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Memantine, a Noncompetitive NMDA Receptor Antagonist
Improves Hyperammonemia-Induced Encephalopathy and Acute

Hepatic Encephalopathy in Rats

BIRGIT A. P. M. VOGELS,1 MARTINUS A. W. MAAS,1 JOOST DAALHUISEN,1 GÜNTER QUACK,2

AND ROBERT A. F. M. CHAMULEAU1

genesis of HE.2-7 Moreover, elevated brain glutamine concen-The aim of this study was to investigate the possible
trations can induce cell swelling, resulting in brain edema,8,9role of N-methyl-D-aspartate (NMDA)-receptor overac-
a terminal event in patients with fulminant hepatic failure.10tivity in two different experimental rat models of en-

Elevation of cerebral extracellular and cerebrospinal fluidcephalopathy: subacute encephalopathy caused by se-
(CSF) concentrations of glutamate and aspartate has alsovere hyperammonemia in portacaval-shunted rats
been observed in experimental9,11-14 and clinical15-17 HE, and(AI-PCS rats) and acute hepatic encephalopathy caused
it has been hypothesized that these two excitatory neuro-by complete liver ischemia (LIS rats). The effect of the
transmitters are implicated in the pathogenesis of HE. Gluta-noncompetitive NMDA-receptor antagonist memantine
mate and aspartate can bind to different types of excitatory(intraperitoneal [i.p.] 10-20 mg/kg bw or intravenous
receptors (metabotropic and ionotropic), of which the N-[i.v.] 5 mg/kg bw) was studied on the severity of encepha-
methyl-D-aspartate (NMDA) receptor has been best charac-lopathy by assessment of clinical grading and electroen-
terized.18 A fast increase in extracellular glutamate andcephalogram (EEG) spectral analysis, on plasma ammo-
aspartate concentrations observed in (sub)acute liver failurenia concentrations, amino acid concentrations in
can result in an overstimulation of the NMDA receptor. Thiscerebrospinal fluid (CSF), intracranial pressure (ICP),
NMDA-receptor overactivity leads to an increased influx ofand brain water content. Both rat models developed en-
different ions (Na/, Ca2/, Cl0), finally resulting in cell swell-cephalopathy within 3 to 6 hours, associated with in-
ing and/or neuron degeneration.19,20creased CSF glutamate and aspartate concentrations

This study was designed to investigate the role of NMDA-and increased ICP and brain water content. Memantine
receptor activity in hyperammonemia-induced encephalopa-administration in AI-PCS and LIS rats resulted in a sig-
thy and liver ischemia–induced HE, two experimental ratnificant improvement in clinical grading and less slow-
models that both are associated with intracranial hyperten-ing of EEG activity (P õ .05), and smaller increases in
sion. Therefore, the noncompetitive NMDA-receptor antago-CSF glutamate (P õ .05) concentrations. Moreover, ICP
nist memantine21-24 was administered to portacaval-shuntedand brain water content were significantly lower in
(PCS) rats with an ammonium-acetate infusion and to ratsmemantine-treated AI-PCS rats than in untreated AI-
with complete liver ischemia. The severity of encephalopathyPCS rats (P õ .05). Memantine had no significant effect
was quantified by clinical grading and electroencephalogramon ICP and brain water content in LIS rats, and on am-
(EEG) spectral analysis. Plasma concentrations of ammoniamonia concentrations in both models. These results indi-
and memantine, and CSF concentrations of amino acids, werecate that NMDA-receptor activation might be involved
assessed. Intracranial pressure was measured with a pres-in the pathogenesis of hyperammonemia-induced en-
sure transducer connected to a cisterna magna cannula, and,cephalopathy and of acute hepatic encephalopathy
in addition, brain water content was assessed at the end ofcaused by LIS. (HEPATOLOGY 1997;25:820-827.)
the experiment.

The pathogenesis of hepatic encephalopathy (HE) is multi- MATERIALS AND METHODS
factorial and has not yet been completely elucidated. Ammo-

Animals and Surgical Proceduresnia is assumed to play an important role by either directly
or indirectly affecting brain metabolism and/or neurotrans- Male Wistar rats (200-300 g; HSD, Zeist, the Netherlands; 12-
mission (for review, see Butterworth et al.1). Increased brain hour light cycle: 8 AM-8 PM) were fed standard laboratory chow (RMH
glutamine concentrations are related to increased ammonia 1410 Hope Farms, Woerden, The Netherlands) and water ad libitum.

Animal welfare was in accordance with the guidelines of the Univer-concentrations, and it has been suggested that brain gluta-
sity of Amsterdam.mine more than brain ammonia is implicated in the patho-

Two different experimental groups were studied: 1) PCS rats with
an ammonium-acetate infusion (AI-PCS rats), and 2) rats with liver
ischemia (LIS rats).

AI-PCS Rats. One week before the ammonium-acetate infusion, aAbbreviations: HE, hepatic encephalopathy; CSF, cerebrospinal fluid; NMDA: N-methyl-
PCS was performed in rats under ether anesthesia according to theD-aspartate; PCS, portacaval shunting; EEG, electroencephalogram; AI-PCS, PCS rats with
technique of Lee et al.25 On the day of the infusion, the carotid arteryammonium-acetate infusion; LIS, rats with liver ischemia; i.v., intravenous; i.p., intraperito-

neal; MDF, mean dominant frequency; ICP, intracranial pressure. and the jugular vein of the PCS rats were cannulated under ether
From the 1Academic Medical Center, University of Amsterdam, Department of Experi- anesthesia to take blood samples from the artery and to give an

mental Internal Medicine, Amsterdam, the Netherlands; and 2Merz / Co., Department of intravenous (i.v.) ammonium-acetate infusion or an i.v. injection of
Pharmacology, Frankfurt am Main, Germany. memantine. In the case of intraperitoneal (i.p.) injection of meman-

Received May 14, 1996; accepted November 27, 1996. tine, an i.p. catheter was also placed. After recovery from anesthesia,
Address reprint requests to: Birgit Vogels, M.D., Academic Medical Center, University

the PCS rats received a bolus injection of ammonium-acetate (0.5of Amsterdam, Department of Experimental Internal Medicine, room G2-130, P.O. Box
mmol/kg body weight) after which an ammonium-acetate infusion of22700, 1100 DE Amsterdam, the Netherlands. Fax: 31-020-6977192.
2.8 mmol/kg body weight per hour was given for 6 hours. The pH ofCopyright q 1997 by the American Association for the Study of Liver Diseases.

0270-9139/97/2504-0006$3.00/0 the ammonium-acetate solutions was 7.3 to 7.4.
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TABLE 1. Stages in Experimental HE At the end of the second series of experiments, rats were exsangui-
nated under complete ether anesthesia. The cerebrum was promptly

Clinical grade 0 Normal behavior removed and the wet weight was measured on an analytical balance
(Mettler PM400, Mettler Toledo Ag, Urdorf, Switzerland), afterClinical grade 1 Mild lethargy

Clinical grade 2 Decreased motor activity, poor gesture control, which it was placed in an oven at 1607C for 72 hours. After this, dry
weight was measured and brain water content was calculated bydiminished response to pain stimuli

Clinical grade 3 Severe ataxia, no spontaneous righting reflex subtracting dry from wet brain weights.
Clinical grade 4 No righting reflex to pain stimuli

Biochemical ParametersClinical grade 5 No reaction to pain stimuli

In all series of experiments, blood samples were taken from the
carotid artery to measure blood ammonia concentration (0.05 mL
every hour) or plasma memantine concentration (1.0 mL at the end

LIS Rats. A ligation of the hepatic artery was performed under of the experiment). Additionally, in the LIS rats, blood glucose was
ether anesthesia 1 week after PCS surgery. After devascularization, measured every hour (Haemo-Glukotest, Boehringer Mannheim,
the carotid artery was cannulated and an i.p. catheter was placed for Mannheim, Germany). Mean arterial blood pressure was measured
memantine and glucose (5%) administration. In both experimental every 2 hours via the carotid artery that was connected to a pressure
groups, body temperature was kept constant between 367C and 377C transducer (Viggo-Spectramed DTX/Plus disposable transducer kit).
by a heating lamp, because Traber et al. showed that normothermic Ammonia concentration was measured with the Blood Ammonia
devascularized rats developed brain edema, whereas hypothermic Checker II (Kyoto Daiichi Kagaku Co., Ltd., Kyoto, Japan).29 Amino
devascularized rats did not.26 acid concentrations were measured after deproteinization by high-

Memantine (1-amino-3,5-dimethyladamantane hydrochloride; pressure liquid chromatography analysis as described by van Eijk
Akatinol memantine) was a generous gift from Merz and Co., GmbH et al.30 Memantine concentration was measured by gas chromatogra-
(Frankfurt/Main, Germany), and was dissolved in 0.9% saline in a phy/mass spectroscopy as described by Danysz et al.31

concentration of 5 mg/mL. It was administered to the AI-PCS rats
Statistical Analysis1 hour after the start of the ammonium-acetate infusion, either intra-

venously (5 mg/kg bw) or intraperitoneally (10 mg/kg body weight). Data are expressed as means { SEM. Statistical analyses were
LIS rats received only an i.p. injection of memantine of 10 to 20 mg/ performed using the SPSS/PC/ Statistical Software Package, ver-
kg body weight after loss of the righting reflex (i.e., clinical grade sion 5.0 (SPSS Inc., Chicago, IL). Repeated measures MANOVA was
3). Control experiments consisted of 0.9% saline administration in a used for comparison of differences in blood ammonia concentrations,
volume similar to memantine. (Because the results from i.p. and clinical grade, EEG left index, MDF, and ICP, in the presence or
i.v. administration of 0.9% saline were similar, results from both absence of memantine (Figs. 1, 2, 3, 5, and 6). The results of clinical
administrations were combined and used as data from one control grading are analyzed separately for both series of experiments.
group for the AI-PCS rats. Control LIS rats received i.p. administra- ANOVA (one-way procedure) was used for differences between the
tion of 0.9% saline). experimental groups in Table 2 and Fig. 4. When the ANOVA proce-

dure showed statistical significance, the Scheffé procedure was usedExperimental Procedures for individual group comparison. Levels of significance were set at
P õ .05.Two different series of experiments were performed in AI-PCS

rats and LIS rats:
RESULTSIn the first series of experiments, the development of encephalopa-

thy was determined by clinical grading of encephalopathy and EEG General Aspects. Blood ammonia concentration in AI-PCS
spectral analysis (n Å 7 per group, except control LIS rats: n Å rats reached a steady-state concentration of approximately
5). Encephalopathy was graded clinically according to the level of 1,000 mmol/L within 1 hour after the start of the ammonium-consciousness, using the five grades shown in Table 1.

acetate infusion. This steady state was maintained duringFive days before a PCS was performed, four golden skull electrodes
the rest of the infusion (Fig. 1A). Memantine administrationwere implanted, and, on the day of the experiment, EEG spectral
(either i.p. or i.v.) did not affect the blood ammonia levels inanalysis was performed for four EEG power band regions within the

range of 1 to 26.5 Hz.27 After Fourier transformation, the so-called these rats. The mean arterial pressure increased during the
power density spectra were obtained, and, in addition, the EEG left infusion from approximately 100 mm Hg to approximately
index and mean dominant frequency (MDF) were calculated. EEG 140 mm Hg in all AI-PCS rats (data not shown).
left index was defined as the logarithm of the ratio between the Blood ammonia in treated and untreated LIS rats also
power of the low frequency (1-7.4 Hz) and the high frequency (13.5- reached concentrations of approximately 1,000 mmol/L, but
26.5 Hz). Normal rats show an EEG left index of approximately it increased gradually to values of 2,000 mmol/L when severe0.60, and rats in coma show approximately 0.80-0.90. During the

encephalopathy had developed (Fig. 1B). Mean arterial pres-development of encephalopathy, MDF will decrease from 16 to 18
sure in LIS rats showed, similar to AI-PCS rats, a gradualHz to 11 to 13 Hz (our observations).
increase from approximately 100 to 150 mm Hg, and bloodAt the end of the first series of experiments, rats were exsangui-

nated under complete ether anesthesia. The brain was promptly re- glucose concentrations remained between 6 and 10 mmol/L
moved and frozen in liquid nitrogen. They were stored at0707C until (data not shown).
determination of memantine concentrations. Severity of Encephalopathy. Clinical grading of encepha-

In the second series of experiments (nÅ 7 per group, except control lopathy and EEG spectral analysis showed that the AI-PCS
LIS rats: n Å 5), amino acids in CSF were assessed and intracranial rats developed encephalopathy within the 6 hours of ammo-
pressure (ICP) was measured. (In addition, clinical grading of en- nium-acetate infusion (Fig. 2). However, when rats werecephalopathy was also measured in this series of experiments).

treated with memantine (either i.p. or i.v.), a significantlyA cisterna magna cannula was implanted according to the tech-
smaller increase in clinical grade was observed (Fig. 2A; Pnique of Boer et al.28 1 day before the experiment. After the rat
õ .05). Additionally, separate analysis of the subgroups (ratswas anesthetized (30 mg/kg nembutal i.p.), a stainless-steel cannula

(outside diameter 0.8 mm) was positioned by hand and fixed to the with a cisterna magna canula or skull electrodes) showed
skull by a round plate soldered at an angle of 457 using dental cement. significant differences in clinical grade (P õ .05). For this

Aliquots of 50 mL CSF from the cisterna magna cannula were reason, the data were pooled together in Figs. 2 and 3. Admin-
taken for amino acid analysis at the start and end of the experiment. istration of this NMDA-receptor antagonist further resulted
CSF samples were frozen in liquid nitrogen immediately after sam- in a positive effect on EEG activity. After both i.p. and i.v.
pling and stored at 0807C until required for analysis of amino acids. injection, EEG left index showed a smaller increase, in whichThe cisterna magna cannula was also used to measure the ICP at

the EEG left index after i.p. administration was significantlythe start and end of the experiment, just before CSF samples were
lower than untreated rats (Fig. 2B; P õ .05). The MDFtaken. The cisterna magna cannula was connected with a pressure
showed a significantly smaller decrease in both treatedtransducer (Viggo-Spectramed DTX/Plus disposable transducer kit,

Ohmeda, Singapore), which monitored the ICP. groups compared with controls (Fig. 2C; P õ .0001).
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LIS rats developed encephalopathy within 3 to 6 hours
after devascularization. The experiment was ended within 7
hours (when clinical grade 5 was reached), either by ‘‘sponta-
neous’’ death (60%) or by killing (40%). Memantine was ad-
ministered at a dose of 10 to 20 mg/kg body weight i.p. when
righting reflex disappeared (clinical grade 3), and, as shown
in Fig. 3, the NMDA-receptor antagonist induced a signifi-
cant improvement in clinical grading (P õ .05), in EEG left
index (Põ .05) and in MDF (Põ .01), during the registration
period of 3 hours. After this, the clinical manifestations of
the LIS rats deteriorated comparable with that in LIS rats
without memantine. However, none of the treated LIS rats
died spontaneously when clinical grade 5 was reached.

In addition, EEG spectral analysis was performed during
4 hours in normal rats that received memantine (i.p. 10 mg/
kg body weight). EEG left index did not change after meman-
tine administration: the initial value of 0.73 { 0.01 was simi-

FIG. 2. The effect of memantine administration (i.p. 10 mg/kg body weight
or i.v. 5 mg/kg body weight) in AI-PCS rats on (A) clinical grade of encephalopa-
thy, (B) EEG left index, and (C) MDF. Values are expressed as means { SEM.
Statistical analysis was performed by means of repeated MANOVA. Clinical

FIG. 1. The effect of memantine administration (i.p. 10-20 mg/kg body grade and EEG left index were significantly lower in memantine-treated rats
weight or i.v. 5 mg/kg body weight) on blood ammonia concentration in (A) AI- compared with controls (Põ .05). MDF was significantly higher in memantine-
PCS rats and (B) LIS rats. (X-axis in AI-PCS rats is expressed as time whereas treated rats compared with controls (P õ .0001).
x-axis in LIS rats is expressed as clinical grade.) Values are expressed as
means { SEM. Statistical analysis was performed by means of repeated
MANOVA. Blood ammonia concentrations were not significantly different in
memantine-treated rats compared with control rats.
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lar at 1 hour after memantine administration and had a value
of 0.74 { 0.2 at 4 hours. MDF changed from 15.2 { 0.4 Hz
to 17.1 { 0.6 Hz at 1 hour after memantine administration
and was 16.0 { 0.7 Hz at 4 hours.

Memantine Concentrations in Plasma and Brain. Intraper-
itoneal injection of 10 mg/kg body weight memantine, given

FIG. 4. The effect of memantine administration (i.p. 10-20 mg/kg body
weight or i.v. 5 mg/kg body weight) on (A) CSF concentrations of glutamate,
and (B) CSF concentrations of aspartate in AI-PCS rats and LIS rats at the
end of the experiment (expressed as a percentage of initial value in each rat,
means { SEM. Statistical analysis was performed by one-way ANOVA for
differences between the experimental groups (which was statistically signifi-
cant for CSF glutamate concentrations). The Scheffé procedure was used for
individual group comparison for glutamate concentrations. *P õ .05 i.p.-
treated AI-PCS rats versus control AI-PCS rats. h control AI-PCS (n Å 5);

�i.v. 10 mg/kg (n Å 5);
�

i.v. 5 mg/kg (n Å 6); ���� control LIS (n Å 4); and ���
���
���

i.v.
10-20 mg/kg (n Å 4).

1 hour after the start of the infusion, resulted in a higher
plasma memantine concentration measured at the end of the
experiment (i.e., 334{ 32 ng/mL) compared with i.v. injection
of 5 mg/kg body weight memantine (i.e., 196 { 16 ng/mL).
Memantine concentration in brain was 5.74{ 0.63 mg/g brain
wet weight (nÅ 4 in AI-PCS rats with i.v. injection of meman-
tine).

Amino Acid Concentrations in CSF. CSF concentrations of
glutamate and aspartate were elevated in AI-PCS and LIS rats
at the end of the experiment (Fig. 4A and 4B). Memantine
administration in both rat models resulted in a smaller increase
in CSF glutamate concentrations (P õ .05 in i.p.-treated AI-

FIG. 3. The effect of memantine administration (i.p. 10-20 mg/kg body PCS rats versus control AI-PCS rats) and a tendency toward aweight) in LIS rats on (A) clinical grade of encephalopathy, (B) EEG left index,
smaller increase in CSF aspartate concentrations. Other aminoand (C) MDF. X-axes are expressed as clinical grade until memantine is admin-

istered. From the time point of administration time is given after memantine acids did not show any significant differences after memantine
administration. Values are expressed as means { SEM. Statistical analysis administration (data not shown).
was performed by means of repeated MANOVA. Clinical grade and EEG left ICP and Brain Water Content. After ammonium-acetate in-index were significantly lower in memantine-treated rats compared with con-

fusion, ICP increased in all AI-PCS rats from approximatelytrols (P õ .05). MDF was significantly higher in memantine-treated rats com-
pared with controls (P õ .01). 2 mm Hg to variable values of 5 to 20 mm Hg (Fig. 5). How-
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ever, ICP in AI-PCS rats with i.p. administration of meman-
tine remained constant with a maximal value of 5 mm Hg,
and was significantly lower than in controls (P õ .01). Al-
though ICP in AI-PCS rats with i.v. administration of mem-
antine was not significantly lower than in controls, only two
of the seven rats reached an ICP of 8 and 9 mm Hg. Meman-
tine administration in LIS rats did not result in a lower ICP
(Fig. 6). ICP of LIS rats with and without memantine in-
creased from approximately 3 mm Hg to values of 10 to 25
mm Hg.

As shown in Table 2, brain water content of AI-PCS rats
is significantly higher than brain water content in normal
rats.9 Although the difference is small, LIS rats show an even
higher brain water content than AI-PCS rats. Memantine
administration resulted in a significantly lower brain water
content in AI-PCS rats only, compared with untreated rats.

DISCUSSION

The exact pathophysiological mechanism of HE is still a
matter of debate, but it is believed to be multifactorial. Previ-

FIG. 5. The effect of memantine administration ([B] i.p. 10 mg/kg body
weight or [C] i.v. 5 mg/kg body weight) on ICP in AI-PCS rats. Each line
represents one individual rat. Statistical analysis was performed by repeated

FIG. 6. The effect of memantine administration ([B] i.p. 10-20 mg/kg bodyMANOVA. ICP was significantly different in memantine i.p.-treated rats com-
weight) on ICP in LIS rats. Each line represents one individual rat. Statisticalpared with (A) controls (P õ .01).
analysis was performed by repeated MANOVA. ICP was not significantly dif-
ferent in memantine-treated rats compared with controls (A).
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TABLE 2. Brain Water Content in Normal Rats, AI-PCS Rats, and LIS Rats

AI-PCS LIS

Normal (n Å 3) Control (n Å 7) MEM i.p. (n Å 7) MEM i.v. (n Å 7) Control (n Å 4) MEM i.p. (n Å 4)

80.90 { 0.07 81.96 { 0.14* 81.31 { 0.10† 81.24 { 0.14† 82.43 { 0.21* 82.64 { 0.25

NOTE. One-way ANOVA was used for differences between the experimental groups (which was statistically significant). The Scheffé procedure was used
for individual group comparisons. Data are expressed in percentages as means { SEM. Memantine was administered to AI-PCS rats either i.p. 10 mg/kg body
weight or i.v. 5 mg/kg body weight, and to LIS rats i.p. 10-20 mg/kg body weight.

Abbreviation: MEM, memantine.
* P õ .05 versus normal rats.
† P õ .05 versus control AI-PCS rats.

ous data of our experimental model of hyperammonemia- significantly. These results suggest that overstimulation of
the NMDA-receptor activity is implicated in the pathogenesisinduced encephalopathy in rats have suggested a role for

elevated extracellular concentrations of glutamate and aspar- of hyperammonemia-induced encephalopathy and acute HE.
In addition, the improvement in EEG activity after NMDA-tate in brain.9 The increase in these excitatory amino acids

may finally result in NMDA-receptor overactivity. This over- receptor blockade observed in both models suggests that
NMDA-receptor activation is associated with changes in EEGstimulation of NMDA-receptor activity can induce cell swell-

ing and/or neuronal degeneration.19,20 Cell swelling is caused activity. Indications of excitatory amino acid–induced alter-
ations in EEG activity have been reported by Kuchiwaki etby an increased influx of sodium, chloride, and water, and

neuronal degeneration is the result of an increased influx of al.43

Despite high blood ammonia concentrations, brain watercalcium. Because neuronal damages are not common in HE,
we assume that astrocyte swelling is the most important neg- content and ICP were significantly decreased in AI-PCS rats

after memantine administration. Assuming a possible linkative consequence of NMDA-receptor overstimulation in en-
cephalopathy. The mechanism by which NMDA-receptor between neurological signs and cell swelling, this suggests

that the improvement in clinical manifestations of encepha-overstimulation induces astrocyte swelling can be twofold: 1)
indirectly by increasing the release of glutamate from neu- lopathy in AI-PCS rats may be at least partially caused by a

reduction in cell swelling. However, memantine did not affectrons (shown by Bustos et al.32), possibly resulting in astrocyte
swelling,33 or 2) directly by increasing the ion influx (Na/, brain water content or ICP in LIS rats, although clinical

manifestations were improved. In this case, however, clinicalCl0) into the astrocyte, if NMDA receptors are present on its
membrane.34 However, the presence of NMDA receptors on grading and EEG spectral analysis were measured directly

after memantine administration, whereas ICP and brain wa-astrocytes has been suggested but not yet been proven.35 If
the NMDA-receptor–mediated cell swelling together with ter content were measured only at the end of the experiment,

the time point at which the clinical manifestations of thethe suggested cell swelling induced by increased concentra-
tions of intracellular brain glutamine8 is not restricted, life- treated LIS rats were similar to control LIS rats. Thus, it

may be possible that NMDA-receptor blockade initially didthreatening intracranial hypertension will finally develop.
To test the possible role of NMDA-receptor overactivity in result in a reduction of ICP and brain water content, which

could result in an improvement of clinical manifestations oftwo different rat models of encephalopathy (i.e., hyperammo-
nemia-induced encephalopathy and acute HE), the effect of encephalopathy. Ultimately, however, the blockade was in-

sufficient with resultant increased ICP, increased brain wa-the noncompetitive NMDA-receptor antagonist memantine
was studied in AI-PCS rats and LIS rats. Memantine has ter content, and deterioration of clinical manifestations.

Other possible explanations for the absence in reduction ofbeen used in neurological diseases like Parkinson’s disease,
dementia, and coma.36-38 The therapeutic effect of memantine brain water content or ICP in LIS rats are: 1) differences in

the type of brain edema (e.g., more cytotoxic in the LIS rats),is caused by selective blocking of the open ion-channel of the
NMDA receptor21,23,39,40 in a noncompetitive way, and its fast and 2) relatively more contribution of glutamine-induced os-

motic swelling than NMDA-receptor overactivity. However,kinetics and voltage dependency are probably responsible for
the lack of side effects at therapeutically used doses. It there- we cannot exclude the possibility that NMDA-receptor block-

ade would have reduced cell swelling in LIS rats if meman-fore seemed worthwhile to study this lipophilic drug, with
high affinity for the CNS,41 in experimental encephalopathy. tine was administered earlier. In that case, we assume that

memantine was administered to these rats at the momentIf NMDA-receptor overactivity does play a role in the patho-
genesis of hyperammonemia-induced encephalopathy and that brain edema was no longer reversible.

Memantine treatment further resulted in a smaller or noacute HE, blockade of the NMDA receptor could be able to
attenuate encephalopathy in both models. increase in CSF concentrations of glutamate. This can be

explained by the fact that stimulation of NMDA-receptor ac-Intraperitoneal and intravenous administration of meman-
tine resulted in plasma concentrations of 334{ 32 ng/mL and tivity also promotes glutamate release, which is in agreement

with the data of Bustos et al.32 They reported that the addi-196 { 16 ng/mL at the end of the experiment, respectively.
Because the CSF/plasma ratio of memantine has a value of tion of NMDA to the dialysate perfusion induces a release of

glutamate and aspartate, measured by in vivo brain dialysis0.5,42 plasma concentrations of about 200 ng/mL will result
in CSF concentrations of about 100 ng/mL (ie, approximately in rats. After administration of MK801, another noncompeti-

tive NMDA-receptor antagonist, the increase of glutamate0.5 mmol/L). The Ki value of memantine for the NMDA recep-
tor at normal resting membrane potentials is approximately and aspartate in brain dialysate was inhibited, indicating

that NMDA-receptor activity enhances the release of gluta-1 mmol/L in rats,21,40 indicating that the doses of memantine
used in our study could be expected to inhibit NMDA-receptor mate and aspartate.

The stimulation of glutamate release by NMDA-receptoractivity by at least 50% to 80%.
In agreement with our hypothesis, both i.p. and i.v. admin- activity might be mediated by nitric oxide (NO), which is

increased after NMDA-receptor activity by stimulation of NOistration of memantine in AI-PCS rats and i.p. administra-
tion in LIS rats attenuated the clinical manifestations of synthase. Montague et al.44 showed that NMDA-receptor–

mediated NO production and its diffusion into the extracellu-encephalopathy (i.e., clinical grade and EEG activity)
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sis of glutamic acid are increased in experimental models of hepatic en-lar compartment induces a release of glutamate. Blockade of
cephalopathy. J Neurochem 1983;40:850-854.NO synthase resulted in an inhibition of glutamate release. 12. Bosman DK, Deutz NEP, Maas MAW, van Eijk HMH, Smit JJH, de Haan

Several explanations are possible for the increase in extra- JG, Chamuleau RAFM. Amino acid release from cerebral cortex in experi-
cellular glutamate and aspartate concentrations in HE. Ini- mental acute liver failure, studied by in vivo cerebral cortex microdialysis.

J Neurochem 1992;59:591-599.tially, the increase of these excitatory amino acids has been
13. Swain MS, Bergeron M, Audet R, Blei AT, Butterworth RF. Monitoringexplained by an inhibition of the re-uptake by increased am-

of neurotransmitter amino acids by means of an indwelling cisterna magnamonia concentrations in synaptosomes.45 However, we have catheter: a comparison of two rodent models of fulminant liver failure.
shown in a previous study that glutamate and aspartate con- HEPATOLOGY 1992;16:1028-1035.

14. de Knegt RJ, Schalm SW, vd Rijt CCD, Fekkes D, Dalm E, Hekking-centrations in CSF of PCS rats with severe hyperammonemia
Weyma I. Extracellular brain glutamate during acute liver failure andwere significantly higher than in normal rats with similar
during acute hyperammonemia simulating acute liver failure: an experi-increased brain and CSF concentrations of ammonia.9 This mental study based on in vivo brain dialysis. J Hepatol 1994;20:19-26.

implied that the increase in extracellular glutamate and 15. Van Sande M, Mardens Y, Adriaenssens K, Lowenthal A. The free amino
acids in human cerebrospinal fluid. J Neurochem 1970;17:125-135.aspartate could not only be caused by increased brain ammo-

16. Vergara F, Plum F, Duffy TE. a-Ketoglutaramate: increased concentra-nia concentrations. We suggested that these amino acids are
tions in the cerebrospinal fluid of patients with hepatic coma. Sciencereleased as a consequence of cell swelling, probably caused 1974;183:81-83.

by the significantly higher increase in brain glutamine con- 17. Watanabe A, Takei N, Higashi T. Glutamic acid and glutamine levels in
serum and cerebrospinal fluid in hepatic encephalopathy. Biochem Medcentrations in PCS rats than in normal rats. This explanation
1984;32:225-231.is in agreement with other in vitro studies that showed that

18. Scatton B. The NMDA receptor complex. Fundam Clin Pharmacol 1993;aspartate and glutamate are released after cell swelling.46,47
7:389-400.

However, the release of glutamate can also be induced indi- 19. Choi DW. Ionic dependence of glutamate neurotoxicity. J Neurosci 1987;
rectly by NMDA-receptor activity that results in NO produc- 7:369-379.

20. Rothman SM, Olney JW. Excitotoxicity and the NMDA receptor. Trendstion as mentioned above. Apparently, the release of gluta-
Neurosci 1987;10:299-302.mate by overactivity of the NMDA receptor plays a more

21. Chen HV, Pelligrini JW, Aggarwal SK, Lei SZ, Warach S, Jensen FE,dominant role under our experimental conditions, because Lipton SA. Open-channel block of N-methyl-D-aspartate (NMDA) re-
memantine was able to reduce extracellular glutamate con- sponses by memantine: therapeutic advantage against NMDA receptor-

mediated neurotoxicity. J Neurosci 1992;12:4427-4436.centrations to control values.
22. Herrero JF, Headly PM, Parsons CG. Memantine selectively depressesIn conclusion, the present data indicate that overstimula-

NMDA receptor-mediated responses of rat spinal neurons in vivo. Neuroscition of NMDA-receptor activity by increased extracellular Lett 1994;165:37-40.
concentrations of the excitatory amino acids, glutamate and 23. Parsons CG, Quack G, Bresink I, Baran L, Przegalinski E, Kostowski

W, Krzascik P, et al. Comparison of the potency, kinetics and voltage-aspartate, contribute to the pathogenesis of hyperammo-
dependency of a series of uncompetitive NMDA receptor antagonists innemia-induced encephalopathy and acute-HE. Furthermore,
vitro with anticonvulsive and motor impairment activity in vivo. Neuro-the results suggest that noncompetitive NMDA-receptor an- pharmacology 1995;34:1239-1258.

tagonists like memantine are of potential therapeutic value 24. Müller WE, Mutschler E, Riederer P. Noncompetitive NMDA receptor
for this syndrome. antagonists with fast open-channel blocking kinetics and strong voltage-

dependency as potential therapeutic agents for Alzheimer’s dementia.
Pharmacopsychiatry 1995;28:113-124.Acknowledgment: The authors kindly thank George Jörn-

25. Lee SH, Fisher B. Portacaval shunt in the rat. Surgery 1961;50:668-672.ing for his skillful high-pressure liquid chromatography anal- 26. Traber P, DalCanto M, Ganger D, Blei AT. Effect of body temperature on
ysis of amino acids, Bernd Eilbacher for the gas chromatogra- brain edema and encephalopathy in the rat after hepatic devasculariza-

tion. Gastroenterology 1989;96:885-891.phy/mass spectroscopy analysis of memantine, Henk Brand
27. Popken RJ, Kropveld D, Oosting J, Chamuleau RAFM. Qualitative analy-for assistance in statistical analysis, and Dr. Parsons for his

sis of EEG power density spectra in experimental hepatic encephalopathy.critical reading of the manuscript. Neuropsychobiology 1983;9:235-243.
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