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Galantamine and memantine produce different degrees
of neuroprotection in rat hippocampal slices subjected
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Abstract
Recent clinical trials have shown that galantamine is efficacious in the treatment of mild to moderate Alzheimer’s and vascular dementia,
and memantine in severe stages of these diseases. Hence, the hypothesis that these two drugs might exert different degrees of neuroprotection
has been tested. Rat hippocampal slices were subjected to oxygen and glucose deprivation (OGD) and to a re-oxygenation period. Neuronal
damage was monitored using the lactate dehydrogenase (LDH) released into the Krebs-bicarbonate medium as an indicator. Galantamine, a
mild acetylcholinesterase (AChE) blocker and nicotinic receptor modulator, given 30 min before and during OGD plus re-oxygenation (1, 2
and 3 h) significantly reduced LDH release by around 50%. Galantamine 5 M reduced LDH release significantly during the re-oxygenation
period while at 15 M it afforded significant reduction of LDH release both during OGD and re-oxygenation. Memantine, a reversible blocker
of NMDA receptors, at 10 M only significantly reduced (40%) LDH release after 3 h re-oxygenation. The classical NMDA blocker MK-801
reduced LDH released around 40% at 1 M at all re-oxygenation times studied. These data indicate that galantamine has a neuroprotective
window against anoxia wider than memantine. Whether these differences can be clinically relevant remain to be studied in appropriate clinical
trials.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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Recent clinical trials show therapeutic benefits in cognition,
functional and behavioral symptoms exerted by galantamine
and memantine in dementia of the Alzheimer’s and vascular
types. However, while galantamine has shown efficacy in patients at mild-to-moderate stages of these diseases [17,22],
memantine shows efficacy in advanced stages [6]. Therefore,
the question arises to whether these clinical differences are

Abbreviations: OGD, oxygen and glucose deprivation; LDH, lactate
dehydrogenase; AChE, acetylcholinesterase; i.p., intraperitoneal; mOD,
mean optical density; APL, allosteric potentiator ligand; TRPM, Transition
Receptor Potential Cation Channel
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due to their different mechanisms of action and/or to different degrees of neuroprotection exerted by these two drugs.
Galantamine is a mild inhibitor of acetylcholinesterase
(AChE) and an allosteric potentiator of neuronal nicotinic
receptors [12], whereas memantine is a non-competitive,
voltage-dependent, reversible blocker of NMDA receptors
for glutamate [15]. Both compounds exhibit neuroprotective
effects in vitro [3,15] as well as in vivo neuronal death models [4,15]. However, a study comparing simultaneously the
neuroprotective effects of galantamine and memantine in the
same model is lacking. Therefore, we decided to compare
the neuroprotective effect of galantamine and memantine
in an acute model of neuronal damage exerted by oxygen
and glucose deprivation (OGD) in the rat hippocampal
slice.
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All experiments were performed using the brain of adult
male Sprague–Dawley rats (275–325 g) from a colony of our
animal quarters; they were performed following the rules
of the Ethical Committee for the Care and Use of Animals
in Research, of our medical school. Rats were deeply anesthetized with sodium pentobarbital (60 mg/kg i.p.), decapitated, and each brain was rapidly removed from the skull
and placed into ice-cold Krebs bicarbonate buffer, dissection buffer (pH 7.4), containing (in mM): NaCl 120, KCl
2, CaCl2 0.5, NaHCO3 26, MgSO4 10, KH2 PO4 1.18, glucose 11 and sucrose 200 [13]. All chamber solutions were
pre-bubbled with either 95% O2 /5% CO2 or 95% N2 /5%
CO2 gas mixtures, for at least 45 min before slice immersion, to ensure O2 saturation or O2 removal as desired. The
hippocampi were quickly dissected, glued down leaning vertically against agar blocks in a small chamber, submerged
in cold, oxygenated dissection buffer and sectioned in transverse slices of 350 m thick (dissection period) using a vibratome (Leica; Heidelberg, Germany). A basal and OGD
group was included in all experiments. A maximum of three
drug concentrations was tested in each experiment. Immediately after vibratome sectioning, the slices were transferred
to vials of sucrose-free dissection buffer, bubbled with 95%
O2 /5% CO2 in a water bath at room temperature for 60 min
to recover from slicing trauma before starting the experiments (equilibration period).
After an initial preincubation period of 30 min, the slices
corresponding to the basal group were incubated 60 min in
a normal Krebs solution, having the following composition
(in mM): NaCl 120, KCl 2, CaCl2 2, NaHCO3 26, MgSO4
1.19, KH2 PO4 1.18 and glucose 11; this solution was equilibrated with 95% O2 /5% CO2 . Oxygen and glucose deprivation was induced by incubating the slices for a 60 min
period in a glucose-free Krebs solution, equilibrated with a
95% N2 /5% CO2 gas mixture; glucose was replaced with
2-deoxyglucose. After this OGD period, the slices were returned back to an oxygenated normal Krebs solution containing glucose (re-oxygenation period). These experiments
were performed at 36.5 ◦ C. When used, memantine (1, 3,
and 10 M) and galantamine hydrobromide (0.3, 1, 5 and
15 M) were added to the OGD slices during the 30 min of
preincubation period and remained there during the OGD
and re-oxygenation period (see protocol in Fig. 1A).
The viability of hippocampal slices was monitored by
measuring the activity of the lactate dehydrogenase (LDH)
released into the incubation media [9]. Samples of this solution were taken at the end of the preincubation period and at
times 0, 60, 120 and 180 min of the re-oxygenation period
(see protocol in Fig. 1). LDH activity was measured spectrophotometrically at 490–600 nm, using a microplate reader
(Labsystems iEMS reader MF). The remaining LDH was
obtained by incubating the slices with 1% Triton X-100 at
the end of the experiment, for 30 min; then, the samples were
centrifuged and an aliquot from the supernatant was taken to
measure the intracellular LDH. LDH levels remaining in the
basal and OGD-slices after 3 h of reperfusion were high and
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Fig. 1. Neuronal damage measured as LDH released into the medium,
caused by oxygen and glucose deprivation (OGD) followed by
re-oxygenation plus glucose reintroduction in rat hippocampal slices. Panel
A shows the protocol (see methods). Panel B shows the basal LDH release and the release of LDH evoked by OGD plus re-oxygenation, in
each experimental period (abscissa). Panel C shows the cumulative values
of LDH released into the media (basal and OGD), calculated by adding
the individual values of each collection period of incubation period from
OGD to 3 h re-oxygenation, in each experiment. Data of LDH activity in
(B) and (C) are expressed as mOD and they are means ± S.E.M. of 29
experiments. ∗ P < 0.05, compared with basal.

not significantly different from each other (4.008 ± 0.038
versus 4.002 ± 0.058 mean optical density (mOD) in basal
and OGD-slices, respectively, n = 8, P < 0.05). Thus, only
the LDH released into the medium was measured (see results).
MK-801 (1 M), memantine (1, 3, and 10 M) and galantamine hydrobromide (0.3, 1, 5 and 15 M) were added
to the OGD slices during the 30 min of preincubation period and remained during the OGD and re-oxygenation period. MK-801 was obtained from Tocris (Biogen Cientı́fica,
Spain), memantine from Sigma (Aldrich, Spain) and galantamine hydrobromide from Janssen (Beerse, Belgium). They
were dissolved in saline just before each experiment.
LDH efflux was expressed as the LDH activity present in
the incubation solution measured as mOD. Data are represented as means ± S.E.M. Differences between treatments,
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as a function of drug concentration and re-oxygenation
time, were estimated by applying the analysis of variance
(ANOVA) and Fisher’s test. Differences were considered to
be statistically different when P = 0.05.
In our present study, LDH release in basal conditions accounted for less than 25% of the maximum LDH released
after OGD followed by 3 h reperfusion. Thus, we considered
that there was a wide window to explore neuronal damage
evoked by OGD/re-oxygenation, and the effects of galantamine and memantine on such damage.
These slices were subjected to the protocol of sequential
incubations shown in Fig. 1A. Those incubations scarcely
affected the total tissue LDH activity measured at the end of
the experiment; this suggests that the overall tissue suffered
little damage during the 4 h and 30 min period of the experiment. Hence, the total LDH activity remaining in the tissues
at the end of the experiment was not measured in subsequent
experiments. Only the LDH released into the different incubation media was taken as an indicator of neuronal tissue
damage. It is likely that the LDH released into the media during OGD and re-oxygenation mostly came from the pyramidal neuron layer of the CA1 area of the hippocampus, which
is known to be particularly sensitive to anoxia [19]. The
basal LDH released into the incubation media from slices
not subjected to OGD decreased with time (gray columns
of Fig. 1B). LDH released rose as much as fourfold above
basal after the 1 h OGD period (0 h of re-oxygenation in
Fig. 1B). LDH released augmented further to sixfold above
basal, during the first hour of re-oxygenation. Then, it gradually declined at 2 and 3 h re-oxygenation (black columns
of Fig. 1B). The increments above basal LDH released into
the media, elicited by OGD, were better seen if added in
a cumulative manner from OGD to 3 h re-oxygenation, as
Fig. 1C shows. Thus, the effects of drugs on LDH released
were plotted in this cumulative manner in all subsequent experiments.
To study the effects of galantamine on the release of
LDH from hippocampal slices subjected to OGD and
re-oxygenation, the protocol performed was similar to that
described in Fig. 1A. Every experiment included slices to
measure the basal and the OGD plus re-oxygenation-induced
LDH release; parallel slices contained various concentrations of galantamine, which were present during 30 min of
the equilibration period, as well as throughout the OGD and
re-oxygenation periods. Note that 0.3 and 1 M galantamine
slightly enhanced LDH release at 2 and 3 h re-oxygenation;
however, this increase was not statistically significant. In
contrast, 5 M galantamine significantly reduced LDH release at 60, 120 and 180 min of re-oxygenation time; the
reduction accounted for 45% after 1 h re-oxygenation, 51%
after 2 h re-oxygenation, and 56% after 3 h re-oxygenation.
Fifteen micromolar galantamine reduced LDH release by
56, 47, 50 and 54% at 0, 1, 2, 3 h re-oxygenation times,
respectively (Fig. 2).
Experiments similar to those of galantamine were performed with various concentrations of memantine. Fig. 3A

Fig. 2. Effects of galantamine (GAL) on the release of LDH from hippocampal slices subjected to OGD and re-oxygenation. Slices were run
in parallel to measure the LDH released in basal or OGD conditions, in
the absence or the presence of the indicated concentration of galantamine.
Different concentrations of the drugs were tested in different experiments.
LDH release is cumulatively expressed in the abscissa (see Fig. 1). Data
are means ± S.E.M. of the number of experiments shown in parentheses.
∗,† P < 0.05, compared with OGD.

Fig. 3. Effects of memantine (MEM) and MK-801 on the release of LDH
from hippocampal slices subjected to OGD. Slices were run in parallel
to measure the LDH released in basal or OGD conditions, in the absence
or the presence of the indicated concentrations of memantine (panel A)
or MK-801 (panel B). Different concentrations of the drugs were tested
in different experiments. Data correspond to means ± S.E.M. of eight
experiments for the dose–response curve of memantine (A) and nine
experiments for MK-801 (B). ∗ P < 0.05, compared with OGD.
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shows that 1 and 3 M of memantine reduced the release of
LDH evoked by OGD plus re-oxygenation by 13–20%, but
this reduction was not statistically significant. At 10 M,
memantine reduced LDH release by 28–37% at 0–2 h
re-oxygenation and by 40% at 3 h re-oxygenation. We used
the NMDA receptor blocker MK-801 for comparative purposes. At 1 M, MK-801 significantly reduced LDH release
at all times of re-oxygenation, reaching by 42% after OGD
and 3 h re-oxygenation (Fig. 3). No further reduction was
seen at higher concentrations of 10 and 30 M (not shown).
This is the first study showing that an inhibitor of AChE,
i.e. galantamine, has neuroprotective effects against neuronal
damage caused by anoxia, in hippocampal slices. Furthermore, this is also the first study which compares in the same
preparation (i.e. rat hippocampal slices subjected to OGD)
the neuroprotective effects of galantamine and memantine,
two drugs recently introduced in the clinic to treat patients
with Alzheimer’s and vascular type of dementia [11,18]. We
have found in this study that galantamine is more efficacious
than memantine as a neuroprotective agent which, considering their mechanism of action, was an unexpected result.
LDH release was originally used to measure neuronal cell
death occurring via necrosis [9], although subsequent studies suggested that LDH release was also a good marker of
apoptotic neuronal death [10]. More recent studies validated
LDH release as an adequate index of necrotic tissue damage
in brain slice preparations [5,13]. Although we tried other
markers of neuronal death (i.e. MTT, propidium iodide), we
found that LDH gave the highest and more reproducible
window of injury.
It is well established that the hypoxia following a transient cerebral ischemic insult causes excessive accumulation of glutamate in the synapse, with the activation of the
high Ca2+ -permeable NMDA receptors. This leads to Ca2+
overloading and neuronal cell death [21]. Thus, it is expected that non-competitive irreversible (i.e. MK-801) and
reversible NMDA receptor blockers (i.e. memantine) should
mitigate the neuronal damage due to ischemic–anoxic conflicts. This has been shown to be the case in a number
of in vitro [20] and in vivo models [8,15]. In the present
study, we have corroborated the neuroprotective effects of
MK-801 and memantine in rat hippocampal slices subjected
to anoxia stress. However, we found a surprising finding.
This neuroprotective effect was mild and did not follow a
clear concentration-dependence. Thus, 1 M MK-801 afforded 42% of neuroprotection, while 10 M did not offer
further protection. The memantine case was even more
striking, since 1–3 M showed no protection and 10 M
exhibited only some protection after 3 h re-oxygenation; no
protection was seen at 0–2 h re-oxygenation. This contrasts
with the protective effects of memantine observed in other
models of neuronal damage in this concentration range. For
instance, in neuronal cultures exposed to hypoxic conditions, memantine exhibited clear neuroprotection at 1 M
[20]. It is possible that in our acute model of “cerebral
ischemia,” other mechanisms intervene in addition to the
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excessive activation of NMDA receptors by endogenously
released glutamate. This is substantiated by the striking and
powerful neuroprotective effects afforded by galantamine.
Galantamine has a dual mechanism of action that might
explain its therapeutic benefits on cognition, functional
activities and behavior in patients with dementia of the
Alzheimer’s and vascular types [17,22]. On the one hand,
galantamine behaves as a mild inhibitor of AChE; on the
other, it acts as an allosteric potentiator ligand (APL) at
presynaptic nicotinic receptors [12]. We have recently
shown that submicromolar concentrations of galantamine
affords protection against cell damage in cultures of human
neuroblastoma cells and bovine chromaffin cells, exposed
to apoptotic agents such as thapsigargin or ␤-amyloid.
Such protection was associated to ␣7 nicotinic receptors
and the induction of the expression of the anti-apoptotic
protein Bcl-2, and required 24–48 h preincubation periods
with galantamine [3]. This could be explained by the APL
effect of galantamine, which only appears at concentrations
below or around 1 M. In our present study, however, the
neuroprotective effects of galantamine were visible rather
at higher (10- to 20-fold) concentrations and developed
in the time lapse of 4–5 h. Neuroprotection was similar at
5 and 15 M, concentrations at which the APL effect of
galantamine turns into a nicotinic receptor blockade [12].
Thus, its pronounced neuroprotective effects at 5–15 M
must be attributed to other galantamine effects, i.e. the inhibition of AChE. In fact, galantamine is a weak inhibitor
of this enzyme, exhibiting an IC50 of about 3 M [23],
well in the range where the drug exerts its drastic neuroprotective action. It is also plausible that the inhibition of
small-conductance Ca2+ -activated K+ channels, recently
discovered in our laboratory [2], might also contribute to
its neuroprotective action. A new challenging hypothesis
has been raised to explain why many compounds that show
neuroprotective efficacy in animal models of focal cerebral
ischemia, do not afford protection in clinical trials done in
stroke patients. The hypothesis implies that after prolonged
ischemic episodes (30 min or more) a “Transition Receptor
Potential Cation Channel” (TRPM) opens following Ca2+
entry, cell Ca2+ overloading and neuronal cell death. This
pore is a Ca2+ entry pathway that is not blocked by NMDA
or AMPA receptor blockers [1]. Whether in our experimental conditions (i.e. 60 min OGD) this pore is contributing
to neuronal damage is uncertain. But one possibility is that
galantamine might be blocking such “TRPM.”
It is interesting that galantamine and memantine show
therapeutic benefit in both patients with dementia of
Alzheimer’s or vascular types, suggesting a common
pathogenic mechanism. This may be linked to neuronal
Ca2+ overloading and excess Ca2+ accumulation into mitochondria, leading to free radical overproduction and cell
death. A Ca2+ dyshomeostasis causing a loss of Ca2+ from
the endoplasmic reticulum, leading to apoptosis, has been
implicated as an important metabolic cross-road in the
pathogenesis of Alzheimer’s disease [16]. In the case of
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vascular dementia, the neuronal Ca2+ overload may come
from excessive glutamate acting on NMDA receptors, as
stated above. Both, in Alzheimer’s disease [7] and during
brain ischemic conditions [14] glutamatergic as well as
cholinergic neurotransmission are affected. On other hand,
free radicals seem to be involved in neurodegenerative process; in this context, it is interesting that a recent study
reports the antioxidant properties of galantamine [24].
In conclusion, whatever the mechanism(s) involved, it
seems clear that in rat hippocampal slices subjected to
OGD and re-oxygenation, galantamine has a neuroprotection window wider than memantine. Our findings may
orient the design of new comparative clinical trials between
galantamine and memantine, in patients with Alzheimer’s
and/or vascular dementia, at different stages of the disease
and with different dose ranges. They also suggest a possible neuroprotective role of galantamine in acute cerebral
ischemia. We are presently testing this hypothesis in animal models of focal and global cerebral ischemia. If these
experiments show that galantamine also exhibits neuroprotective properties in these in vivo models, a clinical trial in
stroke patients may be indicated.
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