also induced by KCl injection) [90]. Thus, there 
has been no consistent promotion of SD reported by 
reversing glutamate uptake.

Bath Application of Glutamate in Brain Slices
Bath exposure to glutamate (up to 0.1  mM, which is 
pathophysiological) induces depolarization and a nega-
tive DC shift wherever one chooses to record in a slice. 
Imaging light transmittance changes in an entire slice 
shows that this depolarization arises in the majority of 
imaged gray matter almost simultaneously, i.e., the depo-
larization does not spread throughout neocortical and 
hippocampal gray matter. A range of concentrations of 
bath-applied glutamate (0.01–0.10 mM; Fig.  3c, e) fails 
to induce an SD [91–94]. So the elevated light transmit-
tance signal evoked by glutamate (denoting neuronal 
swelling and depolarization [95] develops uniformly in 
the slice, does not propagate, and is blocked by AP-5. 
This contrasts with bath exposure to ouabain, palytoxin, 
OGD, and hypoxia, all of which inhibit the Na+/K+ pump 
and so reliably elicit SD. So pump compromise, rather 

than rising glutamate levels, leads to SD. Depolarization 
caused by SD involves opening of a Na+/K+ conduct-
ance, whereas glutamate depolarizes by activating gluRs, 
a completely different mechanism.

A stimulus causing depolarization of hundreds of neu-
rons in a confined space (e.g., focal application of KCl 
or pin prick) will increase local [K+]o, thereby setting 
off an SD wave independent of gluR activation. How-
ever, because gray matter remote from the injury is not 
stressed, gluR antagonists can inhibit SD propagation 
there [61, 96, 97]. Other examples of focal stress evok-
ing SD in slices are the dropping of a small weight on a 
slice [98], KCl ejection [99–101], and 0.1-mM applica-
tion of NMDA [80]. Therefore, the original report that 
local application of high concentrations of glutamate to 
the cortical surface [56] is not, in and of itself, convinc-
ing evidence that an elevated extracellular glutamate level 
is the activator of SD. But it can support SD propagation 
through less metabolically stressed gray matter.

Ketamine and SD Inhibition
Ketamine has gained increasing attention as a thera-
peutic [102]. Retrospectively, it was found to cause 
a dose-dependent reduction in SD events in a mixed, 
but small, population of patients with TBI, aneurysmal 
subarachnoid hemorrhage, or malignant hemispheric 
stroke [103, 104]. The first prospective controlled 
clinical trial testing ketamine confirmed this in eight 
patients with TBI and two patients with subarach-
noid hemorrhage [29]. In this study, SD inhibition was 
observed near the region of injury, indicating that inhi-
bition was not restricted to the healthier portion of the 
injury gradient. In a recent case series of 66 patients 
with subarachnoid hemorrhage, low- and high-dose 
administration of s-ketamine was retrospectively com-
pared [105]. The high-dose range was above the upper 
limit for sedation recommended by the manufacturer 
but resulted in further significant decrease in SD inci-
dence. A similar dose–response relationship was also 
seen in swine in vivo. In these animals, SDs were trig-
gered with 1-µL drops of 1  M KCl after precondition-
ing the cortex with Ringer’s solution containing KCl at 
11 mM for 1 h and covering it with paraffin thereafter. 
s-Ketamine at 2  mg per kg of body weight per hour 
then decreased the expansion, amplitude, duration 
and speed of SDs but only completely blocked them 
in this well perfused, almost normal tissue at a high 
dose of 4  mg per kg of body weight per hour applied 
over a time period of 2 h [106]. This suggested that the 
assumed neuroprotective effect of s-ketamine in the 
swine essentially starts at a range tolerated by neuroin-
tensivists in humans in individual cases but above the 
recommended one, so a concern is pharmacological 



side effects. For example, ketamine is not only an 
NMDAR inhibitor but also inhibits norepinephrine and 
serotonin uptake, which could damage, for example, 
the kidneys. Yet in the clinical study [105], there was 
no evidence of acute kidney injury [107]. This could be 
because patients with brain injury are usually treated 
with high doses of catecholamines and that ketamine 
reduces the required dose because it inhibits norepi-
nephrine uptake [108].

Reinhart and Shuttleworth [109] showed in a brain slice 
model, up to 30 μM ketamine did not block K+-induced 
SD but reduced its duration. In slices under partial meta-
bolic compromise (artificial cerebral spinal fluid (aCSF) 
flow restricted to one side of the slice), low-dose keta-
mine again did not inhibit K+-induced SD but helped 
protect against resulting neuronal injury in the metaboli-
cally stressed gray matter. In another recent study of pho-
tothrombosis in rats, electrographic seizure induction 
by 4-aminopyridine caused no increase in lesion volume 
or neuronal injury in urethane anesthetized animals. 
By contrast, ketamine anesthesia was associated with a 
longer duration of 4-aminopyridine-induced seizures, as 
it is a weaker antiepileptic drug than urethane. However 
it lowered SD frequency and reduced both the magnetic-
resonance-imaging-based lesion volume and neuronal 
injury as determined stereotactically [110]. So there is 
preliminary evidence that ketamine treatment can sup-
press a fraction of SD events in patients with brain injury 
and brain-injured animals. Similar to its relative MK-801, 
it shows neuroprotective effects but at relatively high 
doses [111–113]. Most likely its neuroprotective effects 
are due to beneficial effects on tissue that is at risk, but 
less energy compromised, than tissue in slice models of 
hypoxia or OGD [114, 115].

gluR‑Targeted Drugs Tested to Protect from SD
There is consensus that SD displays a higher resistance 
to drugs targeting gluRs as gray matter becomes increas-
ingly energy-depleted [6, 97]. In brain slices or in  vivo, 
gluR antagonists inhibit normoxic and normoglycemic 
SD in otherwise naïve tissue [61, 116, 117]. In contrast, 
many slice studies (Table 1) and in vivo studies [118, 119] 
show that gluR antagonism is not sufficient to block SD 
in more severely hypoxic or ischemic tissue. Interestingly, 
NMDAR antagonists also increasingly lose their efficacy 
to inhibit SDs under increasing baseline [K+]o [41]. The 
latter seemingly contradicts the notion in many reviews 
that KCl-triggered SD is blocked by NMDAR antago-
nists. However, the fact is that gluR antagonists only 
inhibit invasion of SD into normal tissue surrounding a 
focus of KCl application, similar to their block surround-
ing an ischemic focus or a point of mechanical/electri-
cal trauma. gluR Antagonists do not necessarily block 

the ignition of SD at the site of the noxious trigger [3, 6]. 
NMDAR inhibitors appear to shorten SD events in the 
normal tissue, until they eventually fail to propagate [96].

So whether brain-injured patients treated with keta-
mine (instead of other sedatives such as propofol or 
midazolam) would display fewer SD events with a better 
clinical outcome remains to be confirmed by controlled 
clinical trials. In particular, disorders with large brain 
areas under mild energy deficiency with patients requir-
ing sedation should be studied. Subarachnoid hemor-
rhage [9], and TBI are promising candidates, especially 
if there is a pronounced subarachnoid blood component 
[120]. Such studies should exploit the options offered 
by modern neuromonitoring technologies. First how-
ever, feasibility studies need to examine which criteria 
should guide the administration of ketamine or alter-
native sedatives, given that sedation is itself an adverse 
event that should be avoided when there is no need [16, 
31, 120, 121]. Fortunately, there is already extensive clini-
cal experience with ketamine as a sedative. What renders 
studies with ketamine difficult, however, is its multiple 
effects, which have earned it the reputation of being “a 
pharmacologist’s nightmare.” Thus, ketamine is well doc-
umented as binding the dizocilpine site of the NMDAR 
and indeed, the site has a 15-fold selectivity over other 
sites (https://​en.​wikip​edia.​org/​wiki/​Ketam​ine). Yet there 
are substantial interactions with D2 receptors, with nico-
tinic acetylcholine receptors (by ketamine metabolites), 
and with α estrogen receptors. As well, there are weaker 
interactions with approximately 20 other neurotransmit-
ter receptors and transporters.

SD and the Concept of Glutamate Excitotoxicity
Because glutamate excitotoxicity has been considered the 
dominant trigger of cellular brain injury for 30 + years, 
most researchers studying SD and stroke assumed a tight 
relationship between SD, glutamate release, and acute 
neuronal injury. But for every early SD study support-
ing the role for glutamate as an excitotoxin, there was 
another study casting doubt. This prompted some mod-
est re-evaluation and moderation [53, 122, 123] even as 
doubt continued to mount.

Intact Rodent Studies Addressing SD and Glutamate 
Excitotoxicity
NMDAR blockers affected SD waves in a more complex 
way in vivo than reported in slices. Waves continued to 
arise and propagate from the vicinity of the K+ probe 
but were very brief in duration [124]. Those waves reach-
ing the NMDA-blocked area could become full-blown, 
propagating SD waves. Also, SD waves initiated from this 
region could propagate, albeit with reduced duration. 

https://en.wikipedia.org/wiki/Ketamine


These results proved that glutamate is not essential for 
SD ignition nor propagation, although it supports the 
latter. Also, whereas sustained elevation of K+ in  vitro 
(i.e., core conditions) produced drastic loss of neuron 
viability that was only partially recovered by NMDAR 
blockade [125], the slow mild delivery of K+ setting the 
penumbra-like SD focus in  vivo produced lasting dam-
age to dendritic electrogenesis that prevented orthodro-
mic transmission, but it was insufficient to kill neurons 
[124]. These observations suggested that neither elevated 
K+ nor glutamate alone were sufficient to kill neurons in 
the ischemic core. Herreras’ group also identified glial 
disruption of metabolic support to neurons as a harmful 
element [23].

In vivo data published in the late 1990s by Obreno-
vitch and colleagues confirmed and extended these 
observations. They argued that elevated glutamate lev-
els are a result, not a cause, of ischemic SD onset. Using 
enzyme-amperometry to analyze dialysate glutamate 
with a high time resolution, they never found any sign 
of a progressive increase of [glu]o preceding SD under 
ischemia. This work further dissented from prevailing 
excitotoxicity theory which claimed that elevated glu-
tamate release was the primary cause of acute ischemic 
brain injury in stroke [55, 89, 126]. Their work also sup-
plied evidence against glutamate excitotoxicity being 
a major factor in TBI [122], arguing that gluR block-
ade simply slows depolarization, thereby lowering the 
metabolic energy requirements for recovery. Thus, an 
elevated glutamate level is just one of several contribut-
ing effects to ischemia-induced neuronal injury. It has 
been repeatedly argued that the glutamate hypothesis 
of excitotoxicity represented an overinterpretation of 
data from cultured neurons, which was hastily applied 
to the intact animal [53, 122, 123].

Murphy et al. [40] imaged changes in light reflectance 
and calcium fluorescence in the intact mouse neocor-
tex to both confirm ischemic SD onset and to delineate 
the regions that SD invaded following focal ischemia 
in  vivo. The SD wave front and associated dendritic 
beading were unaffected by pretreatment with either 
an NMDAR or an AMPA/kainate receptor antago-
nist. They also found “glutamate receptor-independent 
ischemic depolarization as the major ionic event asso-
ciated with disruption of synaptic structure during the 
first few minutes of ischemia in  vivo.” Hinzman et  al. 
[127] stressed that excitotoxicity in acute lesion devel-
opment occurs as a consequence of SD. They found that 
[glu]o increased only after MCA occlusion and only in 
association with SD. It did not increase before SD or 
independent of SD, either involving the initial SD in the 
core, or the prolonged SDs in the penumbra.

Studies Addressing Elevated [Ca2+], Ischemia, 
and Excitotoxicity
Because glutamate activated Ca2+ release (both intra-
and extracellularly) is a crucial aspect of excitotoxicity 
theory, there is the question of whether Ca2+ release 
influences SD in ischemic gray matter. In a rat brain 
slice model, SD was triggered by a rise in K+ to 40 mM 
in the perfusing aCSF over 90 and 120 s [84]. The study 
indicated that glutamate is released by vesicular exocy-
tosis at the SD front, activating NMDA receptors with 
consequent indirect Ca2+ release from mitochondria 
in addition to direct Ca2+ influx from the extracellular 
space, followed by glutamate exocytosis at neighboring 
neurons [84]. However in naïve tissue, indirect Ca2+ 
release from mitochondria seems insufficient to drive 
this process as, in contrast to the slices exposed to brief 
K+ challenge, removal of extracellular Ca2+ or inhibi-
tion of voltage-gated Ca2+ channels blocks normoxic 
SD [128, 129]. Moreover, it was independently observed 
by different research groups that the fall in [Ca2+]o fol-
lows the neuronal depolarization and increase in [K+]o 
by a few seconds [96, 130–132] (Fig.  2f, g). Toyoda 
et al. [63] showed that OGD-induced [Ca2+]i increases 
are mediated by Ca2+ influx through NMDARs, Volt-
age-gated calcium channels (VGCCs) and transient 
receptor potential (TRP)  C channels as well as by 
intracellular Ca2+ release. All of this Ca2+ movement 
impairs mitochondria but only slightly facilitates SD 
generation. It seems likely that the elevated intracellu-
lar Ca2+ evoked by SD generation is at least as respon-
sible for initiating downstream injury cascades as the 
glutamate that SD releases.

Glutamate, Nitrous Oxide, and Reactive Oxygen Species
The extracellular glutamate concentration ([glu]o) 
increases to about 40–50  µM during SD in brain slices 
[83, 84] (Fig.  1). However, this is insufficient to initiate 
SD in neighboring tissue as SD induction by brain topical 
glutamate application in  vivo required a concentration 
of ~ 15 mM [56, 133]. Cortical injection of 1 mM gluta-
mate did not induce SD in vivo, although this resulted in 
a microelectrode-recorded increase in [glu]o to ~ 250 µM 
[127]. In addition, glutamate uptake inhibitors can mark-
edly increase [glu]o, but they do not induce SD [89, 127] 
(“Glutamate Transporter Studies and OGD-Induced SD” 
section). Bath application of Na+/K+ pump blockers such 
as ouabain or palytoxin induce SD whereas flooding slices 
with glutamate or gluR agonists such as NMDA or kain-
ate produces diffuse (non-spreading) depolarization and 
neuronal swelling rather than the propagating sequence 
of events typical of SD [91–93]. The diffuse response 
requires 1 mM glutamate in the bath, which is 50 times 
the peak [glu]o recorded during SD. In particular, NMDA 



application onto slices has been represented as a proxy 
for ischemia [95]. However, as detailed in the next sec-
tion, NMDA is a synthetic compound, so its effects are 
not neutralized by glutamate reuptake mechanisms. And 
as detailed below, NMDAR activation is also not required 
to induce acute neuronal damage evoked by ischemia 
in vivo.

Why does flooding the slice with bath-applied gluta-
mate (0.01 to 0.1 mM; Fig. 3c, e), or NMDA or kainate fail 
to induce an organized spreading event whereas elevat-
ing [K+]o induces spread? Both released K+ or released 
glutamate will initially be buffered by glial reuptake 
mechanisms that will be quickly swamped, leading to 
depolarization of the entire field of neurons. Yet an SD 
is evoked by bath-applied K+ but not bath-applied glu-
tamate. One explanation is that elevated [K+]o directly 
decreases pump activity, whereas massive gluR activa-
tion simply depolarizes every neuron at once, later lead-
ing to pump overload. We have hypothesized that pump 
compromise is prerequisite for generating a propagating 
event. Clearly, the way to fully refute K+ or glutamate as 
the natural driver of SD is to chemically identify a factor 
that (1) is released by gray matter in response to meta-
bolic stress, (2) becomes elevated just prior to SD onset, 
and (3) evokes SD.

Glutamate application at 100  µM to primary cell cul-
tures should not be considered a proxy for ischemia, 
OGD, or hypoxia e.g., [134, 135]. A problem is that 
molecular oxygen is required for ATP production but also 
for nitrous oxide (NO) synthesis [136, 137]. So increased 
[glu]o cannot increase NO production without molecular 
oxygen. Yet numerous neuroscience textbooks state that 
ischemic cell damage is a consequence of the excitotoxic 
increase in NO production caused by glutamate release. 
Likewise the production of reactive oxygen species 
(ROS) requires oxygen [138]. Thus, SD-induced gluta-
mate increases under ischemic conditions in vivo cannot 
cause an increase in ROS production without the return 
of oxygen, despite glutamate being a potent stimulus of 
ROS production in cell culture [139]. Elevated ROS pro-
duction only occurs in the context of ischemia in vivo if 
the tissue is reperfused, allowing glutamate reuptake [25, 
138]. Numerous studies on thrombolysis and mechani-
cal recanalization of stroke patients have now shown 
that reperfusion does not lead to additional damage, but 
currently represents the only chance for ischemic brain 
tissue to survive [140]. So it is debatable whether gluta-
mate release itself increases the NO and ROS that leads 
to ischemic damage to neurons.

Glutamate and Nonstroke Neurological Disorders
Most neuroscience textbooks include a diagram out-
lining how ischemia leads to excess glutamate release, 

triggering high calcium influx that leads to elevated sec-
ond messenger systems, thereby mediating neuronal 
death in various ways. This ongoing scenario is a direct 
result of the unchallenged foundational studies described 
in “How did Excessive Glutamate Release Gain Trac-
tion as a Major Cause of Brain Injury?” section. And so 
we ask, Has glutamate excitotoxicity theory in any way 
contributed to the understanding of dysfunctional brain 
states beyond ischemia?

A critical review in 2015 [141] concluded that regard-
ing Huntington disease (HD), Alzheimer disease (AD), 
and amyotrophic lateral sclerosis (ALS), glutamatergic 
dysregulation might somehow contribute to the varied 
disease pathology. But the review also noted that the 
molecular basis of each disorder is multilayered (par-
ticularly in ALS and AD) with a very complex profile 
for each. Importantly, there is no consistent evidence 
that extracellular cerebral glutamate levels are grossly 
increased, even in HD where excitotoxicity theory pre-
dominated for over 20 years. Lewerenz and Maher [141] 
conclude “it not clear that therapeutic interventions that 
re-establish glutamatergic homeostasis during ongoing 
neurodegeneration will be effective tools for stopping 
the disease process”. Moreover, glutamatergic dysregula-
tion is undoubtedly not the only process leading to the 
varied neuronal neurodegeneration of AD, HD, and ALS. 
Yet many scholarly reviews have titles that impressively 
imply glutamatergic dysregulation as the clear target for 
some eventual clinical treatment. A few recent reviews 
discuss targeting specific gluR subunits but also empha-
size additional disrupted transmitter systems, highlight-
ing many non-glutamate-related therapeutic possibilities 
for AD [142], for HD [143], and for ALS [144]. The com-
mon conclusion is that altering brain glutamate levels 
alone will not lead to clinical benefit.

So most reviews give a nod to the concept of gluta-
mate excitotoxicity but avoid attributing disease progres-
sion to elevated and maintained glutamate release. More 
recently in reviews of the suspected biological pathways 
leading to AD, HD, and ALS, the term `excitotoxicity` is 
not even mentioned [145]. Glutamate levels are not ele-
vated in HD, ALS, or AD over days, weeks, or months. 
This is not to say that glutamate neurotransmission may 
not be a therapeutic target in future. There is interest, 
for example, in modifying metabotropic gluRs in autism, 
epilepsy, and HD. But that is unrelated to hypothesized 
glutamate accumulation in the brain, a concept that is 
increasingly disregarded.

Additionally, there has recently been a call to reevalu-
ate the confusing roles of gluRs in epilepsy [146]. One 
study, trying to argue that epilepsy was promoted by 
poststroke glutamate, found merely a slight increase in 
brain glutamate in patients sampled within 24 h of their 



stroke [147]. Given that time frame is when neurons are 
massively dying, the elevation is not surprising. Also, 
fully 93% of 102,008 poststroke patients did not develop 
seizures (Zou et  al. 2015, cited in [147]), an expected 
consequence of elevated brain glutamate. Some animal 
studies have even demonstrated a decrease in glutamate 
levels post stroke [148].

Then there is TBI, another brain disorder where excess 
glutamate release has been held up as a cause and a target 
for treatment. Caution was advised in 1997 by Obreno-
vitch and Urenjak [122] who argued that the concept of 
glutamate excitotoxicity in TBI did not withstand sci-
entific scrutiny. Cerebral microdialysis measurements 
of glutamate [149] showed that 43 of 165 patients dis-
played slight initial glutamate increases (> 20  μmol/L) 
which then normalized in 2 days; 74 were initially higher 
(~ 30  μmol/L) but normalized over 3  days. The remain-
der showed higher glutamate levels that randomly fluctu-
ated. In other words, there was evidence for correlation 
between elevated glutamate and injury, but not causa-
tion. The fact that TBI can provoke release of the most 
common brain neurotransmitter is hardly surprising. 
Retrospectively, other studies showed that mortality was 
similar between patients who received excitatory amino 
acid inhibitors and those that received placebo [150]. In a 
recent review of prospective translational targets for new 
TBI therapies, excess glutamate was noted but ignored; 
SD was not even considered [151].

We conclude that the popular presumption in neuro-
science that excess glutamate release drives neurode-
generation is based more on past dogma than on recent 
scientific evidence. There may be some clinical excep-
tions. Disorders associated with excess glutamate release 
are implicated as resulting from over-activation of the 
cysteine/glutamate antiporter. These include glioma-
derived epileptic seizures and oligodendroglia death [82].

Glutamate Excitotoxicity Theory Undermines the 
Importance of SD in Brain Injury
Recent articles reviewing brain ischemia generally default 
to excitotoxicity theory as the initial mechanism driving 
brain damage, for example [51, 97, 152–154]. This not 
because the hard evidence is in, but because there are so 
few competing theories. A recent and extensive review 
of global ischemia does not mention SD [155]. Many cli-
nicians and researchers are unaware that recurring SD 
promotes acute brain damage following ischemia. Even 
then, SD may be cited simply as further promoting gluta-
mate release and its related downstream pathways. These 
reviews ignore the litany of modifications to the gluta-
mate hypothesis which themselves represent investigative 
and therapeutic dead-ends over the past 30 years. These 
include NMDA receptor blockade, intracellular calcium 

chelation, AMPA receptor inhibition, metabotropic gluR 
blockade, promotion of glutamate reuptake, upregula-
tion of the gluR2 subunit, and inactivation of intracellular 
pathways downstream from NMDA receptors [50].

The dogma that glutamate excitotoxicity plays a major 
role in ischemic SD generation (as well as in post-SD 
injury) has had collateral effects. First, in some computer 
models, gluR-driven depolarization is often a supporting 
component driving SD, but with little experimental sup-
port from wet labs. Second and most importantly, SD is 
often considered merely an epiphenomenon of glutamate 
excitotoxicity. And in that respect SD joins focal stroke, 
global ischemia, HD, AD, ALS, and TBI as being con-
signed to a general repository for neurological disorders 
where glutamate excitotoxicity persists as a frustratingly 
vague process that somehow drives these disease entities.

Therapeutic Hope for Combating Glutamate Excitotoxicity?
The drug candidate ketamine was discussed in “Keta-
mine and SD Inhibition” section. Another recently tested 
possible neuroprotective therapeutic is Nerinetide (NA-
1). It is proposed to inhibit PSD-95, thereby prevent-
ing that protein from binding with the NMDA receptor. 
This then reduces the effects of Ca2+ influx which in 
turn [137] would activate lethal levels of NO [156]. Note 
that independently, preventing elevated NMDAR activa-
tion, or elevated intracellular Ca2+, or elevated NO has 
not protected from ischemic injury [50]. Furthermore, as 
explained above, it is unclear how NO should rise at all 
during severe ischemia as molecular oxygen is required 
for NO synthesis [136, 137]. But the NA-1 rationale is 
that the combined approach (downstream from SD) 
could be clinically efficacious [156]. While the drug did 
not help when administered with a  clot buster, it had 
minor benefits on its own. There is also a related study, 
the Frontier Trial, wherein NA-1 was administered to 
stroke victims during hospital transport (https://​nonoi​
nc.​ca/​pipel​ine/). It may prove efficacious; if not, the com-
monly cited issue of too much variation among stroke 
patients will be proffered.

An additional recent therapeutic possibility is the intro-
duction of glutamate grabbers into the general circula-
tion based on the principle that excess glutamate in brain 
parenchyma can be promoted to cross the blood–brain 
barrier as glutamate is removed from the plasma [157]. 
The concept is noninvasive and can be administered over 
many days. The jury is still out.

Interestingly, Soria et  al. [82] found that blockade of 
excitatory amino acid transporters or of vesicular gluta-
mate release did not inhibit ischemia-gated currents or 
neuronal damage after OGD in slices but that pharma-
cological inhibition of the cystine/glutamate antiporter 
dramatically attenuated ischemia-gated currents and 
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cell death after OGD. This antiporter needs to be further 
studied in relation to SD.

There may be some middle ground between SD gen-
eration and glutamate release, in that Na+/K+ ATPase 
has direct protein–protein interactions with the NMDA 
receptor [158]. The pump and the NMDA receptor form 
protein complexes on hippocampal dendrites; nanomo-
lar concentrations of ouabain applied to single neurons 
causes an immediate and rapidly reversible reduction of 
the calcium response to NMDA receptor activation. So 
at least a subpopulation of pump complexes interacts 
directly with gluRs.

Issues of Consensus Among the Authors
 	• SD evoked by the ischemia of focal stroke, cardiac 

arrest, subarachnoid hemorrhage, or TBI is itself 
a major contributor to the neuronal injury that fol-
lows. But the preeminence of glutamate excitotoxic-
ity is continually reinforced by new review articles, 
primarily dealing with stroke, that do not question 
excitotoxicity theory, do not provide any new experi-
mental support, and do not consider the important 
role of SD in ischemic brain damage. Meanwhile, 
recent reviews on other neurodegenerative diseases 
(AD, HD, ALS, TBI) have abandoned glutamate exci-
totoxicity as causal. We concur that more data are 
required to further support causality between SD and 
injury, and certainly between glutamate release and 
long-term brain injury.

 	• The molecular mechanisms leading to SD initiation 
are still unclear. Moreover, how SD regeneration 
drives propagation is poorly understood. Elevated 
levels of released extracellular K+ or of glutamate can 
help promote SD propagation, but neither are cred-
ible candidates as the biological initiator/perpetuator 
of SD. Both do play a role in K+-evoked and optoge-
netically-evoked SD where there is less metabolic 
stress to the gray matter. As a more viable explana-
tion, there are hints that one or more small molecules 
may be released from gray matter during ischemia to 
initiate and then promote SD regeneration.

Issues of Contention Among the Authors
 	• There is some contention regarding to what degree 

glutamate release during each SD event contributes 
to progressive injury. At one end of a spectrum is 
the scenario that recovery from each SD event alone 
elicits enough metabolic stress to expand neuronal 
injury independent of glutamate release. We all con-
cur that the secondary injury cascade is important, 
but not that glutamate is the primary initiator. At 
the other end of the spectrum, some authors believe 
that gluR activation caused by SD-evoked glutamate 

release evoked is crucial in mediating expansion 
of the penumbra. In either scenario, the metabolic 
stress of SD is a major player in inducing acute neu-
ronal injury.

 	• Some of the authors argue that the acceptance of glu-
tamate excitotoxicity theory is stifling enquiry into 
other mechanisms of brain injury. And the sheer 
number of non-critical reviews reiterating the central 
role of glutamate release in brain injury is slowing the 
formulation of new ideas. Other authors counter that 
the central idea is essentially correct and that thera-
peutic advances in treating brain damage will even-
tually support the importance of released glutamate 
resulting from SD.

 	• That said, there continues to be few, if any, excitotox-
icity-based clinical approaches to brain ischemia on 
the horizon. And the hope that glutamate excitotox-
icity theory will provide insight to HD, AD, or ALS 
appears even more remote.

Conclusions
The authors propose that understanding the etiology 
and molecular mechanisms underlying SDs will help 
clarify the complex field of ischemic brain injury. We 
suggest a reinterpretation of existing data in light of the 
clear prevalence of SD in patients suffering stroke, TBI, 
subarachnoid hemorrhage, or sudden cardiac arrest [1]. 
It is also important to note an emerging awareness that 
milder recurrent SD may generate the periodic bouts 
of disorientation associated with delirium [159] or with 
concussion [160]. Overall, a better understanding of the 
molecular events driving SD will enhance our ability to 
suppress SD events immediately post-injury, hopefully to 
benefit patient outcome.
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