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Abstract
To investigate the circuitry involved in detecting odorants in the rodent brain, we developed a method
using manganese-enhanced MRI (MEMRI) to map the flow of neural information from the olfactory
sensory neurons (OSNs) to the central layers of the olfactory bulb. Studies have shown that Mn2+

enters active neurons and is transported anterogradely to axon terminals where it can cross synapses
to functionally trace neural networks. Thus, by delivering MnCl2 directly into the nasal cavity of
mice and then exposing them to defined odorants, Mn2+ is preferentially taken up by activated OSNs.
Using the time course of the MRI signal, we generated maps of Mn2+ accumulation in the olfactory
bulb for both glomerular and mitral cell layers. Results demonstrated that overlapping yet distinct
enhancement patterns were produced by exposure to either octanal, acetophenone, or carvone.
Notably, areas of Mn2+ accumulation in the mitral cell layer were similar to those in the glomerular
layer consistent with neural information that passes from specific OSNs to specific mitral cells.
Finally, by correlating specific Mn2+ signal peaks to genetically labeled glomeruli that are known to
be activated by the odorant octanal, we show that MEMRI maps can be resolved at the level of
individual glomeruli.

Introduction
Olfaction plays important roles in reproduction and learning in many mammalian species and
understanding how odorants are processed and encoded in the central nervous system is critical
to determine the neural basis of these behaviors. The olfactory system of mammals represents
a challenge for brain imaging because it is sensitive to many odorant molecules. A given
odorant is selectively recognized by a subset of about 1000 different odor receptors (ORs) in
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the nasal epithelium (Buck and Axel, 1991) and is thus encoded by a combination of activities
initiated through those ORs (Malnic et al., 1999). Since olfactory sensory neurons (OSNs)
expressing the same ORs form synapses with mitral/tufted (M/T) cells and interneurons in
olfactory glomeruli in the glomerular layer of the main olfactory bulb (MOB) in a stereotypic
fashion (Mombaerts et al., 1996; Ressler et al., 1994), activation of OSNs elicited by odorants
is transformed to a spatial pattern, i.e., an odor map, in the glomerular layer (Buck, 1996).
Information is refined by M/T cells involving lateral and feedback inhibitions and then
transmitted to the primary olfactory cortex where it is relayed to deeper brain structures such
as amygdala (Shipley et al., 1995).

To fully understand coding of odorants in these higher-order brain regions, methods for
revealing odorant representation in MOB and olfactory cortex must be improved (for reviews,
see Kauer and White, 2001; Korsching, 2002). Several imaging methods have been pursued
to map odorant activation in the glomerular layer, such as, 2-deoxyglucose (2-DG)
autoradiography (Sharp et al., 1975), c-Fos mRNA expression (Guthrie et al., 1993), optical
imaging of intrinsic signals (Rubin and Katz, 1999), calcium indicator dye (Friedrich and
Korsching, 1997), voltage-sensitive dye (Friedrich and Korsching, 1998), and functional MRI
(Xu et al., 2003; Yang et al., 1998). However, due to the limited spatial resolution and/or field-
of-view, these methods either cannot resolve responses of individual glomeruli or cannot detect
activity throughout the olfactory system such as in deeper layers beyond the glomerular layer.

Manganese-enhanced MRI (MEMRI) is a new method to map neuronal function and
connections (for review, see Koretsky and Silva, 2004). Manganese ion (Mn2+)enters neurons
through voltage-gated calcium channels (Drapeau and Nachshen, 1984; Narita et al., 1990)
and can be transported anterogradely along axons and can cross synapses (Pautler et al.,
2003; Pautler et al., 1998; Sloot and Gramsbergen, 1994; Tjalve et al., 1995). Mn2+ transport
across a synapse relies on presynaptic release and postsynaptic uptake, therefore, the amount
of Mn2+ transported may change depending on the strength of connections if there is plasticity
in a neural system (Van der Linden et al., 2004; van der Zijden et al., 2006). If so, it should be
possible to produce quantitative indices of Mn2+ movement through a neural system after an
activity-based representation is initiated, and hence map the strongest functional connections
through that system. This would supply unique information about neural circuits. A first step
in this direction was taken when it was demonstrated that Mn2+ can be transported from the
nose of a rodent to the olfactory bulb and the tracing to the olfactory bulb could be modulated
by odorants (Pautler and Koretsky, 2002).

Here, we have developed a method using MEMRI which capitalizes on the activity dependent
uptake and trans-synaptic transport of Mn2+ to generate maps of functional circuitry. These
maps are shown to be specific for different odorants and can be generated simultaneously from
the glomerular and mitral cell layers of the mouse MOB. Through comparison with optical
images of green fluorescent protein (GFP)-labeled glomeruli we show that this Mn2+ mapping
technique can detect individual glomeruli. These results demonstrate the potential of using the
unique properties of MEMRI to produce maps at layer and column specific resolution.

Materials and methods
Transgenic mouse line

To test the sensitivity to individual glomeruli, a genetically altered mouse strain, rI7→M71,
was used because the rI7 odorant receptor is known to respond to the odorant octanal. The
mouse was created by replacing the mouse M71 odorant receptor coding sequence with the rat
I7 odorant receptor coding sequence and engineered to co-express both GFP and β-
galactosidase as markers using tandem IRES sequences (for details see Bozza et al., 2002). All
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mice were of mixed (129 x C57BL/6) background. The mice were bred in-house with males
removed from breeder cages prior to parturition.

Animal preparation
All animal experiments followed the NIH guidelines and were approved by the Animal Care
and Use Committee of the National Institute of Neurological Disorders and Stroke, National
Institutes of Heath (Bethesda, MD, USA). Adult male C57BL/6 mice and rI7→M71 transgenic
mice (body weights 20 – 32 g) were used. The C57BL/6 mice were divided into four groups:
control (N = 7), octanal stimulation (N = 8), carvone stimulation (N = 5) and acetophenone
stimulation (N = 6). The rI7→M71 transgenic mice (N = 6) were only stimulated by octanal.

The animal was anesthetized by 5% isoflurane (in 1:1:1 mixture of air: nitrogen: oxygen),
removed from the induction chamber, and fixed in an upright position. Before it woke up, 7-
μL aqueous solution of 10 mM MnCl2 (Sigma-Aldrich Co, MO, USA) was rapidly injected
into each nostril using a 20-μL micropipette. After the mouse awoke (usually about 20 sec after
Mn2+ injection), it was put into an empty clean cage. For the odor stimulation groups, 7-μL of
1:10 diluted octanal, carvone, or acetophenone were dropped at each of the four corners in the
cage. For the control group, nothing was given in the clean cage. After exposure to the odor
or air for 20 min, the mouse was removed from the cage and anesthetized by isoflurane for
MRI.

For better visualization and segmentation of the glomerular and mitral cell layers of the MOB,
120-mM isotonic MnCl2 solution was infused into the tail veins by a syringe pump (Cole-
Parmer Instrument, IL, USA) in 2 mice with a dosage of 88 mg/kg and an infusion rate of 250
μL/h (Aoki et al., 2004; Lee et al., 2005). After that, mice were returned to their cages with
free access to food and water. High-resolution MRI was performed 24 h after MnCl2 infusion.

MRI data acquisition
Images were acquired on an 11.7 T/31 cm horizontal magnet (Magnex Scientific Ltd.,
Abingdon, UK) equipped with a 9-cm gradient set (Resonance Research Inc, Billerica, MA,
USA) that can provide 60-G/cm strength and 80-μs rise time, and interfaced to a Bruker Avance
console (Bruker BioSpin, Billerica, MA, USA). A homemade 9-cm birdcage volume coil was
used for RF transmission and a 1-cm surface coil, which was placed right above the MOB, was
used for signal reception. The mouse was placed in a custom designed plastic stereotaxic holder
with a tooth bar and ear bars to immobilize the head. The anesthesia (1 – 1.5% isoflurane mixed
with air) was delivered through a nose-cone and the body temperature was maintained by a
temperature-controlled water bath. Time series, T1-weighted MRI covering the MOB were
acquired by 3D rapid acquisition with relaxation enhancement (RARE) sequence. With a
repetition time/echo time = 300/10 ms, matrix size = 128 × 128 × 64, and RARE factor of 2,
3D volumes of 100-μm isotropic spatial resolution were obtained every 20 min 30 s. The 3D
imaging usually began 40 to 60 min after MnCl2 injection and lasted for 1.5 to 2.5 h,
corresponding to 4 to 8 volumetric images in each mouse. The mice received systemic
MnCl2 infusion were imaged by T1-weighted 3D RARE (TR/TE = 450/11 ms) with 60-μm
isotropic resolution.

Fluorescent imaging
Fluorescent images were collected using a Zeiss LSM-510-Meta confocal attached to an
Axioscope 2 microscope (Carl Zeiss Inc., NY, USA). Olfactory epithelium and bulb sections
were imaged with an Achroplan 20X/0.45 objective. Fluorophores used were: GFP, excitation
488, emission 507; Alexa-488, excitation 495, emission 519; Cy3, excitation 552, emission
570. Brightfield whole mount images were collected using a Leica MZFL3 microscope (Leica
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Microsystems Inc., IL, USA) equipped with a Spot-RT cooled CCD camera (Diagnostic
Instruments Inc., MI, USA).

Odor map
MRI data were processed and analyzed by custom written software running in Matlab
(MathWorks Inc, MA, USA) and public domain tools. To reduce possible residual sub-voxel
movement, the time series 3D images of each mouse were realigned to the last image by a 6-
parameter rigid-body transformation using SPM2 to minimize the sum of squared difference
between two images (Friston et al., 1995). To reduce possible variation caused by system
instability, for each time frame, the signal of each voxel was normalized by the signal in a
reference area. Since the deep regions of the MOB should not have much manganese
enhancement, the signal there was chosen as an internal reference. The intensity normalization
also eliminated the difference in signal gain among mice.

Because neurons activated by an odorant would take up MnCl2 faster than other neurons, the
projections of these active olfactory neurons into the glomerular layer of the bulb should have
a higher signal increase within a certain period of time. Therefore, the integral of the signal
time course of each voxel can be used to represent the level of Mn2+ in a specific region:

where Si is the signal intensity of the ith scan and N is the total number of scans. Then an
odorant functional circuitry map of individual animal can be obtained by thresholding the area
map by a certain positive value.

Group averaging
To generate an averaged odor map from animals in the same group and to compare odor maps
from different groups, images of the MOB from different animals have to be normalized to the
same spatial dimension. We used 9-parameter 3D affine transform, including 3 translations, 3
rotations, and 3 scalings, to co-register the averaged MOB image of each mouse to the image
of a chosen mouse. The co-registration was performed by automated image registration (AIR,
version 5.2.5) to minimize the standard deviation of ratios between two 3D volumes (Woods
et al., 1998). Then, the spatial transformation was applied to the enhancement map using sinc
interpolation. To reduce the residual spatial variations after the registration, the data was
smoothed by a 3D Gaussian filter with a full-width-at-half-maximum of 100 μm. The group
odor map was calculated by averaging the individual maps in each group together. Further
more, a statistical map of an odorant was computed voxel-by-voxel using Student t-test with
respect to the control maps.

Flattened odor map
To better visualize the enhancement patterns in the glomerular or mitral cell layers, 2D odor
maps were created by segmenting and flattening these layers from the averaged 3D odor maps.
These layers were identified and manually segmented from the high-resolution layer-enhanced
MOB images. The method for flattening each layer is similar to Liu et al. (Liu et al., 2004).
Briefly, in each coronal section, the central axis was defined. Starting from the dorsal center
toward the ventral center, each layer was partitioned into sectors at every 120-μm arc length
along the outer boundary. The averaged intensity in a sector was calculated and arranged on a
linear grid. By repeating the same processing slice-by-slice, from anterior-to-posterior, a
dorsal-centered 2D odor map can be created. It should be noted that after flattening, the
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resolution was anisotropic with 100-μm in anterior-posterior and 120-μm in dorsal-ventral
directions.

Comparison of odor maps
To compare the enhancement patterns of different odors, the flattened odor maps were
thresholded at p < 0.005 (one-tail, uncorrected for multiple comparison). The boundaries of
the enhancement were drawn. The distinct enhancement regions between odors were also
identified by t-test between the odor maps. Additionally, the flattened glomerular and mitral
cell layers were divided into various clusters in a serpentine way from anterior-to-posterior.
The averaged signal integral and t-score in each cluster were calculated. To compare the
similarity of enhancement patterns between the glomerular and mitral cell layers, the
correlation coefficient of the averaged signal enhancement and t-scores between the
corresponding clusters in the two layers were calculated. Since the shape and location of
clusters in the two layers were slightly different, in a few regions, two clusters were merged
to match the closest cluster in the other layer.

Results
Detecting Odorant Responses in the MOB by MEMRI

Figure 1A shows time-series images of a coronal section of a mouse MOB acquired after
MnCl2 injection and exposure to 10% octanal for 20 min. The signal intensity in certain regions
of the glomerular layer increased continuously from 1 to 2 h and then remained elevated. After
enhancement was seen in the glomerular layer, the mitral cell layer also became enhanced.
Comparing the signal time courses in the glomerular layer and the central region of the MOB
shows that the signal intensity in the glomerular layer increased during the first 2 h after the
injection (Figure 1B) while the signal in the center of MOB stayed at a constant level, showing
no Mn2+ enhancement in this interval in deep layers of the MOB. Hence its signal can be used
as an internal reference for signal intensity normalization. When maps were generated looking
for pixels that had significant negative going signal, very few pixels (data not shown) above
statistical significance were detected indicating excellent stability of the MRI images and that
the reference normalization was working.

Figure 1C shows the functional circuitry maps calculated from four mice that were exposed to
acetophenone, carvone, octanal, and control, respectively. While few enhancement was seen
in the control, all three odorants induced high enhancements at the interface between the
olfactory nerve layer and olfactory turbinates (arrow in Figure 1C). This is where axons from
OSNs enter the MOB. The different odorants elicited a variation in the pattern of glomerular
layer enhancement. For example, as shown in Figure 1C, acetophenone enhanced more dorsal
medial and lateral areas; carvone enhanced more lateral and ventral medial areas; and octanal
enhanced more lateral areas.

Comparison of Odorant Responses in the Glomerular Layer
Figure 2 demonstrates the steps that were taken to register to a common template, segment the
glomerular and mitral layers based on anatomical MEMRI, flatten each layer, and generate
group average functional circuitry maps. The affine transform effectively reduced the
differences in positions and sizes of the MOBs among mice. The glomerular and mitral cell
layers enhanced at 24 hours after intravenous administration of MnCl2 was readily detected
(Figure 2B) to enable segmentation either manually or semi-automatically.

Figure 3A shows the dorsal-centered (indicated by dashed lines), group-averaged enhancement
maps in the glomerular layer under acetophenone, carvone, octanal, and clean air (control),
respectively. The generally low signal increase in the control group indicates that without
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odorant stimulation, Mn2+ uptake and transport to the bulb was at a much lower level. The
small signal change detected on the lateral side of the control bulbs was likely due to the fact
that this is where most of the axons from the OSNs enter into the bulb causing a detectible
elevation in Mn2+. By comparison with the control group, the three odorants produced signal
changes in different regions, mainly in the anterior, dorsal, lateral, and medial parts of the
glomerular layer.

To eliminate possible bias in the averaged odor map, the t-score between odorant stimulation
and the control was calculated (Figure 3B). These maps clearly showed patterns specific to
each odorant: acetophenone enhanced more dorsal and medial regions; carvone enhanced more
ventral and anteriolateral regions; and octanal enhanced more lateral, medial posterior and
some dorsal posterior regions. Furthermore, the symmetrical enhancement patterns in the
medial and lateral sides are consistent with the bilateral arrangement of similar glomeruli based
upon the molecular map (Lodovichi et al., 2003).

The spatial extents of the significantly enhanced regions (p < 0.005; one-tail, uncorrected) by
the three odorants were compared (Figure 4A). Acetophenone enhanced a smaller area than
the other two odorants. Acetophenone and octanal had significant overlap in the dorsal regions.
Carvone and octanal shared a similar distribution of enhancement pattern in the medial area.
Carvone was the only odorant that enhanced a large portion of the ventral area. Comparing the
averaged t-score in the clusters in the glomerular layer (Figure 4B) showed that, in general,
the enhancement levels of these odorants decreased gradually from anterior toward posterior
regions. Acetophenone and octanal had similar enhancement patterns in most of the anterior
clusters but with different signal changes. In contrast, carvone had higher enhancements in
ventral and posterior regions.

The distinctly enhanced regions by each odorant were also identified by t-test between the odor
maps (Figure 4C). By thresholding the between-odor t-maps at p < 0.05 (one-tail, uncorrected),
the area sizes of the significantly enhanced regions are: 12.0% (carvone > octanal), 9.6%
(octanal > carvone), 6.0% (carvone > acetophenone), 0.5% (acetophenone > carvone), 12.3%
(octanal > acetophenone), and 0.3% (acetophenone > octanal) of the area of the glomerular
layer.

MEMRI Detects Single Glomeruli
Figure 5 shows a side-by-side comparison of individual MEMRI maps overlaid onto a
projection of the anatomical images with the fluorescent images obtained from excised bulbs
after the MRI experiments in three rI7→M71 mice. Due to the expression of GFP, two or three
ectopic glomeruli can be identified on the dorsal surface of the MOB (Belluscio et al.,
2002;Bozza et al., 2002). Since rI7→M71 glomeruli are not the only glomeruli that respond
to octanal, more glomeruli were detected with MEMRI than fluorescence. Arrows indicate the
excellent correspondence between glomeruli detected with MEMRI and those that express
GFP. 79% (11 out of 14) of the GFP-expressing glomeruli in six rI7→M71 mice studied were
detected in the MEMRI maps. This indicates that MEMRI mapping of functional circuitry can
be performed at the level of single glomeruli.

Odorant Representation in the Mitral Cell Layer could be Mapped by MEMRI
Mn2+ can cross synapses and be transported into post-synaptic neurons, hence output neurons
associated with enhanced glomeruli will also accumulate a larger quantity of Mn2+ enabling
the detection of functional circuitry into the mitral cell layer. Figure 6A shows examples of
MEMRI enhancement maps collected from three of the rI7→M71 transgenic mice. A focal
enhancement was clearly observed at about 200 to 300 μm beneath the identified rI7→M71
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glomerulus (arrows in Figure 6A). The location and one-to-one correspondence suggest that
the pattern of Mn2+ enhancement represents neural information flow into the mitral cell layer.

The flattened t-score maps of the odorants in the mitral cell layer in the wild-type mice (Figure
6B) shows that although the signal change in the mitral cell layer was generally lower than that
in the glomerular layer, the two layers shared similar patterns of enhancement: acetophenone
enhanced more anterior dorsal and medial portions; carvone enhanced more laterally and
ventrally; and octanal enhanced dorsal and lateral areas. Detailed regional differences between
odorants were compared in clusters (Figure 6C).Acetophenone and octanal had similar
distributions while octanal had higher signal change in the anterior and dorsal regions. Carvone
had less enhancement in regions where octanal showed higher enhancements such as the dorsal
regions, while causing greater enhancement in the ventral and posterior area.

The similarity between the glomerular layer and mitral cell layer maps was further evaluated
by correlating the profiles in the corresponding clusters shown in Figure 4B and 6C. High
correlation coefficients between the two layers were found under the same odorant (0.56, 0.63,
and 0.53 for acetophenone, carvone, and octanal, respectively (p < 0.008)), but not between
different odorants. In addition, the enhancement between the corresponding clusters of the two
layers showed similar linear trend among all the groups (Figure 7) with a fitted slope of 0.29
(R2 = 0.60).

Discussion
Detection of Individual Glomeruli with MEMRI Functional Circuitry Maps

In this study, we demonstrated that Mn2+ can be used as a functional contrast agent for MRI
to generate detailed maps of functional circuitry from both the glomerular and mitral cell layers
of the mouse MOB non-invasively. Mn2+ enhanced loci detected after exposure to octanal were
highly co-localized with the GFP-expressing rI7→M71 glomeruli. These data clearly show
that MEMRI maps can be obtained at the resolution of specific layers and individual glomeruli
in the mouse MOB. This represents the first direct comparison, within the same brain, of an
MRI functional map with a marked anatomical structure that is known to be activated.

A single glomerulus, which is only about 50 – 100 μm in diameter in mice, is the smallest
functional unit to be detected by MRI techniques. Previously, it was shown that fMRI can
resolve activation of a single whisker barrel in rats (Yang et al., 1996), orientation columns in
cat visual cortex (Kim et al., 2000), ocular dominance columns in human visual cortex (Cheng
et al., 2001; Menon et al., 1997), and layers in rat somatosensory cortex (Silva and Koretsky,
2002). However, because of the relatively low resolution and low contrast to noise combined
with limitations on resolution associated with vascular regulation, none of these studies have
successfully resolved neural structures below ~200 μm isotropic resolution. Moreover, they
all relied on averaging the spatial extent of a neural structure either across the entire cortex or
along a specific layer.

Many imaging methods have been pursued to detect glomerular activity in rodents while only
a few of them can identify single glomeruli (Guthrie et al., 1993; Wachowiak and Cohen,
2001). Studies using fMRI reported the detection of glomerular layer activation (Xu et al.,
2000; Xu et al., 2003) but the resolution of these maps and extent of activation indicated that
information was from groups of glomeruli. Using the known responding odorant, octanal, of
rI7→M71 glomeruli and their known loci under fluorescent microscope in the transgenic mice,
we validated the detection of single glomeruli and the detection sensitivity was estimated to
be about 0.8. The specificity was not estimated because many other glomeruli were also
activated by octanal (for example, it was estimated that 40–90 different receptors can respond
to an odorant (Ma and Shepherd, 2000)) but their loci could not be identified. In some maps,
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only one of the paired rI7→M71 glomeruli was detected. This could be due to difficulties in
displaying the curved surface of the bulb as horizontal slices and simply missing the enhanced
rI7→M71 glomerulus. Alternatively, it may be that the odorant presentation did not activate
all glomeruli. The ability to image functional information form individual glomeruli from the
entire bulb raises the very challenging problem of how to analyze and compare this information
from animal to animal. It is well known that glomeruli shift from animal to animal and this
was clearly seen from the GFP labeled glomeruli in the rI7→M71 mice. Therefore, for further
analysis of group averaged maps smoothed data were used.

Implications of Glomerular Enhancement
Results of the MEMRI odor mapping indicate many aspects of olfactory processing.
Distributed but similar signal enhancement patterns were observed in the glomerular layer of
different animals after exposure to the same odorant while different kinds of odorants enhanced
different glomerular patterns, showing that groups of glomeruli responded to individual
odorants. This agrees with current understanding that individual odorants are coded by sets of
glomeruli and odorants with similar chemical structure activate similar glomeruli (Korsching,
2002; Meister and Bonhoeffer, 2001; Rubin and Katz, 1999). The relatively symmetric
enhancement between the medial and lateral sides of the glomerular layer is also in accordance
with the symmetric, stereotypic arrangement of glomerular pairs that receive projections from
OSNs expressing the same receptor gene (Lodovichi et al., 2003).

Detection of Enhancement in the Mitral Cell Layer
By receiving excitatory inputs from OSNs and inhibitory inputs from periglomerular cells, M/
T cells refine and project odorant information to the primary olfactory cortex. Therefore, the
activity in the mitral cell layer represents the output of the MOB and is likely quite different
from the glomerular activity. Measuring activity to map odor representations in the mitral cell
layer has been very challenging. For example, optical imaging-based methods are limited by
light penetration depth as well as interference from the glomerular layer which lies above the
mitral cell layer. As shown in Figure 6A, the corresponding foci in the mitral cell layer beneath
the rI7→M71 glomeruli indicates that Mn2+ moves very specifically into mitral cells in a
manner consistent with the flow of neural information into the mitral cell layer. Inspecting the
signal time courses in those foci, the signal in the mitral cells increased almost at the same time
as the glomeruli. Mn2+ moves at rates consistent with it being transported by fast axonal
transport (Pautler et al., 1998), therefore, the time for Mn2+ to move the short distance from
the glomerular layer to mitral cell layer is faster than the temporal resolution used. Faster
imaging methods will be needed to resolve the transport between layers.

There was excellent correlation between areas enhanced in the glomerular maps and areas
enhanced in the mitral maps. Many specific glomeruli sending manganese to specific portions
of the mitral cell layer could be detected. However, it will require higher temporal and spatial
mapping to make quantitative conclusions about the specific flow of Mn2+ at this level of
resolution. The data indicates that we can detect single glomeruli and the evidence of focal
enhancement in the mitral cell layer has us optimistic this can be achieved. Furthermore, it has
been shown in olfactory tract tracing experiments that Mn2+ can be transported to the granule
cell layer as well as the olfactory cortex when applied locally to the bulb (Chuang and Koretsky,
2006; Pautler et al., 1998). Hence, it should be possible to map the representation beyond the
mitral cell layer.

Flow of Manganese Could Indicate Flow of Neural Information
The process used in producing MEMRI odor maps represents an innovative way to make
functional maps of neural systems. The ability to load a tract tracer into a specific neural
representation based on activity is unique. The ability to quantify the flow of the tracer into
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anterograde regions and across synapses in a noninvasive manner is also unique. This new type
of functional connectivity map leads to several interesting questions about interpretation. We
propose that the mapping strategy shows the most probable pathway of neural information
even though the stimulus is not continuously applied throughout the mapping period. This is
accomplished using odorant induced activity to control where Mn2+ initially enters the system.
Once introduced, the assumption is that Mn2+ accumulation in the anterograde direction will
preferentially highlight downstream pathways that are most strongly connected. This
interpretation is based on the fact that Mn2+ transport requires active synapses and the
assumption that this transport will follow the flow of activity. Therefore, the maps neither
represent purely anatomical information nor moment-to-moment neural activity but rather a
combination of both. Future work will be critical to relate what aspects of neural activity/
neuroanatomy control the flow of Mn2+.

A major challenge in neuroscience is the ability to follow the path of information flow
throughout a specific neural system. For instance, electrodes can be used to measure local
action potentials and conventional tract tracers can be used to infer the paths of neural
information flow; however, it is very difficult to identify and record from neurons that are
connected even across one synapse in vivo (Sommer and Wurtz, 2004). Molecular genetic
techniques can be envisioned that will accomplish some aspects of the MEMRI neural
information flow maps by combining techniques like c-Fos-driven fluorescent imaging of
activity (Barth et al., 2004) and transneuronal tracer (Zou et al., 2001) under control of specific
promoters. However, an advantage of Mn2+ is that it requires functioning synapses to cross
and thus has added information about functional neuronal connectivity and can be used in any
animal model without requiring genetic manipulation.

Advantages of MEMRI Odor Mapping
Until now, all other imaging methods for mapping glomerular activation typically involve
fairly invasive procedures making it difficult to examine the same animal across a long period
of time. In this study, injected Mn2+ was easily absorbed by OSNs in the olfactory epithelium.
Hence, there is no need to disturb the blood-brain barrier as in previous activity-induced
MEMRI experiments (Aoki et al., 2002; Lin and Koretsky, 1997). This noninvasive protocol
will provide many possibilities to study the progression of learning and development. Although
the temporal information of neural dynamics can not be resolved due to the slow transport and
accumulation of Mn2+, the detection of on-going signal enhancement after stimulation has
ceased allows experiments to be performed in awake, normal behaving animals outside the
MRI magnet. While there are some caveats associated with repeated imaging experiments such
as the lifetime of the Mn2+ in the bulb (2 to 3 weeks; data not shown), adjustments can be made
to reduce Mn2+ concentrations and shorten this period.

By comparing odorant-exposed groups and controls with a group t-test, the confounding effects
of background odorants that are common to both groups, such as anesthetic odor, can be
reduced. Isoflurane has a very strong odor even at the low level (1%) used for this study. The
smell of the anesthetic will likely activate OSNs and change Mn2+ uptake and enhancement
patterns in the bulb. However, since the anesthetic is similar in both the control and stimulation
groups, this confounding effect was removed by performing a t-test between groups.

Potential Shortcoming of MEMRI Functional Circuitry Maps
One major concern of using free Mn2+ as a contrast agent is its possible neurotoxicity (Barbeau,
1984). Although the concentration used is low and produced no observable behavioral
abnormalities, it is still possible that Mn2+ in the nostrils may cause damage to the OSNs
thereby changing the resulting map. One way to ameliorate this problem is to use a lower
concentration of Mn2+ together with a more sensitive T1 mapping sequence to compensate for

Chuang et al. Page 9

Neuroimage. Author manuscript; available in PMC 2010 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the reduced signal contrast (Chuang and Koretsky, 2006). Another problem is the way of
delivering Mn2+ may affect the observed maps because variations in the spread of Mn2+ in the
convoluted turbinates make it difficult to ensure that the Mn2+ solution reaches each zone
equally. One solution to this issue is to vaporize Mn2+ solution and allow the animal to breathe
the contrast agent into the nose (Pautler and Koretsky, 2002).

Conclusion
Using the unique properties of Mn2+ which is taken up preferentially in active neurons and
then transported anterogradely across synapses, enables MRI to produce functional
connectivity maps that are consistent with the flow of neural information from the OSNs to
the glomerular and mitral cell layers. These maps have sensitivity at the level of single
glomeruli and should allow tracing neural representations through different brain structures in
a noninvasive manner in individual animals before and after manipulations that effect learning,
plasticity, development, or degeneration.
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Figure 1.
Detecting odor-dependent Mn2+ enhancement in mouse MOB by MRI. (A) Time series images
crossing a coronal section of the 3D MRI of a mouse MOB acquired every 20 min after injecting
MnCl2 to both nostrils and exposing to octanal. Images show gradual enhancement in the
glomerular layer 60 min after the injection. The white rectangle in the sagittal section indicates
location of the coronal slice. (B) Signal intensity in a region-of-interest from the glomerular
layer (red box in A) increases while signal in a deeper region of the MOB (green box in A)
stays at similar level. (C) MEMRI maps after stimulated by acetophenone, carvone, octanal,
and control in four mice, respectively, show distributed enhancement in the glomerular layer
with each odorant having its own distinct spatial pattern. High signal change at the interface
between the olfactory nerve layer and olfactory turbinates (arrow) indicates where Mn2+ flowed
in. Scale bars represent 1 mm.
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Figure 2.
Procedures for creating a flattened odor map in the glomerular layer: (A) co-registration, (B)
segmentation, and (C) flattening of the segmented layer (Liu et al., 2004). The glomerular layer
was manually segmented from high-resolution MRI after systemic infusion of Mn2+ to enhance
the layers in the MOB. Both the glomerular layer (Gl) and mitral cell layer (Mi) were enhanced
while other layers such as olfactory nerve layer (ON), external plexiform layer (EPl), and,
granular cell layer (GrO) were darker. Please see materials and methods for details on creation
of a dorsal centered map in the glomerular layer.
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Figure 3.
Group odor maps in the glomerular layer. (A) The dorsal-centered (black dashed lines)
glomerular maps of acetophenone (n = 6), carvone (n = 5), octanal (n = 8), and control (n = 7)
by averaging the maps in each group. (B) T-score maps of acetophenone, carvone, octanal
show significantly enhanced regions common to each odorant.
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Figure 4.
Distributed manganese enhancement in the glomerular layer. (A) Contours of the significantly
enhanced regions (p < 0.005, one-tailed t-test) by acetophenone (red), carvone (green), and
octanal (blue). (B) For better comparing regional differences between odorants, the glomerular
layer was divided into about 30 clusters that were arranged from anterior-to-posterior in a
serpentine way. The averaged t-score in each cluster was plotted against the cluster number.
(C) The between-odor t-score maps show significant differences between odorants. (AP:
acetophenone; CV: carvone; OCT: octanal.)
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Figure 5.
Detection of single glomeruli confirmed by rI7→M71 mice. (A) Horizontal sections of
MEMRI maps of rI7→M71 mice overlaid on the projection of the T1-weighted images to
mimic the view of the optical images. (B) Fluorescent images acquired in the same animals
show the GFP-labeled rI7→M71 glomeruli. Usually two rI7→M71 glomeruli were observed,
with one on each MOB. Images from three mice are shown and each row is from the same
mouse. The scale bar represents 1 mm.
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Figure 6.
Odor maps in the mitral cell layer. (A) Coronal and sagittal sections of MEMRI maps from
three rI7→M71 mice (the top two views are from one mouse, the lower left view from another,
and the lower right view from the other). Focal enhancements were identified at about 300
μm beneath the rI7→M71 glomeruli (arrows). (B) Dorsal-centered, flattened t-score maps in
the mitral cell layer comparing the odorant stimulation groups (acetophenone, carvone, and
octanal) with the control group in the wild-type mice. (C) Averaged t-scores in clusters arranged
from anterior to posterior. The scale bar represents 1 mm.
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Figure 7.
The scatter plot of average signal integrals (SI) in the corresponding clusters between the
glomerular layer and mitral cell layer.
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