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Abstract

We evaluated the therapeutic effects of remacemide hydrochloride, anN-methyl-d-aspartate (NMDA) receptor-associated ionophore
blocker with sodium channel blocking activity, on cortical lesion volume and memory dysfunction following parasagittal fluid-percussion
brain injury in the anesthetized rat. We found that intravenous (i.v.) administration 15 min following injury of remacemide hydrochloride at
both 25 and 10 mg/kg significantly reduced posttraumatic cortical lesion volume (P , 0.05), measured at 48 h postinjury using a
tetrazolium salt tissue staining technique. However, neither of these doses nor the dosing regimen of 25 mg/kg i.v. 15 min postinjury
plus a subcutaneous infusion over 24 h of 20 mg/kg remacemide hydrochloride improved posttraumatic memory function determined by a
Morris water maze paradigm. 1997 Elsevier Science Ireland Ltd.
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Due to substantial evidence that excitatory amino acid
(EAA) toxicity plays a major role in the pathophysiology
of traumatic brain injury (TBI), many pharmacologic mod-
ulators of EAA receptors have been evaluated in experimen-
tal models of brain trauma (for review see [19]). Blockade
of the N-methyl-d-aspartate (NMDA) receptor-associated
ionophore has been one of the most extensively pursued
therapeutic strategies in experimental TBI. Efficacy of this
class of compounds has been demonstrated through evalua-
tion of posttraumatic cognitive and neuromotor function,
neurochemical outcome, and physiologic status. However,
in contrast to many studies employing models of experi-
mental focal cerebral ischemia, surprisingly few brain
trauma studies have investigated potential beneficial effects
of treatment by evaluating changes in lesion volume [5,22].
Moreover, tetrazolium salt (2,3,5-triphenyltetrazolium
chloride; TTC) staining techniques that are commonly uti-
lized to determine neuroprotection in models of focal ische-
mia [2–4,15] have not been previously applied in
experimental brain injury to evaluate pharmacologic effi-
cacy.

To address these issues, we have recently developed a
sensitive TTC staining technique for models of brain trauma
to measure posttraumatic cortical lesion volume [16]. In the
present study, we used this technique to evaluate poten-
tial neuroprotective effects of the NMDA receptor-asso-
ciated ionophore blocker, remacemide hydrochloride ((±)-
2-amino-N-(1-methyl-1,2-diphenylethyl)acetamide hydro-
chloride) following experimental brain trauma in the rat.
To investigate potential correlations between functional
outcome and neuroprotection we also evaluated the effects
of remacemide hydrochloride treatment on posttraumatic
memory dysfunction.

Remacemide hydrochloride was chosen for this study in
light of a recent report of its ability to reduce lesion volume
in a cat model of focal cerebral ischemia [1]. The activity of
this compound may be partly attributable to its in vivo des-
glycinated metabolite (1,2-diphenyl-2-propylamine; AR-
C12495AA) [13,14], which is a low affinity inhibitor of
MK-801 binding to the NMDA receptor ionophore site
and sodium channel blocker. An attribute of many low affi-
nity blockers of the opened NMDA ionophore, such as
remacemide hydrochloride, is their reduced neuronal toxi-
city in comparison to high affinity compounds such as MK-
801 [13].
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Evaluation of posttraumatic memory function was per-
formed using a modification of the Morris water maze para-
digm [9,21], which has been extensively utilized to evaluate
pharmacologic efficacy on cognitive dysfunction following
experimental brain injury [19]. Briefly, male Sprague–
Dawley rats (350–400 g,n = 53) were trained in the maze
to locate a submerged hidden platform using external visual
cues. Each animal was given 20 training trials over 2 days.
Two and a half hours after the final trial all animals were
anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and
subjected to left parasagittal fluid-percussion (FP) brain
injury of moderate severity or sham (surgery without injury)
treatment (as previously described in detail) [8]. Fifteen
minutes following injury the animals randomly received
intravenous (i.v.) administration (femoral vein) of remace-
mide hydrochloride 10 mg/kg (n = 15), 25 mg/kg (n = 12)
or saline (n = 14). Sham animals (n = 12) received saline.
The doses of remacemide hydrochloride utilized in this
study were shown to be efficacious in previous studies us-
ing different models of central nervous system (CNS) injury
[1,13,23].

Forty-two hours postinjury these animals were tested in
the water maze for memory retention of the platform seek-
ing task. The platform was removed, and the animals were
given a 1 min test period while a computerized video track-
ing system (Omnitech Electronics, Inc.) recorded their
swimming patterns. Memory scores were derived by deter-
mining the number of seconds spent in zones ranked accord-
ing to their proximity to the platform site, as previously
described in detail [20,21].

Following memory evaluation, at 48 h postinjury, all ani-
mals received an overdose of sodium pentobarbital (200
mg/kg, i.p.), and their brains were rapidly removed and
stained with TTC for determination of cortical lesion
volume as previously described [16]. Briefly, each brain
was cut into 1 mm coronal sections which were immersed
in 0.2 M phosphate buffer with 2% TTC, washed with 0.2 M
phosphate buffer and stored in 10% neutral buffered forma-
lin. Imaging and lesion volume analysis was performed by
an independent investigator blind to the treatment. Digi-
tized, monochrome images of the rostral side of each section
(7–10 sections/animal) were captured and stored using a
Dage-MTI CCD72 video camera and M1-MCID imaging
system software (Imaging Research, St. Catherines,
Ontario, Canada). For each section, lesion area was deter-
mined by utilizing a standardized imaging scheme which
allows for demarcation between red tissue, pink tissue, and
white tissue. In each coronal brain section the area of white
and/or pink tissue (lesion area) was calculated and multi-
plied by 1 mm for single section lesion volume and added to
volumes from serial sections for determination of total
lesion volume. The lesion volume determined using this
technique has been shown to be very similar to lesion
volumes evaluated using microscopic examination of hema-
toxylin and eosin stained sections.

Following results from the first memory evaluation, a

second study was performed, whereby another group of
animals (n = 30) was examined in the water maze using
the identical protocol. At 15 min postinjury 12 animals
received remacemide hydrochloride 25 mg/kg i.v. and sub-
cutaneous implantation of an osmotic minipump (Alza
Scientific Products) containing an additional 20 mg/kg
remacemide hydrochloride to be infused over 24 h. Eleven
brain injured animals received saline with the same dosing
regimen (i.v. and via 24 h minipump). Seven animals served
as sham controls. No lesion volume analysis was performed
on these animals.

All animal procedures were approved by the University
of Pennsylvania Animal Care and Use Committee, and we
carefully adhered to the animal welfare guidelines set forth
in the Guide for the Care and Use of Laboratory Animals,
U.S. Department of Health and Human Services Publication
85-23.

All statistics were performed using a two-way analysis of
variance (ANOVA). The mean values for each group were
then compared byt-tests with a Bonferroni correction.

A profound memory dysfunction (retrograde amnesia)
was induced in all brain injured animals (P , 0.001; Fig.

Fig. 1. Histograms representing mean± SEM of the memory scores of
sham and FP brain injured animals. Two dosing regimens were evaluated
in (A) and (B), respectively. A significant difference in memory scores is
observed between sham animals and all groups of injured animals
(P , 0.001). There is no significant difference found between injury
groups.
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1) consistent with that observed previously in this model
[20,21]. There was no apparent improvement in posttrau-
matic memory function 2 days following injury in the ani-
mals receiving either 10 or 25 mg/kg remacemide hydro-
chloride (Fig. 1A). Although it was initially thought that
slow infusion of 20 mg/kg remacemide hydrochloride
added to the 25 mg/kg acutely administered dose may con-
vey some additional benefit by inhibiting both acute and
prolonged EAA toxicity, no significant effect on posttrau-
matic memory function was observed (Fig. 1B). However, a
significant reduction in cortical lesion volume was observed
following treatment with either remacemide hydrochloride
10 or 25 mg/kg (P , 0.05). There was no significant dif-
ference between these two remacemide hydrochloride trea-
ted groups (Fig. 2). TTC stained sections demonstrating that
the reduction in lesion in animals treated with remacemide
hydrochloride occurred in both the rostral-caudal extent of
the lesion, as well as in the coronal diameter (Fig. 3). None-
theless, it is important to note that the TTC method did not
reveal less overt subcortical injury previously seen in this
model.

To our knowledge, this is the first report of a reduction in
cortical lesion volume following treatment with an NMDA
receptor ionophore blocker in a model of brain trauma. In
addition, this is the first demonstration that the TTC staining
method may be useful in determining pharmacologic effi-
cacy following experimental TBI. Although no attenuation
of posttraumatic memory dysfunction was observed, it is not
clear whether this finding reflects a general inability of
remacemide hydrochloride to affect cognitive outcome or
if the dosing regimen was not ideal. Though not observed in
this study, relatively dramatic enhancement of posttrau-
matic memory function has been previously observed fol-
lowing treatment with several EAA receptor antagonists
using the same method described here [19]. The differences
in apparent efficacy on the two outcome measures in the
present study underscores the need for multiple evaluation
parameters to determine various aspects of potential thera-
peusis. Compared to the assessment of posttraumatic cog-
nitive function, evaluation of neurologic motor function

may appear to have been a more appropriate outcome mea-
sure to be linked with the examination of cortical lesion
volume in the present study. However, the early timepoint
necessary for TTC evaluation (48 h postinjury), negated our
ability to properly assess neurologic motor outcome, which,
based on previous studies, is most reliable at 1 and 2 weeks
following injury [8].

While some of the tissue injury in the cortex following FP
brain trauma may be due to primary mechanical damage,
recent evidence suggests that an EAA toxicity may contri-
bute to the extent of the lesion. Intracerebral microdialysis
analysis of traumatized brains has demonstrated a marked
and acute increase in the concentration of excitatory amino
acids [6,7,10,12]. Also, a recent study using routine histo-
pathologic staining and light microscope analysis demon-
strated that an NMDA receptor polyamine site antagonist,
eliprodil, reduced cortical lesion volume in a model of FP
brain injury [22]. Moreover, posttraumatic neurologic motor
function, presumed to reflect cortical integrity has been
shown to be greatly improved following administration of
EAA receptor antagonists [19]. Taken together with these
data, the results from the present study add support to the
premise that there is potentially reversible EAA mediated
damage to cortical tissue following trauma. In addition our
results help confirm the promise of NMDA receptor antago-
nists as neuroprotective agents following trauma.

Previously, the NMDA receptor-associated ionophore
blockers MK-801, ketamine and PCP have all been shown
to be efficacious in models of brain trauma using a variety of
outcome measures [19]. However, these compounds have
also been shown to have psychotomimetic effects, produce
pathologic changes (vacuole formation) in neurons, and
induce the expression of heat shock protein [11,18], causing
debate concerning the potential therapeutic utility verses
possible adverse affects. Accordingly, there has been inter-
est in developing pharmacologic agents that may exert simi-
lar protection as this class of compounds, but without the

Fig. 2. Histogram representing cortical lesion volume of FP brain injured
animals. *P , 0.05 compared to saline treated animals.

Fig. 3. Representative 1 mm coronal brain sections from FP brain injured
animals demonstrating rostral-caudal extent of cortical lesion (white
region) in the left parietotemporal region demarcated by the absence of
TTC staining.
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same extent of toxicity. It has been observed that low affi-
nity blockers of the NMDA receptor ionophore generally
exert less toxic effects than high affinity blockers, yet main-
tain neuroprotective attributes [17]. Remacemide hydro-
chloride has previously been shown to be neuroprotective
in models of mouse hypoxia, cat ischemia, rat ischemia, and
rat subarachnoid hemorrhage [1,13,23]. However, remace-
mide hydrochloride does not disrupt memory processes or
produce substantial neuronal pathology at neuroprotective
doses in animals, much in contrast with high affinity NMDA
receptor ionophore blockers [13]. In addition, in humans,
remacemide hydrochloride has been shown to be well tol-
erated and does not appear to have untoward psychotomi-
metic or general cognitive effects as have been seen with
high affinity NMDA receptor blockers [13].

The results from the present study support previous find-
ings of the neuroprotective abilities of remacemide hydro-
chloride in models of CNS injury, and are suggestive that
this compound may have utility in the treatment of TBI.

We would like to thank Jeanne Marks for her excellent
preparation of this manuscript. This work was supported, in
part, by a grant from Astra Charnwood, Loughborough
Leics., UK and from NIH grants AG12527, NS08803,
and NS26818.

[1] Bannan, P.E., Graham, D.I., Lees, K.R. and McCulloch, J., Neuro-
protective effect of remacemide hydrochloride in focal cerebral
ischemia in the cat, Brain Res., 664 (1994) 271–275.

[2] Bartus, R.T., Hayward, N.J., Elliott, P.J., Sawyer, S.D., Baker, K.L.,
Dean, R.L., Akiyama, A., Straub, J.A., Harbeson, S.L., Li, Z. and
Powers, J., Calpain inhibitor AK295 protects neurons from focal
brain ischemia: effects of postocclusion intraarterial administration,
Stroke, 25 (1994) 2265–2270.

[3] Bose, B., Jones, S.C., Lorig, R., Friel, H.T., Weinstein, M. and Little,
J.R., Evolving focal cerebral ischemia in cats: spatial correlation of
nuclear magnetic resonance imaging, cerebral blood flow, tetrazo-
lium staining, and histopathology, Stroke, 19 (1988) 28–37.

[4] Cole, D.J., Schell, R.M., Drummond, J.C., Pryzbelski, R.J. and
Marcantonio, S., Focal cerebral ischemia in rats: effect of hemodilu-
tion with ‘–’ cross-linked hemoglobin on brain injury and edema,
Can. J. Neurol. Sci., 20 (1993) 30–36.

[5] Dietrich, W.D., Alonso, O., Mordecai, R.B., Globus, Y.T. and
Ginsberg, M.D., Post-traumatic brain hypothermia reduces histo-
pathological damage following concussive brain injury in the rat,
Acta Neuropathol. (Berlin), 87 (1994) 250–258.

[6] Faden, A.I., Demediuk, P., Panter, S.S. and Vink, R., The role of
excitatory amino acids and NMDA receptors in traumatic brain
injury, Science, 244 (1989) 789–800.

[7] Katayama, Y., Becker, D.P., Tamura, T. and Hovda, D.A., Massive
increases in extracellular potassium and the indiscriminate release of
glutamate following concussive brain injury, J. Neurosurg., 73
(1990) 889–900.

[8] McIntosh, T.K., Vink, R., Noble, L., Yamakami, I., Fernyak, S.
and Faden, A.I., Traumatic brain injury in the rat: characterization

of a lateral fluid percussion model, Neuroscience, 28 (1989) 233–
244.

[9] Morris, R.G.M., Developments of a water maze procedure for study-
ing spatial learning in the rat, J. Neurosci. Methods, 11 (1984) 47–
60.

[10] Nilsson, P., Hillered, L., Ponten, U. and Urgerstedt, V., Changes in
cortical extracellular levels of energy-related metabolites and amino
acids following concussive brain injury in rats, J. Cerebral Blood
Flow Metab., 10 (1990) 631–637.

[11] Olney, J.W., Labruyere, J. and Price, M., Pathological changes
induced in cerebrocortical neurons by phencyclidine and related
drugs, Science, 244 (1989) 1360–1362.

[12] Palmer, A.M., Marion, D.W., Botscheller, M.L., Swedlow, P.E.,
Styren, S.D. and DeKosky, S.T., Traumatic brain injury-induced
excitotoxicity assessed in a controlled cortical impact model, J.
Neurochem., 61 (1993) 2015–2024.

[13] Palmer, G.C., Clark, B. and Hutchison, J.B., Antiepileptic and neu-
roprotective potential of remacemide hydrochloride, Drugs Future,
18 (1993) 1021–1042.

[14] Palmer, G.C., Murray, R.J., Wilson, T.C.M., Eisman, M.S., Ray,
R.K., Griffith, R.C., Napier, J.J., Fedorchuk, M., Stagnitto, M.L.
and Garske, G.E., Biological profile of the metabolites and potential
metabolites of the anticonvulsant remacemide, Epilepsy Res., 12
(1992) 9–20.

[15] Park, C.K., Mendelow, A.D., Graham, D.I., McCulloch, J. and
Teasdale, G.M., Correlation of triphenyltetrazolium chloride perfu-
sion staining with conventional neurohistology in the detection of
early brain ischaemia, Neuropathol. Appl. Neurobiol., 14 (1988)
289–298.

[16] Perri, B., Murai, H., Smith, D.H., Sinson, G., Saatman, K.E., Bartus,
R.T. and McIntosh, T.K., Metabolic quantification of lesion volume
following experimental traumatic brain injury in the rat, J.
Neurotrauma, 14 (1997) 15–22.

[17] Rogawski, M.A., Therapeutic potential of excitatory amino acid
antagonists: channel blockers and 2,3-benzodiazepines, Trends Phar-
macol. Sci., 14 (1993) 325–331.

[18] Sharp, F., Jasper, P., Hall, J., Noble, L. and Sagar, S.M., MK-801 and
ketamine induce heat shock protein HSP72 in injured neurons in
posterior cingulate and retrosplenial cortex, Ann. Neurol., 30
(1991) 801–809.

[19] Smith, D.H. and McIntosh, T.K., Traumatic brain injury and excita-
tory amino acids. In R.K. Narayan, J.E. Wilberger and J.T. Pov-
lishock (Eds.), Neurotrauma, McGraw-Hill, New York, 1996, pp.
1445–1458.

[20] Smith, D.H., Okiyama, K., Gennarelli, T.A. and McIntosh, T.K.,
Magnesium and ketamine attenuate cognitive dysfunction following
experimental brain injury, Neurosci. Lett., 157 (1993) 211–214.

[21] Smith, D.H., Okiyama, K., Thomas, M.J., Claussen, B. and
McIntosh, T.K., Evaluation of memory dysfunction following
experimental brain injury using the Morris water maze, J.
Neurotrauma, 8 (1991) 259–269.

[22] Toulmond, S., Serrano, A., Benavides, J. and Scatton, B., Prevention
by eliprodil (SL 82.0715) of traumatic brain damage in the rat.
Existence of a large (18 h) therapeutic window, Brain Res., 620
(1993) 32–41.

[23] Zuccarello, M., Lewis, A.I., Upputuri, S., Farmer, J.B. and Anderson,
D.K., Effect of remacemide hydrochloride on subarachnoid hemor-
rhage-induced vasospasm in rabbits, J. Neurotrauma, 11 (1994) 691–
698.

138 D.H. Smith et al. / Neuroscience Letters 231 (1997) 135–138


