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Manganese-enhanced MRI to evaluate neurodegenerative changes
in a rat model of kainic acid-induced excitotoxicity

Melda Apaydin, Vedat Evren, Oytun Erbas, Cem Calli, Gonul O. Peker, Dilek Taskiran

PURPOSE

Manganese-enhanced magnetic resonance imaging (MEM-
RI) has been used to detect brain activity based on the ability
of active neurons to take up manganese ions through calci-
um channels. Kainic acid (KA), an analog of excitotoxic glu-
tamate, can elicit selective neuronal death in the brains of
rodents, of which the pathological changes partially mimic
neurodegeneration in the central nervous system. We used
in vivo MEMRI to evaluate neurodegenerative changes in an
excitotoxicity model induced by KA in rats.

MATERIALS AND METHODS

Adult Sprague-Dawley rats (220-250 g) were injected with
either KA or saline into the right lateral ventricle. Precontrast
and postcontrast MEMRI sessions were obtained. Region
of interest (ROI) analyses were performed on both injected
(saline and KA) and contralateral (normal) sites in the hip-
pocampal area. All brains were evaluated histologically fol-
lowing MEMRI.

RESULTS

Analysis of percentage change in ROl intensities of T1-weight-
ed fluid-attenuated inversion-recovery MR images in the hip-
pocampal area revealed a significant difference between the
KA-injected (ipsilateral) and contralateral sites (P = 0.008),
whereas no significant difference was observed between the
saline-injected and contralateral sites. Furthermore, there
was a significant difference between ipsilateral sites of the
saline-treated and KA-treated groups (P = 0.026). The histo-
logical results supported these findings.

CONCLUSION

MEMRI is a simple and useful in vivo method for detecting
neurodegenerative changes due to excitotoxicity in the rat
brain. The development of a manganese-based contrast
agent that can be safely used in humans is warranted to in-
vestigate neurological disorders.
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anganese (Mn?*) is an essential metallic element in cell biol-

ogy. Free radical detoxification, neurotransmitter synthesis,

and electron transport are some of the biological functions of
this element (1). Mn?*, as a calcium (Ca?*) analog, uses the same trans-
port system and enters neurons and other excitable cells through volt-
age-gated Ca?* channels. By replacing Ca®* with Mn?, it is possible to
produce intracellular accumulation of Mn?* in neurons undergoing cell
death. Consequently, Mn?* is transported along neural axons, making
Mn?* an appropriate contrast agent in magnetic resonance imaging
(MRI) studies of the central nervous system (CNS) and neural pathways
(2). Mn?* reduces the T1 relaxation time and increases tissue contrast in
T1-weighted images (3). Recently, it has been suggested that Mn?*-en-
hanced MRI (MEMRI) can be used as an in vivo method to investigate
the morphological and functional changes in the central and peripheral
nervous systems in animals (1-3).

Excitotoxicity is considered an important cause of neurodegenerative
disease. Kainic acid (KA), an epileptogenic and neuro-excitotoxic agent, is
widely used for inducing neurodegeneration in animal studies (4-6). Itis a
specific agonist for kainate receptors, which are ionotropic glutamatergic
receptors that modulate transmission and excitability. KA has been used
for modeling of epilepsy because of its strong stimulatory effects (4-7).

MRI, which does not require animals to be sacrificed, is an exception-
al tool for longitudinal in vivo CNS studies (8). In the present study,
we employed in vivo MEMRI to evaluate neurodegenerative changes in
an excitotoxicity model induced by KA in rats. In addition, histological
(Timm’s staining) and immunohistochemical (Bax) analyses were per-
formed to confirm neurotoxicity following KA administration.

Materials and methods
Animals

Ten adult Sprague-Dawley rats (220-250 g) were housed in cages and
maintained under standard conditions with 12 hours light/dark cycles
at room temperature (22+2°C). The rats were fed a standard pellet diet
and tap water ad libitum for the duration of the study. The experimen-
tal procedures were performed according to the guidelines of the local
Institutional Animal Care and Ethical Committee of Ege University (ap-
proval code: 2011-102). All chemicals were obtained from Sigma-Aldrich
Inc. (St. Louis, Missouri, USA) unless otherwise noted.

Kainic acid treatments
KA was prepared as a stock solution at 1 mg/mL in sterile phos-

phate-buffered saline (PBS). Rats were deeply anesthetized using a
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mixture of ketamine hydrochloride
(40 mg/kg; Alfamine®, Alfasan Inter-
national B.V., Woerden, Holland) and
xylazine hydrochloride (4 mg/kg; Al-
fazyne®, Alfasan International B.V.)
intraperitoneally (i.p.), and then were
placed in a stereotaxic frame. The fur
over the animal’s head was shaved us-
ing an electric clipper. The scalp was
cleaned with a 10% betadine solution,
and a 1 mm incision was made to ex-
pose the bregma. A hole was drilled
for intracerebroventricular (i.c.v.) ad-
ministration of KA (Fig. 1). KA was dis-
solved in saline (0.5 png/pL; n=5), and
1 pL was slowly infused (0.2 pL/min)
unilaterally into the right lateral ven-
tricle using a 28-gauge needle attached
to a 10 pL Hamilton syringe (7, 9). The
coordinates for the KA infusion were
applied according to the rat brain at-
las of Paxinos and Watson (10) as fol-
lows: anteroposterior, 1.2 mm; lateral,
2 mm; vertical, 3.6 mm. The sham-op-
erated animals (n=5) received isoton-
ic saline only. The needle was left in
place for an additional 5 min for com-
plete diffusion of the drug. All animals
were administered 1 mL isotonic saline
subcutaneously following surgery to
aid recovery. They were housed two to
three per cage and monitored daily for
behavior and health conditions.

Mn?* injection and MEMRI sessions

After a recovery period of 10 days,
MRI sessions were performed on day
10 (precontrast) and day 12 (postcon-
trast). Before the MRI experiments,
animals were anesthetized as in the
experimental protocol with a single
intraperitoneal dose of anesthesia. The
systemic Mn?* injection (40 mg/kg in
saline; MnCl,, Sigma-Aldrich Inc.) was
performed i.p. 24 hours before the
imaging (3). All images were acquired
using a 3 Tesla (T) MR scanner (Magne-
tom Verio, Siemens Healthcare, Erlan-
gen, Germany) and an eight-channel
wrist coil resonator (Siemens Health-
care). The optimum flip angle and
time for repetition (TR) were chosen
for adequate T1 enhancement due to
Mn?* as well as a short time to echo
(TE) for compensation of T2-weighted
signal loss. Data acquisition: coronal
fluid-attenuated  inversion-recovery
(FLAIR) (TR/TE/time for inversion [TI],
2040/11/873.8 ms; field of view, 50);

Figure 1. Preparation of the animal’s head for stereotaxic administration of kainic acid.

number of excitations (NEX), 8; num-
ber of slices, 8; slice thickness, 1 mm;
gap, 0.1 mm; flip angle, 150°; resolu-
tion, 128x128; voxel, 0.4x0.4x1 mm;
SNR, 1; bandwidth, 260 HZ/Px. The
MEMRI scanning time was 20 min/
animal. The average T1 FLAIR values
(pixel count, 4 and 5) of the selected
slices were calculated from the regions
of interest (ROIs). ROI analyses were
performed on both injected (ipsilater-
al) and contralateral sites of rats treat-
ed with KA and saline (11).

Bax immunohistochemistry

Apoptotic cell death was assessed
by Bax immunohistochemistry. Brief-
ly, all animals were anesthetized via
i.p. injection of ketamine (40 mg/kg)/
xylazine (4 mg/kg) and perfused with
200 mL 4% paraformaldehyde in 0.1
M PBS. After the brains were removed,
they were transferred to 30% sucrose
and stored at 4°C until infiltration was
complete. The brains were cut coronal-
ly on a frozen sliding microtome at 40
pm and mounted on gelatinized glass
slides. Next, sections were incubated
with H,0, (10%) for 30 min to elim-
inate endogenous peroxidase activi-
ty, and then were blocked with 10%
normal goat serum (Invitrogen, Life
Technologies Co., Carlsbad, Califor-
nia, USA) for 1 hour at room tempera-
ture. Thereafter, sections were incu-
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bated in primary antibody against Bax
(1/100; Santa Cruz Biotechnology Inc.
Santa Cruz, Dallas, Texas, USA) for 24
hours at 4°C. Antibody detection was
performed using the Histostain-Plus
Bulk kit (Invitrogen, Life Technolo-
gies Co.) against rabbit 1gG, and 3,3’
diaminobenzidine was used to visual-
ize the final product. All sections were
washed in PBS and photographed us-
ing an Olympus C-5050 digital camera
mounted on an Olympus BX51 micro-
scope (Olympus, Tokyo, Japan). Im-
munoreactivity in the brain sections
was quantified by measuring the in-
tensity per area using ImageJ software
(National Institutes of Health, Bethes-
da, Maryland, USA). The intensity
measurements were performed in five
sections for each animal (n=4) and 6-8
microscopic fields in each section (12).

Timm’s staining

Timm's sulfide silver method was
used to clarify the MRI changes in rats
following KA injection. Timm’s stain-
ing is a semi-quantitative autometallo-
graphic (AMG) histochemical staining
technique based on the principles of
photography used to trace metals at
the cellular level. Synaptic vesicles in
glutamatergic axon terminals contain
zinc metal, which is either in ionic
form or is loosely bound to glutama-
tergic presynaptic terminals. These
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Results

On postcontrast MEMRI images in
KA-injected rats, hyperintensity was
observed in both parts of the glo-
bus pallidus, as expected (Fig. 2). En-
hancement in the hippocampal area
on the KA-injected side was clearly
observed. In addition, the analysis per-
centage change in ROI intensities of
T1-weighted FLAIR MR images in the
hippocampal area revealed a signifi-
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Figure 2. Coronal T1-weighted fluid-attenuated inversion-recovery manganese-enhanced MRI
shows region of interest measurements in kainic acid-infused (1) and contralateral (normal) areas (2).
Min/Max, minimum/maximum; Std dev, standard deviation.

zinc-containing terminals are termed
zinc-enriched terminals. The princi-
ple of this histochemical staining is
to process the tissue sections with a
sulfide-containing solution (sodium
sulfide [Na,S]) during fixation to bind
metal ions with sulfide, followed by
silver enhancement catalyzed by sul-
fur. The silver ions precipitate at the
site of metals and can be observed as
black accumulations (13, 14).

For Timm'’s staining, the rats were
anesthetized and sacrificed by tran-
scardial perfusion with 4% parafor-
maldehyde followed by 0.37% Na,S
solution. Brains were removed and
placed in the same fixative overnight,
and then were placed in 30% sucrose
solution for cryoprotection. Tissues
were frozen and stored at -80°C until
sectioning. Cryosections (40 uM) were
obtained and placed on gelatin-coated
slides. The slides were cleaned, dehy-
drated, and rehydrated in a series of
alcohol and distilled water jars before
they were placed in the AMG develop-
er solution. After 75 min, the reaction
was stopped by the addition of 5% so-
dium thiosulfate solution. Slides were
placed under running tap water, coun-
terstained with cresyl violet, dehydrat-
ed, cleaned, and mounted for micro-
scopic evaluation. The images of the
histological slices were captured on a
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high-resolution digital camera (Nikon
DXM1200, Nikon, Tokyo, Japan) in-
stalled in a Nikon microscope (Eclipse
E600FN, Nikon). Images were acquired
with magnifications of x40 and x100.

Timm'’s staining in the hippocampus
(CA3 subregion) was graded from O to
5 according to the presence of Timm
granules (silver accumulations): 0, no
granules at the stratum pyramidale (SP)
or stratum oriens (SO); 1, sparse patchy
granules at SP or SO; 2, visible granules
at SP or SO; 3, prominent granules at
SO; 4, continuous prominent granules
at SP or SO; 5, band forming and dense
granules along CA3 (13, 14).

Statistical analysis

A standard statistical software pro-
gram was used for analysis. The alter-
ations in signal intensities in ROIs were
presented as the percentage change in
ROI and calculated by using the for-
mula as follows: Percentage change in
ROI=100x([ROIpost-ROIpre]/ROIpre).
The Mann Whitney U test was used to
compare signal intensities in ROIs in
the hippocampal area between groups
and also to compare the quantitative
data between saline and KA-treated
group for Bax immunohistochemistry.
Data were expressed as median (min-
max values). P value less than 0.05 was
deemed to be statistically significant.

cant difference between the KA-inject-
ed (ipsilateral) and contralateral sites
(55.17% [42.36%-115.45%] vs. 17.95%
[8.29%-24.48%]; P = 0.008) (Figs. 3, 4),
whereas no significant difference was
observed between the saline-injected
and contralateral sites. Furthermore,
there was a significant difference
between ipsilateral sites of the sa-
line-treated (n=5) and KA-treated (n=5)
groups (55.17% [42.36%-115.45%)] vs.
22.10% [46.11%-14.05%]; P = 0.026)
(Figs. 3, 4).

We performed Bax immunohisto-
chemistry in striatal sections to as-
sess the involvement of apoptotic cell
death in KA-induced neuronal injury.
The intensity analysis of brain sections
displayed a significant enhancement in
Bax expression in the KA-treated group
(n=5) compared to the saline-treated
group (n=5) (106.3% [96%-116.2%]
vs. 92.1% [72%-97.2%]; P = 0.016)
(Figs. 5, 6).

Timm'’s staining is an accepted tech-
nique for imaging zinc-containing neu-
ronal components. Our observations
regarding zinc histochemistry in the
hippocampus are in accordance with
previous reports (14). We observed
prominent mossy fiber sprouting and
axonal plasticity in the CA1 and CA3
granule cells of hippocampal sections
in the KA-induced group, whereas con-
trol animals that received MnCl, injec-
tion showed no mossy fiber sprouting
in histological sections (Fig. 7).

Discussion

Various CNS disorders, including
vascular, inflammatory, neoplastic,
and neurodegenerative diseases, are
frequently investigated in animal
models. These models help advance
the understanding and treatment op-
tions of CNS diseases in humans (15).
MRI enables longitudinal, noninvasive
neurological studies in experimental
animal models without sacrificing the
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Figure 3. a, b. Representative precontrast (a) and postcontrast (b) coronal, T1-weighted fluid-
attenuated inversion-recovery MR images showing bilateral enhancement in the globus pallidus
(white arrows) and unilateral enhancement on the kainic acid-injected side in the hippocampal area
(black arrow).
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Figure 4. Analysis of percentage changes in region of interest (ROI) intensities revealed a significant
difference between ipsilateral and contralateral area in kainic acid (KA) group, whereas no significant
difference was observed between the saline-injected and contralateral sites. Also, a significant difference
was found between ipsilateral sites of the saline-treated and KA-treated groups. Data are expressed as
median with 25th and 75th percentile. Boxes enclose the interquartile range and the median, while
whiskers enclose the range (min—-max values). *P = 0.008 for ipsilateral vs. contralateral sites in KA
group, and #P = 0.026 for between ipsilateral sites of the saline and KA-treated groups.

animals and provides important ana-
tomical and physiologic information
(16). After the first MRI study of a rat
reported 30 years ago, the number of
studies has increased, particularly in
relation to the CNS (15-17).
Excitotoxicity is considered the main
mechanism involved in cell death of
several CNS diseases, including neuro-
degenerative disorders. Glutamate, an
important excitatory neurotransmit-
ter, causes neuronal damage in various
CNS pathologies in excess doses (18).
Neuronal damage accompanies Ca?*

influx followed by overproduction of
reactive oxygen species and reactive
nitrogen species, both of which lead to
cell death (4, 18). KA is a glutamate re-
ceptor agonist that has been shown to
cause excess production of reactive ox-
ygen species, mitochondrial dysfunc-
tion and apoptosis in the brain (4, 18).
These effects are prominent in hippo-
campal neurons due to selective vul-
nerability of AMPA/kainate receptors
(4, 18, 19). KA has been found to be
30-fold more effective than glutamate
in neurotoxicity in several experimen-
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tal studies (20). Intracerebroventricular
KA produces brain lesions in rats sim-
ilar to epilepsy in humans (5). KA-in-
duced status epilepticus is associated
with neuronal damage and synaptic re-
organization in hippocampal (CA3 and
CA1 areas) and limbic structures (20,
21). KA at higher concentrations can
also induce excitotoxicity in the medi-
al amygdaloid nuclei (20, 22). Bardgett
et al. (23) reported that intracerebro-
ventricular administration of KA pro-
duces neuronal loss in limbic-cortical
brain regions, which project directly or
indirectly to the striatum.

Necrosis has been shown to be the
principal lesion following administra-
tion of excitotoxic agents; however,
apoptotic pathways are also triggered
after excitotoxic insult or seizures
(24-26). The mitochondrial pathway
(intrinsic pathway) of apoptosis be-
gins with the permeabilization of the
mitochondrial outer membrane. Sev-
eral apoptotic signals, including DNA
damage, ischemia, excitotoxicity, and
oxidative stress, can lead to cell death
through mitochondria. The bcl-2 fami-
ly of proto-oncogenes encodes specific
proteins that regulate programmed cell
death by either inducing (bax, bid) or
inhibiting (bcl-2, bcl-XL) apoptosis un-
der different physiological and patho-
logical conditions. Bcl-2, a cell survival
protein, has been observed to be de-
creased compared to the pro-apoptotic
bax, which translocates from the cyto-
sol to the mitochondria during apop-
totic cell death (27). Bax promotes
apoptosis by inducing mitochondrial
membrane depolarization and cyto-
chrome c release, whereas bcl-2 inhib-
its apoptosis by preventing mitochon-
drial membrane depolarization (28).
KA-induced DNA damage has been
demonstrated in the mouse hippocam-
pus and neocortex at 24 and 48 hours
after intraperitoneal injections. In ad-
dition, downregulation of bcl-2 and
upregulation of bax has been reported
in the same regions of the mouse brain
(25). Similarly, Lopez et al. (26) de-
scribed a slight increase in bax immu-
noreactivity in the cytoplasm of neu-
rons of the dentate gyrus 24-48 hours
after KA injection. They also showed
bax translocation to the nucleus in
some dying cells in the entorhinal
cortex and CA1 area of the hippocam-
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Figure 5. a, b. Bax immunohistochemistry in saline- (a) and kainic acid-infused rats (b). Photos were
taken at x40 magnification. cc, corpus callosum; str, striatum; v, ventricle.
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Figure 6. Bax immunoreactivity was significantly higher in kainic acid -treated rats than in saline-
treated rats (P < 0.016). Data are presented as median (min-max values). Asterisk(*) indicate
increased Bax immunoexpression in the kainic acid-treated group.

Figure 7. a, b. Histochemical changes in the hippocampal area after kainic acid injection. Timm's
staining clearly shows synaptic reorganization and mossy fiber sprouting in the CA3 subregion

(inside the square, arrows) in saline- (a) and kainic acid-infused rats (b). Photos were taken at x40
and x100 magnifications.

pus following KA administration. In
accordance with previous studies, our
findings confirm a significant increase
in bax immunoexpression in brain sec-
tions of KA-treated rats, indicating the
involvement of apoptotic cell death.
Recently, Mn?* has been employed as
an exogenous MRI contrast agent to de-
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tect neuronal activation, neural archi-
tecture, and neuronal connections. In
addition to several roles in normal phys-
iology, Mn?" enters excitable cells via
Ca?* channels and is transported along
neural axons. In the brain, Mn?* accu-
mulates mostly in the globus pallidus,
causing hyperintensity on T1-weight-

ed images with a normal T2-weighted
signal (14). A dose-dependent signal in-
crease is a biomarker of Mn?* toxicity in
the globus pallidus (29).

In the present study, we demon-
strated marked Mn?* enhancement on
T1-weighted FLAIR images 10 days after
stereotaxically induced KA excitotoxicity
in rats. There was a prominent enhance-
ment in the globus pallidus. The post-
contrast ROI intensities of T1-weighted
FLAIR MR images in the hippocampal
area were significantly higher in the in-
jured site compared to the contralateral
site. In addition, Timm-stained histo-
logic sections showed extensive mossy
fiber sprouting in the CA3 subregion,
a process that supports new axon col-
laterals. These findings are consistent
with those of previous studies except
that our study was conducted using
a clinical MR machine that is used in
routine practice. For instance, Nairisma-
gi et al. (30) reported enhancement of
the MEMRI signal in the dentate gyrus
and CA3 subregion of the hippocampus
three to five days after injecting MnCl,
into the entorhinal cortex in KA-inject-
ed rats. Histological examination of the
brains also revealed neuronal loss in the
hippocampal subregions in KA-treated
rats. Furthermore, severe degenerative
changes in other brain areas two weeks
following KA injection, including a re-
duction in the combined thickness of
the amygdala and piriform cortex and
expansion of the lateral ventricles due
to atrophy of the surrounding brain,
have been reported in MEMRI images
(30). More recently, Hsu et al. (31) ver-
ified signal hyperintensity in both CA1
and CA3 pyramidal cell layers after KA
treatment. Our ROI measurement in the
hippocampal area was also statistically
significant in the KA-treated side of the
rats.

Considering the present study and
previous studies, we can conclude that
MEMRI reflects local neuronal activa-
tion and is well correlated with histo-
pathological changes in KA-induced
hippocampal damage with neuropa-
thology-related Mn?** uptake (30, 31).
The main limitation of the present
study is the small number of animals.
The lack of a specific area for animal
handling in the MRI unit is a major
problem for the overall reproducibility
of these types of studies.
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It is very important to have a ded-
icated high-field MRI unit with spe-
cially designed coils for small-animal
studies despite their high cost (32).
Many small-animal studies have been
undertaken using clinical MRI systems
with either commercial clinical coils
or specific coils designed for small ani-
mals on 1.5 and 3 T MR units (32, 33).
The major limitation of the use of an
Mn?*-based contrast agent is cellular
toxicity; thus, clinically, Mn?**-based
contrast agents (Mn?* dipyridoxal di-
phosphate) have been developed with
chelated Mn?* (34). However, this
contrast agent lacks the advantages of
Mn?* ions, which have the potential to
detect various neurological disorders.
Mn?*-based contrast agents have been
used in many animal studies (34).

In conclusion, Mn?**-based contrast
agents can be used to show neuronal
damage in MRI experimentally. The
development of an Mn?*-based con-
trast agent that can be safely used in
humans is warranted to investigate
neurological disorders.
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