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Non-competitive NMDA-receptor-antagonist drugs such as dizocilpine (MK801) induce behavioral changes
and neurotoxicity that have made an impact in different fields of neuroscience. New approaches in research
use transgenic mice to elucidate cellular mechanisms and circuits involved in the effects of these drugs.
However, the neurodegeneration induced by these drugs has been extensively studied in rats, but the data in
mice is limited. Therefore it is important to characterize if the neurotoxic pattern in mice corresponds to that
of rats.
A comparative analysis of the neurodegeneration induced by MK801 (10 mg/kg) between Wistar rats, and
CD-1, CF-1, and C57BL/6-129/Sv mice of both sexes, at different survival times (15, 24, 32, 48, 56 and 72 h)
was analysed with the amino-cupric-silver and fluoro-jade B techniques. To compare different administra-
tion patterns, groups of mice received subchronic treatments with different doses (final doses of 20 and
40 mg/kg).
Results showed that mice treated with MK801 presented different neurotoxic profiles, such as excitotoxic-
like cell death in the retrosplenial cortex, terminal degeneration in CA1 and apoptotic-like degeneration in
the olfactory bulb. Unlike rats, mice subjected to the same treatment failed to show neurodegeneration in
corticolimbic areas such as piriform cortex and dentate gyrus. The amount of degeneration was lower in
mice, and the subchronic administration of MK801 did not change the neurotoxic pattern. Additionally, mice
lacked the sexually dimorphic response to MK801 toxicity observed in rats. Altogether these results indicate
important species dissimilarities. Neurotoxicological studies aimed to explore pathways and mechanisms of
MK801 toxicity should consider these differences when using mice as rodent models.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Dizocilpine maleate (MK801) is a non-competitive NMDA-recep-
tor-antagonist drug that, like other NMDA antagonist drugs (NMDA-
A), is neuroprotective in several animal models of pathologies that
involve the hyperactivation of NMDA receptors, such as stroke,
ischemia, epilepsy, neuropathic pain and alcohol abstinence
[11,37,62]. However, the potential clinical application of these
compounds is limited because, in addition to their protective
properties, they cause neurodegeneration in some critical brain
areas with a single application [8,22]. In humans NMDA-A drugs
such as phencyclidine and ketamine induce cognitive deficits and

psychotic symptoms [46,47], therefore the administration of these
drugs is widely used as a pharmacological model of psychotic
disorders such as schizophrenia [45–47,53,61,64].

The neurotoxic effect of NMDA-A has been extensively studied in
rats. The systemic administration of MK801 with doses between 0.5
and 1 mg/kg induces vacuolisation and the expression of heat shock
protein 70 in the retrosplenial cortex [52,60]. Both are signs of
reversible neurotoxicity because they disappear after a time and no
signs of neurodegeneration are observed. Higher doses (2–10 mg/kg)
or subchronic treatments (2–5 days) with moderate doses, induce
neuronal death (irreversible effects) not only in retrosplenial cortex
but also in hippocampus, olfactory cortex, olfactory bulb, entorhinal
cortex and other cortical-limbic nuclei [8,9,20,24,33,52].

Both neurotoxic and behavioral studies have shown that female rats
are more sensitive than males to MK801 or PCP treatment
[1,3,13,16,32,48,49,68,69]. Considerable neurodegeneration occurs in
the female brain following treatment with a non-competitive NMDA
antagonist while little occurs in the male rat brain. Based on these
observations, most studies used the female rat for the identification of
neuronal subpopulations affected by the neurotoxic effects of NMDA-A.
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Mice have gained importance in the study of the psychotropic
mechanisms because of the possibility of generating genetic varia-
tions as tools for understanding cellular and molecular mechanisms
involved in different experimental paradigms [56,67]. Also, this
species is extensively used in order to analyse the behavioral changes
and the potential use of antipsychotic drugs with NMDA-A
[10,25,28,29,40]. However, reports about neuropathological effects
induced by NMDA-A in mice are few and they have focalized on the
reversible neurotoxic effects [6,7,51,65]. Systematic studies focusing
on the irreversible neurotoxic effects (neurodegeneration) using
specific histochemical techniques for detecting neuronal degenera-
tion have not yet been performed. Moreover, a comparative analysis
of MK801-induced neurodegeneration between rats and mice has not
been executed. This is important since there has been an increase in
the literature concerning neurobiological differences between rats
and mice [2,30,66].

In this study we analyse if the neurotoxic effects evidenced in rats
are extendable to mice. In order to compare the MK801-induced
neurodegeneration between these two species, we use the amino-
cupric-silver [14] and fluoro-jade B [59] techniques, which specifically
stain degenerating neurons. The present study comparatively analy-
ses the neurodegeneration induced by the same treatment of MK801
in rats andmice, along with a comprehensive and detailed description
in mice of the neuroanatomical structures that were irreversibly
damaged byMK801. In addition CD-1 (ICR)mice, that have previously
shown to be sensitive to MK801-induced reversible toxicity [6], were
compared with CF-1 and C57BL/6-129/Sv mice which have different
genetic backgrounds and are currently used to generate knockout
mice useful to study behavioral alterations related to psychiatric
disorders [57,58].

This report shows that the sexually dimorphic response toMK801-
induced toxicity observed in rats is absent in mice, and that mice are
significantly less sensitive than rats to MK801-induced neurodegen-
eration in different brain structures. Concomitantly this data could be
valuable for future studies aimed to explore MK801 toxicity in
genetically modified mice and to applied neurotoxicology associated
to schizophrenia and related disorders.

2. Methods

2.1. Animals

Young adult (70–80 days) Wistar rats from the Instituto de
Investigaciones Médicas Mercedes y Martín Ferreyra vivarium of
both sexes weighing 200–240 g (N=10) and, CD-1 (N=10), CF-1
(N=28), and C57BL/6-129/Sv (N=25) adult mice weighing 27–34 g
were used. The animals were housed in a plastic home cage at a
controlled temperature (20–22 °C) with food and water available ad
libitum. CF-1 mice were donated by the Instituto de Ingeniería
Genética y Biología Molecular (Buenos Aires, Argentina). All experi-
ments conformed to named local and international guidelines on the
ethical use of animals. Every effort was made to minimize discomfort
of the animals and the overall number of animals used.

2.2. Treatments

Based on previous neurotoxic studies in rats [8,9,15] andmice [70],
both species were administrated with one dose of 10 mg/kg of MK801
(dizocilpine maleate, (+)-5-methyl-10, 11-dihidro-5H-dibenzo (a, d)
cyclohepten-5, 10-imine hydrogen maleate, SIGMA) and killed at
72 h. Control animals received an intraperitoneal (i.p.) injection of
0.9% NaCl (2 ml/kg). The earliest time point that the A-Cu-Ag
technique detected consistent signs of neurodegeneration in mice
was at 15 h post-treatment, therefore the time course of MK801
neurodegeneration was evaluated at 15, 24, 32, 48, 56 and 72 h post-
injection. To compare different administration patterns, a subchronic

treatment group of mice received 2 i.p. injections of MK801
(10 mg/kg) separated by 5 h and killed 24 h after the last injection.
Another group received a subchronic administration of MK801,
with the first dose of 20 mg/kg, followed by two injections of
10 mg/kg separated by 4 h. These animals were also killed 24 h
after the last injection.

2.3. Tissue collection

Animals were anaesthetized i.p. with 30% chloral hydrate;
perfused transcardially with washing solution (0.8% sucrose, 0.8%
NaCl and 0.4% glucose) and fixed with 4% paraformaldehyde in 0.2 M
borate buffer (pH 7.4). Brains were left overnight in the skull and
afterwards removed and placed in 30% sucrose. Once the brains sank
in the sucrose, coronal sections of 40 μm were obtained in a freezing
microtome and stored at 4 °C until processing either in 0.01 M
phosphate buffer (PBS) in order to immediately process for fluoro-
jade B technique [59], or in 4% paraformaldehyde in order to assess
neurotoxicity using the amino-cupric-silver technique [14]. The
olfactory bulb and some brains were cut in sagittal sections in order
to confirm the anatomical neurodegeneration observed in the coronal
sections.

2.4. Histopathological techniques

The amino-cupric-silver stain (A-Cu-Ag) is a more recent version
of the cupric-silver method and is suitable for staining degenerating
perikarya, dendrites, stem axons, and their terminal ramifications
(synaptic endings) in brain tissue subjected to different experimental
and neuropathological conditions [14,17]. The procedure was carried
out following the protocol previously described [14] except that
before starting, the sections were pre-incubated in 40% ethanol in
slight agitation for 30 min. This procedure eliminated the unspecific
staining that was present in the mouse tissue. The pre-treatment also
resulted beneficial to rat tissue, without affecting the specific stain.
After that, sections were rinsed in double-distilled water and
incubated in a pre-impregnating solution of silver nitrate at 50 °C.
After cooling to room temperature, sections were rinsed with acetone
and transferred to a concentrated impregnating silver nitrate solution
for 40 min. Sections were then immersed in a reducing solution for
25 min and the reaction was stopped in 0.5% acetic acid. Bleaching
was done in two steps to eliminate the non-specific deposits of silver
on the tissue. After stabilization in a thiosulphate solution, the
sections were mounted.

Fluoro-jade B technique (FJ-B) was performed as indicated by
Schmued and Hopkins [59] except that the sodium hydroxide solution
was substituted by xylene, in order to avoid losing sections. After
5 min in xylene, slides were transferred in ethanol absolute and then
in 50% ethanol solution, 2 min for each one. This was followed by
2 min in distilled water and 10 min in 0.06% in potassium perman-
ganate in slight agitation. The slides were then rinsed in distilled
water for 2 min and after that submerged in FJ-B solution (0.004% in
acetic acid 0.1%, Chemicon) for 20 min, rinsed in distilled water and
dried on a slide warmer. Afterwards the slides were cleared in xylene
and coverslipped with DPX.

2.5. Histological analyses

All brains were carefully analysed to identify different types of
neurodegeneration (apoptotic, somatic and terminal degeneration).
For anatomical references the atlas for rats and mice of Paxinos and
Watson [54,55] was used. Quantitative assessment was accomplished
with a light microscope at 40× objective lens, equipped with a Leica
LC200 video camera, which acquired and saved images with a
Photoshop 7.0 program. Afterwards, positive argyrophilic neurons
were counted in selected brain areas using the SCION program from
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the NIH. The counting was carried out by a treatment blind
investigator and performed using a predefined area of an identical
size for each brain region. The anterior–posterior distribution of
neurotoxicity induced by NMDA-A has been previously described
and indicates that in the rat retrosplenial cortex (RSC) the great-
est amount of systematic degeneration can be found between
planes−6.3 and 6.7 [3,16,24,69]. Therefore to get an average number
of each case, 5 hemisections of these planes were considered an
accurate representation of the sensitivity towards MK801-induced
toxicity. Analyses of the neurodegeneration pattern induced in the
RSC of mice corroborated the anterior–posterior distribution that was
observed in rats and confirmed that in mice−3.1 and−3.5 would be
equivalent to planes −6.3 and −6.7 of the rat. Sagittal sections were
used to analyse the olfactory bulb at 1.44 mm lateral to themedial line
in rats and 0.75 in mice. The mean number of positive argyrophilic
cells per animal (n=4 per group) was used for statistical analysis.

2.6. Statistical analyses

The analysis of variance (ANOVA) was applied to the data using
post hoc LSD Fischer test. The differences were considered statistically
significant when pb0.05.

3. Results

3.1. Behavioral observations

In both rats and mice, behavioral disturbances started within 5–
10 min after the administration of MK801 (10 mg/kg). Rats rapidly
presented recumbency (animals lying down on the floor unable to rise
or walk), while mice never became recumbent, instead they showed
severe ataxia, specially marked for the hind limbs and displayed
repetitive movements around the corner of the home cage. In mice of
both sexes and male rats these behavioral disturbances induced by
MK801 disappeared 24 h post-injection. By contrast, female rats
treated with MK801 remained affected until the day of sacrifice (72 h
post-injection).

3.2. Comparative analysis of the sexually dimorphic response to MK801-
induced neurotoxicity in rats and mice

To analyse neurodegeneration induced by MK801, mice and rats of
both sexes received a single i.p. injection of saline (control) or MK801
(10 mg/kg) and sacrificed 72 h post-treatment. Neurodegeneration
was evaluated with the A-Cu-Ag and FJ-B techniques. Saline-treated
animals stained with the A-Cu-Ag were free of signs of neurodegen-
eration, with the exception of the olfactory bulb of mice, which
presented a basal amount of apoptotic-like somas. This has been
described previously as a common feature in mice, in which TUNEL-
positive cells were found [18], and will be described in detail down
below.

MK801-induced neurotoxicity was sexually dimorphic in rats.
Female rats displayed robust somatodendritic and terminal degener-
ation in several brain regions including the main olfactory bulb
(MOB), anterior olfactory nucleus, primary olfactory cortex, olfactory
tubercle, tenia tecta, posterolateral cortical amygdaloid nuclei (PLCo),
entorhinal cortex (ENT), ammon's horn 1 (CA1), dentate gyrus (DG),
subiculum, anterior cingulate cortex, retrosplenial cortex (RSC)
(Fig. 1A), sensory cortex, visual cortex and motor cortex (Table 1).
In contrast, male rats only presented signs of sparse neurodegenera-
tion in RSC (Fig. 1B), PLCo, ENT, CA1, MOB and neocortical areas
(Table 1).

Surprisingly, the pronounced sexual dimorphism seen in rats
(Fig. 1A,B) was absent in mice, which presented practically indistin-
guishable degeneration profiles between sexes (Fig. 1C,D). All three
strains of mice treated with MK801 showed degeneration that was

mostly confined to RSC, MOB, and CA1. In mice of both sexes,
somatodendritic degeneration was restricted to layer IV of the
granular division of the retrosplenial cortex (RSG), while terminal
degeneration was observed in layers I and IV, and extended to the
dysgranular portion of the retrosplenial cortex (RSD) (Fig. 1C,D)
(Table 1).

Similar to rats, MK801-treated mice also showed axonal-like
terminal degeneration, restricted to the lacunosummolecular layer of
the hippocampus (Fig. 2A,B). Mice also presented few sporadic and
random degenerating neurons with excitotoxic-like appearance in
layer III of the posterior part of ENT (Fig. 2C,D) (Table 1). However, in
the piriform cortex, female (but not male) rats presented somatic and
terminal degeneration that was only occasionally observed in the CD-
1 mouse strain (data not shown). Other structures strongly sensitive
to the neurotoxic effects of MK801 in female rats, such as the DG and
PLCo, (Fig. 3A and C), were completely free of signs of neurodegen-
eration in mice (Fig. 3B and D) (Table 1).

Quantitative analysis of the argyrophilic somas in the RSC
confirmed that rats were significantly more sensitive than mice and
that sexually dimorphic neurotoxic effects of MK801 found in rats
were absent in mice (Fig. 4). Degenerating argyrophilic somas in the
rat RSC averaged 233±38 (by hemisection) in females and 22±5
in males, while in the mice strains, female CD-1, C57BL/6-129/Sv and
CF-1, the average was 5±2, 8±1 and 3±1, respectively (Fig. 4). The
twoway ANOVA indicated a significant effect of species (F1,15=19.61,
pb0.01), sex (F1,15=14.27, pb0.01) and an interaction between both
(F1,15=14.53, pb0.01). Post hoc analysis indicated that female rats
were significantly different from male rats, and from mice of both
sexes (pb0.0001), however male and female mice did not differ from
each other (pb0.98). Additionally, when comparing male rats and
mice, the LSD Fisher post hoc test showed that male rats were
significantly different from all mice groups (pb0.001) indicating that
mice had significantly less positive neurons than rats. Altogether
these results indicate that mice are less sensitive to the neurotoxic
effect of MK801 than rats, and that the dimorphic effect observed in
rats is absent in mice.

In FJ-B stained sections no signs of neurodegeneration were
observed in control (saline-treated) animals of either species. In
MK801-treated female rats, numerous FJ-B positive neurons were
observed in the RSC, DG, PLCo, ENT and the primary olfactory cortex.
However the robust terminal degeneration revealed by the A-Cu-Ag in
the RSC and CA1 was not detected by the FJ-B technique (Fig. 5). In
male rats we detected somas only in RSC and PLCo. When comparing
genders inmice, similar quantities of FJ-B positive degenerative somas
were detected exclusively in RSC, confirming the lack of sexual
dimorphism and the less sensitivity towards MK801-induced neuro-
toxicity that was previously described with the A-Cu-Ag.

3.3. Time-course evaluation of the neurotoxic effect of MK801 in mice

To determine the temporal pattern of neurodegeneration induced
by MK801 in mice, a time-course analysis (15, 24, 32, 48, 56 and 72 h)
was performed using the A-Cu-Ag technique. In the RSC, evidence of
golgi-like neuronal profiles with dendritic arborizations that were still
preserved in layer IV and terminal degeneration in layer I were found
at 15 h post-treatment, indicating an early stage of degeneration. The
degenerating profile becamemore evident between 24 and 48 h post-
treatment where most of the perikarya and dendritic processes
displayed a typical pattern of excitotoxic death. Thereafter neuronal
cell bodies, dendrites and axons started to show fragmentation, which
is consistent with advanced stages of neuronal death. The number of
degenerating somas was not significantly different at these survival
times (ANOVA, F4,23=0.21, p=0.9) suggesting that degeneration of a
limited number of neurons began few hours after MK801 treatment,
but no other neurons were recruited thereafter.
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Control mice presented scattered apoptotic-like neurons in the
MOB (Fig. 6A). An increase of argyrophilic neurons was observed at
15 h post-MK801 treatment where most of these degenerating
neurons depicted an apoptotic-like appearance (Fig. 6B and insert).
The two way ANOVA indicated that there was a significant effect of
treatment (F1,24=6.13, pb0.03), survival time (F5,24=3.34, pb0.02)
and treatment×survival time (F5,24=3.52, pb0.02). Post hoc analysis
indicated that only the MK801-treated animals at 15 h were different
from saline (pb0.001) (Fig. 6C) and all the other groups. The larger
amount of apoptotic-like argyrophilic cells scored at earlier survival
times in theMOBwould be consistent with the fact that the apoptotic-
like death occurs at a faster rate than the excitotoxicity induced by
MK801 [50]. Finally, we observed that in mice terminal degeneration

in CA1 was present at all survival times studied, while the
somatodendritic degeneration in ENT was detected in some cases
only at 24 h (data not shown).

3.4. Subchronic treatment of MK801 in mice

A previous report showed that MK801 toxicity is higher when
administered subchronically [33]. To examine the possibility that in
mice other brain areas could be affected by a different administration
pattern of MK801, subchronic doses of 20 and 40 mg/kg of MK801
were applied and neurotoxicity was evaluated with A-Cu-Ag and FJ-B
at 24 h after the last injection.

A significant dose-dependent increase (ANOVA F2,13=4,85,
pb0.03) in the number of degenerating neurons in the RSC of
subchronic-treated animals was observed (Fig. 7), in which the post
hoc LSD analyses indicated that only the 40 mg/kg group was
statistically different (pb0.01). Despite the increase in the number
of degenerating neurons in RSC, no additional areas were affected,
confirming that RSC, MOB, EC and CA1 are the only sensitive areas to
MK801-induced neurodegeneration in mice. Additionally, we con-
firmed that in the subchronic treatment in mice, MK801-induced
neurodegeneration affected the same neuroanatomical structures in
both, males and females (data not shown). These observations
corroborate that, on the contrary to rats, the neurotoxic effect of
MK801 is not sexually dimorphic in mice, and that subchronic
treatments do not change the neurotoxic pattern.

4. Discussion

In this study we show dramatic differences in the neurotoxic
damage induced by MK801 between rats and mice, being the later
much less vulnerable. We formally compared the sensitivity of
different rat strains to MK801-induced toxicity and found only subtle

Fig. 1. Comparative analysis of MK801-induced neurotoxicity in rat andmouse in coronal sections of the retrosplenial cortex. MK801-treated (10 mg/kg) female andmale rats (A and
B) andmice (C and D) were evaluated with the A-Cu-Ag technique at 72 h post-treatment. Note that somatic degeneration is confined to layer IV of the granular retrosplenial cortex
(RSG), while terminal degeneration was observed in layers I, IV and V, and extended to the dysgranular portion of the retrosplenial cortex (RSD). Images at the left upper corner of B
and D are representative high power magnifications of the excitotoxic-like neuronal death in layer IV of the RSG. Increased intensity of neuronal degeneration is observed in the
female rats (A), but not in the female mouse (C). Scale bar 400 μm for rat and 200 μm for mice.

Table 1
Distribution of somatodendritic (S), terminal (T) and apoptotic-like (*) degeneration
detected by the A-Cu-Ag in brain structures ofMK801 (10 mg/kg)-treated rats andmice
of both sexes. The small letters (s, t) indicate sporadic appearance of degeneration.

Brain structure Rat Mouse

Female Male Female Male

Olfactory bulb *S *S *S *S
Anterior olfactory nucleus T – – –

Primary olfactory cortex ST – – –

Olfactory tubercle T – – –

Tenia tecta S – – –

Olfactory amygdala ST ST – –

Entorhinal cortex ST ST s s
Ammon's horn 1 T T T T
Dentate gyrus ST – – –

Subiculum T t – –

Anterior cingulate cortex T t – –

Retrosplenial cortex ST ST ST ST
Sensory cortex ST T t t
Motor cortex T t – –
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differences [9], and in this study, we observed no significant
differences between mice strains. Similarly, it was reported that no
differences were found between C3H, DBA2 and FVB inbred mouse
strains to ketamine, another NMDA-A [42]. Altogether, these
observations demonstrate that, regardless of the strain, sensitivity
to NMDA-A is significantly different between rats and mice. The
evaluation of the irreversible neurotoxic effects of MK801 showed
that somatodendritic and terminal degeneration in mice of both sexes
affects systematically the RSC, MOB, CA1, and in some cases ENT, in
both acute and subchronic treatments. In mice, the quantitative
analysis of argyrophilic cells confirmed the lack of sexually dimorphic
response to MK801-induced toxicity, which was observed in rats.
Another significant difference between these two species was that the
quantity of dead cells in the RSC was significantly higher in rats than
in mice. Interestingly, the behavioral response towards recumbency
observed in rats, was totally absent in mice. Altogether these results
indicate important species differences in both behavioral and
neurotoxic changes induced by this NMDA-A drug.

In this report due to the high-sensitivity of the A-Cu-Ag technique,
which not only detects somas of degenerating neurons, but also
depicts their axons, dendrites and synaptic terminals [14,27,63], we
were able to observe inmice neurodegeneration in areas that have not
been previously reported, such as the MOB, CA1 and somatosensory
cortex. The neuroanatomical detection of axonal and terminal
degeneration could play an important role for the identification of
neuronal circuits that are functionally affected after MK801 treat-
ment. For example, in rats, we were able to correlate prolonged
activation of different immediate early genes in cortical areas where
MK801 promoted axonal and terminal degeneration, but no somatic
death, suggesting that terminal degeneration was followed by long-
lasting functional changes [15]. Interestingly, different research

groups showed that in mice the administration of MK801 induces c-
Fos activation in the RSC and CA1 [19,38,51]. With the A-Cu-Ag we
detected intense terminal degeneration in both of these structures,
which could be related to the deafferentation to which these areas
undergo. Furthermore, degeneration of synaptic terminals in cortical
and hippocampal structures could be related to the behavioral
alterations reported after MK801 administration in mice [70].

Another interesting finding of our study was that MK801 induced
the same pattern and intensity of neurodegeneration in bothmale and
female mice, indicating that its neurotoxic effect is not sexually
dimorphic, as it is in rats. In rats, females are much more sensitive
than males to MK801-induced degeneration [3,16,34,44]. On the
contrary, female mice did not show increased sensitivity to MK801,
and consequently, when comparing the amount of argyrophylic cells
in the RSC, no differences were observed between sexes. Also, when
compared to female rats, mice were significantly less sensitive to the
neurodegenerative effects of MK801. We observed that many areas,
such as the PLCo or the DG, that were severely affected in female rats
were free of damage in mice, even when administrated in a
subchronic pattern that, in rats, has been associated to an enhance-
ment of neurotoxicity [33,35].

When comparing the neurodegeneration after MK801 treatment
in both species, the numbers of argyrophilic cells were dramatically
higher in the female rat (more than 200) than in the mouse (less than
10). Stereological studies showed that, compared to mice, the number
of cortical neurons in the rat is approximately 2.8 folds [30,31].
Consequently, this basic interspecies neuroanatomical characteristic
could only explain a limited part of the difference in the number of
degenerating neurons between mice and rats reported here. Several
other factors could also determine the different sensitivity of rats and
mice to MK801 toxicity. The efficiency to metabolise and/or eliminate

Fig. 2. Terminal and excitotoxic-like neurodegeneration induced by MK801 in hippocampal regions. (A) Mice treated with 0.9% NaCl (control) or (B–D) MK801 (10 mg/kg) at 24 h
post-treatment were evaluated with the A-Cu-Ag technique. CA1 showed dense axonal-like terminal degeneration that was not observed in control animals (A), but was restricted to
the lacunosummolecular layer of the hippocampus (LMol) inMK801-treatedmice (B). Scale bar 100 μm. (C)MK-801 treatedmice presented degenerating neurons with excitotoxic-
like appearance in layer III of the posterior part of the entorhinal cortex (ENT). Scale bar 300 μm. (D and insert) Higher magnifications in the ENT show the typical argyrophilic cell
bodies with corkscrew and fragmented dendrites. Scale bar 100 μm. CA1: CA1 field of the hippocampus; DG: dentate gyrus; GrDG: granule cell layer of DG; Mol: molecular layer of
DG; PoDG: polymorph layer of DG; Py: pyramidal layer of the hippocampus; Rad: radiatum layer of the hippocampus; Or: orions layer of the hippocampus.
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a drug will determine the bioavailability of the psychotropic
substance. For example, ethanol is eliminated faster in mice than in
rats [41]. However, there are no studies regarding the pharmacoki-
netics of MK801 in mice, therefore it is not possible to ascertain if this
variable plays any role in the interspecies differences to MK801-
sensitivity. Another important difference between species is that at
72 h post-treatment the neurodegeneration in mice showed much
more fragmentation than rats, indicating a more advanced stage of
neurodegeneration. This suggests that the neurotoxic process induced
by MK801 advanced more quickly in mice than in rats. Similar
conclusions have been reported in mice treated with kainic acid, in
which a time-dependent increase of argyrophilic neurons could be
found between 12 h and 3 days post-treatment in some of the
hippocampal structures analysed, which were later followed by
neuronal fragmentation [5]. Both models present excitotoxic-like
lesions that affect layer IV neurons of the RSC, however the
degeneration induced by kainate acid exceeds that induced by
MK801, promoting neuronal damage in extensive regions of the
brain, including, among others, the neocortex, amygdala, thalamus,
hippocampus, olfactory bulb and striatum [4]. The mechanism of
MK801-induced toxicity has not been elucidated, but probably
involves misregulation of several neurotransmitters, including gluta-
mate, GABA, acetylcholine, serotonin, and noradrenaline. Therefore,
another factor that may have relevance in MK801 toxicity is the
chemo-structural organization of the brain. Some authors propose
that MK801 toxicity depends on the imbalance of excitatory and

Fig. 3. Structures sensitive to the neurotoxic effects of MK801 in female rats were completely free of any signs of neurodegeneration in female mice. MK801-treated (10 mg/kg)
female rats (A and C) and mice (B and D) were evaluated with the A-Cu-Ag technique at 72 h post-treatment. Note that the robust somatodendritic neurogeneration in the dentate
gyrus of the rat (A) is totally absent in the mouse (B). Excitotoxic-like degeneration in layers II and III of the posterolateral cortical amygdaloid nucleus of the rat (C) were absent in
mice (D). Scale bars=100 μm. CA1: CA1 field of the hippocampus; DG: dentate gyrus; GrDG: granule cell layer of DG; Mol: molecular layer of DG; PoDG: polymorph layer of DG;
PLCo: posterolateral cortical amygdaloid nucleus.

Fig. 4. Quantitative analysis of the argyrophilic somas in layer IV of the RSC of rats and
mice. Degenerating argyrophilic somas were analysed in the male and female rat and
mouse strain CD-1. Female mouse strains C57BL/6–129/Sv and CF-1 were also analysed.
The two way ANOVA indicated a significant effect of species (F1,15=19.61, pb0.01), sex
(F1,15=14.27, pb0.01) and an interaction between both (F1,15=14.53, pb0.01). Post
hoc analysis indicated that female rats were significantly different from male rats, and
from mice of both sexes (*=pb0.0001), however male and female mice did not differ
from each other (pb0.98). Additionally, when comparing male rats and mice, the LSD
Fisher post hoc test showed that male rats were significantly different from all mice
groups (#=pb0.001). These results indicate that mice are less sensitive to the
neurotoxic effect of MK-801 than rats, and that the dimorphic effect observed in rats is
absent in mice.
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inhibitory inputs, and suggest that cholinergic inputs to the RSC play a
critical role in neuronal damage [12,22]. There are reports showing
that on the contrary to rats, mice lack cortical cholinergic neurons,
which could explain the reduced neurotoxic response [39].

In mice, we revealed two types of degenerating neurons after
MK801 treatment, those in RSC and ENT with somatodendritic
morphology compatible with excitotoxic cell death, and those in the
MOB with apoptotic-like morphology. Similar observations were

Fig. 5. Neurodegeneration in MK801-treated (10 mg/kg) female rat in the granular retrosplenial cortex (RSG) (A and B) and the hippocampus (C and D) evaluated with the A-Cu-Ag
(left) and FJ-B (right) techniques at 72 h post-treatment. Similar patterns of degenerating somas in layer IV of the RSG were observed with both techniques. On the contrary, intense
terminal degeneration in layer I of RSG and in the lacunosum molecular (Lmol) of CA1 was detected only with the A-Cu-Ag. Scale bar 100 μm in A–B and 500 μm in C–D.

Fig. 6. Evaluation of MK801 toxicity in the mouse main olfactory bulb (MOB). (A) Saline-treated mice presented scattered apoptotic-like neurons in the MOB. Scale bar=200 μm.
(B) An increase in the amount of argyrophilic neurons was observed at 15 h post-MK801 treatment. Magnification and insert show howmost of these degenerating neurons depicted
an apoptotic-like appearance. Scale bar 50 μm. (C) A time-course evaluation at 15, 24, 32, 48, 56 and 72 h using the A-Cu-Ag technique determined the temporal pattern of
expression of the neurodegeneration induced by MK801 (10 mg/kg) in mice. The two way ANOVA indicated that there was a significant effect of treatment (F1,24=6.13, pb0.03),
survival time (F5,24=3.34, pb0.02) and treatment×survival time (F5,24=3.52, pb0.02). Post hoc analysis indicated that only the MK801-treated animals at 15 h were different from
saline (pb0.001) and all the other groups.
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previously reported in female rats treated with MK801 [8,9],
indicating that different morphological patterns of neuronal death
are preserved after MK801 treatment in these species. These
observations suggest that the mechanism of neuronal cell death
induced by MK801 is dependent on the intrinsic properties of a
particular neuronal population. The olfactory bulb is the brain
structure with the highest level of adult neurogenesis, mainly in the
granular and periglomerular layers [26]. Interestingly it is in these
layers whereMK801-induced apoptotic cells are found. Recent studies
have suggested that in developing stages (pre and early postnatal
period) NMDA-receptor activation serves as a “trophic” survival signal
in several brain regions [36] including the olfactory bulb [23]. The
increase in apoptotic-like cells in the adult MOB after the treatment of
NMDA-A could be due to the lack of the pro-survival-signaling of the
NMDA receptors and thereby triggers an enhanced programmed cell
death. Supporting this interpretation, there are reports where
deprivation of olfactory sensorial pathways induced a dramatic
increase of apoptosis of newly generated granule cells of the MOB
[43,71].

Many studies [21] have analysed the excitotoxic cell death
observed in the RSC, and propose that the neurodegeneration in this
area is caused by the hypofunction of NMDA receptors, which abolish
the inhibitory control over excitatory cholinergic and glutamatergic
inputs to the RSC neuron. The disinhibition hyperactivates the RSC
neuron causing multiple intracellular signals that induce hyperme-
tabolism and, depending on how long the disruption lasts, cell death.
A similar mechanism is suggested for other corticolimbic areas such as
the ENT. However, the comprehension of the specificity of the layer
affected (IV in RSC and III in ENT) and the neuronal circuits involved
have still not been elucidated.

5. Conclusion

The fact that NMDA antagonists have the potential to induce
significant damage to neuronal subpopulations in the rat brain has
limited their application to palliate neuropathologic mechanisms in
which they might have a potential therapeutic value (i.e., epilepsy,
cerebral ischemia, ethanol abstinence, neuropathic pain, etc). This
work shows that doses of MK801 that induce important neuronal
damage in the rat brain promote only modest neurodegeneration in
mice and that specific areas that presented neuronal death in rats
were absent in mice. Also, significant sexually dimorphic effects of
MK801-induced toxicity observed in rats were absent in mice,
indicating that there exists an important disparity in the neurotoxic
effects of NMDA-A drugs between these species. Thus, precaution
must be taken when inferring results from rodent species to human

beings, and further research is required to elucidate which species
better models the effect of NMDA-A in humans.
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