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Abstract

OBJECTIVE: To evaluate the efficacy and safety of MK-801 and its effect on lesion volume in rat models of
acute brain injury.

DATA SOURCES: Key terms were “stroke’, “brain diseases”, “brain injuries”, “brain hemorrhage, traumat-
ic”, “acute brain injury”, “dizocilpine maleate”, “dizocilpine”, “MK-801", “MK801”, “rat’, “rats”, “rattus” and
“murine”. PubMed, Cochrane library, EMBASE, the China National Knowledge Infrastructure, WanFang
database, the VIP Journal Integration Platform (VJIP) and SinoMed databases were searched from their
inception dates to March 2018.

DATA SELECTION: Studies were selected if they reported the effects of MK-801 in experimental acute
brain injury. Two investigators independently conducted literature screening, data extraction, and method-
ological quality assessments.

OUTCOME MEASURES: The primary outcomes included lesion volume and brain edema. The secondary
outcomes included behavioral assessments with the Bederson neurological grading system and the water
maze test 24 hours after brain injury.

RESULTS: A total of 52 studies with 2530 samples were included in the systematic review. Seventeen of
these studies had a high methodological quality. Overall, the lesion volume (34 studies, n = 966, MD =
—58.31, 95% CI: —66.55 to —50.07; P < 0.00001) and degree of cerebral edema (5 studies, n = 75, MD =
—-1.21, 95% CI: —1.50 to —0.91; P < 0.00001) were significantly decreased in the MK-801 group compared
with the control group. MK-801 improved spatial cognition assessed with the water maze test (2 studies,
n =60, MD = —10.88, 95% CI. —20.75 to —1.00; P = 0.03) and neurological function 24 hours after brain
injury (11 studies, n = 335, MD = —1.04, 95% CI: —1.47 to —0.60; P < 0.00001). Subgroup analysis suggest-
ed an association of reduction in lesion volume with various injury models (34 studies, n = 966, MD =
—58.31, 95% CI: —66.55 to —50.07; P = 0.004). Further network analysis showed that 0—1 mg/kg MK-801
may be the optimal dose for treatment in the middle cerebral artery occlusion animal model.
CONCLUSION: MK-801 effectively reduces brain lesion volume and the degree of cerebral edema in rat
models of experimental acute brain injury, providing a good neuroprotective effect. Additionally, MK-801
has a good safety profile, and its mechanism of action is well known. Thus, MK-801 may be suitable for
future clinical trials and applications.
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Introduction

Acute brain injury (ABI) primarily attributed to vascular and trau-
matic events is one of the leading causes of mortality and disability
worldwide (Jolliffe et al., 2018). Although the incidence of stroke
appears to have decreased because of the increased use of antihy-
pertensive treatments, the proportion of young patients has rapidly
risen over the past few decades (Balabanski et al., 2018). According
to a nationwide survey of 0.5 million adults, approximately 2.4
million new strokes and 1.1 million stroke-related deaths occur

annually in China (Wang et al., 2017). Moreover, the incidence of
traumatic brain injury, with the highest mortality rate among all
injuries, continues to rise (Ao et al., 2017). Traumatic brain inju-
ry accounts for 30-40% of all injury-related deaths, and half the
world’s population is estimated to have one or more traumatic brain
injuries in their lifetime (Maas et al., 2017). ABI and the associated
complications are a substantial and persistent burden for individ-
uals and society (Kunz et al., 2018). Despite our increasing under-
standing of the mechanisms of ABI, effective therapeutic strategies
are still lacking (Ao et al., 2017).
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The progression of ABI is complex. The primary physical insult
triggers acute secondary injury, involving excitotoxicity, neuroin-
flammation, oxidative stress, neural cell death, vasogenic edema,
ionic imbalance, autophagy disorder, and a range of cellular and
molecular disturbances (Duris et al., 2018). Interestingly, exces-
sive activation of the glutamate receptor underlies these varied
changes (Milton and Smith, 2018). For example, hyperactivation
of N-methyl-D-aspartate (NMDA) receptors, with resulting ex-
cessive influx of Na"and Ca*', is associated with neuronal damage
after stroke and traumatic injury (Song et al., 2018). The chronic
NMDA receptor hyperactivity results in the loss of neurons in
neurodegenerative disorders, such as Huntington’s, Parkinson’s
and Alzheimer’s disease (Song et al., 2018). Accordingly, knockout
of microglial NMDAR subunits reduces neuroinflammation and
neuronal cell death induced by ABI in the developing and mature
brain (Kaindl et al., 2012).

MK-801, an NMDA receptor blocker, has been successfully
used in experimental therapy for stroke, traumatic brain injury,
Parkinson’s and peripheral neuralgia (Song et al., 2018). Despite its
efficacy, the adverse side effects, which probably result from its high
affinity for the receptor and long dwell time, preclude its clinical
application (Song et al., 2018). However, drug use in clinical prac-
tice is dependent on risk-benefit assessment, especially for diseases
currently lacking effective therapies, such as ABI. Here, we perform
a systematic review of available data to critically evaluate the effica-
cy of MK-801 in rat models of ABI, and we assess its potential for
further clinical trials and applications.

Data and Methods

Literature search

PubMed, Cochrane library, EMBASE, the China National Knowl-
edge Infrastructure, WanFang database, the VIP Journal Integration
Platform (VJIP) and SinoMed databases were searched from their
inception dates to March 2018. Key terms were “stroke’, “brain dis-
eases’, “brain injuries”, “brain hemorrhage, traumatic’, “acute brain
injury”, “dizocilpine maleate”, “dizocilpine”, “MK-801", “MK8017,

“rat’, “rats”, “rattus” and “murine”. Reference lists from the included
articles were also searched to identify additional studies.

Identification of articles

Two reviewers (NXY and LYZ) selected the studies independently
by screening the abstracts and full texts according to the eligibility
criteria. Disagreement or ambiguities were resolved by consensus
after discussion with a third reviewer (TZ).

Eligibility criteria

Types of studies

Controlled studies assessing the neurobiological effects of MK-801
on rats with brain injury were searched. All clinical case reports
and solely in vitro studies were excluded. No language, publication
date, or publication status restrictions were imposed.

Types of included animals

Laboratory rats of any age, gender or strain subjected to ABI by
ischemia, hemorrhage or trauma were included. Studies featuring
non-traumatic ischemia, genetically-modified animals, chronic
brain injury models, radiation or electrical stimulation were ex-

cluded.

Types of treatment

All types of MK-801 treatment compared with a placebo control
were included. Placebo control included dimethyl sulfoxide, saline,
vehicle or no treatment. Studies with combined treatments, such as
MK-801 along with memantine, were excluded.

Types of outcome measures

Primary outcomes
Lesion volume is a reliable indicator of injury severity, and is
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related to neurological functional recovery. To accurately assess
lesion volume, the dissected brain hemisphere usually includes all
potential lesioned regions, and is cut into serial axial sections. By
quantifying the lesioned area in each section, lesion volume can be
calculated with software (e.g. Neurolucida or Stereo Investigator)
or according to a specific formula. Brain edema can be used as an
indicator of the brain injury process. Hours to days after the initial
trauma, there is a progressive edema (swelling) of the damaged tis-
sue. Studies reporting brain water content, as an outcome measure,
using the formula [(wet weight—dry weight)/wet weight] x 100%
were included in the analysis.

Secondary outcomes

Behavioral assessments with the Bederson neurological grading
system or the water maze test were included. The Bederson neuro-
logical grading system (Bederson et al., 1986) is a well-documented
and widely used scale with discrete values ranging from 0 to 3:
Grade 0, no observable deficit; Grade 1, forelimb flexion; Grade 2,
decreased resistance to lateral push (and forelimb flexion) without
circling; Grade 3, same behavior as grade 2, with circling. Rats are
held gently by the tail, suspended one meter above the floor, and
observed for forelimb flexion. The water maze experiment docu-
ments the number of times that the pre-trained rat finds the plat-
form and the swimming distance in the platform quadrant. It is a
classic test used to evaluate spatial learning and spatial orientation
abilities.

Data extraction

The data, including name of the first author, publication year, ani-
mal strain and gender, animal age and weight, number of animals,
ABI model, MK-801 administration, and measured outcomes as
the mean + standard deviation (SD), were extracted from the stud-
ies. In studies with multiple intervention strategies, only data for
MK-801 and negative control groups were included in the analyses.
For data that were not described numerically in the text, the values
from the graphs were estimated using commercial software (GetDa-
ta Graph Digitizer 2.25; download from http://getdata-graph-dig-
itizer.com). When related outcomes were reported without clearly
presented data, the authors were contacted by email.

Methodological quality of individual studies

Stroke Therapy Academic Industry Roundtable (STAIR) guidelines
(Fisher et al., 2009) were used to assess the quality and design of
the studies, including the following: sample size calculation; inclu-
sion and exclusion criteria; randomization; allocation concealment;
reporting of animals excluded from analysis; blinded assessment
of outcome; and potential conflicts of interest and study funding.
Two investigators assessed the methodological quality. The bias was
assessed as a low or high risk of bias, while “unclear” indicated that
the risk of bias was not clear.

Statistical analysis

Pairwise meta-analyses and subgroup analyses were conducted us-
ing Review Manager 5.3 software (downloaded from https://com-
munity.cochrane.org). For all outcome measures, the significance
was set at a level of 0.05 (two-tailed). Pooled data for each outcome
were reported as the mean differences (MD) with 95% confidence
intervals (CIs). The chi-square test and Cochrane’s I’ were used to
assess heterogeneity between studies and subgroups. Heterogeneity
was considered significant for P values of Cochrane’s Q statistic
< 0.10 and I’ > 50%. The random effects model was used because
instead of a single true effect size, the true effect sizes likely varied
across the studies.

To examine the appropriate MK-801 dosage, a network me-
ta-analysis method was conducted according to the Bayesian
method using Stata software to synthesize direct and indirect
treatment regimens simultaneously and compare the therapeutic
effect between different doses. For every treatment dosage, we cal-
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culated the probability of its efficacy and ranked treatments by the
surface under the cumulative ranking curve (SUCRA). The larger
the SUCRA value for the treatment, the higher its rank among the
network treatment regimens.

Results

Study selection

Our systematic search identified 1830 potentially relevant studies.
After removal of duplicates and title/abstract screening, 72 papers
were selected for full-text screening. Of 20 publications excluded
at the full-text level, five used the newborn rat, four did not report
an outcome that met the inclusion criteria, two combined MK-801
with another treatment, and the remaining were repeat publica-
tions or were excluded for other reasons. A total of 52 studies were
finally included in this systematic review and meta-analysis (Park
et al,, 1988; Dirnagl et al., 1990; Bielenberg and Beck, 1991; Gill et
al,, 1991, 1992; Oh and Betz, 1991; Buchan et al., 1992; lijima et al.,
1992; Roussel et al., 1992; Hamm et al., 1993; Pschorn et al., 1993;
Shapira et al., 1993; Dawson et al., 1994; Frazzini et al., 1994; Lo
et al., 1994; Lyden and Lonzo, 1994; Xue et al., 1994; Green et al.,
1995; Liu and Feng, 1995; Katsuta et al., 1995; Memezawa et al.,
1995; Margaill et al., 1996; Relton et al., 1996; Onal et al., 1997; Ber-
torelli et al., 1998; Chen et al., 1998; Herz et al., 1998; Sarraf-Yazdi
et al., 1998, 1999; Takamatsu et al., 1998; Ai et al., 2000; Gorgulu
et al., 2000; Kawai et al., 2000; Mackensen et al., 2000; Hanon and
Klitgaard, 2001; Uchida et al., 2001; Wexler et al., 2002; Pan and
Li, 2003; Shen et al., 2003; Shirasaki et al., 2004; Allahtavakoli et
al., 2007; Moyanova et al., 2007, 2009; Regan et al., 2007; Cam et
al., 2008; Ashioti et al., 2009; Foster et al., 2009; Han et al., 2009;
Nategh et al.,, 2010; Hu et al,, 2015; Qian et al., 2016; Sommer et al.,
2017; Figure 1).

Databases search (n = 1830)
1.PubMed: n = 1298

2.EMBASE: n =441

3.Cochrance: n=5

4.Chinese literature databases: n = 86

Additional records identified
through other source: n =0

I

EEEE——— 206 reduplications

| 1624 potentially relevant papers |

| 1552 papers excluded
based on title or abstract

| 72 papers selected for full-text |

review 20 papers excluded:

5 used newborn rats
4 did not report related
outcomes
2 used combination
52 studies were finally included for || therapy
qualitative analysis Other reasons

[ Included ] [ Eligibility ][ Screening ][Identiﬁcation]

Figure 1 Summary of the literature identification and selection
process.

Characteristics of the included studies in the

meta-analysis

Of the 52 publications from 1988 to 2017, 48 were in English, while
four were in Chinese (Liu and Feng, 1995; Wenbin et al., 2000; Pan
and Li, 2003; Shen et al., 2003). The sample size (number of animals)
ranged from 10 to 121. Among the studies, 41 had ABI induced by
middle cerebral artery occlusion (MCAO), five used a weight-drop
injury model (Hamm et al., 1993; Shapira et al., 1993; Wenbin et
al,, 2000; Han et al., 2009; Sommer et al., 2017), and the remaining
used a hemorrhage model. Half of the studies reported the source
of MK-801. The controls included saline, dimethyl sulfoxide, or no
treatment. The dose of MK-801 ranged from 0.04 to 10 mg/kg, and
36 studies used intraperitoneal injection, while the remaining used

intravenous injection. Pre-operation administration of MK-801 was
performed in 22 studies, while the majority of the remaining studies
treated ABI within 30 minutes of injury (Additional Table 1).

Risk of bias within studies

Overall, the methodological quality of the studies was relatively low.
Only two of the studies reported more than 50% of the details in
the STAIR list (Lyden and Lonzo, 1994; Mackensen et al., 2000). No
study performed a sample size calculation. About half of the studies
reported randomization, blinding to assessors and potential conflicts
of interest (Table 1).

Overall analysis of the effects of MK-801

From histopathological analysis, lesion volume (mm’) expansion
was notably decreased in the MK-801 group compared with the
control group (34 studies, n = 966, MD = —58.31, 95% CI: —66.55
to —50.07, P < 0.00001; Figure 2). The pooled lesion volume (per-
centage to hemisphere volume) results revealed a protective effect
of MK-801 (10 studies, n = 225, MD = —10.44, 95% CI: —13.60 to
—7.28, P < 0.00001; Table 2 and Additional Figure 1). Five studies
reported brain water content as outcome. MK-801 significantly
decreased brain water content compared with the control group (5
studies, n = 75, MD = —1.21, 95% CI: —1.50 to —0.91, P < 0.00001;
Figure 3).

For functional evaluation, 11 studies assessed neurological scores
24 hours after brain injury. Although three trials reported that MK-
801 had no beneficial effect on neurological score, our meta-anal-
ysis revealed that MK-801 significantly improved neurological
function in rats with ABI (11 studies, n = 335, MD = —1.04, 95% CI:
—1.47 to —0.60, P < 0.00001; Figure 4 and Table 2). The pooled wa-
ter maze test results showed a significant improvement in MK-801-
treated animals compared with control (two studies, n = 60, MD =
—10.88, 95% CI: —20.75 to —1.00, P = 0.03; Figure 5 and Table 2).
Substantial heterogeneity in treatment effects between the studies
was observed. Given that different models and administration pa-
rameters may be associated with this heterogeneity, we conducted
subgroup analyses on these factors.

Subgroup analysis of the effects of MK-801

MK-801 produced a notable reduction in lesion volume compared
with control, in both MCAO and hemorrhage models, irrespective
of administration dose, route and timing. There were no differ-
ences in the reduction in infarct volume among the different ABI
models. There were also no differences among the 0-1, 1-3 and
5-10 mg/kg doses, between intraperitoneal and intravenous injec-
tion, or between pretreatment and posttreatment (Figure 6, Table
3 and Additional Figures 2-4).

Sub-subgroup analysis of the effects of MK-801 in the MCAO
model

Given the large number of studies, sub-subgroup analysis for the
MCAO subgroup was performed. Sub-subgroup analyses showed
that controlling multiple variables produced more reliable and ac-
curate results. Sub-subgroup analyses revealed that the reduction
in lesion volume was associated with administration dose (P = 0.03),
but not with administration route or timing (Figure 7, Table 4 and
Additional Figures 5 and 6).

Network analysis of the effects of different administration doses
of MK-801

To identify the optimum treatment regimen, network analysis
of the effects of different administration doses of MK-801 was
performed. Forest plots of studies of all injury models or MCAO
models indicated that there were no differences in lesion volume
between the 0-1, 1-3 and 5-10 mg/kg doses. Probability analysis
of all injury models suggested that the effect of the 1-3 mg/kg dose
had the highest probability of occupying the first ranking, with the
0-1 mg/kg dose occupying the second ranking. Probability analysis
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Table 1 Risk of bias summary

Study

Sample size
calculation

Inclusion and
exclusion
criteria

Allocation
Randomization concealment

Reporting of
animals excluded
from analysis

Blinded
assessment of
outcomes

Reporting potential
conflicts of interest
and study funding

Sommer et al. (2017)
Qian et al. (2016)

Hu et al. (2015)

Nategh et al. (2010)
Han et al. (2009)
Foster et al. (2009)
Ashioti et al. (2009)
Cam et al. (2008)
Regan et al. (2007)
Moyanova et al. (2007)
Moyanova et al. (2009)
Allahtavakoli et al. (2007)
Shirasaki et al. (2004)
Shen et al. (2003)

Pan and Li (2003)
Wexler et al. (2002)
Uchida et al. (2001)

Hanon and Klitgaard (2001)

Ai et al. (2000)
Mackensen et al. (2000)
Kawai et al. (2000)
Gorgulu et al. (2000)
Sarraf-Yazdi et al. (1999)
Takamatsu et al. (1998)
Sarraf-Yazdi et al. (1998)
Herz et al. (1998)

Chen et al. (1998)
Bertorelli et al. (1998)
Onal et al. (1997)
Relton et al. (1996)
Margaill et al. (1996)
Liu and Feng (1995)
Memezawa et al. (1995)
Katsuta et al. (1995)
Green et al. (1995)

Xue et al. (1994)

Lyden and Lonzo (1994)
Lo etal. (1994)
Frazzini et al. (1994)
Dawson et al. (1994)
Shapira et al. (1993)
Pschorn et al. (1993)
Hamm et al. (1993)
Roussel et al. (1992)
Tijima et al. (1992)

Gill et al. (1992)
Buchan et al. (1992)
Oh and Betz (1991)
Gill et al. (1991)

Bielenberg and Beck (1991)

Dirnagl et al. (1990)
Park et al. (1988)

cccccadgdccccdgdcdccacgadcoccaagogocccgoccccgoccocccocococccocogaogocaccaacdcdag

ccccccdddcccacddccaoaagagcgoccocogoccccgoccccgoccocccococogococacagaacaccaacdcda

ccccccoaccocrfcagrfccorrr oo grrorrfcrorrrcc ooy Qe ee

ccccccddcccagdodccocogogcccocococcccgocccocgoocccacogoaggccacagaacaccaacdcdac

ccccocrrrocccrfcagrfcccocrrmrforcccccccccccoccorccgccccorrrcccoareaccac

crcrarrrrhccocdgdcrfcrrccdccorrorforrorgrfrfcrrcocrffccoarftffcocaarEcaagrr e

sl eNelolcl ol NNl aleNolsNolsl ool ool Nl ol el Nl sl el sl ol sl sl ol sl ool ol clcN ol clcNclalclolal ol el o il o lie

U: Unknown; L: low.
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Table 2 Summary of the meta-analysis of lesion volume, brain water content, brain edema, neurological scores and latency in the water maze
test

Mean difference (MD) Heterogeneity
Outcome title No. of studies No. of animals MD (95% CI) P-value r P-value
1. Lesion volume (mm®) 34 966 —58.31 (—66.55, —50.07) < 0.00001 94 < 0.00001
2. Lesion volumes (%) 10 225 —10.44 (—13.60, —7.28) < 0.00001 97 < 0.00001
3. Brain water content (%) 5 75 —1.21 (-1.50, —0.91) < 0.00001 56 0.060
4. 24-Hour neurological scores 11 335 —1.04 (—1.47, —0.60) < 0.00001 98 < 0.00001
5. Latency in water maze (second) 4 76 —10.15 (—16.81, —3.50) 0.003 78 0.003
No.: Number.
Table 3 Summary of subgroup analysis on lesion volume
Mean difference (MD) Heterogeneity Subgroup
difference
Subgroup title No. of studies No. of animals MD (95% CI) P-value I P-value (P-value)
1. Administration dose 34 984 —57.38 (—65.35, —49.42) < 0.00001 93 < 0.00001 0.060
1.1 Dose (0, 1) 22 521 —59.10 (—68.79, —49.40) < 0.00001 89 < 0.00001
1.2 Dose (1, 3) 10 282 —62.00 (—84.92,-39.08) < 0.00001 97 < 0.00001
1.3 Does (5, 10) 6 181 —43.35(-53.33,-33.38) <0.00001 54 0.040
2. Administration routes 33 974 —56.15 (—64.06, —48.24) < 0.00001 93 < 0.00001 0.930
2.1 Intraperitoneally 21 653 —55.81 (—67.19, —44.43) < 0.00001 94 < 0.00001
2.2 Intravenously 12 321 —55.15 (—66.07, —44.22) < 0.00001 88 < 0.00001
3. Administration time 32 848 —57.37 (—66.33, —48.40) < 0.00001 94 < 0.00001 0.690
3.1 Pretreatment 14 400 —55.00 (—72.49, —37.50) < 0.00001 94 < 0.00001
3.2 Posttreatment (0, 15 min) 9 230 —53.36 (—70.77,-35.94) < 0.00001 94 < 0.00001
3.3 Posttreatment (15, 30 min) 9 191 —64.88 (-79.24, -50.51) < 0.00001 93 < 0.00001
3.4 Posttreatment (30, 60 min) 2 27 —-42.38 (-111.17,26.42) 0.230 56 0.130
4. Injury model 34 966 —58.31 (—66.55, —50.07) < 0.00001 94 < 0.00001 0.004
4.1 MCAO 31 888 —60.37 (—68.98, —51.76) < 0.00001 94 < 0.00001
4.2 Hemorrhage 3 78 —31.58 (—48.90, —14.26)  0.0004 38 0.200
MCAO: Middle cerebral artery occlusion; min: minutes; No.: Number.
Table 4 Summary of sub-subgroup analysis of the middle cerebral artery occlusion model
Mean difference (MD) Heterogeneity Sub-subgroup
No. of No. of difference
Sub-subgroup title studies animals MD (95% CI) P-value P P-value (P-value)
1. Administration dose 31 934 —60.74 (—69.17, —52.31) < 0.00001 94 < 0.00001 0.030
1.1 Dose (0, 1) 20 453 —60.77 (—=70.98, —50.56) < 0.00001 90 < 0.00001
1.2 Dose (1, 3) 9 272 —66.55 (—90.89, —42.21) < 0.00001 98 < 0.00001
1.3 Does (5, 10) 7 181 —43.35(—53.33, —33.38) < 0.00001 54 0.040
2. Administration routes 31 888 —60.37 (—68.98, —51.76) < 0.00001 94 < 0.00001 0.440
2.1 Intraperitoneally 20 603 —62.25 (—75.06, —49.44) < 0.00001 95 < 0.00001
2.2 Intravenously 11 285 —55.52 (—66.55, —44.50) < 0.00001 89 < 0.00001
3. Administration time 30 786 —59.20 (—68.26, —50.14) < 0.00001 94 < 0.00001 0.800
3.1 Pretreatment 14 406 —57.16 (—73.32, —41.00) < 0.00001 94 < 0.00001
3.2 Posttreatment (0, 15 min) 8 180 —56.58 (—75.72, —37.44) < 0.00001 95 < 0.00001
3.3 Posttreatment (15, 30 min) 8 173 —65.46 (—80.52, —50.41) < 0.00001 94 < 0.00001
3.4 Posttreatment (30, 60 min) 2 27 —42.38 (—111.17,26.42) 0.23 56 0.130

min: Minutes; No.: Number.

of the MCAO models showed that the effect of the 0-1 mg/kg dose ~ (Figure 9A) in brain injury or MCAO models (Figure 9B) were

ranked first, followed by the 1-3 mg/kg dose (Figure 8). constructed. Most of the data points in this study were located
above the funnel and were evenly distributed on both sides of the
Funnel plot of the effects of MK-801 on brain injury red indicator line, suggesting the presence of a small publication

To analyze publication bias, funnel plots of the effects of MK-801  bias. A few scattered points were located on the right side of the
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Figure 2 Meta-analysis
of lesion volume (mm?®)
in rats after brain
injury.

Most studies show that
MK-801 decreases lesion
volume after acute brain
injury in rats.

Figure 3 Meta-analysis
of brain water content
in rats after brain
injury.

Most studies show that
MK-801 decreases brain
water content after acute
brain injury in rats.

Figure 4 Meta-analysis
of 24-hour neurological
scores in rats after brain
injury.

Most studies show that
MK-801 improves neu-
rological function after
acute brain injury in rats.

Figure 5 Meta-analysis
of latency in the water
maze test in rats after
brain injury.

Most studies show that
MK-801 improves spatial
learning and memory
after acute brain injury in
rats.
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funnel, indicating the presence of small sample effects. However,
because of the systematic search and the large number of studies,
the publication bias was relatively small.

Discussion

Despite the enormous funding and research into treatments for ABI,
there are very few effective therapies available in the clinic. For trans-
lation to the clinic, treatments must have satisfactory efficacy, have
high safety, with minor or no side effects, and have a well-defined
molecular mechanism of action. Given the reported beneficial roles
of MK-801 in ABI, we performed a systematic review of all available
studies to critically assess its potential for clinical translation.

Summary of evidence
Using a sensitive and exhaustive literature search strategy, we iden-
tified 52 eligible studies. The methodological quality of these stud-
ies is relatively low. Random-effects meta-analysis suggested that
MK-801 has beneficial effects in ABI. It reduced lesion volume and
brain edema, and improved neurological scores. Treatment with
MK-801 led to a 58.31 mm’ reduction in lesion volume, a 1.21%
reduction in brain water content, and better spatial cognition.

Our subgroup analysis revealed no significant difference in

Figure 6 Lesion volume
subgroup analysis of
administration dose after
brain injury.

Most studies show that MK-
801 at various doses reduces
lesion volume after acute
brain injury in rats.

reduction of lesion volume between the various injury models, ad-
ministration routes, timings or doses. The sub-subgroup analysis of
the MCAO model showed that reduction in lesion volume was as-
sociated with administration dose. Reduction of lesion volume was
greater with the 0-1 mg/kg dose than with the 5-10 mg/kg dose.
Further network meta-analysis confirmed this finding.

Injury type

The studies reported that MK-801 reduces lesion size, alleviates ce-
rebral edema and improves cognition in traumatic brain injury and
ischemic or hemorrhagic stroke models. Our subgroup analysis in-
dicated that MK-801 reduces lesion size in both ischemic and hem-
orrhagic stroke models, and has a better effect in MCAO models.
However, only three studies using this model were included in the
analysis (Lyden and Lonzo, 1994; Kawai et al., 2000; Uchida et al.,
2001), and therefore, further study is needed to clarify the effects of
MK-801 in hemorrhagic stroke.

MK-801 dose

Optimal dose is critical for treating any disease. The dose of MK-
801 in the studies ranged from 0.04 to 10 mg/kg, and most used
a dose of 1 mg/kg. Although all doses have been reported to have
positive effects on ABI, doses above 5 mg/kg were associated with
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high mortality with obvious side effects, while 2.5 mg/kg was as-
sociated with low mortality (Dawson et al., 1994). We found that
reduction of lesion volume was not significantly different among
the 0-1, 1-3 and 5-10 mg/kg doses, but a relatively low effect
size was found for 5 mg/kg. Sub-subgroup analysis of the MCAO
model suggested that reduction of lesion volume was more pro-
nounced in studies using doses of 0—1 mg/kg than 5-10 mg/kg.
Moreover, network analysis indicated that the 0-1 mg/kg dose is
more effective in comparison with the 1-3 and 5-10 mg/kg doses.
These findings suggest that a low dose with few side effects should
be recommended, especially for brain ischemic disease.

Timing of MK-801 administration

The pathogenesis of ABI follows a distinct temporal sequence of
events, and therefore, the timing of treatment is critical for effective
therapy. One study reported a greater reduction in infarct volume
in animals given post-occlusion treatment with MK-801 compared
with animals given pretreatment (Shapira et al., 1993). In another
study, pretreatment alone failed to reduce neocortical damage after
focal cerebral ischemia (Dawson et al., 1994). As the occurrence of
ABI is unpredictable, pre-administration is not clinically feasible,
except in situations such as cardiothoracic surgery, which may
induce ischemic ABI. Our subgroup and sub-subgroup analyses
showed that lesion volume reduction was not significantly different
among the various administration timings (i.e. pretreatment, and
0-15, 15-30 and 30-60 minutes post-injury). Early treatment of
secondary damage in ABI is crucial for improving the later regener-
ation of injured neurons and for the recovery of neurological func-
tion. Therefore, early administration of MK-801 should be more
neuroprotective.

Administration route

MK-801 given by intravenous injection exerted neuroprotective
effects in various studies on ABI. Our subgroup analysis suggested
that infarct volume was not associated with administration route
(intraperitoneal or intravenous injection). In the clinic, intravenous
injection may therefore be an appropriate choice if MK-801 makes
it to clinical trial.

Safety

Although high-dose MK-801 for treating ABI is associated with
certain side effects, the concept of safety takes into consideration
not only adverse reactions, but also the ratio of median effective
dose to median lethal dose. In animal studies, doses of 0.04-10 mg/
kg have been shown to be neuroprotective, and only minor side
effects were reported with initial administration of 2.5 mg/kg MK-
801 followed by 1.25 mg/kg at 6 and 14 hours (Buchan et al,, 1992).
Hence, there is a large separation between the effective and risk
doses.

Behavioral impairment and neuronal degeneration following
MK-801 administration have been reported in a large number
of studies. However, most of these studies used normal animals
given chronic MK-801 administration. Although hyperactivation
of NMDA receptors is a key pathological event in central nervous
system injury, the normal physiological function of the receptor
is critical for neuronal excitability and homeostasis. The loss of
physiological NMDA receptors leads to robust neuroinflammation,
death of neural cells and neuronal degeneration. In ABI, MK-801
likely reduces the hyperactivation of NMDA receptors, rather than
inhibiting their normal function.

In ABI, MK-801 primarily serves to reverse the acute damage,
with a relatively low risk of inhibiting the normal physiological
function of NMDA receptors. However, it also alleviates second-
ary damage in a therapeutically safe manner. The beneficial effects
of MK-801 therefore seem to far outweigh the risk. Derivatives
of MK-801, produced by structural modification, might further
enhance safety and may be even more suitable for future clinical
translation.
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Potential therapeutic mechanisms

Excessive activation of NMDA receptors is associated with key
pathological changes in ABI. Given that MK-801 is an NMDA re-
ceptor antagonist, it may act via a number of different mechanisms
to protect against ABI (Kaindl et al., 2012; Olmos and Lladd, 2014;
Figure 10).

Reduction of neuronal loss

Glutamate release in the area of primary damage and the subse-
quent inflammation stimulate neuronal NMDA receptors and
leads to excessive cell death (Ye et al., 2013; Matute, 2007). MK-
801 reduces lesion volume, neuronal cell loss and brain edema by
lessening neurotoxicity induced by the intracellular accumulation
of Na* and Ca’" (Bakiri et al., 2008; Han et al., 2009; Dong et al.,
2017). Activation of mitogen-activated protein kinases (MAPKs),
endoplasmic reticulum stress and the caspase proteins are strongly
linked to cell death (Dong et al., 2017; Tran et al.,, 2017). MK-801
has been shown to affect c-Jun N-terminal kinase, p38 MAPK,
caspase-3 and Bax signaling (Wang et al., 2011; Sanchez et al., 2016;
Tran et al., 2017). Furthermore, MK-801 protects against oligoden-
drocyte death and demyelination by reducing Ca®* overload in the
cytosol (Matute, 2007).

Neuroinflammation modulation

Rapid activation of microglia and astrocytes following the initial
trauma induces the inflammatory response, further leading to
disruption of the blood-brain barrier and the recruitment of pe-
ripheral immune cells in the lesion area (Kuhlmann et al., 2009;
Kaindl et al., 2012). The NMDA receptor has been argued to play
an important role in microglial activation (Li et al., 2017). Gluta-
mate, NMDA, interleukin-1f and tumor necrosis factor-a promote
microglial activation by directly or indirectly activating NMDA
receptors (Matute, 2007; Ye et al., 2013; Olmos and Llado, 2014).
Blocking NMDA receptors with MK-801 prevents the inflamma-
tion triggered by microglial activation and the ensuing neurotoxic-
ity (Streit et al., 1992; Morkuniene et al., 2015). MAPK, protein ki-
nase C, nuclear factor-kappa B (NF-kB), Janus kinase (JAK)/signal
transducer and activator of transcription 3 (STAT3) are important
downstream effectors of the NMDA receptor that are involved in
microglial M1 polarization. These signaling effectors are down-
regulated by MK-801 in vivo and in vitro (Kawamoto et al., 2012;
Chen et al,, 2017; Liu et al., 2017; Ding et al., 2018). Therefore, MK-
801 may reduce neuroinflammation by inhibiting activation of the
NMDA receptor and its downstream effectors (de S& Lima et al.,
2013; Li et al., 2017).

Antioxidant stress

Oxidative stress, primarily resulting from mitochondrial or endo-
plasmic reticulum dysfunction, is a key factor in various patholog-
ical and functional changes (Dong et al., 2017; Chien et al., 2018).
Excessive reactive oxygen species production can lead to inflam-
mation, perturbation of ionic homeostasis, DNA damage and cell
death in the central nervous system (Kaindl et al., 2012; Milton and
Smith, 2018; Nagalakshmi et al., 2018). Hyperactivation of NMDA
receptors contributes to excessive Ca’" influx, a decrease in super-
oxide dismutase, and an increase in oxidative stress (Zieminska et
al,, 2017). MK-801 protects against mitochondrial and endoplasmic
reticulum dysfunction by inhibiting oxidative stress and reactive
oxygen species production (Massari et al., 2016; Dong et al., 2017).
Although the underlying molecular mechanisms are still unclear,
MK-801 may exert neuroprotection by reducing Ca** influx and
inhibiting protein kinase C signaling (Liu et al., 2017; Zieminska et
al,, 2017).

Hyperactivation of NMDA receptors leads to astrogliosis and glial
scarring (Ebrahimi et al., 2012). MK-801 treatment in neuropathic
pain models inhibits astrocyte activation and glial fibrillary acidic
protein expression (Wang et al., 2017; Jha et al., 2018). The extracel-
lular signal-regulated kinase or JAK/STAT3 signal associated with
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the NMDA receptor may be involved in the anti-astrogliotic effect
of MK-801 (Sutton and Chandler, 2002; Sriram et al., 2004).

Regulation of neurotrophic factors

Brain-derived neurotrophic factor (BDNF), a member of the
neurotrophin family of signaling molecules, plays a key role in
neuroplasticity and neuroregeneration (Garraway et al., 2016).
Pro-BDNE, the precursor protein, may exert some effects that are
opposite to those of mature BDNF (Zhao et al., 2017). A variety of
studies have reported an upregulation of BDNF mRNA associated
with the activation of NMDA reporter in the cerebral cortex and
hippocampus during the early stage of traumatic brain injury and
ischemic stroke (Hughes et al., 1993; Felderhoft-Mueser et al., 2002;
Sonmez et al., 2015; Zhao et al., 2017). Transcriptional activation of
the BDNF gene increases production of pro-BDNE, leading to ac-
tivation of p75NTR, which may exacerbate brain injury (Garraway
et al,, 2016). MK-801 administration in rats with brain injury sup-
presses the excessive increase in BDNF mRNA, and might therefore
reduce the production of pro-BDNF to inhibit the events leading
to microglial proliferation, oxidative stress and neural cell death
(Dietrich et al., 2000; Zhu et al., 2015). Following the acute phase,
the expression of BDNF mRNA and protein gradually decreases
(Al-Amin et al., 2011). It was suggested that stroke patients in the
chronic stage have lower BDNF levels compared with healthy par-
ticipants (Pascotini et al., 2018). Interestingly, MK-801 administra-
tion was reported to reverse the lower expression of BDNF protein
in rats with neuropathy during the subacute and chronic stages,
and to be neuroprotective against neuronal loss and the associated
cognitive impairment (Sonmez et al., 2015). The neuroprotective
effect of MK-801 might involve BDNF-mediated CREB activation
(You et al., 2019). However, the complex relationship between MK-
801 and BDNF is still poorly understood.

Strengths and limitations

To our knowledge, our present study is the first meta-analysis to
quantitatively evaluate MK-801 efficacy, in an effort to assess its
potential for clinical trials and translation. An understanding of the
optimal timing and route of administration, dose, efficacy, safety
and mechanism of action of a drug is crucial for effective clinical
translation. Here, we combined systematic review and traditional
review to comprehensively analyze these parameters for MK-801.

Controlling variables is key to assessing the effects of a drug.
Traditional subgroup analysis can only control for a single variable,
and the remaining heterogeneity can diminish the credibility of the
pooled results. Therefore, subgroup analysis is a feasible method for
reducing heterogeneity and obtaining more reliable results. Given
the high heterogeneity in subgroup analysis, we conducted sub-sub-
group analysis for the MCAO subgroup. Despite no obvious reduc-
tion in heterogeneity, our findings show that MK-801 is effective
for ischemic brain injury. Furthermore, our analyses suggest that
the NMDA receptor is a promising pharmacological target for ABI
treatment. Our findings should advance our understanding of the
underlying pathological mechanisms and promote the development
of new effective therapies for ABI.

Substantial between-study heterogeneity for treatment effect was
identified in our review, which may seem a barrier to a meaningful
analysis. Heterogeneity is usually a complicated problem. Complex
variables likely contribute to the heterogeneity. It is difficult to re-
duce the heterogeneity by subgroup analysis, which can only limit
one or two variables. The use of meta-analysis for heterogeneous
studies is akin to comparing apples with oranges. However, a large
number of studies with a consistent result can enhance reliability.

Unfortunately, studies of traumatic brain injury or hemorrhagic
brain injury are limited. The pooled meta-analysis results mirrored
the efficacy of MK-801 in the MCAO model. The neuroprotective
effects of MK-801 in traumatic brain injury and hemorrhagic brain
injury remain to be confirmed by high-quality studies. Finally, as
most journals publish articles with positive results, and as some au-

thors may selectively report the beneficial over adverse outcomes,
there is a potential treatment bias in the present study.

In this study, data points in the funnel plots did not observe a ful-
ly symmetric distribution, indicating a small publication bias. The
bias may occur in the original study or in the selection process for
inclusion in the study. Additionally, most journals publish articles
with positive results, and some authors selectively report the bene-
ficial outcomes over adverse outcomes, which may also contribute
to the publication bias. The reporting bias in studies is an important
factor impacting the reliability of the pooled results. Finally, finan-
cial funding is an important source of heterogeneity, and some of
the studies did not report potential conflicts of interest.

MK-801 is an old drug that has been investigated for many years,
and therefore has an advantage over new drugs that are not well
characterized. Our current findings suggest that MK-801 has a
clear neuroprotective action in models of ABI. As a corollary, our
findings also suggest that the NMDA receptor is a promising phar-
macological target for ABI treatment. The beneficial effects of MK-
801 appear to far outweigh its adverse effects. MK-801 is therefore
likely suitable for further clinical trials and may have therapeutic ef-
ficacy in the clinical treatment of ABI. However, the results should
be interpreted in light of the limitations in experimental design and
methodological quality of the studies included in the meta-analysis.
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Figure 8 Network analysis of the
effects of MK-801 administration
dose.

(A) Forest plot of pairwise com-
parison of different MK-801 doses
according to subgroup. (B) Proba-
bility analysis of different sequences
in studies of all injury models. (C)
Forest plot of pairwise comparison
of different MK-801 doses accord-
ing to sub-subgroup. (D) Probabili-
ty analysis of different sequences in
studies of MCAO models. 1: Con-
trol; 2: 0-1 mg; 3: 1-3 mg; 4: 5-10
mg.

Figure 9 Funnel plot analysis.

(A) Funnel plot analysis of the ef-
fects of MK-801 on brain injury. (B)
Funnel plot analysis of the effects
of MK-801 in the middle cerebral
artery occlusion model subgroup.

Figure 10 Potential molecular mechanisms underlying the
neuroprotective action of MK-801 against acute brain injury.

Under pathological conditions, excessive activation of glutamate recep-
tors or Ca** influx induces oxidative stress, glial cell activation, and neu-
ronal or oligodendrocyte cell death by affecting downstream signaling
pathways, such as PKC, MAPK and PI3K/AKT. MK-801, an antagonist
of the NMDA receptor, downregulates PKC and MAPK to suppress neu-
roinflammation. It also inhibits the JNK and p38 MAPK pathways and
downstream apoptosis-related molecules to alleviate neural cell loss, re-
duce oxidative stress and promote functional recovery. Interestingly, MK-
801 seems to have opposing effects on BDNF expression. MK-801 can
prevent the excessive increase in BDNF mRNA in the early stage of brain
injury and increase BDNF levels in the chronic stage. These contrasting
effects reduce acute injury and promote the survival and regeneration of
neural cells. IL-1f: Interleukin 1 beta; MAPK: mitogen-activated protein
kinase; STAT3: signal transducer and activator of transcription 3; TNFR:
tumor necrosis factor receptor; TNF-a: tumor necrosis factor a; JNK:
c-Jun N-terminal kinase; Bax: Bcl-2-associated X; BDNF: brain-derived
neurotrophic factor; PI3K: phosphatidylinositol 3-kinase; ERK: extracel-
lular signal-regulated kinase; PKC: protein kinase C; ROS: reactive oxy-
gen species.
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Test for overall effect Z= 6.47 (P < 0.00001)

Additional Figure 1 Lesion volume (%) meta-analysis of rats after brain injury.
Most literatures have proved that MK-801 can decrease Lesion volume (%) after acute brain

injury in rats.
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Additional Figure 2 Lesion volume subgroup analysis concerning administration routes after

brain injury.

Under different administration routes, most literatures have proved that MK-801 can also decrease

Lesion volume after acute brain injury in rats.
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6 108
24 141.97
23 11818
4 445

120

21%  -90.00 [129.23,-50.77]
3.3%  -76.30[-81.42,-61.18]
34%  -71.74[-83.14,-60.34]
26%  -5681[-85.89,-27.33]
27%  -50.00[-77.49,-22.51]
25%  -50.00[-82.15,-17.85]
3.5%  -49.50[-56.23,-42.77)
31%  -2985-47.86,-11.44]
36%  -19.90 [-24.80,-15.00]

110 26.9% -53.36 [-70.77,-35.94]

Heterogeneity: Tau®= 588.08; Chi*=132.32, df= 8 (P < 0.00001); I*= 94%
Test for overall effect: Z= 6.01 (P < 0.00001)

10.1.3 posttreatment (15,30min]

Pschom U 1983 75.97
Herz RC 1998 54,23
Moyanova SG 2007 85.5
Margaill | 1996 169
Uchida K 2001 61
Park CK 1988 75
Pan D@ 2003 9429
Herz RC 1998 45.96
GillR 1992 121.32
Kue D 1994 170

Subtotal (95% CI)

6 250.52
7 15441
13 1705
9 238
9 119
8 127
5 14465
6 9283
16 159.8
11 181

89

(5]
O ;OO E~NO

2.2% -174.55[-212.23,-136.87)
31% -100.18 [119.97,-80.39]
35%  -85.00[-84.51,-75.49]
27%  -70.00[-87.72,-42.28]
23%  -58.00([-83.11,-22.89]
35%  -52.00 [-59.41,-44.59]
35%  -50.36 [60.52,-40.20]
3.6%  -46.87 [51.03,-42.71]
33%  -38.48[-52.52,-24.44]
2.8% -11.00 [-36.35, 14.35)

30.5% -64.88 [-79.24,-50.51]

Heterogeneity: Tau®= 433.79; Chi*= 130.02, df= 8 (P < 0.00001); = 93%
Test for overall effect: Z=8.85 (P < 0.00001)

10.1.4 posttreatment (30,60min]

Lo EH 1994 49
Onal MZ 1997 1761
Subtotal (95% CI)

Heterogeneity: Tau®= 1496.56; Chi*= 2.29, df=1 (P = 0.13); F= 56%
Test for overall effect Z=1.21 (P=0.23)

Total (95% CI)

6 118
7 1752
13

429

2.0%  -69.00 [110.31,-27.69]
0.9% 3.90 -81.02, 88.82)
29%  -42.38[-111.17,26.42]

419 100.0% -57.37 [-66.33,-48.40]

Heterogeneity: Tau®= 579.11; Chi*= 558.36, df= 34 (P < 0.00001); F= 94%
Test for overall effect: Z=12.54 (P < 0.00001)

Test for subaroun differences: Chi*= 1.46. df= 3 (P = 0.69). F= 0%
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Additional Figure 3 Lesion volume subgroup analysis concerning administration time after

brain injury.

Under different administration time, most literatures have proved that MK-801 can also decrease

Lesion volume after acute brain injury in rats.



MK-801

Study or Subgrouw Mean SD Total
11.1.1 MCAO

Pschorn U 1993 75.97 1085 5
Memezawa H 1995 27.01 46.49 8
Buchan AM 1892 41 19 9
Hanon E 2001 107 223 9
Herz RC 1998 54.23 17.48 7
Mackensen GB 2000 35 35 16
Foster KA 2008 11282 205 41
Moyanova SG 2007 85.5 5.2 13
Sarraf-Yazdi S 1998 100 65 18
Sarraf-Yazdi S 1999 81 60 18
Regan HK 2007 130 24 20
Shen SY 2003 60.8 7.76 18
Takamatsu H 1998 1261 203 8
Gorgulu A 2000 80.55 849 10
Margaill 1 1396 169 30 9
Lo EH 1994 49 7 6
Dirnagl U 1990 165 63 15
Katsuta K 1995 89.38 42.54 24
Relton JK 1996 26.87 6.37 8
Pan D& 2003 8428 8.94 5
Cam E 2008 2312 214 5
lijima T 1992 58 115 6
GillR 1981 8247 16.15 24
Park CK 1988 7971 849 14
Herz RC 1998 4596 3.68 6
Buchan AM 1992 14529 11.03 31
GillR 1982 121.32 19.82 16
Roussel § 1992 7381 2647 N
Bielenberg GY 1891 66.36 28.13 14
Bertorelli R 1898 24.6 4 4
Dirmagl U 1980 186 33 12
Kue D 1994 170 33 1"
Margaill | 1896 200 40 8
Dawson DA 1994 50.71 15.71 9
Onal MZ 1997 1791 785 7
Subtotal (95% CI) 455

Control
SD Total Weight

Mean

250.52
157.76
160
211
154.41
126
200.71
1705
182
163
211
1408
2024
162.29
238
118
231
145.99
78.88
144.65
7312
108
141.97
127
92.83
186.23
159.8
110.71
981
445
197
181
208
59.06
1752

4156
83.78
43
238
2022
72
23.88
227
63

36

28
14.81
85
16.31
30
44
22
36.46
13.06
7.37
232
385
468
7
3.68
7.86
207
22,62
269
3

51

32

14
11.43
89.3

5
7
9
12
4
16
41
24
18
12
17
18
9
10
9

-
=]

(&)
D EDON®OW

@

31
16
18
8
4
11
16
8
10
8
433

Heterogeneity: Tau®= 524.70; Chi®= 569.39, df= 34 (P < 0.00001); F=

Test for overall effect: Z=13.75 (P < 0.00001)

11.1.2 Hemorrhage

Uchida K 2001 61 38 9
Lyden PD 1994 88.54 26.09

Kawai N 2000 66.4 137 5
Subtotal (95% CI) 37

118

86.6

38

23 11819 39.13

20.7

]
27
5
4

Heterogeneity: Tau®= 89.80; Chi*= 3.22, df= 2 (P = 0.20); F = 38%

Test for overall effect: Z= 3.57 (P = 0.0004)

Total (95% Cl) 492

474

2.0%
1.0%
2.3%
2.8%
2.8%
1.8%
3.2%
3.2%
1.8%
21%
3.0%
3.3%
3.0%
3.2%
2.5%
1.8%
2.1%
2.4%
3.2%
3.2%
2.5%
2.2%
3.3%
3.3%
3.4%
3.4%
3.1%
3.0%
2.7%
3.4%
2.1%
2.6%
2.4%
3.2%
0.7%
92.2%
94%

21%
2.8%
2.7%
7.8%

100.0%

Heterogeneity. Tau®= 520.31, Chi*= 580.86, df= 37 (P < 0.00001); F= 84%

Test for overall effect: Z= 13.87 (P < 0.00001)

Test for subaroun differences: Chi*= 8.51. df=1 (P = 0.004). F = 88.3%

Mean Difference
IV, Random, 95% Cl

Mean Difference

-174.55-212.23,-136.87]

-130.75 [-200.68, -60.82]
-108.00 [139.71,-78.29]
-104.00 [-123.84, -84.16]
-100.18 [119.97,-80.39)
-90.00 [-129.23,-50.77]
-87.89 [-97.52,-78.26]
-85.00 [-94.51,-75.49]
-82.00 [-123.82,-40.18]
-82.00 [-116.40, -47.60]
-81.00 [-97.96, -64.04)
-79.80 [-87.52,-72.08]
-76.30 [-91.42,-61.18]
-71.74 [-83.14,-60.34]
-70.00 [-97.72,-42.28]
-69.00 [-110.31,-27.69]
-66.00 [100.05, -31.95]
-56.61 [-85.89, -27.33]
-52.01 [-62.08, -41.94]
-50.36 [-60.52, -40.20]
-50.00 [-77.49, -22.51]
-50.00 [-82.15, -17.85]
-49.50 [-56.23, -42.77]
-47.29 -54.44,-40.14]
-46.87 [-51.03,-42.71]
-40.84 [45.71,-36.17]
-38.48 [-52.52, -24.44]
-36.80 [-52.12,-21.68]
-32.74 [-55.67,-9.81]
-19.90 [-24.80,-15.00]
-11.00 [-46.45, 24.45)
-11.00 [-36.35, 14.35)
-8.00 [-38.37, 20.37)
-8.35 12062, 412

3.90 -81.02,88.82)
-60.37 [-68.98, -51.76]

-58.00 [-93.11,-22.89)
-29.65 [-47.86,-11.44]

-20.20 [-41.96,1.56)
-31.58 [-48.90, -14.26]

-58.31[-66.55, -50.07]

IV, Random, 95% Cl

<
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Additional Figure 4 Lesion volume subgroup analysis concerning injury model after brain

injury.

Under different injury model, most literatures have proved that MK-801 can also decrease Lesion

volume after acute brain injury in rats.



13.1.10p.

Pschom U 1993
Buchan AM 1892
Hanon E 2001
Foster KA 2009
Moyanova 8G 2007
Sarraf-Yazdi S 1998
Regan HK 2007
Shen SY 2003
Gorgulu A 2000
Dirnagl U 1980
Katsuta K 1995
Relton JK 1996
Pan DQ 2003
lijima T 1982

Cam E 2008
Buchan AM 1992
Roussel § 1992
Bielenberg GV 1991
Bertorelli R 1998
Xue D 1994
Diragl U 1980
Onal MZ 1997
Subtotal (95% CI)

MK-801
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl

75.97
a1
107
112.82
85.5
100
130
60.8
90.55
165
89.38
26.87
94.28
58
2312
145.29
73.81
66.36
246
170
186
1791

10.85
18
223
205
5.2
65

24
7.76
8.49
63
42.54
8.37
8.94
M"s
211
11.03
26.47
28.13
4

33

33
785

5
]
9
41
13
18
20
18
10
18
24
8
5
6
5
31
21
14
4
11
12
7

306

Control

250.52
160
211

200.71

1705
182
211

1406

162.28
231

145.99

78.88

144.65
108

7312

186.23

110.71

98.1
445
181
197
175.2

416
43
238
23.88
227
63

28
14.81
16.31
22
36.46
13.06
7.37
385
232
7.86
22.62
26.9
3

32

51
89.3

5

L}
12
41
24
18
17
18
10

16
11
8
297

Mean Difference

Mean Difference
IV, Random, 95% CI

22% -174.55-212.23,-136.87)
2.5% -109.00 [139.71,-78.29]
31% -104.00[123.84,-84.18]
35%  -87.89[-87.52,-78.26]
35%  -85.00[-94.51,-75.49]
2.0%  -82.00 [123.82,-40.18]
3.2% -81.00 [-97.96, -64.04)
36%  -79.80[-87.52,-72.08]
36%  -71.74[-83.14,-60.34]
2.3%  -66.00 [100.05,-31.95]
26%  -56.61-85.89,-27.33]
35%  -52.01[-62.08,-41.94]
35%  -50.36 [-60.52,-40.20]
24%  -50.00[-82.15,-17.85]
27%  -50.00 [77.49,-22.51]
3.6%  -40.94 [45.71,-36.17)
33%  -36.90[-52.12,-21.68]

2.9% -32.74 [-55.67,-9.81)
3.6% -19.90 [-24.80,-15.00]
2.8% -11.00 [-36.35, 14.35]
2.3% -11.00 [-46.45, 24.45]
0.8% 3.90(-81.02,88.82)

63.3% -62.25 [-75.06, -49.44]

Heterogeneity: Tau®= 782.36; Chi* = 462.49, df= 21 (P < 0.00001); F = 85%
Test for overall effect: Z= 8.52 (P < 0.00001)

13.1.2i0v.
Memezawa H 1895
Herz RC 1998
Mackensen GB 2000
Sarraf-Yazdi S 1999
Takamatsu H 1998
Margaill | 1996

Lo EH 1994

Gill R 1991

Park CK 1988

Herz RC 1998

Gill R 1992

Margaill 1 1898
Dawson DA 1994
Subtotal (95% Cl)

27.01
54.23
35

81
126.1
169
49
92.47
79.71
45.96
121.32
200
50.71

46.49
17.46
35

60
203
30

27
16.15
8.49
3.68
19.82
40
15.71

8
7
16
18
8
9
6
24
14
6
16
8
9

149

157.76
154.41
125
163
202.4
238
118
141.97
127
92.83
158.8
208
59.08

83.78
20.22
72

36
8.5
30

44
4.68
7
3.68
20.7
14
11.43

7
4

2
9
9
6
24
6
6
16
8

10
136

11%  -130.75 [-200.68, -60.82]
3.1% -100.18[119.97,-80.39)
21%  -90.00[129.23,-50.77]
23%  -82.00[116.40,-47.60]
33%  -76.30[-91.42,-61.18]
2.7%  -70.00[-97.72,-42.28)
2.0%  -69.00[-110.31,-27.69]
36%  -49.50[-56.23,-42.77)
3.6%  -47.29[-54.44,-40.14]
36%  -46.87 [51.03,-42.71]
33%  -38.48(-52.52,-24.44]
26% -9.00 [-38.37, 20.37)
3.4% -8.36 -20.82, 4.12)

36.7%  -55.52[.66.55, -44.50]

Heterogeneity: Tau®= 276.79; Chi*= 104.97, df= 12 (P < 0.00001); F= 89%
Test for overall effect: Z= 8.87 (P < 0.00001)

Total (95% Cl)

455

433 100.0% -60.37 [-68.98, -51.76]
Heterogeneity: Tau®= 524.70; Chi*= 569.39, df= 34 (P < 0.00001); F = 94%

Test for overall effect: Z= 13.75 (P < 0.00001)
Test for subaroun differences: Chi*= 0.61. df=1 (P = 0.44). F=0%
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Additional Figure 5 Middle cerebral artery occlusion (MCAOQO) sub-subgroup analysis

concerning administration routes after brain injury.

Under different administration routes, most literatures have proved that MK-801 can also decrease

Lesion volume after acute brain injury in rat MCAO model.



MK-801

Control

Mean Difference

Study or Subgroup Mean SD Total Mean SD _Total Weight IV, Random, 95% CI

14.1.1 pretreatment

Memezawa H 1895 27.01 46.49 8
Hanon E 2001 107 223 9
Foster KA 2009 11282 205 41
Sarraf-Yazdi S 1999 81 60 18
Sarraf-Yazdi S 1998 100 65 18
Regan HK 2007 130 24 20
Shen 5Y 2003 608 776 18
Relton JK 1996 26.87 6.37 8
Park CK 1988 86 8 6
Roussel § 1992 73.81 26.47 21
Bielenberg G\W 1991 66.36 2813 14
Dirnagl U 1990 186 33 12
Margaill | 1896 200 40 8
Dawson DA 1994 5071 15.71 9
Subtotal (95% Cl) 210

157.76
211
200.71
163
182
211
1406
78.88
127
110.71
98.1
197
208
59.06

Mean Difference
IV, Random, 95% Cl

83.78 7 1.2% -130.75[-200.68,-60.82]
238 12 3.2% -104.00[-123.84,-84.16]
2388 41 37% -87.89[-97.52,-78.26]
36 12 25%  -82.00[-116.40,-47.60]
63 18 21%  -82.00[-123.82,-40.18)
28 17 34% -81.00 [-87.96, -64.04]
14.81 18 37% -79.80[-87.52,-72.08]
13.06 8 37% -52.01 [-62.08,-41.94]
7 6  37% -41.00 [-48.38,-33.62]
2262 19 3.5% -36.90 [-52.12,-21.68]
26.9 9 31% -32.74 -55.67,-9.81)
51 11 24% -11.00 [-46.45, 24 45]
14 8  27% -9.00[-38.37, 20.37]
1143 10 3.6% -8.35[-20.82,4.12)
196  42.4% -57.16 [-73.32, -41.00]

Heterogeneity. Tau®= 792.51; Chi*= 214.72, df=13 (P < 0.00001); F= 84%

Test for overall effect: Z= 6.93 (P < 0.00001)

14.1.2 posttreatment [0,15min]

Mackensen GB 2000 35 35 16 125
Takamatsu H 1398 12611 203 8 2024
Gorgulu A 2000 9055 849 10 162.29
Katsuta K 1995 89.38 4254 24 14599
Cam E 2008 2312 214 5 7312
lijima T 1982 58 M5 6 108
Gill R 1991 9247 1615 24 141.97
Bertorelli R 1898 246 4 4 445
Subtotal (95% CI) 97

72 16 22%  -90.00[-129.23,-50.77)
85 9 35% -76.30 [-91.42,-61.18]
16.31 10 3.6% -71.74 [-83.14,-60.34]
36.46 9  27% -56.61 [-85.89,-27.33]
232 5 28% -50.00 [-77.49,-22.51]
385 6 2.6% -50.00[-82.15,-17.85]
468 24 37% -49.50[-56.23,-42.77]
3 4 3.8% -19.80 [-24.80,-15.00]

83 25.0% -56.58 [-75.72, -37.44]

Heterogeneity: Tau®= 634.60; Chi*= 131.52, df= 7 (P < 0.00001); = 95%

Test for overall effect: Z= 5.79 (P < 0.00001)

14.1.3 posttreatment (15,30min]

Pschorn U 1993 76.97 1085 5 25052 416 5§ 23% -174.55[-212.23,-136.87]
Herz RC 1998 54.23 17.46 7 154.41 20.22 7 3.2% -100.18[-119.97,-80.39]
Moyanova SG 2007 855 52 13 1705 227 24 3.7% -85.00 [-84.51,-75.49]
Margaill | 1896 169 30 ] 238 30 9  28% -70.00 [-87.72,-42.28]
Park CK 1988 75 7 8 127 7 6 37% -52.00 [-59.41,-44 58]
PanDQ 2003 94.29 894 5 14485 7.37 5§ 37% -50.36 [-60.52, -40.20]
HerzRC 1998 4596 3.68 6 9283 3.68 6 3.8% -46.87 [-51.03,-42.71]
Gill R 1992 121.32 1982 16 1598 207 16 3.5% -38.48 [-52.52,-24.44]
Xue D 1994 170 33 1 181 32 15 28% -11.00 [-36.35, 14.35]
Subtotal (95% CI) 80 93 29.7% -65.46 [-80.52, -50.41]

Heterogeneity: Tau®= 443.72; Chi*= 129.96, df= 8 (P < 0.00001); F= 94%

Test for overall effect. Z= 8.52 (P < 0.00001)

14.1.4 posttreatment (30,60min]

Lo EH 1994 49 27 6
Onal MZ 1997 1781 785 7
Subtotal (95% CI) 13

Heterogeneity: Tau®= 1496.56; Chi*= 2.29, df=1 (P=0.13); F= 56%

Test for overall effect: Z=1.21 (P=0.23)

Total (95% CI) 400

118 44 6  21%  -69.00[-110.31,-27.69]
1752 893 8  08% 3.90(-81.02,88.82)
14 3.0% -42.38[-111.17, 26.42]

386 100.0% -59.20 [-68.26, -50.14]

Heterogeneity: Tau®= 558.56; Chi*= 546.36, df= 32 (P < 0.00001); F=84%

Test for overall effect. Z= 12.81 (P < 0.00001)

Test for subaroun differences: Chi*=1.00. df= 3 (P = 0.80). F=0%
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Additional Figure 6 Middle cerebral artery occlusion (MCAOQO) sub-subgroup analysis

concerning administration time after brain injury.

Under different administration time, most literatures have proved that MK-801 can also decrease

Lesion volume after acute brain injury in rat MCAO model.



Additonal Table 1 Characteristics of studies included in the meta-analysis

Source of MK- Experimental

Study Animals Injury model Animal number 801 groups Control group Main outcomes
Sommer et al. 45 male Wistar TBI with a 12/11/11/11 Tocris 1. ABI+ MK- 2.Sham+vehicle/ Behavior: water maze
(2017) rats (321-387 g) pneumatic Bioscience 801 (1 mg/kg saline test
impactor (Bristol, UK) intravenously, 3. ABI+ UCCB01-  Histopathology: Cresyl
device 5 minutes pre- 147 violet staining, lesion
injury) 4. ABlI+vehicle volume

Qianetal. 32 male SD rats MCAO 8/8/8/8 Sigma 1. ABI+MK-801 2. ABI+vehicle Histopathology: TTC

(2016) (240-260 g) (0.5 mg/kg 3. ABI+MA staining, HE staining
intravenously, 1h 4. ABI+(MA +MK- immunohistochemistry,
post-injury ) 801) western blot assay, lesion

volume

Hu et al. 40 male SD rats MCAO 10/10/10/10 N/A 1. ABI+MK-801 2. Sham Behavior: Longa scoring

(2015) (250-320 g) (1.0 mg/kg 3. ABI+notreatment system, Movement
intraperitoneally, 4. ABI+GBE capture analysis system
immediately test
post-injury) Histopathology: TTC

staining, lesion volume

Nategh et al. 48 male Wistar Haemorrhage Hyperthermic: Alexis 1. ABI+MK-801 2. ABI+saline Behavior: Neurological

(2010) rats (250-300 g) (injection 8/8/8 Biochemicals, (0.1 mg/kg 3. ABI+Rosiglitazone deficit, seizure activity

clot) Normothermic: Lausanne, intravenously, Histopathology: TTC
8/8/8 Switzerland) immediately staining, lesion volume
post-injury)

Han et al. 40 male SD rats TBI (weight- 8/8/8/8/8 N/A 1. ABI+MK-801 4. Sham+saline Behavior: water maze

(2009) (200£30 g) drop head (0.5 mg/kg) 5. ABI+saline test

injury, 600 g) 2. ABI+MK-801 Histopathology: TTC
(2 mg/kg staining, morphology,
intraperitoneally) immunohistochemistry
3. ABI+MK-801
(10 mg/kg
intraperitoneally,
immediately
post-injury)

Foster etal. 121 malerats MCAO Pretreatment: ~ N/A 1. ABI+MK-801 2. Sham+vehicle Histopathology: TTC
(2009) (270-310 g) 19/20/19 (3 mg/kg, 3. ABI+Compound-1 staining, lesion volume
Posttreatment: intraperitoneally,

22/21/20 pre-injury)
Ashioti etal. 28 male MCAO 6/5 9/8  Sigma 1. ABI+MK-801 2. ABI+saline Behavior: neurological
(2009) spontaneously Aldrich, UK (1.5 mg/kg, scoring
hypertensive intraperitoneally) Histopathology: MRI
rats (200-250 g)
38 male SD rats
(280-360 g)

Cam et al. 10 male Wistar MCAO 5/5 N/A 1. ABI+MK-801 2. ABlI+saline Histopathology:

(2008) rats (330-370 g) (3 mg/kg, toluidine blue staining,
intraperitoneally, lesion volume
post-injury)

Reganetal. 37 male rats MCAO 20/17 Sigma Aldrich 1. ABI+MK801 2. ABI+saline Histopathology: TTC

(2007) (270-310 g) (3 mg/kg, staining, lesion volume
intraperitoneally,

15 min pre-
injury)

Moyanova et 39 male Wistar MCAO 13/24/2 Tocris 1. ABI+MK-801 2. ABI+ddwater Behavior: behavioral

al. (2007) rats Cookson Ltd. (3 mg/kg, 3. Sham and neurological
intraperitoneally, examinations
20 min post- Histopathology: TTC
injury) staining, lesion volume

Moyanova et 30 male SD rats MCAO 11/19 N/A 1. ABI+MK801 2. ABI+saline Behavior: neurological

al. (2009) (280-350 g) (3 mg/kg, scores
intraperitoneally,
pre-injury)

Allahtavakoli 32 male Wistar Embolic 8/8/8/8 Alexis 1. ABI+MK-801 2. Sham+DMSO Behavior: neurological

etal. (2007) rats (250-320 g) model (clot 20 Biochemicals (0.1 mg/kg, 3. ABI+Rosiglitazone function score

mm) intravenously, 4. ABI+MK-801 and Histopathology: TTC

post-injury) rosiglitazone staining, lesion volume




Additonal Table 1 Continued

Animal Source of
Study Animals Injury model ~ number MK-801 Experimental groups Control group Main outcomes
Shirasaki et 16 male Wistar Embolic model 10/6 Sigma 1. ABI+ MK-801 (5 2. Sham Histopathology: brain
al. (2004) rats (Microspheres mg/kg, intravenously, operation+20% dextran water content
(220-270¢g)  injection) 30 min pre-injury)  solution without micro
spheres
Shenetal. 36 male Wistar MCAO 18/18 Sigma 1.ABI+MK-801 2. ABl+saline Behavior: neurological
(2003) rats (3 mg/kg, function score
(220420 g) intraperitoneally, 30 Histopathology: TTC
min pre-injury) staining, lesion volume
Panand Li 50 male Wistar MCAO Occlusion 6  Sigma 1.ABI+MK-801 2. ABI+saline Histopathology: TTC
(2003) rats h: 5/5/5/5/5 (1 mg/kg, 3. ABI+FDP staining, lesion volume
(280-320 g) Occlusion 24 intraperitoneally, 30 4. ABI +NAC
h: 5/5/5/5/5 min post-injury) 5. ABI + cocktail
(FDP+NAC+MK-801)
Wexler et al. 28 maleSD  MCAO 11/6/11 Sigma 1. MK-801 (3 mg/kg, 2.Sham Histopathology: TTC
(2002) rats intraperitoneally, 15 3. ABI+saline staining, lesion volume
(250-300 g) min pre-injury)
Uchida et al. 36 male Wistar Subdural 9/9/9/9 N/A 1. ABI+mk-801 (1 2. ABI+saline Histopathology: HE
(2001) rats hematoma mg/kg, intravenously, 3. ABI+ketamine staining, lesion volume
(350-450g) (150 pL venous 30 min post-injury) 4. ABI+silicone
blood)
Hanon and 21 male Wistar MCAO 9/12 N/A 1. ABI+MK-801 2. ABI+saline Histopathology: TTC
Klitgaard  rats (0.4 mg/kg, staining, lesion volume
(2001) (300-350 g) intraperitoneally, 30
min pre-injury)
Aijetal 45male SD  TBI (height 1 m, 15/15/15 Sigma 1. ABI+mk-801 2. Vehicle+saline Histopathology: brain
(2000) rats weight 350 g) (1 mg/kg, 3. ABI+saline water content
(320-350 g) intraperitoneally, 20
min post-injury)
Mackensen 49 male Wistar MCAO 16/16/17 Natick MA 1. ABI+mk-801 (0.25 2. Vehicle+saline 3. Behavior: Neurological
etal. (2000) rats mg/kg, intravenously, ABI+MK-801 and scores
(age 8-10 post-injury) RSR13 Histopathology: HE
weeks) staining, lesion volume
Kawai etal. 10 maleSD  Acute subdural 5/5 N/A 1. ABI+MK-801 2. ABl+saline Histopathology: HE
(2000) rats hematoma (2 mg/kg, staining, brain water
(280-370g) (0.4 mL non- intraperitoneally, pre- content, lesion volume
heparinized injury)
autologous
blood)
Gorguluet 30maleSD  MCAO 10/10/10 Merck Sharp 1. ABI+MK-801 2. ABI+saline Behavior: Neurological
al. (2000) rats Dohme (1 mg/kg, 3. ABI+Memantine deficit examination
(270-300 g) Laboratories intraperitoneally, 15 Histopathology: Evans
USA minutes post-injury) Blue staining, TTC
staining, brain edema,
lesion volume
Sarraf-Yazdi 30 male Wistar MCAO 12/18 Research 1. ABI+MK-801 (0.25 2. ABI+saline Behavior: Neurological
etal. (1999) rats Biochemicals mg/kg, intravenously, scores
(age 8-10 International, 15 min pre-injury) Histopathology: HE
weeks) Natick, MA staining, lesion volume
Takamatsu 17 male SD ~ MCAO 8/9 RBI, USA 1. ABI+MK-801 (0.1 2. ABI+saline Histopathology: HE
etal. (1998) rats mg/kg, intravenously, staining, lesion volume
(280-300 g) immediately post-
injury)
Sarraf-Yazdi 58 male Wistar MCAO 18/18/22 Research 1.ABI+MK-801 2. ABl+saline Behavior: Neurological
etal. (1998) rats Biochemicals (1 mg/kg, 3. ABI+isoflurane scores
(age 8-10 International, intraperitoneally, 30 Histopathology: HE
weeks) Natick, MA  min pre-injury) staining, lesion volume
Herzetal. 26 male Wistar MCAO 716/7/6 N/A 1. Intravasal 3. Intravasal Histopathology: HE
(1998) rats ABI+mk-801 (500 ABI+saline staining, lesion volume
(350400 g) ug/kg) 4. Extravasal
2. Extravasal ABl+saline

ABI+mk-801 (500
ug/kg, intravenously,
30 min post-injury)
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Chenetal. 33maleSD  MCAO 11/11/11 N/A 1. ABI+MK-801 2. ABI+saline Behavior: water maze
(1998) rats (1 mg/kg, 3. ABI+Memantine test
intraperitoneally,
post-injury)
Bertorelliet 12 maleSD  MCAO 4/4/4 RBI, Natick, 1. ABI+MK-801 2. ABI+saline Histopathology: cresyl
al. (1998) rats MA, USA (3 mg/kg, 3. ABI+dexamethasone violet staining, lesion
(230-300 g) intraperitoneally, volume
10 min post-injury)
Onaletal. 31 maleSD  MCAO 7181719 N/A 1. ABI+MK-801 2. ABI+saline Behavior: Neurological
(1997) rats (0.5 mg/kg, 3. ABl+citicoline scores
(290-350 g) intraperitoneally, 4. ABI+MK-801 and  Histopathology: TTC
post-injury) citicoline staining, lesion volume
Relton etal. 24 maleSD ~ MCAO 8/8/8 RBI, Natick, 1. ABI+MK-801 2. ABI+saline Histopathology: TTC
(1996) rats MA, USA (5 mg/kg, 3. Sham staining, lesion volume
(200-300 g) intraperitoneally,
post-injury)
Margaillet 34maleSD  MCAO Pretreatment: N/A 1. Pretreatment: 3. ABI+saline Histopathology: cresyl
al. (1996)  rats 9/9 ABI+MK-801 violet staining, brain
(300-350 g) Posttreatment: (1 mg/kg, edema, lesion volume
8/8 intravenously)
2. Posttreatment:
ABI+MK-801
(1 mg/kg,
intravenously 30
min post-injury)
Liu and 23 male Wistar MCAO 8/8/7 Sigma 1. ABI+MK-801 2. ABI+ oil Behavior: Neurological
Feng (1995) rats (0.5 mg/kg, 3. ABI+ Nimodipine  scores
(250-350 g) intraperitoneally, Histopathology: TTC
15 min post-injury) staining
Memezawa 15 male Wistar MCAO 8/7 N/A 1. ABI+MK-801 2. ABI+saline Histopathology: TTC
etal. (1995) rats (1 mg/kg, staining, lesion volume
(290-350 g) intraperitoneally,
15 min pre-injury)
Katsutaet 33 maleSD  MCAO 10/7/7/9 N/A 1. ABI+MK-801 4. ABI+saline Behavior: Neurological
al. (1995)  rats (0.1 mg/kg) scores
(300-400 g) 2. ABI+MK-801 (1 Histopathology: HE,
mg/kg) cresyl violet and luxol
3. ABI+MK-801 fast blue staining,
(10 mg/kg, lesion volume
intraperitoneally,
post-injury)
Green et al. 32 male Wistar MCAO 6/6/8/6/6 N/A 1. ABI (37°C)+ 3. Sham Behavior: water maze
(1995) rats MK-801 (4 mg/kg, 4. ABI(37°C) test
intraperitoneally) 5. ABI (30°C)
2. ABI (30°C)+
MK-801 (4 mg/kg,
intraperitoneally,
post-injury)
Xueetal. 47 malerats MCAO 11/15/15/6 N/A 1. ABI+MK-801 2. ABl+saline Histopathology: TTC
(1994) (225-250 g) (1 mg/kg, 3. ABI+NBQX staining
intraperitoneally, 4. ABI+MK-801 and
post-injury) NBQX
Lydenand 118 male SD  Embolic model 23/26/27/17/25 Merck 1. ABI+MK-801 1. Sham Behavior: water maze
Lonzo rats (microspheres (1 mg/kg, 2. ABl+saline test Histopathology:
(1994) (250-300g)  injection) intravenously, 5 3. ABI+Muscimol Cresyl violet and Luxol
min pos-injury) 4. ABI+MK801 and  Fast Blue staining,
Muscimol lesion volume
Loetal. 12maleSD  MCAO 6/6 N/A 1. ABI+MK-801 2. ABl+saline Histopathology: MRI,
(1994) rats (0.5 mg/kg, TTC staining, lesion
(300£20 g) intravenously, 80 volume

min post-injury)
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Frazzini et 27 male MCAO 7/9/11 Merck 1. ABI + MK-801 (1 mg/kg) 3. ABl+saline Histopathology: TTC
al. (1994) Wistar rats 2. ABI+MK-801 (2.5 mg/kg staining, lesion volume
(260—400 g) MK-801 intraperitoneally,
30 min pre-injury)
Dawson et 19 maleSD ~ MCAO 9/10 Merck, Sharp 1. ABI+MK-801 (0.12 2. ABl+saline Histopathology: HE
al. (1994) rats and Dohme mg/kg, intravenously, staining, physiological
Research pre-injury) variables, blood
Laboratories pressure, lesion
volume
Shapira et 10 male Sabra TBI (weight 5/5 Merck, Sharp 1. ABI+MK-801 (3 mg/kg, 2. ABI+saline Histopathology: brain
al. (1993) rats (340+4 g) drop device) & Dohme intraperitoneally, 1 h post- water content
Research injury)
Laboratories
Pschorn et 10 male MCAO 5/5 N/A 1. ABI+MK801 (1 mg/kg, 2. ABI+untreatment Histopathology:
al. (1993) Wistar rats i.h. post-injury) neuronal cells number,
(275-320 g) lesion volume
MRI
Hamm et 76 male SD  TBI (fluid Pretreatment: N/A 1. ABI+MK-801 (0.3 3. Sham Behavior: water maze
al. (1993) rats (300-350 percussion  8/8/8/14 mg/kg, intraperitoneally, 4. test
g) device) Posttreatment: 15 min pre-injury) ABI+scopolamine
8/8/8/14 2. ABI+MK-801 (0.3
mg/kg, intraperitoneally,
15 min post-injury)
Roussel et 40 male MCAO 9/12/10/9 N/A 1. ABI+MK801 (5 mg/kg) 3. ABI+saline Histopathology: TTC
al. (1992) Fischer-344 2. ABI+MK801 (0.5 mg/kg, 4. ABI+saline staining, lesion volume
rats intraperitoneally, 30 min
(290-330 g) pre-injury)
Tijima et al. 18 male CDF MCAO 6/6/6 N/A 1. ABI+MK801 (3 mg/kg, 2. Sham Histopathology: Cresyl
(1992) 344 strain rats intraperitoneally, 3 min 3. ABI+saline violet and HE staining,
(200-280 g) post-injury) lesion volume
Gilletal. 32maleSD  MCAO 16/16 N/A 1. ABI+MK801 (3 mg/kg, 2. ABl+saline Histopathology: HE
(1992) rats intraperitoneally, 30 minutes staining, lesion volume
(330-370 g) post-injury)
Buchan et 18 male MCAO Wistar: 9/9 N/A Wistar: ABI+MK801 (2.5 ~ Wistar: ABI+saline Histopathology: HE
al. (1992) Wistar rats SHR: 31/31 mg/kg) SHR: ABI+MK801 SHR: ABlI+saline  staining, lesion volume
(180-230 g) (5 mg/kg, intraperitoneally,
and 62 SHR 30 min pre-injury and 2.5
(230-260 g) mg/kg at 6 and 14 h)
Ohand  23maleSD  MCAO 8/7/8 Merck & Co. 1. ABI+MK801 (0.5 mg/kg) 3. ABI+saline Histopathology: brain
Betz rats Inc. 2. ABI+MK801 (2.0 mg/kg, edema
(1991) (350-450 g) intravenously, 30 min pre-
injury)
Gilletal. 36 maleSD  MCAO 12/12/12 N/A 1. ABI+MK801 (0.04 mg/kg) 3. ABI+saline Histopathology: HE
(1991) rats 2. ABI+MK801 (0.4 mg/kg, staining, lesion volume
(300-350 g) intravenously, post-injury)
Bielenberg 23 Fischer 344 MCAO 8/6/9 Merck, Sharp 1. ABI+MK801 (1 mg/kg) 3. ABI+saline Histopathology: Cresyl
and Beck rats and Dohme 2. ABI+MK801 (10 mg/kg, violet staining, lesion
(1991) Research intraperitoneally, 30 min volume
Laboratories pre-injury)
Dirnagl et 51 adult male MCAO 12/15/11/13  N/A 1. ABI+MK801 (5 mg/kg) 3. ABI+saline Histopathology: HE
al. (1990) spontaneously 2. ABI+MK801 (5 mg/kg, 4. ABI+saline staining, lesion volume
hypertensive intraperitoneally, 30 min
rats pre-injury and 2.5 mg/kg, 8
(250-300 g) h and 16 h after injury)
Parketal. 20maleSD  MCAO 6/8/6 N/A 1. ABI+MK801 (0.5 mg/kg, 3. ABl+saline Histopathology: Cresyl
(1988) rats intravenously, 30 min pre- violet and Luxol fast
(368-463 g) injury) 2. ABI+MK801 (0.5 blue staining, lesion

mg/kg, intravenously, 30
min post- injury)

volume

ABI: Acute brain injury; TBI: traumatic brain injury; MCAO: middle cerebral artery occlusion; SD: Sprague-Dawley; TTC: staining,
2,3,5-triphenyltetrazolium chloride staining; MA: maslinic acid; HE: hematoxylin-eosin; GBE: Ginkgo biloba extract; MRI: magnetic resonance
imaging; SHR: spontaneously hypertensive rats; DMSO: dimethyl sulfoxide; FDP: fructose 1,6-diphosphate; NAC: N-acetylcysteine; N/A: not
available; min: minutes; h: hours.





