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Abstract: Magnetic resonance imaging (MRI) is a useful noninvasive tool used to detect lesions in clinical and veterinary medicine. 
The present study evaluated the suitability of a new easy-to-use compact MRI platform (M2 permanent magnet system, Aspect Imag-
ing, Shoham, Israel) for assisting with preclinical toxicologic pathology examination of lesions in the rat brain. In order to induce brain 
lesions, male Sprague-Dawley rats were treated once with lithium chloride (127 mg/kg, intraperitoneal [i.p.]) followed by pilocarpine 
(30 mg/kg, i.p.). One week after dosing, the perfused, fixed brains were collected, analyzed by the MRI system and examined histo-
pathologically. MRI of the brain of treated rats revealed areas of high T1 and middle to low T2 signals, when compared with the con-
trols, in the piriform cortex, lateral thalamic nucleus, posterior paraventricular thalamic nucleus and posterior hypothalamic nucleus 
of the cerebrum. The altered MRI signal areas were consistent with well-circumscribed foci of neuronal cell degeneration/necrosis 
accompanied by glial cell proliferation. The present data demonstrated that quick analysis of fixed organs by the MRI system can de-
tect the presence and location of toxicologic lesions and provide useful temporal information for selection of appropriate sections for 
histopathologic examination before routine slide preparation, especially in complex and functionally heterogeneous organs such as the 
brain. (DOI: 10.1293/tox.2015-0043; J Toxicol Pathol 2015; 28: 217–224)
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Introduction

Magnetic resonance imaging (MRI) is a powerful 
noninvasive tool used to detect lesions with high sensitiv-
ity in clinical medicine1. This in vivo approach can also be 
applied to preclinical toxicologic pathology, e.g., for evalu-
ating the time course of a toxic finding and its reversibility 
in the same animal and for detecting the presence and lo-
cation of induced lesions, thus assisting with selection of 
sections for subsequent histopathologic examination. The 
use of MRI on fixed tissue specimens and perfusion-fixed 
laboratory animals to make 3-dimensional (3D) digital im-
ages has previously been described as magnetic resonance  

histology (MRH)2. This approach is easily applied without 
prolonged anesthesia and restraint of animals, and it has 
been examined by several neurotoxicology studies, which 
demonstrated the usefulness of MRH as a complementary 
tool for conventional histopathology3–6. MRH expands the 
scope of potential MRI usage and opens up the area for a 
wider rage of use in preclinical studies. However, barriers to 
the wide use of MRI systems for preclinical approaches still 
remain. These include the high cost of purchase and mainte-
nance, significant siting and installation requirements, and 
complicated operation.

Recently a new compact high-performance MRI plat-
form (M2 permanent magnet system, 1.05 tesla, Aspect 
Imaging, Shoham, Israel) using a novel magnet design and 
application-based approach has been developed to reduce 
the cost and complexity of conventional systems7. This sys-
tem is portable and self-shielded, allowing it to be placed 
in most research facilities. Cryogens or dedicated supplies 
are not required. When compared with conventional MRI 
systems, the advantage of this new system is that it easily 
provides clear 3D digital morphologic images of an entire 
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target organ. However, this compact MRI has not been suf-
ficiently validated for research purposes.

In MRI analysis, spin-lattice relaxation time (T1) and 
spin-spin relaxation time (T2) values are frequently encoun-
tered, and the normal pattern of these values differs among 
organs, tissues and fluids8. When brain lesions were induced 
in rats in previous studies, the T1 and T2 signals changed 
from their normal patterns9, 10; these changes in T1- and T2-
weighted images allow us to detect induced brain lesions.

Pilocarpine, a muscarinic cholinergic agonist, is a 
widely accepted agent used to induce status epilepticus and 
morphologic neuronal damage in the rat brain11–16. In this 
neuronal damage model, clear histologic brain lesions are 
known to be observed in multiple parts of the cerebrum, 
such as the piriform cortex, lateral dorsal thalamic nucleus, 
hippocampus and substantia nigra.

The purpose of the present study was to evaluate the 
usefulness of this new and easy-to-use compact MRI plat-
form for preclinical toxicologic pathology examination in 
the pilocarpine-induced rat brain lesion. The changes in T1- 
and T2-weighted images of the fixed brain were examined 
by the compact MRI system and compared with histopatho-
logic changes of the neuronal lesions.

Materials and Methods

Animals and husbandry
Six-week-old male Sprague-Dawley (Crl:CD) rats were 

purchased from Charles River Laboratories Japan, Inc. 
(Kanagawa, Japan). Animals were maintained at 20–21°C 
with a relative humidity of 50–60% and a 12-h light/dark 
cycle. Commercial rodent chow (MF diet, Oriental Yeast 
Co., Ltd., Tokyo, Japan) and drinking water were available 
ad libitum.

The study protocol was approved by the Laboratory 
Animal Care and Use Committee and was performed in 
compliance with the Laboratory Animal Policy of Eisai Co., 
Ltd.

Chemicals
Lithium chloride (123-01162, Wako Pure Chemical 

Industries, Osaka, Japan), pilocarpine (161-07201, Wako 
Pure Chemical Industries) and scopolamine methyl bro-
mide (S8502, Sigma-Aldrich, Tokyo, Japan) were dissolved 
in 0.9% sodium chloride solution. Diazepam (045-18901, 
Wako Pure Chemical Industries) was prepared in 1:1:1 (v/v) 
distilled water, dimethyl sulfoxide and polyethylene glycol 
300.

Experimental design
The lithium-pilocarpine model was prepared to induce 

status epilepticus and brain lesion according to published 
reports13. Sixteen to twenty-four hours before pilocarpine 
treatment, rats (n = 2) were treated with lithium chloride 
(127 mg/kg, intraperitoneal [i.p.]). Rats were then injected 
with scopolamine methyl bromide (5 mg/kg, i.p.) and pilo-
carpine (30 mg/kg, i.p.). Diazepam (10 mg/kg, intravenous) 

was administered at 30 min after seizure onset. Control ani-
mals (n = 2) were treated with saline, instead of pilocarpine. 
After 1 week, rats were deeply anesthetized with sodium 
pentobarbital, flushed with saline and perfused with 4% 
paraformaldehyde. The fixed brains were removed and sub-
mitted for MRI analysis. After the MRI data were obtained, 
the brains were embedded in paraffin and histopathologi-
cally examined.

MRI analysis
High-resolution MRI was performed on fixed brain 

samples with a compact MRI system (M2 permanent mag-
net system, 1.05 tesla, Aspect Imaging, Shoham, Israel). 
Fixed samples were transferred to a modified disposable 10 
mL syringe filled with a proton-free susceptibility-match-
ing fluid (Fluorinert FC-77, 3M Company, Saint Paul, MN, 
USA) and scanned. T1-weighted FLASH-3D sequences 
were performed under the following parameters: TE (echo 
time)/TR (repetition time) = 12.0 ms/50.0 ms for about 37 
min per sample, 0.10 × 0.10 × 0.48 mm voxel. T2-weighted 
RARE sequences were performed under the following pa-
rameters: TE/TR = 95.0 ms/5484.5 ms for about 8.5 min per 
sample, 0.15 × 0.15 mm pixel, 1.25 mm slice + 0.25 mm gap. 
Image processing of the digital 3D MRI data was performed 
using VivoQuant (inviCRO, Boston, MA, USA), a sophisti-
cated image processing and analysis software package that 
is fully integrated into the M2 imaging system.

Histopathologic examination
According to a Society of Toxicologic Pathology posi-

tion paper17, sections of the forebrain (level 4) and midbrain 
(level 5) were stained with hematoxylin and eosin (H&E) 
for histopathologic examination. Histologic changes in the 
brain were scored according to the following criteria: 1+, 
neuronal cell degeneration, which was characterized by 
shrunken and darkened cells with nuclear pyknosis, was 
sporadically observed without glial cell reaction; 2+, neuro-
nal cell degeneration was diffusely observed and occasion-
ally accompanied by reactive glial cell proliferation; and 3+, 
widespread neuronal cell necrosis and neuronal loss were 
present with glial cell proliferation. To visualize the apop-
totic cells, terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end labeling (TUNEL) staining was 
performed using an ApopTag Peroxidase In Situ Apoptosis 
Detection Kit (S7100, Chemicon International Inc., Temec-
ula, CA, USA). The deparaffinized sections were incubated 
with proteinase K (20 μg/ml, S3020, Dako, Tokyo, Japan) 
for 3 min at room temperature (RT), with 3% hydrogen per-
oxide for 5 min at RT, with working strength TdT enzyme 
for 1 hr at 37°C and with Anti-Digoxigenin-Peroxidase for 
30 min at RT. The sections were then stained with Liquid 
DAB+ Substrate Chromogen System (K3468, Dako). Coun-
terstaining was performed with hematoxylin. Sections pro-
cessed without TdT served as negative controls.
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Results

Clinical observation
Pilocarpine induced continuous, generalized convul-

sions in rats. Rats were treated with diazepam 30 min after 
initially achieving severe epileptic behaviors (rearing and 
falling were considered to indicate as seizure onset). There 
were no clinical changes in control animals.

MRI analysis
T1- and T2-weighted MRI images and comparative 

histology are presented in Fig. 1, and a summary of the MRI 

signal and histopathologic changes in pilocarpine-treated 
animals is shown in Table 1. The T1-weighted images of 
the pilocarpine-treated animals showed high T1 signals 
compared with the controls in the piriform cortex, lateral 
thalamic nucleus, posterior periventricular thalamic nucleus 
and posterior hypothalamic nucleus of the cerebrum (Fig. 
1a and b). In T2-weighted images of the pilocarpine-treated 
animals, a low T2 signal compared with the controls were 
observed in the piriform cortex, which corresponded to a 
high T1 signal area (Fig. 1c and d). The T2 signal intensities 
in the other 3 high T1 signal areas were comparable to those 
of the controls (middle intensity) (Fig. 1c and d). In the his-

Fig. 1. MRI images (a and b, T1-weighted images; c and d, T2-weighed images) and comparative histology with 
H&E staining (e and f). The T1-weighted image of the pilocarpine-treated brain (b) showed high T1 signal 
areas (yellow dotted line regions) compared with control animals (a). In T2-weighted images, the pilocar-
pine-treated brain (d) showed comparable or low T2 signals compared with the control (c) in the high T1 
signal areas. In histology of a comparative cross section with H&E staining, the pilocarpine-treated brain 
exhibited pale areas in the piriform cortex and lateral thalamic nucleus (f) compared with the control (e).
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tologic examination, brain lesions were clearly identified in 
the piriform cortex and lateral thalamic nucleus at low mag-
nification as pale areas (Fig. 1e and f). A 3D T1-weighted 
MRI image of a pilocarpine-treated animal is presented in 
Fig. 2. In addition to the representative high T1 signal areas 
in Fig. 1, high T1 signals were also observed in other parts 
of the brain including the inferior colliculus, visual cortex 
and flocculus.

Histopathologic changes
Representative histopathologic changes in the mid-

brain are shown in Fig. 3 and 4. In the 4 high T1 signal 
areas (piriform cortex, lateral thalamic nucleus, posterior 
paraventricular thalamic nucleus and posterior hypothalam-
ic nucleus), histopathologic neuronal lesions were observed 
(Fig. 3). In these areas, diffuse neuronal cell degeneration, 
which was characterized by shrunken and darkened cells 
with a pyknotic nucleus, was apparent and was accompa-
nied by widespread necrotic areas, neuronal loss or reactive 
glial cell proliferation. Additionally, obvious TUNEL-posi-
tive apoptotic neuronal cells were observed. Similar chang-
es were confirmed in other cross-sections of high T1 signal 
areas in the forebrain (data not shown). On the other hand, 
some areas without clear T1 or T2 signal changes, such as 
the hippocampus and caudate putamen, showed similar but 
less expansive neuronal lesions compared with those in high 
T1 signal areas (Fig. 4). TUNEL-positive cells were also ob-
served in these areas, but there were fewer of them than in 
high T1 signal areas.

Discussion

The present study demonstrated the suitability of a new 
compact MRI system for preclinical toxicologic pathology 
in the lithium-pilocarpine-induced rat brain lesion. Lith-
ium-pilocarpine treatment induced status epilepticus and 
brain lesion. There were clear correlations between changes 
in the MRI images and histopathologically detected lesions 
in the brain.

The lithium-pilocarpine-induced status epilepticus 
model has been known to induce neuronal lesions in the 
brain with characteristic distribution in the piriform and 
entorhinal cortices, thalamus, hippocampus, amygdala, 
neocortex and substantia nigra11, 12, 15, 16. The reported dis-
tribution, severity and histopathologic characteristics of the 
lesions were replicated in the present study.

Since the brain is a functionally and morphologically 
heterogeneous organ, histopathologic evaluation of neu-
rotoxicity has always been challenging. It is hard to dis-
cern the complete distribution pattern of neuronal damage 
caused by a toxicant when neuropathology is performed on 

Table 1. Summary of MRI Signal and Histopathologic Changes in Pilocarpine-treated Animals

Part of cerebrum T1 signal T2 signal Histopathologic grade

Piriform cortex ↑ ↓ 3+
Lateral thalamic nucleus ↑ → 2+
Posterior hypothalamic nucleus ↑ → 2+
Posterior paraventricular thalamic nucleus ↑ → 2+
Hippocampus → → 2+
Caudate putamen → → 1+
Cerebral cortex → → 1+
Thalamus → → 1+

Histopathologic grades: 1+, sporadical neuronal cell degeneration without glial cell reaction; 2+, 
diffuse neuronal cell degeneration occasionally accompanied by reactive glial cell proliferation; 3+, 
widespread neuronal cell necrosis and neuronal loss with glial cell proliferation. n = 2.

Fig. 2. The 3D T1-weighted MRI image of the pilocarpine-treated 
brain. Yellowish white areas (arrowheads) correspond to high 
T1 signals.
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only a few sagittal or transverse sections. The Society of 
Toxicologic Pathology recommended the examination of 8 
levels of the brain including the cerebrum, midbrain, cere-

bellum and medulla/pons for neurotoxicity assessment17, but 
this requires extra time and resources. The present M2 MRI 
system efficiently captured clear images of fixed brain, with 

Fig. 3. Cross sections of the piriform cortex (a and b), lateral thalamic nucleus (c and d) and posterior hypothalamic nucleus (e and f) of the ce-
rebrum. The pilocarpine-treated animals showed diffuse neuronal cell degeneration, which was characterized by shrunken and darkened 
cells with a pyknotic nucleus, accompanied by widespread necrotic areas, neuronal loss or glial cell proliferation with obvious TUNEL-
positive apoptotic cells (inset, b, d and f). No histologic changes and no TUNEL-positive cells were observed in the control (a, c and e). 
Bars = 20 μm.
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high enough resolution to reconstruct 3D images, and the 
automated analyses can be performed. Since the modality is 
noninvasive and the fixed organ remains intact, traditional 
histopathology processing and evaluation can be efficiently 
performed on the same samples following MRI analysis. 
Therefore, the current compact MRI system can effectively 
complement traditional neuropathology in routine preclini-
cal toxicity studies.

The present high T1 signal changes had good correla-
tion with histopathologic changes. Considering the T2 sig-
nal intensity in the high T1 signal areas, the low T2 signal 
area in particular showed a severe lesion as a widespread 
neuronal necrotic area. Fujioka et al. reported that in the 
ischemic brain lesion in rats, neuronal cell death and gliosis 
are detected as areas with high T1 and low T2 signals in 
MRI images18. Therefore, the high T1 and low T2 signals 
in this study are considered to indicate severe neuronal le-
sions. Meanwhile, T1 and T2 signal intensities were tempo-
rally changed in the rat brain ischemic lesion model, with 
the T1 signal increased from 5 days to 4 weeks after middle 

cerebral artery occlusion and subsequently decreased until 
16 weeks, whereas the T2 signal was increased from 1 to 
2 days after middle cerebral artery occlusion and rapidly 
decreased thereafter9. Wegener et al. reported that ischemic 
necrosis with cystic degeneration leads to a secondary in-
crease in T1 and T2 signals after 2 weeks and that selective 
neuronal necrosis is accompanied by complete resolution of 
T1 and T2 signal changes10. Therefore, the T1 and T2 signal 
intensities are considered to change depending on the prog-
ress or recovery status of the lesion.

The reason why the selected lesions, such as marked 
neuronal cell necrosis and glial cell proliferation, showed 
high T1 and middle to low T2 signals in MRI analysis is a 
key issue in the present study. Theoretically, the following 
factors can shorten the T1 and T2 relaxation times: (1) fac-
tors immobilizing water molecules, such as a concentrated 
solution of protein and calcified tissue19, 20; (2) lipids21; and 
(3) paramagnetic compounds characterized by having at 
least 1 unpaired orbital electron including metal ions (e.g., 
iron, manganese, copper and chromium)22, molecular oxy-

Fig. 4. Cross sections of the hippocampus (a and b) and caudate putamen (c and d). The pilocarpine-treated animals showed neuronal cell de-
generation with TUNEL-positive apoptotic cells (inset, b and d). No histologic changes and no TUNEL-positive cells were observed in 
the control (a and c). Bars = 20 μm.
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gen23 and free radicals24. The present high T1 and middle 
to low T2 signal areas included no histologic hemorrhage 
or lipid accumulation, and histopathology revealed no clear 
evidence of protein-rich solution or calcification. However, 
in the areas with significant neuronal cell necrosis or glial 
cell proliferation, there might be some changes in the tissue 
components including the cell population, content of immo-
bilized water molecules or disposition of some neurochemi-
cal materials such as paramagnetic species.

Differences in fixation methods may affect the signal 
intensity and sensitivity of MRI because the water (pro-
ton) content of an organ is a key factor in MRI analysis. 
Formalin fixation does change MRI by decreasing T1 and 
T2 signals25, 26. As a consequence, T1-weighted imaging of 
the formalin-fixed brain shows a higher signal intensity in 
gray matter than white matter, the reverse of what is seen 
in vivo26, 27. Further investigation into the effect of fixation 
methods on signal intensity and on sensitivity are required.

In conclusion, the present study proved the suitabil-
ity of the current easy-to-use compact MRI system in pre-
clinical toxicologic pathology examination of the lithium-
pilocarpine-induced rat brain lesion. The high T1 and low 
T2 signals showed clear histopathologic neuronal lesions 
although histopathologic examination was more sensitive. 
The present data demonstrated that quick analysis of fixed 
organs by the MRI system can detect the presence and lo-
cation of toxicologic lesions and provide useful temporal 
information for selection of appropriate sections for histo-
pathologic examination before routine slide preparation, es-
pecially in complex and functionally heterogeneous organs 
such as the brain.
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