
Detection of Cortical Laminar Architecture Using Manganese-
Enhanced MRI

Afonso C. Silva, Junghee Lee1, Carolyn W.-H. Wu, Jason Tucciarone, Galit Pelled, Ichio
Aoki2, and Alan P. Koretsky
Laboratory of Functional and Molecular Imaging, National Institute of Neurological Disorders and
Stroke, National Institutes of Health, Bethesda, Maryland 20892

Abstract
Changes in Manganese-Enhanced MRI (MEMRI) contrast across the rodent somatosensory cortex
were compared to the cortical laminae as identified by tissue histology and administration of an
anatomical tracer to cortex and thalamus. Across the cortical thickness, MEMRI signal intensity was
low in layer I, increased in layer II, decreased in layer III until mid-layer IV, and increased again,
peaking in layer V, before decreasing through layer VI. The reeler mouse mutant was used to confirm
that the cortical alternation in MEMRI contrast was related to laminar architecture. Unlike in wild-
type mice, the reeler cortex showed no appreciable changes in MEMRI signal, consistent[ACS1]
with absence of cortical laminae in histological slides. The tract-tracing ability of MEMRI was used
to further confirm assignments and demonstrate laminar specificity. Twelve to sixteen hours after
stereotaxic injections of MnCl2 to the ventroposterior thalamic nuclei, an overall increase in signal
intensity was detected in primary somatosensory cortex compared to other brain regions. Maximum
intensity projection images revealed a distinctly bright stripe located 600 − 700 μm below the pial
surface, in layer IV. The data show that both systemic and tract-tracing forms of MEMRI are useful
for studying laminar architecture in the brain.
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Introduction
There is growing interest in using MRI to obtain information about brain structure and function
at spatial resolutions suitable for studying sub-regions in the brain. Functional MRI (fMRI)
has been increasingly used to map areas of activation with high spatial and temporal resolution.
Since its beginning, fMRI has been able to distinguish major areas of the cortex (Belliveau,
Kennedy, Jr. et al., 1991;Kim, Ashe et al., 1993;Hinke, Hu et al., 1993;Rao, Binder et al.,
1993;Rueckert, Appollonio et al., 1994). Recently, a significant push for improving the spatial
resolution of fMRI has allowed mapping of elemental functional units in the cortex, such as
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individual digits in motor/somatosensory cortex (Kurth, Villringer et al., 2000), ocular
dominance columns in the visual cortex (Kim, Duong et al., 2000;Goodyear and Menon,
2001;Cheng, Waggoner et al., 2001), individual whisker barrels (Yang, Hyder et al., 1996),
and laminae of the olfactory bulb (Kida, Xu et al., 2002) and somatosensory cortex (Silva and
Koretsky, 2002) in rodents. In addition to fMRI, anatomical MRI techniques have also been
used to obtain architectural information in the brain. For example, diffusion tensor imaging
has provided probabilistic maps of cortical areas based on connections from the thalamus
(Wiegell, Tuch et al., 2003). Direct detection of cortical myelin using MRI has been
demonstrated in humans and non-human primates (Barbier, Marrett et al., 2002;Walters, Egan
et al., 2003) and is proving useful for classical myeloarchitectural approaches to delineate
boundaries between cortical regions non-invasively. Increasing the number of anatomical MRI
tools that enable detection of cytoarchitectural boundaries would be very important for further
increasing the specificity of MRI as well as comparing anatomical to functional boundaries
under various conditions.

The manganese ion has been shown to be a very useful MRI contrast agent for studying the
brain – for a review see (Lee and Koretsky, 2004;Silva, Lee et al., 2004;Pautler, 2006;Bock
and Silva, 2007). Due to the ability of Mn2+ to enter cells through voltage-gated calcium
channels, manganese-enhanced MRI (MEMRI) can be used to demarcate active regions of the
brain (Lin and Koretsky, 1997;Duong, Silva et al., 2000;Aoki, Tanaka et al., 2002;Yu,
Wadghiri et al., 2005;Yu, Sanes et al., 2007;Weng, Chen et al., 2007). Further, when injected
to a specific brain region, Mn2+ will move along appropriate neuronal pathways in an
anterograde fashion, thus enabling MEMRI to be used to trace neuronal connections in the
living brain directly (Pautler, Silva et al., 1998;Saleem, Pauls et al., 2002;Van der, Verhoye et
al., 2002;Pautler, Mongeau et al., 2003). Combining the activity-based accumulation of
Mn2+ with its tract-tracing properties enables unique mapping of functional connectivity with
MEMRI (Pautler and Koretsky, 2002). Furthermore, systemic administration of Mn2+ has
opened up new MRI-based strategies for enhancement of the brain neuroarchitecture (Natt,
Watanabe et al., 2002;Watanabe, Natt et al., 2002;Aoki, Wu et al., 2004;Wadghiri, Blind et
al., 2004;Watanabe, Frahm et al., 2004;Lee, Silva et al., 2005). Systemic administration of
Mn2+ leads to unique MRI enhancement in specific areas of the brain. In particular, MEMRI
has been shown to be sensitive to cytoarchitecture, such as lamination in hippocampus,
cerebellum, olfactory bulb, retina, and cortex (Watanabe, Natt et al., 2002;Aoki, Wu et al.,
2004;Lee, Silva et al., 2005). The ability to detect cortical and cerebellar laminae has been used
to analyze changes that occur in cerebral architecture due to specific mutations in the mouse
brain (Wadghiri, Blind et al., 2004;Angenstein, Niessen et al., 2006). In most brain regions,
lamination detected by MEMRI could be readily assigned by visual inspection. However, in
cerebral cortex, a rigorous assignment of the laminae has proven difficult due to the subtle
MEMRI contrast in cortex and due to the stringent requirements for high-resolution imaging.

The overall goal of the present work was to investigate the potential of MEMRI in the study
of cortical cytoarchitectonics. While cortical cytoarchitecture has been widely studied via post
mortem histology, in situ imaging of cortical cytoarchitecture would allow dynamic tracking
of neuroarchitectonical changes and hence enable longitudinal investigation of such changes
during development, learning, and plasticity. To investigate whether the variation in cellular
density, size and activity in cortical laminae dictate MEMRI contrast, high-resolution MEMRI
of the rodent brain were obtained and compared to conventional tissue histology, as well to
histology from tracing intrinsic cortico-cortical and cortico-thalamic projecting neurons.
Furthermore, to probe whether lack of lamination leads to no MEMRI contrast in cortex,
MEMRI of the reeler mouse, a well studied mutant which lacks normal cortical lamination,
was obtained and compared to MEMRI contrast in control wild-type mice. Finally, to test
whether tracing of functional neuronal tracts leads to spatial variation in the MEMRI signal,
cortex was imaged after Mn2+ injection in the ventroposterior nucleus of thalamus. The results
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indicate that MEMRI contrast is driven by the spatial variations in cellular density, size, and
activity so that MEMRI may thus be used as a highly sensitive in vivo technique for tracking
cortical cytoarchitectonics.

Methods
All experiments were carried out in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals, and approved by the NINDS/NIDCD ACUC.
The experiments portrayed in the present work consisted of three distinct protocols performed
in different cohorts of animals, described below:

Systemic MnCl2 Administration
For systemic infusions of MnCl2, nine adult male Sprague-Dawley rats (175 − 200 g), ten adult
female reeler mice (17 − 23 g) and ten age- and sex-matched control mice (25 − 28 g) were
utilized. An isotonic solution of MnCl2·4H2O (Sigma-Aldrich, St. Louis, MO) was prepared
in distilled water at a concentration of 120 mM, as previously described (Silva, Lee et al.,
2004). Twenty-four hours prior to MRI, the animals were anesthetized by breathing 2 %
isoflurane into oxygen-enriched air. The rectal temperature was carefully monitored and
maintained at 37 °C. For rats, a 27 gauge butterfly needle was carefully inserted in the lateral
tail vein and checked for patency. In mice, a 30 gauge needle, connected to PE-10 tubing was
utilized. MnCl2 was administered through a tail vein line at a dose of 175 mg/kg (884.3 μmol/
kg), which has previously been demonstrated to be well-tolerated by rats (Aoki, Wu et al.,
2004) and mice (Lee, Silva et al., 2005) with minimal side-effects. The solution was infused
at a rate of 1.8 mL/hr for rats, and 250 μL/hr for mice (Silva, Lee et al., 2004). The animals
were recovered by breathing room air and returned to their cage, with free access to food and
water. The animals were re-anesthetized 24 hours later and set into an MR-compatible cradle
for MRI.

Stereotaxic injections of anatomical tracer into brain and MnCl2 into Ventricle
Three adult male Sprague-Dawley rats (175 − 200 g) were anesthetized with 2% isoflurane.
Their heads were carefully secured to a stereotaxic frame (Kopf Instruments), the scalp was
removed and the skull exposed. In two animals, a 1 mm drill bit was used to make a small burr
hole over the forepaw region of primary somatosensory cortex (S1FL) at 0.0 mm anterior and
3 mm lateral to bregma. Biotin-conjugated dextran amine (BDA, 10% in distilled water), an
anterograde neuronal tracer (Brandt and Apkarian, 1992;Veenman, Reiner et al., 1992), was
injected under pressure using a 2.5 μL Hamilton microsyringe at approximately 0.05 μL/min
into S1FL (2.3 mm ventral to bregma) without any manganese added to the solution.[ACS2]
In another animal, 0.5 μL BDA was injected into the orofacial representation of the
somatosensory pathway, the VPM nucleus of thalamus (coordinates: −3.1 mm anterior, 3.0
mm lateral, 6.0 mm ventral to bregma (Paxinos and Watson, 1998)). To ensure fast uptake of
manganese into the brain following tracer injection, 15 μL of a 30 mM solution of MnCl2 was
directly, but slowly infused into the 3rd ventricle (coordinates: −4.2 mm anterior, 0.0 mm
lateral, 5.0 mm ventral to bregma (Paxinos and Watson, 1998)) at 15 μL/hr (total infusion time
was 1 hour). After injections, all openings in the skull were sealed with bone wax and the scalp
was sutured back in place. Isoflurane was discontinued and the animals were given an
intramuscular injection of ketoprofen (5 mg/kg) and were carefully monitored during recovery
from anesthesia and throughout the survival time. In these animals, MEMRI was performed 3
− 4 days after injection of BDA and MnCl2, to allow BDA, a slow anterograde tracer (Bilgen,
Dancause et al., 2005), to travel from the injection site, either in VPM or in S1FL, to the target
site in S1FL.[ACS3]
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Stereotaxic injections of MnCl2 into Thalamus
Fifteen adult male Sprague-Dawley rats (175 − 200 g) were anesthetized with 2 % isoflurane,
orally intubated and mechanically ventilated. Their heads were carefully secured to a
stereotaxic frame (Kopf Instruments), the scalp was removed and the skull exposed. A 1 mm
drill bit was used to make two small burr holes 3 mm posterior and ± 3 mm lateral to bregma.
A 300 μm infusion cannula was lowered 6 mm into the brain, and 200 nL of 10 − 60 mM
isotonic MnCl2 solution was delivered into the expected location of the ventroposteromedial
(VPM) and ventroposterolateral (VPL) nuclei of thalamus. The infusion cannula was slowly
removed and the burr holes were sealed with bone wax. The animals were allowed to recover
from the isoflurane anesthesia and returned to their cages. Twelve to sixteen hours following
the intra-thalamic injection of MnCl2, the animals were re-anesthetized with isoflurane and set
into an MR-compatible cradle for MRI.

MEMRI
All MRI experiments were performed in a horizontal 11.7T/31 cm magnet (Magnex Scientific,
Ltd., Oxford, UK), equipped with a 9 cm actively shielded gradient capable of generating 30
G/cm in 80 μs (Resonance Research Inc, Billerica, MA), and interfaced to a Bruker Avance
MRI console (Bruker-Biospin, Billerica, MA). Animals were anesthetized under 2% isoflurane
mixed in their breathing air, and set in an MR-compatible cradle. Their heads were secured in
a custom-made stereotaxic frame consisting of ear pieces and a bite bar. Rectal temperature
was monitored and maintained at 37.5 °C by means of a heated water blanket. A standard
inversion-recovery, multi-slice T1-weighted spin-echo sequence (TR/TE/TI=4000/7.68/1100
ms, in-plane resolution: 100 × 100 μm2, slice thickness: 1000μm) was used to evaluate contrast
and identify regions enhanced by Mn2+. High-resolution 3D-MEMRI, spin-echo T1-weighted
(TR/TE=300/8.8 ms, 100 μm isotropic resolution for mice and 200 μm for rats) was used to
follow Mn2+ in the somatosensory cortex. T1 maps were obtained using a Look-Locker
sequence as previously reported (Chuang and Koretsky, 2006).

Tissue Histology
After the MEMRI scans were performed, the animals were sacrificed and perfused
transcardially with phosphate buffered saline wash (pH 7.4), followed by 4%
paraformaldehyde fix. The brains were carefully removed from the skull, stored overnight at
4 °C and sent for histological sectioning and processing (American Histo Labs, Gaithersburg,
MD). Serial 15 μm[ACS4]-thick coronal slices comprising the area rostral of the posterior
commissure (rats: ∼5 mm caudal to bregma; mice: ∼3 mm caudal to bregma) to the middle of
the anterior commissure (rats and mice: ∼0 mm caudal to bregma) were stained with
hematoxylin-eosin (H&E). The sections were mounted on glass slides and digitized into
Tagged Image Format (TIF) files using a calibrated microscope (MZ FL III, Leica, Germany).

For visualizing the location of cortical neurons and associated terminal processes, BDA was
injected in three animals as explained above. After MEMRI, these animals were given a lethal
dose of halothane and perfused transcardially with PBS (pH 7.4), followed by 4 %
paraformaldehyde in PBS, and then followed by the fixative solution with 10% sucrose. Brains
were stored in 20% sucrose in PBS overnight before sectioning and then were cut frozen on a
cryostat at 40 μm thickness. Alternate series of brain sections were processed for Nissl
substance, treated with Avidin-biotin-peroxidase (ABC-kit, Vectastain, Vector, Burlingame,
CA) to reveal neurons and associated terminal processes stained by BDA.

BDA reacted sections were viewed under high magnification to identify the location of labeled
nerve terminals and neurons. Once the transported label was identified, the laminar position
of the transported label was identified in the adjacent Nissl stained sections. Brain sections
were imaged by using a digital scanning camera (Hamamatsu, C4742−95) mounted on a Leica
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microscope (MZ FL III) and scanned with Q-capture v2.68 software (QImaging, Burnaby,
Canada). Digital images were adjusted for brightness and contrast using Photoshop Elements
v2.0 software (Adobe, San Jose, CA).

Data Analysis
For each animal, MEMRI and histological images were imported into ImageJ (National
Institutes of Health). Equivalent MRI and histological slices were chosen by visual inspection
using the major outline of the brain and of internal structures such as the corpus callossum, the
lateral ventricles, the interpeduncular nucleus and the hippocampus as guiding features. Once
a pair of equivalent MRI and histological slices was obtained, MRI intensity profiles across
the primary somatosensory (S1) cortex were computed from lines drawn perpendicular to S1
at several locations (minimum of four, but typically ten profiles per cortical hemisphere per
animal) as a function of the absolute cortical thickness, measured from the beginning of the
pial surface to the border between gray and white matter. The locations of the different cortical
laminae were determined in the same cortical area from the corresponding histological sections.
For this, the colored H&E images were converted to gray-scale, and intensity profiles were
plotted. The locations of the cortical laminae in each slice were determined by recording the
cortical depth showing transitions in cell density or shape. To circumvent the effects of tissue
shrinkage on the histological slices, the relative position of the cortical layers was computed
with respect to the pial surface, as well as the grey-matter to white-matter borders of the cortex,
thus providing two independent reference points for the laminar position, and allowing the
expression of those distances in proportion to the cortical thickness.

Statistical data analysis was performed using non-parametric uni- and multi-variate analysis
of variance (ANOVA) with repeated measures, followed by post-hoc Bonferroni corrections
for multiple comparisons. Statistical significance was set at P < 0.05.

Results
Figure 1 shows typical sagittal, horizontal and coronal views from 3-D T1-weighted data sets
of a wild-type mouse (Fig. 1A) and of a rat (Fig. 1B), 24 hours following a systemic injection
of MnCl2. The manganese-enhanced structures are well visualized in all 3D orientations. Both
in mouse as well as in rat, the contrast enhancement of the brain anatomy is evident, and shows
details of the neuroarchitecture due to the presence of Mn2+ in many regions of the rodent
brain, such as the hippocampus and its sub-regions CA1, CA2, CA3, dentate gyrus (DG) and
the fimbria (fi); pituitary gland (Pit); cerebellum (CEB); interpeduncular nucleus (IP); the
habenula (Hb); and olfactory bulb (OB), in agreement with previous studies (Watanabe, Natt
et al., 2002;Aoki, Wu et al., 2004;Lee, Silva et al., 2005). In the sagittal view, the CEB shows
excellent gray-white matter contrast, together with Pit and DG. The horizontal sections show
enhancement of periventricular zones, the CA1, CA2, CA3 and fi, the arrowhead of DG, and
layers of OB. In the coronal view, the hippocampus is enhanced with clear delineation of the
CA3 and the DG regions. The sagittal and horizontal views show enhanced contrast in DG and
CA3, but lesser contrast in CA1, in agreement with previous reports (Watanabe, Radulovic et
al., 2004;Aoki, Naruse et al., 2004). The Pit is well depicted both on the coronal as well as on
the sagittal views, and Mn2+ allows clear separation of the posterior (PPit), intermediate (IPit),
and anterior (APit) lobes.

Figure 2 shows multi-slice T1-weighted MRI along three orthogonal views of the rat brain.
Images were acquired at 100 × 100 × 1000 μm3 spatial resolution. As previously reported
(Aoki, Wu et al., 2004), enhancement of the cortex 1 day after administration of MnCl2 is quite
heterogeneous. In all three views, bright stripes can be observed along the cortex, indicating
the higher accumulation of Mn2+ along a laminar pattern running throughout the entire length
of the cortex. In control animals that did not receive MnCl2, no evidence of such lamination
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could be observed (data not shown). Usually two main bright stripes could be seen running
along the cortex, as indicated by the arrows in Fig. 2. Interestingly, the thickness and contrast
of such stripes varied according to the rostro-caudal and midline-lateral coordinates of the
cortex. In the rostro-caudal direction, the stripes were brighter and thinner 3−5 mm caudal to
bregma, but thicker yet fainter 1−3 mm rostral to bregma (see panels in Fig. 2A, but also
compare two leftmost to two rightmost panels in Fig. 2C). In the midline-lateral direction, the
stripes were thinner close to midline and thicker 3−5 mm lateral from midline (Fig. 2C). In the
three rightmost panels in Fig. 2C, there was a transition from the thick stripes to the thinner
stripes at what seems to be the border between S1 and M1 (dashed lines). This was a consistent
finding across all nine rats studied. In addition to the two major bright stripes in the cortex, a
third thin stripe of elevated signal intensity could also be observed next to the corpus-callossum,
the major white matter track. Detection of this third stripe of contrast was more apparent in the
coronal views (Fig.2C, arrowheads) than in the sagittal or the horizontal views.

To establish the anatomical location of the MRI bright stripes with respect to the cortical
anatomy, a comparison with tissue histology was performed. The pyramidal cells in layer V
of primary somatosensory cortex (S1) were labeled with BDA in a subset of rats, while
Mn2+ was injected into the 3rd ventricle. MEMRI images were acquired 3−4 days later. BDA
is an anterograde tracer that has been shown to be readily transported over long distances in
the brain, allowing a detailed visualization of labeled axons and axonal terminals (Brandt and
Apkarian, 1992;Veenman, Reiner et al., 1992). Figure 3 shows the location of BDA-labeled
neurons in the orofacial cortex of S1 (Fig. 3A). The injection site is not visible in Fig. 3. The
BDA-stained neurons were identified and circled at high magnification (Fig. 3B), and their
relative position was overlaid on the corresponding 2D coronal view from a 3D MEMRI image
(Fig. 3C). The location of the BDA-labeled neurons that send out cortico-cortical intrinsic,
horizontal connections in layer V matched the high MEMRI contrast in the middle of the cortex.
An additional experiment was performed in a separate animal, in which the VPM nucleus of
thalamus was injected with BDA. Figure 4 shows the results of this experiment. In addition to
labeling cell bodies of cortico-thalamic projecting neurons in the bottom of layer V and top of
layer VI (Fig. 4B, middle, arrowheads), BDA stained thalamo-cortical terminals in layers III-
IV (Fig. 4B, middle, arrow). Comparison of the BDA histological slice (Fig. 4B, middle) with
the MEMRI image (Fig. 4B, right) shows that the thalamo-cortical terminals at the border
between layers III/IV corresponded to a dark band in the MEMRI image, while the cortico-
thalamic projecting neurons at the border between layers V/VI also corresponded to the dark
region between the bright middle and bottom stripes in the MEMRI image.

To establish a more formal relationship between the laminated MEMRI contrast and the cortical
laminae, H&E slices obtained post-mortem in 9 rats were compared to their corresponding
MEMRI after systemic administration of MnCl2, as shown in Fig. 5. Based on H&E histology,
the location of the cortical laminae over primary somatosensory cortex (S1) was determined
in each animal (Fig. 5A). Line profiles perpendicular to S1 were obtained from corresponding
coronal MEMRI (Fig. 5B), and plotted as a function of the absolute cortical depth. Fig.5C
shows the average signal intensity profile from MEMRI across the cortex as a function of
cortical depth (n=9 rats, 10 profiles per rat). The horizontal axis in Fig. 5C shows the absolute
cortical depth measured from the MEMRI. There was little inter-subject variation in cortical
thickness. The hatched bars indicate the mean histological location of the cortical laminae,
averaged across the different rats. There was a significant effect of the absolute cortical depth
on the MEMRI signal intensity in S1 (F[21, 176] = 82.01, P < 0.001). The signal intensity in
layer I was significantly lower than in all the other layers (P < 0.001). When data from layer I
is removed from the analysis, the MEMRI signal intensity in layers II-VI still varied
significantly as a function of the cortical depth (F[19, 160] = 18.924, P < 0.001). The signal
intensity profile shows the two major cortical bands of increased contrast are located in layer
II (peak cortical depth 300 μm) and in the transition between layers IV and V (peak cortical
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depth 1100 μm), P < 0.005 versus the other cortical depths. The signal intensity profile also
showed a trend towards a third peak at cortical depth 1900 μm corresponding to cortical layer
V1b. However, the intensity was not significantly different than that at depth 600 μm or at
depth 1500 μm (P > 0.2), possibly because this third peak was narrow (usually only 1 pixel
wide). This is consistent with the observation that it could only be qualitatively detected in
coronal views.

To provide additional support that Mn2+ is marking cortical laminae, systemic Mn2+ was used
for MEMRI in reeler mice (rl/rl), a spontaneous mutant mouse that shows abnormal cortical
organization and lamination (Caviness, Jr., 1976). Figure 6 shows coronal T1-weighted images
from a reeler mouse (bottom row) and from a control mouse with the same genetic background
(top row). Cortical laminae are clearly visible in the control mouse (arrows), but not in the
reeler mouse, even though Mn2+ was clearly present in the brain, as seen in the hippocampus
and pituitary of the reeler mouse. Figure 7 shows the H&E histology (Fig. 7A) and the MEMRI
laminar profile for an individual control mouse (Fig. 7B). Normal cortical lamination is evident
in the form of different cellular densities in the H&E histological section, and in the form of
alterations in contrast through the cortical depth in the MEMRI image. Figure 7C shows a plot
of the mean cortical MEMRI signal intensity profile versus the absolute cortical depth, with
hashed bars corresponding to cortical layers as detected by the H&E histological sections. As
in the MEMRI profile shown for the rat in Fig. 5C, there was a significant effect of the absolute
cortical depth on the MEMRI signal intensity in S1 (F[18, 35] = 17.324, P < 0.001). The signal
intensity in layer I was significantly lower than in all the other layers (P < 0.001). When data
from layer I is removed from the analysis, the MEMRI signal intensity in layers II-VI still
varied significantly as a function of the cortical depth (F[14, 30] = 4.054, P < 0.001), and
significant peaks were detected in layers II-III (peak cortical depth 225 μm) and IV-V (peak
cortical depths 525 − 675 μm), P < 0.01 versus the other cortical depths. Furthermore, there
was a trend to decreased average MRI signal intensity in wild-type mouse cortex during
progression from layer II to VI (Fig. 7C), similar to the trend shown for rats in Fig. 5C.

Figure 8 shows data obtained from reeler mice. In the histology (Fig. 8A), the reeler cortex
clearly lacks laminar differentiation in cellular density, as it has been well established in this
model (Caviness, Jr., 1976;Silva, Gutnick et al., 1991). Accordingly, MEMRI of the reeler
mouse showed no contrast in cortex (Fig. 8B). Figure 8C shows a plot of the mean MEMRI
signal intensity across S1 of reeler mice as a function of the absolute cortical thickness.
Interestingly, the cortical thickness in reeler mice was not different than in the control mice.
The overall signal enhancement in the cortex of reeler mice was not statistically different than
in the control mice (F[1, 92] = 0.308, P > 0. 58). However, in reeler mice the contrast below
75 μm was flat with no significant peaks or valleys (F[14, 45] = 1.216, P > 0.3, Fig. 8C). This
provides strong evidence suggesting the contrast variation in cortical areas is related to laminae-
specific differences in cortex of normal rats and mice, because these variations are not present
in the abnormally formed cortex of reeler mice. Interestingly, contrary to the plots shown in
Figs. 5C and 7C, in reeler mice there was no trend to decreased signal intensity during
progression from the pial surface to deep in the cortex (Fig. 8C), and the signal enhancement
deep in the cortex of reeler remained elevated as compared to wild-type (F[1, 75] = 8.191, P
< 0.005).

The above results enabled assignment of the contrast detected with systemic injections of
MnCl2, and indicate that MEMRI can be used to identify cortical laminae. To test whether
neuronal tract tracing with MEMRI also shows specificity with respect to cortical laminae,
stereotaxic MnCl2 injections were performed into thalamus. It has been established that the
majority of projections from thalamus to somatosensory cortex are into layer IV (Wise and
Jones, 1978;Herkenham, 1980). Local application of MnCl2 has been used by a number of
groups to trace neuronal networks in a variety of systems (Pautler, Silva et al., 1998;Pautler
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and Koretsky, 2002;Saleem, Pauls et al., 2002;Van der, Verhoye et al., 2002;Pautler, Mongeau
et al., 2003;Murayama, Weber et al., 2006). Thus, it was hypothesized that Mn2+ injected into
the ventro-posterior-lateral (VPL) nucleus of thalamus would enhance primarily cortical layer
IV. Figure 9A shows consecutive coronal T1-weighted images of a rat that was injected with
200 nL of 60 mM MnCl2 into the left VPL. Enhancement of the thalamo-cortical pathway is
clearly visible, in the form of hyper-enhancement of the injection site (thick arrow in left-most
panel in Fig. 9A). This enhanced signal slowly dilutes into the corpus callossum and enhances
the mid-laminae in somatosensory cortex. Fig. 9B shows the corresponding T1 maps obtained
from the same rat. Contrary to the T1-weighted images in Fig. 9A, areas rich in Mn2+ appear
dark in the T1 maps due to the shortening of the relaxation time. Cortical enhancement due to
the tracing of thalamo-cortical connections by Mn2+ could be better observed in the T1 map
images (Fig. 9B, arrows), where a thin band of shortened T1 could be detected at a depth of
600 − 700 μm bellow the pial surface, at the expected anatomical location for lamina IV. In a
few animals, tracing to the amygdala were visible as well (data not shown).

Discussion
There is increasing interest in using MEMRI to analyze anatomy, function, and connectivity
in vivo in the brain of a variety of animal models (Lin and Koretsky, 1997;Pautler, Silva et al.,
1998;Duong, Silva et al., 2000;Saleem, Pauls et al., 2002;Van der, Verhoye et al., 2002;Aoki,
Wu et al., 2004;Lee, Silva et al., 2005;Yu, Wadghiri et al., 2005;Chuang and Koretsky,
2006;Yu, Sanes et al., 2007;Weng, Chen et al., 2007). These experiments rely on the interesting
biological properties of manganese to enter excitable cells in an activity dependent manner, to
be transported in an anterograde direction along appropriate neural pathways in the brain, and
to eventually equilibrate in brain regions in a way that leads to unique anatomical contrast with
MRI. The ability to use MEMRI to measure regional activity in the brain, regional connectivity
in the brain and a large amount of anatomical information has helped to expand the scope of
MRI and established manganese as very useful molecular imaging agent. The major advantages
of MEMRI over other MRI techniques aimed at enhancing the brain cytoarchitecture are the
improved positive contrast associated with regions of high cellular density and/or high
functional activity. However, it is not yet clear to what level of organization in the brain that
data from MEMRI will be specific. There is evidence that the activity-dependent properties of
MEMRI is specific for major brain areas (Lin and Koretsky, 1997;Duong, Silva et al.,
2000;Aoki, Tanaka et al., 2002) and there is preliminary evidence that MEMRI can detect
specific columns in rodent sub-cortical and cortical areas (Yu, Wadghiri et al., 2005;Yu, Sanes
et al., 2007), as well as specific glomeruli in the olfactory bulb (Chuang, Lee et al., 2006) and
layers in the retina (Berkowitz, Roberts et al., 2006).

Recently, it has been demonstrated that systemic MEMRI has specificity for layers in different
brain regions. Indeed, layers have been detected with MEMRI in olfactory bulb, hippocampus,
cerebellum, retina, and cortex (Watanabe, Natt et al., 2002;Aoki, Wu et al., 2004;Lee, Silva et
al., 2005;Berkowitz, Roberts et al., 2006). In most of these regions, it was straightforward to
assign contrast to specific layers, by comparing MEMRI contrast to an atlas. Invariably, such
comparison has shown that MEMRI contrast follows standard histochemical and anatomical
boundaries. However, this was not the case for laminar contrast detected in the rodent cortex.
In the present work, contrast variation in the cortex was directly compared to cortical laminae
as assigned from the histological markers (Nissl and BDA) used. Our data indicate that the
location of the two cortical bands with highest MEMRI signal intensity coincided with mid-
layer II and the transition zone from mid-layer IV to mid-layer V. While not statistically
significant, there was trend to a third increase in intensity in layer VIb. Thus, at least in
somatosensory cortex, there is no direct correspondence between contrast detected from
MEMRI and a histochemical definition of cortical layers, indicating the nature of the MEMRI
contrast is not fully dictated by cellular density alone. One shortcoming of the comparison was
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that it was assumed that any anatomical distortion that occurred due to fixation of the brain
occurred uniformly throughout the cortex.

It is not clear why the contrast in MRI after systemic application of manganese leads to such
interesting anatomical information. In the case of changes in contrast along the cortex this
could be due to differences in cell density, differences in activity, or differences in connectivity.
All of these factors could affect manganese distribution and all of these vary with cortical depth.
Manganese can be transported like – and has affinity for – calcium, iron, and zinc sites
(Aschner, 2006;Aschner and Dorman, 2006), which means the manganese distribution may be
reporting on the affinity of these ions for different brain regions. Finally, specific manganese
transport processes are beginning to be identified which may dictate the distribution found in
systemic MEMRI experiments.

Proof that the distribution of contrast in MEMRI across the cortex is dependent on normal
cortical architecture comes from the results on reeler mutant mice. Reeler has been well studied
and is known to have a disorganized cortical structure (Caviness, Jr., 1976). Indeed there is
evidence of inversion of some cell types in the reeler cortex (Caviness, Jr., 1976). Interestingly,
the signal enhancement deep in the cortex of reeler remained elevated (Fig. 8C) as compared
to wild-type (Fig. 7C), which is consistent with an inversion of the cortical laminae. However,
the major feature of the reeler cortex is the lack of well-defined lamination, as can be clearly
seen in the histology in Figure 8A. This genetic disorganization of cortical laminar structure
was reflected in the MEMRI. In contrast with the intensity profiles shown in rat cortex in Fig.
5C and in wild-type control mice in Fig. 7C, the MEMRI profile in reeler mutants showed no
significant peaks in signal intensity (Fig. 8C). The ability of systemic MEMRI to rapidly assess
cortical architecture should be useful in analyzing other mouse mutants. Recently, MEMRI
applied to the bassoon mouse mutant also detected an increase in contrast deep in cortex, which
was related to cortical structural changes in this mouse mutant (Angenstein, Niessen et al.,
2006), however, no attempt to assign the contrast to specific layers was made in this mutant.

One drawback of the use of MEMRI to reveal the fine details of the brain cytoarchitecture is
that the transport of Mn2+ across the blood-brain barrier is significantly limited compared to
transport across the choroid plexus (Murphy, Wadhwani et al., 1991), forcing the use of
significantly high doses in order to cause appreciable amounts of Mn2+ to accumulate in the
cortex. This raises the concern of toxicity effects (Silva, Lee et al., 2004;Bock and Silva,
2007) that may detract from the usefulness of the technique. Previously, we demonstrated that
cortical lamination of the rodent cortex with MEMRI could only be detected at doses of 88
mg/kg, and improved with the doses of 175 mg/kg used in the present work (Lee, Silva et al.,
2005), the maximum single dose tested by us thus far (Aoki, Wu et al., 2004;Lee, Silva et al.,
2005). We are currently working on alternative ways to deliver Mn2+ systemically to improve
contrast in the brain, while minimizing the toxic effects of acute exposure.

The ability of systemic MEMRI to distinguish layers in cortex as well as in olfactory bulb,
hippocampus, and cerebellum indicates that MEMRI is likely to be specific to layers as well
when used to probe brain activity or to trace neuronal tracts. Preliminary evidence indicates
that during the time when manganese is entering olfactory bulb, there is a layer-specific
increase in contrast that evolves over time (Lee, Silva et al., 2005). In the present work, tracing
from the thalamus to the cortex occurred in a layer-specific and appropriate manner. The
majority of connections from thalamus to somatosensory cortex enter in layer IV (Wise and
Jones, 1978;Herkenham, 1980). A thin band of contrast in layer IV could be detected at
approximately 12−16 hours after stereotaxic injection of manganese into thalamus (Fig. 9).
This result, combined with the earlier work in olfactory bulb, indicates tracing of neural
connections can be done with laminar specificity as long as care is taken to image at appropriate
times during the tracing experiments. We are currently working on optimizing the imaging
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timing following MnCl2 injections to detect the progressive enhancement of the laminar
architecture.

One of the most interesting aspects of using MEMRI to detect cytoarchitecture will be in
delineating anatomical boundaries in individual animals to enable studying changes, in vivo
and longitudinally, that might occur due to development, learning, and plasticity. Furthermore,
it will be important to compare anatomical to functional boundaries in these various models.
An important way to distinguish anatomical boundaries using histology is to look for transitions
in cortical layer thickness (for a review, see (Jones, 1990)). It is clear from looking at MEMRI
images from the rat brain (Fig. 2), that there are transitions in cortical contrast. There is an
easily discernible transition between somatosensory cortex and motor cortex, where it is known
that there is a shift up in the position of layer V to a more superficial location in the motor
cortex due to an increased thickness of layer V (Donoghue and Wise, 1982;Broadmann and
Garey, 2005). Precise comparison of the changes in MEMRI contrast in different cortical
regions with histology should enable determining which regions can be characterized using
MEMRI based laminar cytoarchitecture. As well, systemic MEMRI may be useful in detecting
the changes in cytoarchitecture elicited by specific insults to the brain, such as the selective
neuronal damage in the fragile CA1 and CA4 regions of hippocampus following resuscitation
from cardiac arrest (White, Grossman et al., 1996). We are currently working on developing
a rat model of cardiac arrest, in which we will use MEMRI to follow both the morphological
and functional changes in hippocampus and cortex in the intact brain in vivo (Aoki, Mori et
al., 2004).

In conclusion, variations in contrast through the depth of the rodent cortex after systemic
administration of manganese can be assigned to specific cortical layers. Two major peaks in
signal intensity occur in somatosensory cortex, which correspond to mid-layer II and the
transition between layers IV and V. These variations in contrast are eliminated in the reeler
mutant mouse, which is known to have abnormal cortical organization. Finally, specific
contrast representing the input from thalamus into layer IV of somatosensory cortex can be
detected after stereotaxic injection into thalamus. These results indicate that MEMRI will be
specific for cortical laminar cytoarchitecture, making it useful for getting histological
information non-invasively in individual animals.
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Figure 1.
High-resolution (100 × 100 × 100 μm3), T1-weighted 3-D MRI of the rodent brain 24 hours
following systemic application of MnCl2. (A) Sagittal (left), horizontal (middle) and coronal
(right) views of a mouse brain, showing excellent cyto-architectonic contrast due to the
presence of Mn2+ in regions such as the hippocampus (fi, CA3 and DG), habenula (Hb)
pituitary gland (Pit) and its major lobes (APit, IPit, PPit), interpeduncular nucleus (IP),
cerebellum (CEB) and olfactory bulb (OB). Bars = 2 mm. (B) Corresponding views of a rat
brain. Bars = 4 mm.
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Figure 2.
High-resolution (100 × 100 × 1000 μm3), T1-weighted multi-slice MRI of the rat brain,
obtained 24 hours following systemic application of MnCl2. (A) Sagittal (B) horizontal and
(C) coronal slices show bright stripes oriented along the cortex (arrows), suggesting Mn2+

differentiates cortical cells in a layer-specific manner. In the coronal view, there is a noticeable
transition from the thick stripes to the thinner stripes at what seems to be the border between
S1 and M1 (dashed lines), as well as a third thin cortical stripe of elevated signal intensity next
to the corpus-callossum (arrowheads). Bars = 4 mm.
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Figure 3.
(A) BDA-labeled cortico-thalamic projecting neurons in the orofacial cortex of S1. Bar = 2
mm. (B) The BDA-stained neurons in the rectangular area in (A) were identified and circled
at high magnification. Bar = 500 μm. (C) The relative position of the BDA-labeled neurons
was overlaid on the corresponding 2D coronal view obtained from a 3D MEMRI image. Bar
= 2 mm. (D) Magnification of the rectangular area in (C) showing the correspondence between
the location of the BDA-labeled neurons and the higher contrast in MEMRI. Bar = 500 μm.
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Figure 4.
(A) Nissl- and BDA-labeled photomicrographs showing thalamo-cortical terminals and
cortico-thalamic projecting neurons in the orofacial cortex of S1. The VPM nucleus of thalamus
was injected with BDA. The corresponding MEMRI image is shown on the right. Bars = 2
mm. (B) Insets of the boxed area in (A) shown at higher magnification. The cortical lamination
is delineated from the Nissl section (left) and overlaid on the BDA section (middle) as well as
on the MEMRI image (right). Comparison of the BDA histological slice (middle) with the
MEMRI image (right) shows that the thalamo-cortical terminals (arrow) corresponded to a
dark band in the MEMRI image, while the cortico-thalamic projecting neurons (arrowheads)
corresponded to the dark region between the bright middle and bottom stripes in the MEMRI
image. Bars = 500 μm.
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Figure 5.
(A) Hematocylin and Eosin histological stain of a coronal slice of a rat brain (inset, inset bar
= 1 mm), showing the location of laminae over primary somatosensory cortex. Bar = 500 μm.
(B) Corresponding MEMRI of the same animal, showing significant tissue enhancement in the
pituitary gland, hippocampus, and cortical laminae. Bar = 500 μm. (C) MEMRI average signal
intensity profile across the cortex as a function of the absolute cortical depth for n=9 rats. The
hatched bars indicate the histological location of the cortical laminae (Mean Location ± 1 SD).
Two major significant Mn2+-enhanced stripes are located in layer II and in the transition
between layers IV and V. (* = P < 0.001, error bars = ± 1 SEM).
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Figure 6.
Spin-echo T1-weighted coronal MR images of a control mouse brain (A), and of a reeler mouse
brain (B), showing the presence of laminar enhancement in the wild-type brain (arrows), but
the absence of cortical laminae in the reeler mouse. Notice the strong uptake of Mn2+ in the
pituitary gland in both mice. Bars = 2 mm.
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Figure 7.
(A) Hematocylin and Eosin histological stain of a coronal slice of a control mouse brain (inset,
inset bar = 1 mm), showing the location of laminae over primary somatosensory cortex. Bar =
500 μm. (B) Corresponding MEMRI of the same animal, showing significant tissue
enhancement in the hippocampus and cortical laminae. Bar = 500 μm. (C) MEMRI average
signal intensity profile across the cortex as a function of cortical depth for n=10 mice. The
hatched bars indicate the histological location of the cortical laminae (Mean Location ± 1 SD).
Two major significant Mn2+-enhanced stripes are located in layer II and in the transition
between layers IV and V. (* = P < 0.001, error bars = ± 1 SEM).
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Figure 8.
(A) Hematocylin and Eosin histological stain of a coronal slice of a reeler mouse brain (inset,
inset bar = 1 mm), showing absence of cortical laminae. Bar = 500 μm. (B) Corresponding
MEMRI of the same animal, showing significant tissue enhancement in hippocampus, but not
in cortex. Bar = 500 μm. (C) MEMRI average signal intensity profile across the cortex as a
function of cortical depth for n=10 mice. No differences in signal intensity were observed
across the cortex.
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Figure 9.
(A) Four consecutive MRI coronal slices of a rat brain (spatial resolution 100 × 100 × 1000
μm3), showing enhancement of the thalamo-cortical pathway in primary somatosensory cortex,
following injection of MnCl2 into the ventro-postero-lateral (VPL) nucleus of thalamus. Hyper-
enhancement of the injection site (bregma – 3 mm, thick arrow) slowly dilutes into the corpus
callossum and enhances the mid laminae in somatosensory cortex. The longitudinal coordinate
with respect to bregma is shown in each slice. Bar = 2 mm. (B) Corresponding T1-maps (spatial
resolution 200 × 200 × 1000 μm3) show a substantial reduction in the apparent water
longitudinal relaxation time due to the presence of Mn2+, and a distinct dark cortical stripe
(arrows) located 600−700 μm bellow the pial surface, at the expected anatomical location for
lamina IV.
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