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In Vivo Detection of Excitotoxicity by Manganese-
Enhanced MRI: Comparison with Physiological
Stimulation
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Manganese-enhanced MRI (MEMRI) is a powerful technique
for the in vivo monitoring of brain function in animals. Manga-
nese enters into cells through calcium channels, i.e., voltage-
gated calcium channels and activated glutamate receptors
(e.g., N-methyl-D-aspartate receptors). N-methyl-D-aspartate
receptors are activated both in normal physiological and
pathophysiological conditions. Consistent with these mecha-
nisms, we showed that in the olfactory bulb, the MEMRI sig-
nal strongly increases when excitotoxic mechanisms are
induced by an administration of a N-methyl-D-aspartate re-
ceptor agonist, quinolinate. We found that the intensity of the
MEMRI signal in excitotoxic conditions is similar to the odor-
evoked signal in normal physiological conditions. Finally, we
showed that the dynamics of the MEMRI signal are deter-
mined by the early phase of manganese in the olfactory bulb.
Overall, these data show that, in addition to physiological
studies, MEMRI can be used as an in vivo method to follow-
up the dynamics of excitotoxic events. Magn Reson Med
68:234–240, 2012. VC 2011 Wiley Periodicals, Inc.
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Manganese (Mn2þ) enhanced magnetic resonance imaging
(MEMRI) is widely used for brain exploration. This method
relies on the complementary properties of Mn2þ: First, it is
a paramagnetic ion that affects the T1 relaxivity (1); second,
it is a Ca2þ analogue that can enter both neurons (2); and
glial cells (3); and third, it can be transported along axons,
can cross synapses and enter postsynaptic cells. These
characteristics make it useful to improve contrast in MRI to
evaluate, in fine detail, brain architectures (4), track trans-
planted cells (5), and trace fibre tracts (2,6). Finally, the last

major application of MEMRI is to highlight activated
regions in the brain (7,8). This latter application is related
to the ability of Mn2þ to enter into activated cells after its
systemic or intracerebral administration. Indeed, during
physiological neuronal activation, extracellular Mn2þ, as an
analogue of calcium, enters neurons mainly through N-
methyl-D-aspartate (NMDA) receptors (9) and voltage-gated
calcium channels (VGCC) (10). Activity-dependent Mn2þ

uptake can thus map focal active regions within sensory
systems (8,10,11).

In addition to their physiological roles in cellular activa-
tion, NMDA receptors also play a crucial role in pathologi-
cal excitotoxic mechanisms. Excitotoxicity is defined as
excessive exposure to the neurotransmitter glutamate or
over-stimulation of its postsynaptic membrane receptors,
leading to neuronal injury or death (12). It occurs in most
brain injury processes both in acute alteration (for exam-
ple, in stroke) or slowly evolving pathologies (for example,
in the case of Alzheimer’s disease) (12). It is thus a critical
event that is widely studied by neurobiologists. In experi-
mental conditions, excitotoxic events can be mimicked by
the use of various drugs such as the NMDA receptor ago-
nist quinolinate (13–15). The role of ionotropic (NMDA-
subtype) and metabotropic glutamate receptors (15) in qui-
nolinate-excitotoxic events is mediated by the disruption
of intracellular calcium homeostasis that leads to cell
death cascades (16). Because the Mn2þ-dependent signal
enhancement is mainly triggered by glutamate receptors
(9,15), it should be possible to visualize how MEMRI sig-
nals vary during the excitotoxic processes.

The aim of this study was to assess the MEMRI signals
during a pathological, excitotoxic situation and to com-
pare it to the MEMRI signal in physiological conditions.
We used the olfactory bulb (OB) as a model system to
tackle this question because after intranasal administra-
tion, Mn2þ can directly reach the OB thus making the
imaging of odor activation possible (17). Therefore, we
compared the MEMRI signal intensity after odor stimula-
tion (functional condition) or quinolinate activation
(excitotoxic condition) in the OB of rats. We showed that
quinolinate-induced activity is reliably detected by
MEMRI and physiological stimulation can induce
MEMRI signal modifications that are similar to the
lesioned tissue in terms of intensity and dynamics.

MATERIALS AND METHODS

Subjects

Thirty-two male Sprague-Dawley rats (300 g) were
involved in the MEMRI study. They were randomly
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assigned to one of the five following experimental
groups: control animals without any stimulation or sur-
gery (control, n ¼ 6); animals exposed to odor (amylace-
tate) stimulation (odor-stim, n ¼ 5); animals injected in
the OB with 1 mL of quinolinate 45 mM (quino45, n ¼ 6)
or 90 mM (quino90, n ¼ 6); and animals which received
a saline injection in the OB (sham, n ¼ 7) (Table 1).
Twelve other male Sprague-Dawley rats (300 g) were also
involved in a preliminary study using laser Doppler
flowmetry (LDF) to optimize the doses of quinolinate.
Animal experiments were performed in strict accordance
with the recommendations of the EEC (86/609/EEC) and
ethical standards of the statutory order 87,848 (October
13, 1987) of the French Ministry of Agriculture (authori-
zation no 91-166).

Validation of Active Quinolinate Doses by Laser-Doppler
Flowmetry

The excitotoxic effect of each dose of quinolinate was
further validated in the OB on the basis of dose response
curves established by LDF. Indeed, because of the robust
coupling between the neuronal activity and cerebral
blood flow (CBF), local changes in CBF can be used as a
reliable index of neuronal activity. These changes can be
measured using LDF, a method that measures relative
changes in blood flow by calculating the Doppler shift
imparted to remitted illumination by moving red blood
cells. An increase in red blood cell velocity results in an
increase in LDF. In this study, LDF recordings were per-
formed in the OB with a LDF probe (500 mm in diameter,
OxylFloTM, Oxford Optronics, Oxford, UK) lowered in
the ventral OB (18). Local CBF data were collected con-
tinuously at a frequency of 2 Hz and were averaged on a
second or minute basis. Local CBF was evaluated after
quinolinate injections and physiological stimulations.
Animals were anesthetized during the whole procedure
by an intraperitoneal injection of ketamine (Imalgene
500VR , Rhone-Poulenc Merieux; 100 mg/kg) and medeto-
midine (DomitorVR , Pfizer santé Animale; 0.5 mg/kg). We
chose ketamine over isoflurane because the overall LDF
procedure took 4 to 5 h and required a deeper anaes-
thetic state. In addition, rats recovered very well after ke-
tamine anaesthesia. For the physiological stimulation,
three amylacetate (banana smell, 5% vapor pressure)
puffs were presented for a duration of 8 s to the animal

and compared to air (n ¼ 2 rats, 3 trials per rat). For the
excitotoxic stimulations, we performed successive injec-
tions of 1 mL of quinolinate 25, 45, and 90 mM (n ¼ 2
rats per group) for 2 min. Injections were performed via
a cannula attached to the laser Doppler probe.

Surgery to Induce Excitotoxic Lesions

Animals were anesthetized using isoflurane (ForèneVR ,
Abbott France, 3% for induction and 1–1.5% for mainte-
nance) to perform quinolinate injections into the OB.
This anesthetic regime is well-suited for brief surgery
procedures (<1 h) and allows for very good recovery in
the animals. Surgery was performed by using a stereo-
taxic apparatus (Stoelting, Wood Dale). Excitotoxic
lesions were induced bilaterally by injecting 1 mL of qui-
nolinate at 90 or 45 mM into the ventral OB at the fol-
lowing stereotaxic coordinates with respect to bregma:
Anterior posterior (AP) ¼ þ6.7 mm; medial-lateral (ML)
¼ 61.2 mm; dorsal-ventral (DV) ¼ �2.2 mm. Quinolinate
is a neurotoxin that selectively activates NMDA receptors
(13,14) and leads to profound changes in the brain tissue
such as neuronal death, and hyperactivation of astroglia
and microglial cells (19). Previous studies in our labora-
tory have shown that, in the striatum, 24 h post-injection
of 1 mL of quinolinate at 45 mM and more, 100% of the
animals present excitotoxic lesions characterized in par-
ticular by TUNEL (the terminal deoxynucleotidyl trans-
ferase-mediated biotinylated uridine triphosphate nick
end labeling)-positive (apoptotic) cells. The doses of qui-
nolinate used in this study were thus chosen on the ba-
sis of this previous report (14) and were confirmed in
the OB by LDF recordings during neurotoxin injection.

Design of the MEMRI Study

The general protocol of the MEMRI study is described in
Table 1. On day 1, all the animals were subjected to a
baseline MRI scan, that is, without any Mn2þ administra-
tion. On day 2, quinolinate-injected and sham animals
underwent surgery and received 1 mL of saline, quinoli-
nate 45 mM or quinolinate 90 mM, respectively. Control
animals did not undergo surgery or odor stimulation.
Day 3, the last day of the experiment, was dedicated to
MEMRI. A MnCl2 solution (5 mL, 1 M) was injected
using a catheter into the naris of all animals which were

Table 1
MEMRI Protocol

Day 1 Day 2

Day 3

T0 t0 þ 10 min t0 þ 90 min

Physiological conditions Control (n ¼ 6) Baseline MRI – MnCl2 – MEMRI
‘‘Odor-stim’’ (n ¼ 5) Baseline MRI – MnCl2 Odor MEMRI

Pathological conditions Sham (n ¼ 7) Baseline MRI Surgery, saline MnCl2 – MEMRI

‘‘Quino45’’ (n ¼ 6) Baseline MRI Surgery,
quinolinate 45 mM

MnCl2 – MEMRI

‘‘Quino90’’ (n ¼ 6) Baseline MRI Surgery,

quinolinate 90 mM

MnCl2 – MEMRI

Day 1: all animals were anesthetized and imaged by T1-weighted MRI. Day 2: rats were anesthetized and injected into the OB with
either saline (sham group) or quinolinate at 45 mM (quino45) or 90 mM (quino90). Day 3: intranasal MnCl2 (5 mL, 1 M) injection was

performed in all animals and the physiological activation was triggered by odor presentation in the ‘‘odor-stim’’ group. Locations of man-
ganese were detected by MRI in all groups imaged 90 to 200 min following MnCl2 injection.
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lightly anesthetized with isoflurane. Ten minutes post-
recovery from anaesthesia, the animals from the odor
stimulation group were exposed to amylacetate for 20
mins using 30 s on/off pulses. Then, the animals were
left awake in their cage environment for 50 mins. Ani-
mals from all other groups were not exposed to odor and
were left awake in their cage for 80 min following Mn2þ

administration. For MEMRI, all rats were anaesthetized
with an intraperitoneal injection of a mixture containing
ketamine (100 mg/kg) and medetomidine (0.5 mg/kg)
which represented a long term anaesthetic procedure.
MEMRI images were recorded at three time points (90,
150, and 200 min) post-Mn2þ administration. As axonal
transport of Mn2þ is dependent on body temperature
(20), the animal’s temperature was maintained during
anaesthesia by a circulating hot-water blanket.

MRI Acquisition and Data Analysis

MR images of the OB were recorded using a 3 T spec-
trometer (MAGNETON Trio MR, Siemens) with a human
elbow four-channel phase array coil (Siemens flex small).
T1-weighted 3D images were recorded using gradient
echo sequences (Resolution ¼ 250 � 250 � 500 mm3,
Field of View ¼ 32 � 32 � 32 mm3, Matrix ¼ 128 � 128
� 64, repetition and echo times (TR/TE) ¼ 11/4 ms,

alpha ¼ 9�, number of averages ¼ 32, acquisition time ¼
37 min). A tube of water was fixed above the head of the
scanned rat to provide a reference signal for each scan.
Mn2þ-related signal enhancement was evaluated on one
MRI slice located at the level of the anterior OB. Image
analysis was based on the method previously reported
by Pautler and Koretsky (10). For each animal, regions of
interest (ROIs) were defined on images recorded 200 min
post-Mn2þ injection, in lateral and medial sides of the
right and left OBs. These regions correspond to superfi-
cial layers where the functional units (olfactory glomer-
uli) are located and receive projections from the olfactory
nerve layer. Based on the ROIs identified at 200 min,
corresponding ROIs were reported at 90 and 150 min
scans and at the pre-Mn2þ injection scan. The intensity
of the signal in a given ROI was divided by the intensity
of the signal in the water tube (reference signal) that was
localized on the top of the nose, just above the OB. This
provided a normalized signal for each MR scan. The
signal enhancement at a given time after Mn2þ adminis-
tration for a rat was evaluated as the percentage of nor-
malized signal increase at this given time as compared to
the baseline scan for the same rat.

Histology

For the histological study, rats from the sham and
quino90 groups were sacrificed with a pentobarbital
overdose and their brains were removed and frozen at
�40�C in isopentane. Brain sections (20 mm) were post-
fixed in PFA 4% for 60 min and washed in PBS. Immu-
nolabelling of sections was performed with an automated
immunostaining system (Ventana Discovery XT Medical
System S.A, Illkirch, France). Sections were first treated
with a heat induced antigen retrieval technique in citrate
buffer (pH 6), and then incubated for 60 min in a pri-
mary antibody solution: anti-NeuN, 1:1000 dilution
(Chemicon International, Temecula, CA) and antiglial
fibrillary acidic protein (GFAP), 1:5000 dilution
(DakoCytomation, Glostrup, Denmark). Sections were
then processed by the avidin-biotin peroxidise complex
and DAB chromophore, followed by a hematoxylin stain-
ing (counterstaining technique).

The density of neurons (NeuN staining) and astrocytes
(GFAP staining) were evaluated by using image J (http://
imagej.nih.gov/ij/). Three high magnification images
(�60) were recorded in the mitral and granule cell layers
from each hemisphere of sham and quino90 rats. The
color information from the images was deconvolved
(‘‘Color Deconvolution/FastRed FastBlue DAB’’ plugin)
to extract a new image specific of the DAB chromophore
(21). NeuN and GFAP positive cells were then selected
(‘‘threshold/isodata’’ tool) and their density was eval-
uated (‘‘analyze particles’’ tool).

Statistical Analysis

The overall signal difference from 0 to 200 min time
points was analyzed using a two-factors ANOVA with
repeated measures (with ‘‘group’’ as the between-subjects
factor and ‘‘time following Mn2þ administration’’ as the
within-subject factor) using Statistica v7 software (StatSoft,

FIG. 1. Laser Doppler flowmetry (LDF) in the ventral OB following

physiological or excitotoxic stimulations. a: Quinolinate-induced
increases in local cerebral blood flow (CBF) at different doses.
Open circle: saline; open square: quinolinate 25 mM; black square:

45 mM; black circle: quinolinate 90 mM injection. The horizontal
bar represents the duration of quinolinate injection (2 min). Quinoli-

nate did not induce any significant activation at 25 mM. At 45 mM,
the increase in local CBF was maintained for approximately 30 min.
It was maintained over the recording time (50 min) with 90 mM. b:
The odor-induced increases in the local CBF induce an activation
that last for approximately 10 s after the amylacetate presentation.

The horizontal bar represents the duration (8 s) of odor or air pre-
sentation. Open square: air; black square amylacetate. Each point
of the graphs represents mean 6 s.e.m.
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Tulsa, OK). The signal changes were further analyzed by
evaluating early (time zero to first MEMRI image at 90
min post-Mn2þ injection) and late (from 90 to 200 min
post-Mn2þ injection) phases. Signal changes during early
and late phases were estimated using one-factor ANOVA.
Quantifications from histological data were analyzed by
using Mann-Whitney’s tests. A value of P < 0.05 was con-
sidered to be a significant effect. All data are presented as
the mean 6 standard error of the mean (s.e.m).

RESULTS

Quinolinate Induces Strong Activation in the OB and
Associated Excitotoxic Effects

Figure 1a shows local CBF changes in response to local
injection (2 min duration) of different doses of the neuro-
toxin quinolinate. For quinolinate 25 mM no increases
in the LDF signal could be observed. For quinolinate 45
mM, CBF reached a peak (� 30% of baseline) before
returning to baseline 50 min post-injection. For quinoli-
nate 90 mM, CBF increased durably and did not return
to baseline 50 min post-injection. Since a strong and sus-
tained increase of excitatory activity is necessary to
induce excitotoxicity, the doses of 45 and 90 mM were
selected for our MEMRI experiments. Figure 1b displays
the time course of local CBF recorded by LDF in the OB
to 10 s odor stimulation with 5% amylacetate: odor-
evoked increases in CBF were rapid, reached a peak (�

40% of baseline) and stopped by the end of the sensory
stimulation.

Histological studies confirmed excitotoxic lesions in
the quinolinate-injected animals. Indeed, we observed a
significant loss of the neuronal marker NeuN of the qui-
nolinate-injected animals as compared to sham rats (Fig.
2, U ¼ 2, P < 0.005). Twenty-four hours after the admin-
istration of quinolinate, GFAP immunohistochemistry
did not reveal any significant changes of the shape or
density of astrocytes (Fig. 3a–c, U ¼ 16, ns). An activa-
tion of the astrocytes was however obvious 72 h after the
administration of quinolinate (Fig. 3d).

MEMRI Signal Follow-Up in Excitotoxic and Physiological
Conditions

MEMRI was characterized after intranasal Mn2þ adminis-
tration (Fig. 4a–e), in both physiological and excitotoxic
conditions, in regions corresponding to the superficial
layers of the rostral OB, i.e., at the level of the olfactory
nerve and glomerular layer (2,10,22). Intranasal Mn2þ

administration led to time-dependent MEMRI signal
increases (Fig. 4f; for all groups ANOVA [F(3, 75) ¼ 246,
P < 0.001] and post hoc analysis within each group: all
P < 0.001). This result indicates that Mn2þ was taken up
and transported into the OB. The overall signal uptake
from 0 to 200 min time points was higher in the excito-
toxic conditions (‘‘quino90’’ group) as compared to the

FIG. 2. NeuN immunohistochemical staining of OB sections of sham (a) and ‘‘quino90’’ (b) rats 24 h post-surgery. c: There was a signifi-

cant reduction of cell density in the mitral and granular cell layers (MCL and GCL) in rats from the ‘‘quino90’’ group (b) compared to
sham animals (a) (Mann Whithney’s test, P < 0.005). Scale bar: 100 mm. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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sham group (post hoc analysis, [F(1,25) ¼ 9.7, P <
0.005]; Fig. 4f). The signal in the ‘‘quino45’’ group
showed an intermediate intensity in between quino90
and sham rats.

In addition to the increased MEMRI signal in the exci-
totoxic conditions, we found a higher signal in the phys-
iological stimulation (‘‘odor-stim’’ group) as compared to
the control group (post hoc analysis, F(1,25) ¼ 6.9, P <
0.02]; Fig. 4f). Interestingly, the MEMRI signal was simi-
lar in the ‘‘quino90’’ and ‘‘odor-stim’’ groups (post hoc
analysis, n.s.; Fig. 4f).

To further characterize the MEMRI signal in excito-

toxic versus physiological conditions, we performed a

second analysis focused on the signal time course split-

ting recording time into early (time zero to first MEMRI

image acquired at 90 min post-Mn2þ injection) and late

(from 90 to 200 min post-Mn2þ injection) phases (Fig. 5).

For the early phase corresponding to Mn2þ entry in the

OB cells, a one factor ANOVA revealed a significant dif-

ference between the slopes of the signal increase in dif-

ferent groups [F(4,25) ¼ 4.4, P < 0.01]. Post hoc analysis

revealed a significant difference between the activated

groups (‘‘odor-stim’’ and ‘‘quino90’’) versus the control

and sham groups (P < 0.05). On the contrary, for the late

phase, a one factor ANOVA did not reveal any difference

between these groups [F(4,25) ¼ 1.2, n.s.]. This result

indicates that the dynamics of the MEMRI signal are

determined by the entry of Mn2þ in the early phase dur-

ing the Mn2þ loading of the OB cells.

DISCUSSION

In this study, we investigated the MEMRI signal follow-
ing the induction of excitotoxicity induced by the
NMDA receptor agonist quinolinate injected into the OB.
Our results, determined by LDF and histology, indicate
that at high doses, quinolinate strongly increases local
activity which is maintained over time and leads to exci-
totoxicity. Our MRI study showed that the MEMRI signal
intensity associated with these excitotoxic events is sig-
nificantly increased (Fig. 4). We suggest that two oppo-
site neuroglial mechanisms can be implicated in deter-
mining the increase of MEMRI signal in this lesioned
area. First, considering the neuronal loss induced 24 h
post-quinolinate administration (Fig. 2), we should have
seen a decrease of the MEMRI signal accompanying this
neuronal damage because of a decrease in the number of
Mn2þ uptake sites. However, this was not the case
because opposite mechanisms to this decrease were also
triggered. Glutamate receptor-mediated excitotoxicity is
associated with an elevation of cytosolic Ca2þ concentra-
tion and an increase in the entry of Ca2þ into neurons
(14,15). This mechanism is still triggered in surviving
neurons and can compensate for the signal decrease due
to neuronal loss. Glial reaction might be an alternative
explanation to the increased MEMRI signal seen in our
experiments. Indeed, previous studies have shown that,
after a cerebral insult, Mn2þ can accumulate in microglia
(3) and in astrocytes with concentrations which are 10–
50-fold greater than in neurons (23) leading to strong

FIG. 3. GFAP immunohistochemical staining of OB sections in sham (a) and quino90 rats 24 (b) and 72 h (d) post-surgery. No significant
changes of the astrocyte shape (a-b, arrows) or density (c) was detected 24 h post-surgery. The density and shape of astrocytes were

however modified 72 h post-quinolinate injections (b–d, arrows). Scale bars: 50 mm. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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MEMRI signal increase (3). In our experiments, the den-
sity of reactive astrocytes was not significantly increased
at 24 h post-lesion (Fig. 4). However, we detected a
strong staining for GFAP-immunoreactive astrocytes 72 h
after quinolinate injection. Our data are consistent with

a previous report showing the same time course for
GFAP immunoreaction after quinolinate injection (24).
This suggests that an activation process had already
started 24 h after quinolinate injection. In addition, met-
abolic activation (fluoro-deoxyglucose uptake) of astro-
cytes is reported even 1 h after quinolinate injection
(14). We can thus not rule out a significant participation
of glial cells in the MEMRI signal.

In the second part of this work, we took advantage of
the OB features to investigate the physiological changes of
the MEMRI signal after odor stimulation. In accordance
with previous studies (10), we have shown that MEMRI is
an efficient imaging technique to map odor-induced activ-
ities. Indeed, we observed that MEMRI can detect amyla-
cetate-induced physiological activations of specific areas
located in the lateral and ventral parts of the OB.

How can we interpret physiological and pathological
mechanisms associated with MEMRI signal modifica-
tions in the OB? The olfactory glomeruli where the
MEMRI signal was detected are the functional modules
of the OB. They receive projections from olfactory recep-
tor neurons (25). Within glomeruli, the sensory neurons
make excitatory synapses onto the dendrites of postsy-
naptic neurons (mitral cells). The glomeruli thus contain
the first synaptic network of the olfactory system. Once
injected in the naris, Mn2þ was taken up and moved
from the naris to the presynaptic terminals of the glomer-
uli via anterograde transport within axons of the olfac-
tory nerve (26). The fast anterograde transport that is
used for Mn2þ transportation has a speed of 3.6 to 18
mm/h (27). Because of the small distance between the ol-
factory epithelium and the glomeruli, one can consider
that during our first imaging time (90 min), Mn2þ had
reached and accumulated into the glomerular synapses.
During the physiological sensory stimulation, i.e., in the
‘‘odor-stim’’ group, we found an increased uptake of
Mn2þ. This can be explained by an increased release of
Mn2þ from the olfactory neurons presynaptic terminals.
Indeed, during physiological activation, glutamate acti-
vates its postsynaptic receptors on mitral cells including
the ionotropic AMPA and NMDA (28) and the metabo-
tropic mGluR receptors (29), all of them triggering the
depolarization of the cell membrane thus leading to
VGCC activation. Mn2þ thus enters the postsynaptic cells
in the olfactory glomeruli via NMDA receptors and
VGCC. During excitotoxic events, ionotropic (NMDA-
subtype) and metabotropic glutamate receptors (15) are

FIG. 4. Odor- versus quinolinate-evoked MEMRI signals in the rat
OB. a,b: T1-weighted MR coronal images of the OB, during base-

line (a) and 200 min post-Mn2þ injection (b). Signal intensity is cal-
culated relative to the reference from the water tube above the

head of the rat. c–e: MEMRI signal, before Mn2þ (c), 200 min
post-Mn2þ with olfactory stimulation (d), and with local quinolinate
injection (e). The signal increases with both stimulations. MR

images are pseudo-colored so that enhanced signal appears in
red (color scale is in arbitrary unit). Scale bar 3 mm for (a,b) and 1
mm for (c–e). f: Changes in % of MR signal enhancement across

time intervals (mean 6 s.e.m.), *: P < 0.05.

FIG. 5. Changes in the slope of
the MEMRI signal during early

(time zero to 90min post-Mn2þ

injection, (a)) and late (from 90 to
200 min post-Mn2þ injection (b))
phases following MnCl2 adminis-
tration. In the early phase,

increases in the signal slope were
higher in the activated groups
(‘‘odor-stim’’ and ‘‘quino90’’) as

compared to the control and
sham groups.
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also activated which can increase the entrance of Mn2þ

in the postsynaptic cells. These mechanisms can explain
why, when compared to excitotoxic injury, the physio-
logical activation revealed an identical enhancement of
the MEMRI intensity. To further characterize putative
differences between the groups we analyzed the time
course of the MEMRI signal. In both conditions, we have
shown that the dynamics of the MEMRI signal are equal
and are determined by early and not late phases follow-
ing manganese injection. Future work on detangling the
cellular origins of MEMRI signal in physiological and
excitotoxic conditions is required. For example, an inter-
esting perspective of this study would be to investigate
by pharmacology the effect of a NMDA antagonist (i.e.,
MK801) on the MEMRI signal in normal versus excito-
toxic conditions. This could help evaluate the specific
participation of NMDA receptors versus the metabotropic
glutamate receptors (9,15) in the quinolinate-induced
neurodegeneration model.

As a conclusion, we have shown that, in addition to
the evaluation of physiological neuronal activation,
MEMRI can be used to follow-up excitotoxic events in
vivo. Importantly, since models of neurodegenerative
diseases present excitotoxicity in precise brain circuits
(12), an exciting perspective of our work is to use
MEMRI as an integrative tool to follow the dynamics of
neuropathological mechanisms over time.
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