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Abstract

MRI contrast based on relaxation times, proton density, or signal phase have been applied to delineate
neural structures in the brain. However, neural units such as cortical layers and columns have been
difficult to identify using these methods. Manganese ion delivered either systemically or injected
directly has been shown to accumulate specifically within cellular areas of the brain enabling the
differentiation of layers within the hippocampus, cortex, cerebellum, and olfactory bulb in vivo. Here
we show the ability to detect individual olfactory glomeruli using manganese enhanced MRI
(MEMRI). Glomeruli are anatomically distinct structures (~150 um in diameter) on the surface of
the olfactory bulb that represent the first processing units for olfactory sensory information.
Following systemic delivery of MnCl, we used 3D-MRI with 50um isotropic resolution to detect
discrete spots of increased signal intensity between 100-200 um in diameter in the glomerular layer
of the rat olfactory bulb. Inflow effects of arterial blood and susceptibility effects of venous blood
were suppressed and were evaluated by comparing the location of vessels in the bulb to areas of
manganese enhancement using iron oxide to increase vessel contrast. These potential vascular effects
did not explain the contrast detected. Nissl staining of individual glomeruli were also compared to
MEMRI images from the same animals clearly demonstrating that many of the manganese enhanced
regions corresponded to individual olfactory glomeruli. Thus, MEMRI can be used as a non-invasive
means to detect olfactory glomeruli for longitudinal studies looking at neural plasticity during
olfactory development or possible degeneration associated with disease.
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Introduction

Identification and quantification of neuroanatomical changes are important for understanding
brain development and evaluating the progression of disease. Although MRI provides excellent
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contrast between gray and white matter in the brain, fine structures within the gray matter, such
as laminar layers or cortical columns, are difficult to identify using conventional anatomical
MRI. This is primarily due to the lack of significant difference in proton density, spin-lattice
relaxation time (T1), spin-spin relaxation time (T,) and diffusion coefficients between the
neural structures and their surrounding tissues. Previous attempts to identify fine cortical
structures utilized Tq contrast between gray matter and myelinated axons in gray matter to
differentiate myelin-rich regions in the cortex, such as the stripe of Genari in the primary visual
cortex in human (Barbier et al., 2002; Clark et al., 1992; Walters et al., 2003). Although, the
resulting contrast from this method is small and the use of this approach has not found
widespread application. Another study utilized proton density-weighted high resolution
imaging to identify clusters of neurons in the layer 11 of the entorhinal cortex ex vivo
(Augustinack et al., 2005). Again, the resolution required for this approach makes it unlikely
to be used for in vivo studies. Recently, the use of T,*-weighting (Li et al., 2006) or phase
sensitive MRI (Duyn et al., 2007) at 7 Tesla shows promise for enabling in vivo visualization
of laminar architecture in the gray matter due to the susceptibility differences (Marques et al.,
2009).

In addition to intrinsic contrasts, cell/tissue-dependent uptake and accumulation of contrast
agents can also provide a means to visualize neural structures with MRI. For example,
gadolinium-based contrast agent has been demonstrated to discriminate layers in the cortex
and cerebellum in perfusion fixed ex vivo rodent brains (Sharief and Johnson, 2006). Mn2* has
been demonstrated to be very useful for mapping neuronal function, connections and brain
anatomy (for review, see Koretsky and Silva, 2004). A number of cytoarchitectural features in
the brain, such as layers in the hippocampus, cerebral cortex, olfactory bulb, and cerebellum
have also been detected with MRI in vivo after simple systemic administration of Mn2* (Aoki
et al., 2004; Silva et al., 2008; Watanabe et al., 2002). With the higher sensitivity and spatial
resolution achievable at ultra-high field MRI with optimized detectors it may be possible to
delineate even smaller neural units within a functional layer using manganese enhanced MRI
(MEMRI).

In this study, the potential of using MEMRI to detect individual olfactory glomeruli in the
rodent olfactory bulb was determined. Olfactory glomeruli are spherical neuropils located in
the glomerular layer of the olfactory bulb (OB) where the axons of olfactory sensory neurons
make synapses with the output neurons of the bulb called mitral cells (Mori et al., 1999). A
glomerulus, consisting of input sensory neurons, projecting mitral cells, and associated inter-
neurons is regarded as a fundamental information processing module in the OB (Chen and
Shepherd, 2005) and is similar in size to a cortical column within layer 1V of the sensory cortex.
Glomeruli range from 100 to 200 microns in diameter in adult rats (Meisami and Sendera,
1993), presenting a severe challenge to visualization by MRI. Resolution of individual
glomeruli by functional MRI has been described by Kida et al (2002) and Chuang et al
(2009b), but discrimination by anatomical MRI has not been reported. By using Mn2* as an
anatomical contrast agent, T1 weighted MRI of the rat olfactory bulb at 50 micron isotropic
resolution revealed contrast changes in the glomerular layer consistent in size and shape with
individual glomeruli. Contrast was detected in the living brain after systemic administration
of MnCl,. Potential artifacts due to blood vessels surrounding and penetrating the glomerular
layer were assessed and determined not to be responsible for the contrast detected. Comparison
of MRI with individual glomeruli in Nissl staining from the same olfactory bulb indicated that
the MEMRI contrast correlated with glomeruli. These results indicate that high resolution
MEMRI can indeed detect fundamental units of neural processing within the layers of the
rodent brain as indicated by the glomeruli in the olfactory bulb.
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Animal preparation

Thirteen adult male Sprague-Dawley rats (body weights 200-350 g) were used in this study.
All animal work followed the guidelines of the Animal Care and Use Committee of National
Institute of Neurological Disorders and Stroke, National Institutes of Heath (Bethesda, MD).
For manganese enhancement, 176 mg/kg of 120-mM MnCl, (Sigma-Aldrich, St. Louis, MO)
solution was infused into 10 rats via the tail vein at a rate of 2.25 mL/h by a syringe pump
(Cole-Parmer Instrument, Vernon Hills, IL). During the infusion, the rats were anesthetized
with 0.5-1.2 % isoflurane and their body temperatures were maintained by a warm water bath.
After infusion, rats were kept on the warm water bath until fully awake and were returned to
cages for free access to food and water. No abnormality was observed in these rats after
recovery from the infusion.

One day after MnCl, infusion, the rats underwent MRI scans. Rats were orally intubated,
connected to a mechanical ventilator (CWE SAR-830/P, Ardmore, PA), and secured in a plastic
stereotaxic holder. The anesthesia, isoflurane, was kept between 1.5-2.0 % and the breathing
rates and end-tidal CO, were carefully monitored and controlled to maintain proper
cardiovascular function. The body temperature was maintained at 37°C by a temperature
controlled water bath.

MRI acquisition

Histology

Images were acquired on an 11.7 T/31 cm horizontal magnet (Magnex Scientific Ltd.,
Abingdon, UK) interfaced to a Bruker Avance console (Bruker BioSpin, Billerica, MA). A
homemade, 9-cm birdcage coil was used for homogeneous RF transmission and a double-loop,
1-cm surface coil placed on top of the OB was used for signal reception. The manganese
enhanced contrast was detected by 3D Tq-weighted rapid acquisition with relaxation
enhancement (RARE) sequence with TR/TE = 300/9.7 ms, matrix size = 256 x 288 x 192,
RARE factor = 2, and 50-um isotropic nominal resolution. The scan time was 2 h 20 min. Then,
3D gradient echo images (TR/TE/flip-angle = 50/3.5/25°; 50-um isotropic resolution; scan
time = 34 min) were acquired before and after intravenous injection of MION. The total scan
time was less than 4 h in this experiment. Finally, to determine vascular effects in the T1-
weighted imaging, 2D T1-weighted RARE images (TR/TE = 300/9.7 ms; RARE factor = 2;
50-um in-plane resolution; slice thickness = 0.15 mm; average = 75) were acquired in 3 rats
before and after euthanasia by overdosing with halothane.

After MRI scan, the brains of 8 rats were perfused transcardially by phosphate buffered saline
(pH 7.4) and fixed in 4% paraformaldehyde. The skull was removed and the OB was carefully
extracted, stored at 4°C, and sent for sectioning and histological processing (HistoServe,
Rockville, MD). Serial 25-micron coronal sections of the OB were stained with Nissl. The
histology sections were imaged by a Leica MZ FL 111 light microscope with 1.25x object (Leica
Microsystems Inc., Bannockburn, IL) and a cooled CCD camera (Micropublisher 3.3,
Qlmaging, Surrey, BC, Canada).

Data analysis

The signal-to-noise ratio (SNR) of the 3D T1-weighted RARE image was calculated by
dividing the average signal in a region-of-interest (ROI) in the OB by the standard deviation
(SD) of an artifact-free region in the background. Two ROIs covering the glomerular and mitral
cell layers of the OB were chosen from the dorsal and ventral parts of OB. The contrast of the
signal variation in the glomerular layer was defined as the difference between a signal peak
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and its adjacent trough in a line profile. The contrast-to-noise ratio (CNR) was calculated by
dividing the averaged contrasts in the line profile by the SD in a background region. Line
profiles of the glomerular layer were drawn in coronal sections of the T1-weighted MRI using
ImageJ (NIH, Bethesda, MD; http://rsh.info.nih.gov/ij/). In images without Mn2*
enhancement, the glomerular layer was identified based on the atlas (Paxinos and Watson,
1998) or the images of the same animal after Mn2* infusion.

Blood vessels were identified from the MION-enhanced gradient echo images. A vascular map
was created by subtracting the pre-injection with the post-injection image and dividing by the
pre-injection one (Bolan etal., 2006). Line profiles of the glomerular layer at the same locations
as drawn in the T1-weighted RARE image were obtained from the vascular map and correlated
with the profiles of MEMRI.

The MEMRI data was co-registered with the histology using MIPAV (NIH, Bethesda, MD;
http://mipav.cit.nih.gov/) together with custom written tools in Matlab (MathWorks Inc.,
Natick, MA). First, the illumination inhomogeneity in the histological images was corrected
by a blank reference image and the coil B4 field inhomogeneity of the T;-weighted MRI was
corrected by the N3 algorithm (Sled et al., 1998). Then the RGB images of the histological
sections were converted to grayscale and the intensity was inverted, thus the stained regions
became bright and the background became dark. 3D histology stack was created by aligning
the 2D histological images to the most-posterior slice using a 2D rigid-body transformation.
To reduce the resolution differences between the histology and MRI, the 3D histology stack
was smoothed by a Gaussian kernel with full-width-at-half-maximum of 5 times the in-plane
resolution and 2 times the section thickness, and sub-sampled by a factor of 8 in both in-plane
directions. Finally, the T;-weighted image was registered to the histology stack using minimal
normalized correlation and 3D affine transformation.

In Fig. 1a, we show coronal sections of the T1-weighted images acquired from a rat OB both
before and after Mn2* infusion. Without manganese enhancement, no contrast between the
layers of the OB can be observed with the parameters used and the SNR was about 10 to 4
from the dorsal to the ventral parts of the OB at 50 um isotropic resolution in vivo. 24 h after
Mn2* infusion, the SNR was increased by 50%-200% across the OB. The SNR became 27.7
+ 5.9 in the dorsal OB and 7.0 + 1.8 in the ventral OB.

The glomerular and mitral cell layers were especially enhanced as reported previously (Aoki
et al., 2004; Lee et al., 2005). With the high-resolution imaging, several round-shaped, high-
intensity spots could be observed on the dorsal, medial and lateral sides of the glomerular layer
(for example, the arrows in Fig. 1A). The sizes of these spots were about 2 to 4 pixels (i.e., 100
to 200 um) in diameter, which correspond well with the known sizes of rat glomeruli of about
150 um (Meisami and Sendera, 1993; Meister and Bonhoeffer, 2001). Line profiles were drawn
along the glomerular layer in these T1-weighted images (Fig. 1B). Compared with the SNR
profile before Mn2* infusion, there were several signal peaks corresponding to the identified
spots in Fig. 1a. The CNRs of these signal peaks were estimated from several coronal sections.
The CNR of signal peaks after Mn2* infusion (4.7 + 2.1) was significantly higher than that
before infusion (2.8 + 1.1; p < 10719, unpaired Student t-test). Compared to the glomerular
layer, the SNR of the mitral cell layer underneath also increased with similar trend in general,
but it doesn’t have organized structures like those found in the glomerular layer (Fig. 1C).
Therefore, the enhanced spots could represent structures particularly in the glomerular layer,
such as glomeruli or artifacts from large blood vessels.
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To minimize the confounding effects due to inflow enhancement of arteries and dark signal of
veins, flow saturation and 100% O, were used during image acquisition. Comparing T1-
weighted images acquired with and without flow saturation, high signal intensity in large
arteries near the surface of the OB was reduced. The signals of large venous vessels were
increased by ventilating with 100% O, but some of the vessels still had lower signal than nearby
parenchyma.

To evaluate the amount of residual vascular artifacts in the T1-weighted image, images were
acquired before and after euthanizing animals. Fig. 2 shows the images and SNR profiles in
the glomerular layer acquired in a rat before and after euthanasia. The 2D image in live rat
shows high signal in arteries surrounding the outer surface of the OB. But in the glomerular
layer, the SNR profiles between the live and dead rat (Fig. 2b) were very similar (correlation
coefficient = 0.85, 0.94, 0.79 in 3 rats, respectively). By subtracting the SNR profile of live rat
by that of the dead, the difference did not show any structures that could be attributed to blood
vessels. This indicates that, without manganese enhancement, the intensity variation in the
glomerular layer in the T1-weighted image was not due to blood vessels.

The relationship between the manganese-enhanced spots and blood vessels were further
investigated by injecting MION as an intravascular agent (Fig. 3a). From the MION-enhanced
gradient echo images, lots of blood vessels oriented radially through the layers of the OB in
the coronal plane can be observed. Compared with the T1-weighted image, some vessels
correspond to boundaries of the enhanced spots indicating that these regions of higher contrast
may have been created by the presence of veins (blue arrows in Fig. 3a). However, there are
still many manganese-enhanced spots that do not have blood vessels nearby (red arrows in Fig.
3a).

The distribution and orientation of blood vessels can be easily visualized from the vascular
map created by subtracting the MION-enhanced image from the image before injecting MION
(Fig. 3b). Similar to other cortical regions in the brain, there are large vessels surrounding the
outer surface of the OB with many small vessels penetrating the layers of the OB
perpendicularly. The relative locations of the manganese-enhanced spots and blood vessels in
the glomerular layer were evaluated by drawing line profiles along the layer (Fig. 3c). It can
be seen that many of the manganese-enhanced peaks were surrounded by vessels and some
even overlapped with the vessels. However, the contrast of the manganese-enhanced peaks did
not correlate with the sizes of the nearby vessels, indicating that the contrast detected in
MEMRI are mainly due to Mn2* accumulated in the structures in the glomerular layer and not
due to boundaries created by signal loss due to blood vessels.

There were many Nissl stained glomeruli that corresponded with the contrast images from the
MEMRI. Fig. 4 shows the corresponding MEMRI and Nissl staining of the OBs from two rats.
In the Nissl staining, individual glomeruli can be clearly identified as large round-shaped
structures near the outer surface of the OB, directly beneath the olfactory nerve layer. Based
on the relative distances to the grid lines and the curvature of glomerular/mitral cell layers,
many of the isolated spots in the MEMRI (indicated by arrows) could be found to correspond
well with the individual glomeruli in the Nissl staining, particularly those on the lateral and
medial sides of the OB where glomeruli are generally larger. Although periglomerular cells,
which are interneurons surrounding and innervating glomeruli, can also be enhanced by
Mn?2*, their sizes are only a few microns and hence the observed signal would mostly come
from the glomeruli. The lower SNR of the MRI on the ventral part of the OB made it difficult
to determine a one-to-one correspondence with the histology. On the dorsal side of the OB,
there are many small-sized glomeruli pack closely next to or on top of each other. Therefore,
the lower correspondence on the dorsal part was probably due to the partial volumetric merging
of several glomeruli into one structure in MEMRI (for example, the wide blob of Mn2*
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enhancement at the upper-right corner of the OB in Fig. 4B). In some parts of the OB, the
corresponding glomerulus in the histology was also shifted slightly due to residual distortion
in the histological image that couldn’t be compensated by the linear registration, making it
difficult to determine corresponding glomeruli.

Discussion

Using Mn2* we demonstrated that individual olfactory glomeruli can be detected in vivo by
MRI. Functional MRI (fMRI) methods have been used to distinguish activation in neural units
such as ocular dominance columns, orientation columns, whisker barrels, and the glomerular
layer (Cheng et al., 2001; Duong et al., 2001; Kim et al., 2000; Xu et al., 2000; Xu et al.,
2003; Yang et al., 1996), including olfactory activation at the level of individual glomeruli
(Kida et al., 2002). Recently, we showed that odor-induced functional connectivity into
individual glomeruli in the mouse olfactory bulb can be identified (Chuang et al., 2009b). Thus,
there is accumulating evidence that fMRI may be used to resolve activity in these fundamental
units of neural processing. To the best of our knowledge this is the first report demonstrating
the use of an anatomical based MRI technique to detect individual glomeruli or any unit smaller
than a layer in vivo. It will be of growing importance to compare fMRI with anatomical
localization of these processing units.

Traditionally, glomeruli are identified by histological staining such as Nissl, cytochrome
oxidase (Meisami and Sendera, 1993), olfactory marker protein (Slotnick etal., 2001), or Sudan
black (LaMantia et al., 1992). However, the tissue has to be processed ex vivo and distortion
is introduced during the process. Glomeruli can also be detected in vivo by fluorescent imaging
with styryl dye (LaMantia et al., 1992) or Ca2* sensitive dyes (Wachowiak et al., 2004), but
the field-of-view is limited to small regions on the dorsal surface of the bulb. Gene-targeting
methods can be used to label glomeruli receiving projections from olfactory receptors
expressing a targeted gene (Belluscio et al., 2002; Mombaerts et al., 1996) but only specific
glomeruli can be highlighted in this manner. Functional optical imaging methods can be used
to detect glomeruli as well (Rubin and Katz, 1999), though matching with anatomy in the same
animal is usually difficult and has required genetic expression of reporter proteins (Belluscio
et al., 2002; Lodovichi et al., 2003).

Using blood oxygenation level dependent fMRI at high-resolution, it was demonstrated that
olfactory activation can be detected at the glomerular layer of the mouse OB (Xu et al.,
2003) and potentially at single glomerular level in the rat OB (Kida et al., 2002). However, the
resolvability of this technique is affected by the artifact from large draining vein, by the point
spread function of the imaging method, and ultimately limited by the vasculature of the neural
unit (Kim and Ogawa, 2002). Therefore, it is challenging to distinguish individual neural unit
of about a hundred micron in diameter. On the contrary, as a Ca2* analog, activity induced
Mn2* enhancement mapping could achieve better spatial specificity (Chuang et al., 2009b;
Duong et al., 2000). Here we demonstrated that anatomical map of neural units could also be
visualized by MEMRI. Due to the restriction of spatial resolution and SNR, the limit of spatial
resolvability of MEMRI has yet to be determined. Although higher dose of Mn2* may be
injected to further increase the contrast, the toxicity may cause cell death (Canals et al.,
2008). Besides, the tendency of MnZ* to accumulate in certain regions of the brain limits its
application.

Nissl staining was used to verify the detection of glomeruli in the olfactory bulb. To reduce
the geometric distortion between MRI and the histology, one might image the Mn2* enhanced
brain after perfusion and fixation. Since Mn2* is released from cells once the cells die, the
Mn?2* enhanced contrast will become diffuse and glomeruli could not be differentiated in the
ex vivo brain (data not shown). Alternatively, the distortion between the in vivo MRI and
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histology can be minimized by nonlinear registration methods with manually defined
landmarks (Meyer etal., 2006). Nevertheless, despite the uncertainty associated with distortion
between the two modalities, MEMRI still showed many spots that corresponded well with
individual glomeruli in the Nissl stained sections. In particular the larger, well dispersed
glomeruli on the lateral and medial sides could readily be correlated.

The use of a small surface coil allows high SNR to be achieved within a reasonable scan time
for the in vivo study of the olfactory bulb. However, the B4 profile of a small surface coil does
not have the sensitivity required for a more distant region like the ventral part of the OB. Thus,
quantification of glomeruli in the entire bulb was not done. A larger cryo-coil could be used
to provide better coverage with similar or higher sensitivity (Nouls et al., 2008; Ratering et al.,
2008). Another approach would be to use a series of dense arrays made up of many smaller
coils that should improve sensitivity from deeper areas as has been achieved in the human brain
(de Zwart et al., 2004). These improvements in sensitivity could enable better differentiation
of even smaller glomeruli. Finally, cardiac and respiratory gating would also be useful in
reducing the potential artifacts and improving the detectability of glomeruli.

MRI was taken at about 24 hr after intravenous injection of Mn2*, which is the time interval
used for enhancing layers in other areas of the brain (Aoki et al., 2004; Silva et al., 2008).
Mn2* accumulation in the OB reaches a peak earlier than the cortex (Chuang and Koretsky,
2009), thus, it may be beneficial to determine the optimal timing for imaging the glomeruli
after injection of Mn?*. It may also be possible to detect glomeruli after nasal administration
of Mn2* which has been shown to enhance the olfactory bulb in a layer and time dependent
manner (Chen et al., 2009).

In conclusion, individual olfactory glomeruli in the rodent olfactory bulb can be identified in
vivo after systemic administration of Mn2*. To the best of our knowledge, olfactory glomeruli
are the smallest functional mammalian neural units that have been visualized by anatomical
MRI in vivo. This noninvasive technique will allow longitudinal observation of the plasticity
of functional neural units in development, learning, memory, degeneration, and regeneration
because repeated injection of Mn2* can be performed on individuals after the MnZ* has cleared
from the brain (Chuang et al., 2009a),.
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Fig. 1.

(A) Coronal sections of 3D T;-weighted MRI of a rat before (left) and 24 h after (right)
intravenous injection of MnCl,. Mn2* enhanced spots could be identified in the dorsal (arrows),
lateral, and medial portions of the glomerular layer. The scale bar represents 1 mm. (B) The
SNR profiles in the upper half of the glomerular layer (the red line in the inserted image) show
significant increase in SNR after Mn2* injection (noted the vertical scales of the two profiles
are different). Especially higher contrast could be seen at certain locations (arrows) with widths
about 100-200 microns, which correspond well with the dimensions of olfactory glomeruli.
(C) The SNR profiles in the mitral cell layer (the red line in the inserted image) underneath the
glomerular layer in (B) only has general increase in SNR but doesn’t show organized structures.
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(A) T1-weighted images of a rat before (left) and after (right) euthanasia. (B) The SNR profiles
along the glomerular layer (indicated as the red curve in (A)) are similar between live (black
line) and dead (gray line). Without Mn2* enhancement, no distinguishable structure can be
found in the difference between the two profiles (light gray line).
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Fig. 3.

(A) Horizontal (top) and coronal (bottom) sections of the gradient echo images after injection
of MION show that the boundaries at certain locations in the MEMRI (e.qg., the blue
arrowheads) are formed by blood vessels surrounding or penetrating the glomerular layer.
However, there are also many Mn2* enhanced spots (e.g., the red arrowheads) don’t have
visible vessels nearby. (B) Blood vessels can be delineated by subtracting the gradient echo
image before MION injection by the image after injection: MEMRI (left); vessel map (middle);
vessels overlaid on MEMRI (right). The scale bar represents 1mm. (C) The SNR profile of
MEMRI in the glomerular layer (black line; location shown as the red line in (B)) shows that
Mn2* enhanced spots usually have blood vessels (gray line) in between. However, the Mn2*
contrast doesn’t correlate with the signal change caused by MION.

Neuroimage. Author manuscript; available in PMC 2011 January 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Chuang et al. Page 13

e P A
LR E T LR EEE B S L e P LR

'
v
T

1

'

'

]

1
-

1

'

1

1

1
J

1

'

'

'

'

'

'

i

1

1

i

'

|

Fig. 4.

The manganese-enhanced spots (arrows) identified in MEMRI (left column) correspond well
with the glomeruli shown in the Nissl staining (right column) of the same animal. A and B are
the images from two rats. The scale bar represents 1 mm.
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