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Abstract

Manganese Enhanced MRI (MEMRI) was used to detect specific laminar changes in the olfactory 

bulb (OB) to follow the progression of amyloid precursor protein (APP)-induced neuronal 

pathology and its recovery in a reversible olfactory based Alzheimer’s disease (AD) mouse model. 

Olfactory dysfunction is an early symptom of AD, which suggests that olfactory sensory neurons 

(OSNs) may be more sensitive to AD related factors than neurons in other brain areas. Previously 

a transgenic mouse model was established that causes degeneration of OSNs by overexpressing 

humanized APP (hAPP), which results in a disruption of olfactory circuitry with changes in 

glomerular structure. In the present work, OB volume and manganese enhancement of the 

glomerular layer in OB were decreased in mutant mice. Turning off APP overexpression with 

doxycycline produced a significant increase in manganese enhancement of the glomerular layer 

after only 1 week, and further recovery after 3 weeks, while treatment with Aβ antibody produced 

modest improvement with MRI measurements. Thus, MEMRI enables a direct tracking of laminar 

specific neurodegeneration through a non-invasive in vivo measurement. The use of MRI will 

enable assessment of the ability of different pharmacological reagents to block olfactory neuronal 

loss and can serve as a unique in vivo screening tool to both identify potential therapeutics and test 

their efficacy.
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Introduction

A pathological hallmark of Alzheimer’s disease (AD), one of the most common 

neurodegenerative diseases in the world, is the presence of extracellular plaques of amyloid-

β (Aβ), which are small peptides derived from amyloid precursor protein (APP). Aβ 

accumulation, together with intracellular neurofibrillary tangles (NFTs) accumulation, is 

associated with large scale neuronal loss in late stages of AD (Hardy and Selkoe, 2002). 

Olfactory dysfunction is an early symptom of AD (Bacon et al., 1998) with Aβ pathology in 

the olfactory epithelium (OE), which correlates to brain pathology of AD patients (Talamo 

et al., 1989, Arnold et al., 2010). This suggests that olfactory sensory neurons (OSNs) may 

be more sensitive to AD related factors than other brain regions. OSNs regenerate 

continuously throughout life and project their axons directly to olfactory bulb (OB) 

glomeruli, which results in a defined neuronal circuitry (Farbman, 1990, Calof et al., 1996). 

Therefore, the olfactory system can serve as a model for the study of APP induced 

neurodegeneration and its recovery.

A reversible olfactory based mouse model of amyloid induced AD recently established that 

degeneration in mature OSNs can be rapidly induced by simply overexpressing a humanized 

APP (hAPP) (Cheng et al., 2011). In a later study it was shown that APP expression in 

OSNs induced circuit disruption in the OB, particularly in the glomerular layer. This OB 

circuit disruption could be partly restored by turning off hAPP expression (Cheng et al., 

2013).

MRI has been widely used to assess AD status and its progression in humans. Hippocampal 

atrophy and ventricular enlargement have been consistently found in AD and mild cognitive 

impairment stages (MCI) (Jack et al., 2004b, Thompson et al., 2004, Ridha et al., 2008, 

Tang et al., 2014), enabling MRI to serve as a biomarker for AD (Dubois et al., 2010, Jack 

et al., 2011). Aβ plaques are a hallmark biomarker for AD that precedes the onset of 

dementia. However, MRI detection of these plaques directly is currently limited to animal 

models of AD (Wadghiri et al., 2003, Helpern et al., 2004, Jack et al., 2004a, Zhang et al., 

2004). Positron emission tomography (PET) ligands that target amyloid have been used for 

imaging of Aβ accumulation in the brain (Klunk et al., 2004, Rowe et al., 2008, 

Vandenberghe et al., 2010) which, when combined with MRI studies of degeneration, 

enable continuous detection of the disease progress.

To date most of the MRI studies have used gross anatomical changes to assess neuronal 

degeneration. It has become clear that MRI can detect cytoarchitectural features of both 

animals (Aoki et al., 2004, Silva et al., 2008) and human (Duyn et al., 2007) brains. Indeed, 

hippocampal laminar structural changes using high resolution images in AD and MCI 

human patients compared to healthy patients have recently been used to detect changes in 

AD pathology (Kerchner et al., 2010, Mueller et al., 2010, Wisse et al., 2014).

Manganese enhanced MRI (MEMRI) provides a unique contrast in the rodent brain. 

Following systemic administration of manganese, it can detect, in vivo, layers in different 

areas of the brain, including OB, cortex, hippocampus and cerebellum (Watanabe et al., 
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2002, Aoki et al., 2004, Lee et al., 2005, Silva et al., 2008). MEMRI can also highlight 

discrete anatomical features such as individual glomeruli in the OB (Chuang et al., 2010).

In this study, MEMRI was used to follow the progression of neuronal pathology and its 

recovery in a reversible olfactory based amyloid induced AD transgenic mouse model. This 

enables direct tracking of neurodegeneration and its recovery through non-invasive, in vivo 

measurements. Since OSNs regenerate continuously and project their axons directly to OB 

glomeruli, a particular focus was given to the glomerular layer. Using this model we 

demonstrated the ability of MEMRI to detect laminar specific changes in the olfactory bulb 

during APP induced neurodegeneration and its recovery. This work demonstrates that 

laminar specific measurements by MRI can add information about neurodegeneration, and 

should enable MRI to assess therapeutic strategies by evaluating olfactory structures in this 

and possibly other mouse models of APP induced degeneration.

Material and methods

Transgenic mouse line

The transgenic mouse model we used selectively overexpress humanized APP in mature 

OSNs using olfactory marker protein (OMP) under tetracycline transactivators (tTA) 

control, as previously described (Nguyen et al., 2007). The tetracycline transactivation 

system (tet-off) allows spatial and temporal control of transgene expression with the 

addition of doxycycline (Dox) turning-off promoter function. TetO-hAPP line contains the 

hAPP transgene (humanized Aβ-domain with familial AD mutations KM570, 571NL 

“Swedish” and V617F “Indiana”) (Jankowsky et al., 2005). OMP-tTA line expresses the 

tetracycline transactivator in mature OSNs (Yu et al., 2004, Nguyen et al., 2007). OMP-tTA 

line was crossed with tetO-hAPP line to generate the OMP-hAPP line that selectively 

expresses hAPP in mature OSNs driven by the OMP promoter. The hAPP overexpression 

presumably begins during embryonic development when the OMP promoter is activated. 

Genotyping was performed to recognize mutants containing both tTA and tetO transgenes, 

while littermates containing only tetO-hAPP transgene were selected as controls. At the ages 

used in the study (3-8 week old), OMP-hAPP mice did not display extracellular plaques 

(Cheng et al., 2011). All mice were of mixed (129 × C57BL/6) background and both sexes 

were used in the study.

Animals were also crossed with OMP-GFP mice to generate tetO-hAPP and OMP-hAPP 

lines with GFP labeled mature OSNs and their axons. OMP-GFP mice were used to reveal 

mature OSNs and their axons by fluorescence imaging, since mature OSNs express GFP 

driven by the OMP promoter at high levels in these mice (Potter et al., 2001).

Turning off hAPP overexpression

Doxycycline containing chow (Dox-chow; 6 g/kg, 0.5 inch pellets, Bio-Serv) was fed to 

OMP-hAPP mice from 3 or 4 weeks of age for a period of 1 or 3 weeks. Dox prevents the 

tTA protein from binding to the tetO-sequence, which turns off hAPP expression.
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Antibody treatment

hAPP antibody stock (6E10, Covance) was diluted 1:1 with glycerol and kept in −20°C. Just 

before the treatment, desired amount of antibody stock was taken out and diluted 1:1 with 

0.9% NaCl (final antibody concentration: 0.25 mg/ml). Total volume of 3 μl was 

administered directly to the right naris of each animal from 3 or 4 weeks of age, every day, 

for a period of either 1 or 3 weeks. Intranasal administration was shown to deliver the hAPP 

antibody as well as insulin like growth factor into the brain (Thorne et al., 2004, Chauhan et 

al., 2011). For vehicle treated animals, vehicle consists of 0.75 μl glycerol and 2.25 μl 0.9% 

NaCl was administrated in the same manner as antibody.

Animal procedure

All animal experiments were performed in accordance to the NIH guidelines and were 

approved by the Animal Care and Use Committee of the National Institute of Neurological 

Disorder and Stroke, National Institutes of Health (Bethesda, MD USA). Two age groups, 3 

to 4 week and 6 to 8 week old tetO-hAPP and OMP-hAPP mice (BW = 11-25 gr) were used 

in this study. TetO-hAPP mice of both age groups (n=4 and n=8, respectively) served as 

control, while OMP-hAPP mice (n=4 for each age group) served as mutant. For neuronal 

recovery experiment (turning off hAPP overexpression), OMP-hAPP mice fed with Dox 

containing chow for 1 week, (n=4, 3 to 4 week old) or for 3 weeks (n=5, 6 to 8 week old) 

were used. For antibody treatment, OMP-hAPP mice were either treated with vehicle (n=4) 

or with hAPP antibody for 1 week (n=5) or for 3 weeks (n=5).

For manganese enhanced MRI, 100 mM of isotonic MnCl2 (Sigma-Aldrich) solution was 

infused into the tail vein using a syringe pump (Cole-Parmer Instrument) at a dose of 88 

mg/kg and an infusion rate of 0.25 ml/h (total infusion time of ~20 min). During the 

infusion, mice were anesthetized with 1-2% isoflurane (1:4 air:oxygen mixture) and their 

body temperature was maintain by a heated water pad. After infusion, mice were returned to 

the cage and were monitored until fully awake. No abnormalities were observed after 

infusion in all mice. MRI scanning was performed 24h after manganese administration. 

Animals were anesthetized with 1.2-2% isoflurane using a nose cone, and their body 

temperature maintained at 37°C by a heated water bath.

MRI acquisition

Images were acquired on an 11.7T /31cm horizontal bore magnet (Agilent, Oxford, UK), 

interfaced to an Avance III console (Bruker Biospin, Billerica, MA). A custom build 9 cm 

diameter birdcage coil was used for homogeneous RF transmission and a small surface coil, 

6 mm in diameter, placed on the area of the OB, was used during acquisition. Manganese 

enhanced MRI images were acquired using a 3D T1 weighted fast low angle shot (FLASH) 

sequence, at 50 μm isotropic resolution, with TR/TE = 40/4.4 ms, 25° pulse, bandwidth = 50 

kHz, FOV = 12.8×12.8×7.4 mm3, matrix size = 256×256×148, number of averages = 2, and 

total scan time of 50 min.

Data analysis

OB volume for each mouse was measured from the MRI images using Medical Image 

Processing, Analysis, and Visualization (MIPAV) software (NIH; http://mipav.cit.nih.gov). 
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Measurements were done by manually segmenting both bulbs and calculating the volume. 

For the antibody treated mice the volume of each OB was measured separately. The average 

volume and standard deviation was calculated for each group. Statistical analysis was 

performed using unpaired student’s t-test, assuming two tailed distribution, with statistical 

significance defined as p < 0.05.

Intensity profiles across the OB layers, from lateral to medial side, were drawn in horizontal 

sections that show all layers of the OB in T1 weighted images using MIPAV. For each 

mouse, in both bulbs, intensity line profiles were drawn for 4-5 consecutive lines in 3 

consecutive slices, for a total of 12-15 lines. Those lines were later aligned by the minimum 

intensity in the center of the bulb and averaged, to serve as the intensity profile for each 

mouse. Intensity profile normalization was performed by dividing the intensity profile by its 

minimum intensity, at the center of the OB. For group analysis the intensity profiles for all 

the olfactory bulbs of the mice in the group were aligned by the minimum intensity at the 

center of the bulb and averaged. The intensity profile in antibody treated mice was measured 

separately for each OB (right and left) in the same manner as described above. Layer to 

minimum ratio was calculated by dividing the intensity at the peak of both glomerular layer 

and mitral cell layer at each side (lateral or medial) of the OB by the minimum intensity 

between the two layers. Statistical analysis was performed using unpaired student’s t-test, 

assuming two tailed distribution, with statistical significance defined as p < 0.05.

Whole-mount imaging of GFP labeled OSN axons and glomeruli in the OB

Animals were sacrificed and the brains were rapidly dissected and immersed in PBS. The 

dorsal surface of the OB was imaged in a Z-stack using confocal microscopy (LSM510, Carl 

Zeiss). The stack of images was then collapsed into a single frame.

Immunohistochemistry

Fluorescence immunohistochemistry on OB sections was performed as previously described 

(Cummings and Belluscio, 2010). Primary antibodies included the following: OMP, 1:5000 

(Wako); vesicular glutamate transporter 2 (VGlu2), 1:1000 (Millipore). Sections were 

examined using confocal microscopy (LSM510, Carl Zeiss).

Results

Representative MEMRI images of both coronal and horizontal sections of the OB are shown 

in Fig. 1a for a 4 week old control (tetO-hAPP) mouse. One day following manganese 

administration, the different layers in the OB were clearly detected, with higher 

enhancement for the glomerular and mitral cell layers, as previously reported (Aoki et al., 

2004, Lee et al., 2005, Chuang et al., 2010). Some round spots with high intensity could also 

be observed within the glomerular layer (shown by the black arrows), which likely 

correspond to individual glomeruli, as was previously reported (Chuang et al., 2010).

Mutant (OMP-hAPP) mice that selectively overexpress hAPP in mature OSNs resulted in 

the degeneration of the OSNs, already by 3 weeks of age (Cheng et al., 2011, Cheng et al., 

2013). Fig. 1b shows the representative MEMRI images of OB for 4 week old mutant 

mouse. Compared to control mice, the mutant mice showed a different shape and size of the 
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OB and a decrease in manganese enhancement of the glomerular layer that can be readily 

detected, as seen in the images (Fig.1a,b). Measurements of OB volumes showed a 

significant decrease of ~50% in volume for the mutant mice olfactory bulbs compare to 

control (Table 1). This is consistent with the alteration of the OB structure previously 

reported (Cheng et al., 2013) for the mutant mice using histological methods.

Intensity line profiles for the individual mice (control and mutant) were drawn across the 

OB layers, from the lateral to medial side, as shown by the arrows in Fig. 1c. For the control 

mouse, the normalized intensity profile showed higher manganese enhancement in locations 

that correspond to the glomerular and mitral cell layers. However, a much smaller 

manganese enhancement for the glomerular layer was observed for the mutant mouse, while 

the mitral cell layer was still evident. In addition, the region assigned to the olfactory nerve 

layer in the control mouse was much smaller in the mutant mouse. The group intensity 

profile for all mice in the 3 to 4 week old control and mutant groups are shown in Fig. 1d. 

The group intensity profiles show the average (± sd) of both the left and right OB across all 

mice in the group (e.g. total of 8 OB in group of 4 mice). Intensity profiles for both the right 

and left bulbs were not significantly different to the individual sides profiles for both control 

and mutant mice (Fig. 1c,d), and therefore were graphed together for all further analysis. For 

both groups, the MRI intensity ratio of the peak of each layer to the minimum intensity of 

the lateral and medial side was analyzed for the glomerular layer and the mitral cell layer. 

Both glomerular and mitral cell layers showed a significant decrease in manganese 

enhancement for the mutant mice compared to the control, with a larger decrease for the 

glomerular layer (Table 1). Measurements of the distance between the mitral cell layer on 

the lateral side of the OB to that on the medial side showed a significant increase for mutant 

mice (0.70 ± 0.06 mm) compared to control mice (0.42 ± 0.03 mm) (Table 1). This can be 

due to a small increase in the volume of the olfactory ventricle, together with the change in 

OB shape, for the mutant mice, as can also be seen in the MEMRI images by the dark area 

in the middle of the bulbs (Fig. 1a,b).

To test whether MEMRI can detect the progression of the neuronal changes in this AD 

mouse model, we further imaged a group of 6 to 8 weeks old mice. Similar to the 3 to 4 

week old mice, the laminar structure of control OB is readily observed by MEMRI in older 

control mice (Fig. 2a,e) and a decrease in manganese enhancement of the glomerular layer 

was observed in the older mutant mice (Fig. 2b,f). A ~50% decrease in OB volume for 

mutant mice compared to control mice was also measured for the 6 to 8 weeks old mice 

(Table 2).

The hAPP overexpression can be turned off by feeding mutant mice with doxycycline 

containing chow, as previously described (Cheng et al., 2011). After only 1 week of turning 

off hAPP overexpression in 3 week old mice, a significant increase in manganese 

enhancement of the glomerular layer was observed compared to mutant mice without Dox 

treatment, as seen in Fig. 2b,c. The shape of the OB was also changed and was more similar 

to the OB of control mice than to that of mutant mice. However, no significant increase of 

OB volume was measured after 1 week of doxycycline, compared to mutant mice at the 

same age group of 3 to 4 weeks old mice (Table 2). Hence, laminar enhancement increase 

precedes the recovery of OB size. Turning off hAPP overexpression for two additional 
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weeks, as seen in Fig. 2g, showed a further recovery of the OB shape and higher manganese 

enhancement of the glomerular layer compared to the age matched control and mutant 

groups (Fig. 2e,f) and compared to 1 week of the doxycycline treatment group (Fig. 2c). 

Increase in OB volume, after 3 weeks of doxycycline treatment, indicated that the OB 

continued to grow but did not reach the same volume as control mice at the same age (Table 

2). These imaging results are consistent with previously reported histological studies (Cheng 

et al., 2013) that showed a partial recovery of the OB shape after 1 week of doxycycline 

treatment with an incomplete restoration of the glomerular layer and reappearance of 

glomeruli when compared to mutant mice.

The corresponding group intensity profiles for all groups of mice are shown in Fig. 2d and h. 

With only one week of doxycycline treatment the manganese enhancement of the 

glomerular layer increased and the intensity profile was more similar to the intensity profile 

of control mice, than to that of mutant mice, with a lower intensity area that can be assigned 

to the olfactory nerve layer, which indicates recovery of this layer of the bulb. The 

manganese enhancement in the glomerular layer was further increased by 3 weeks of 

doxycycline treatment, resulting in an even greater similarity of the intensity profile to that 

of the control mice. The combined layer to minimum ratio for both glomerular and mitral 

cell layers showed a significant decrease in manganese enhancement, with a slightly larger 

decrease for the glomerular layer, for mutant mice of both age groups compared to control 

mice at the same age. The layer to minimum ratio showed a significant increase in 

manganese enhancement of the glomerular layer by 3 weeks of doxycycline treatment, but 

was not significant after only 1 week of doxycycline treatment (Table 2). The distance 

between the lateral and medial sides of the mitral cell layer was significantly larger for the 

mutant mice compared to control mice (in both age groups). This distance was significantly 

reduced already after 1 week of doxycycline treatment and decreased further after 3 weeks 

of treatment, to become similar to that in control mice (Table 2). This is due to the changes 

in the OB shape that was more similar to that of the control mice, together with a possible 

decrease in olfactory ventricle volume, as can be seen in the MEMRI images (Fig. 2).

To test if an antibody against APP could reverse the effect of hAPP overexpression, MEMRI 

was used. This is of interest because antibody trials have been the focus of different clinical 

trials for subjects with AD, so far with little success (Vellas et al., 2013). Representative 

MEMRI images of mutant mice that received antibody treatment are shown in Fig. 3. hAPP 

antibody administration to the right naris of control mice (Fig. 3a), did not change the 

manganese enhancement in the different layers or the OB shape and size of the right side 

compared to the untreated left side and to control mice (Fig. 1 and 2). This was expected as 

antibody treatment should not have any effect in control mice. Similarly, vehicle 

administration to the right naris in mutant mice did not cause any changes in OB shape and 

size and manganese layer enhancement when compared to the left side and to mutant mice 

groups (Fig. 3b, Fig. 1 and 2). The group intensity profiles across both OB from the lateral 

side of the left bulb to the lateral side of the right bulb were also similar to those of the 

control and untreated mutant mice (Fig. 3e). After 1 week of hAPP antibody administration 

to the right naris, a small increase in manganese enhancement of the glomerular layer was 

observed in the MEMRI image for the right OB compared to the left OB (Fig. 3c, arrow). 

This can also be seen in the group intensity profile across bulbs, where a very small increase 
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in manganese enhancement in the right bulb was observed (Fig. 3e, arrow). After 3 weeks of 

hAPP antibody treatment, a higher increase in manganese enhancement of the glomerular 

layer was seen in the right bulb, with no change in the left bulb compare to mutant mice 

without any treatment (Fig. 3d, arrow). The group intensity profile showed an increase in 

glomerular layer enhancement, but this did not reach statistical significance of p < 0.05 (Fig. 

3e, arrow). The layer to minimum ratio of the glomerular and mitral cell layers of the right 

OB increased after 3 weeks of hAPP antibody administration but was not significantly 

different when compared to the right OB in mutant mice (Table 3). However, for the 

glomerular layer this increase was significant when compared to the untreated left OB (p < 

0.01). The increase in manganese enhancement was smaller for the hAPP antibody 

administration mice when compared to that of the doxycycline treatment mice at the same 

time points, and may indicate that more treatment time is needed when using an antibody.

The distance between the lateral and medial sides of the mitral cell layer of the right OB did 

not show a decrease even after 3 weeks of hAPP antibody administration, and was similar to 

that of the left OB and those of untreated mutant mice. Moreover, the volumes of the left 

and right bulbs did not show any significant difference between the treated and untreated 

side and between the treated and untreated mutant mice (Table 3). Therefore, the only 

indication for the effectiveness of hAPP antibody treatment was the small, but not 

statistically significant, increase in manganese enhancement in the glomerular layer as can 

be seen in the MEMRI image and the intensity profiles. Thus, hAPP antibody treatment in 

these mice was not a robust therapy option, especially compared to inhibiting hAPP 

expression with doxycycline.

We further tested if the small increase in manganese enhancement in the glomerular layer 

observed after hAPP antibody treatment corresponded to any anatomical changes detectable 

by histological methods. Animals were crossed with OMP-GFP mice to generate both 

control and mutant mice with GFP labeled mature OSNs and their axons. Whole-mount 

fluorescence imaging showed a large amount of axon bundles from OSNs innervating the 

OB and terminating in numerous glomeruli in control animals, whereas in the mutant 

animals sparse GFP-positive axons and only sparse glomeruli were observable. After 3 

weeks of treatment with hAPP antibody, more axons and glomeruli were detected in the OB 

of mutant animals. However, the fluorescence was much dimmer and the glomeruli much 

smaller than that in the control (Fig. 4a). Immunohistochemical staining on OB sections also 

revealed a small recovery of the glomerular structure after hAPP antibody treatment. Similar 

to previous findings (Cheng et al., 2013), the mutant animals treated with vehicle, 

demonstrated a dramatic loss of OMP-positive axons and glomeruli compared to controls, as 

well as a clear reduction in VGlu2 signal, a relatively specific marker for OSN axon 

terminals in the OB. After 3 weeks of hAPP antibody treatment more OMP-positive axons 

and glomeruli filled with both OMP and VGlu2 - positive axon terminals remained (Fig. 4c). 

However, the lack of recovery of anatomical features for MRI indicates those effects must 

have been small for the entire bulb.
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Discussion

This study demonstrates the ability of MRI to detect laminar specific anatomical changes 

associated with both APP-induced neurodegeneration and recovery, in vivo, in an olfactory 

based amyloid induced AD mouse model. To get contrast specific olfactory bulb layers we 

used manganese enhanced MRI. Many papers have demonstrated that MEMRI can detect 

many features of cytoarchitecture including hippocampal sub-regions, layers in 

hippocampus, retina, cortex, as well as layers in the olfactory bulb (Watanabe et al., 2002, 

Aoki et al., 2004, Lee et al., 2005, Berkowitz et al., 2008, Silva et al., 2008, Nair et al., 

2011). Using MEMRI we have shown that overexpression of hAPP in mutant mice results in 

a disruption of the OB laminar structure and appearance, with reduced manganese 

enhancement of the glomerular layer and a decrease in OB volume. Turning off hAPP 

overexpression with doxycycline showed a recovery of the OB structure and an increase in 

manganese enhancement of the glomerular layer as early as 1 week after and a further 

recovery after 3 weeks. This study further supports the observations reported in a recent 

study with this OMP-hAPP mouse model, where already at 3 weeks of age the mutant mice 

exhibit a rapid disruption of the olfactory circuitry, using anatomical, functional and 

behavioral analysis. This circuitry disruption was partially restored after turning off hAPP 

overexpression (Cheng et al., 2013).

The MEMRI images of the mutant mice show a very different shape and size of the OB 

compare to the control mice, with a ~50% decrease in OB volume compared to controls. 

One can argue that this difference in appearance can be associated with delayed growth of 

the OB rather than with degeneration. Although slower growth can be a possibility, previous 

reported data in this mouse model showed that OSN axons exhibit a strong caspase3 signal 

in the olfactory nerve layer in the OB, as well as loss of OSNs in the olfactory epithelium 

that linked hAPP overexpression to neuronal death and neurodegeneration (Cheng et al., 

2011, Cheng et al., 2013). Furthermore, our MEMRI images also show an almost complete 

loss of the olfactory nerve layer together with a significant decrease in manganese 

enhancement of the glomerular layer in both age groups mutant mice compare to their age 

matched controls, which support large degeneration of neurons. An earlier MRI study used a 

double-transgenic APP/tTa mouse model that overexpressed hAPP under the control of 

CaMKII promoter which is expressed more broadly throughout the brain. The hAPP 

overexpression was suppressed until 6 weeks of age and then allowed to reactivate which 

resulted in volume reduction in various brain areas such as hippocampus and cortex that 

serve as a measure for degeneration (Badea et al., 2010). However, this study lacked any 

laminar analysis that could provide important insight into the specific cell types that are 

affected and the resulting loss in connectivity. Thus, it will be interesting to determine if 

overexpression of hAPP in our mouse model causes similar laminar specific degeneration in 

fully grown mice by starting the expression of hAPP in adult olfactory neurons after full OB 

size is achieve.

Overexpression of hAPP causes a large scale apoptosis of OSNs already by 3 weeks of age 

in which the glomerular layer and the olfactory nerve layer were shown to be much thinner, 

with a massive loss of glomeruli in the mutant mice compared to control (Cheng et al., 

2013). As OSNs project their axons directly to OB glomeruli, this is consistent with the loss 
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of OSNs that was observed at the olfactory epithelium (Cheng et al., 2011). Here we show 

that this disruption in OSNs resulted also in a glomerular layer with a lower manganese 

enhancement and almost complete elimination of the olfactory nerve layer. This can be 

attributed to the loss of OSN synaptic input and massive loss of glomeruli in the glomerular 

layer. The distribution of manganese in the brain following iv administration is not well 

understood and can be effected by many factors. In the OB, there is more than one 

mechanism that contributes to the manganese enhancement. Manganese first enters the OB 

from the CSF surrounding the bulb. Mn2+ can also trace into the bulb along OSNs from the 

turbinates as well as from other brain areas. The manganese distribution and level of 

enhancement also depends on different manganese transporter mechanisms, the cell density 

and type of cells, and might be influenced by the activity in an area (Aoki et al., 2004, Lee et 

al., 2005). The loss of OSNs and their projections to the glomeruli resulted in decreased 

ability to uptake manganese into the glomerular layer in the OB, but the specific mechanism 

is unknown. Lower uptake and transfer due to loss of OSNs is a likely contributor and direct 

administration of manganese into the nostrils will enable a better understanding of whether 

this is an important factor that contributes to the decreased uptake. With the increased 

restoration of the glomerular layer and the amount of glomeruli following doxycycline 

administration an increase in manganese enhancement of the glomerular layer was evident. 

This suggests that the glomeruli are important for manganese accumulation in the layer, 

consistent with a report that showed detection of individual glomeruli with MEMRI, due to 

increased Mn2+ uptake by glomeruli (Chuang et al., 2010). Interestingly, glomeruli are 

mostly made up of synaptic connections between OSN and mitral cells, indicating that 

manganese is accumulating in structures that are able to alter contrast in MEMRI. 

Furthermore, our results demonstrate that mitral synaptic cells are still present, indicating 

that presynaptic accumulation of Mn2+ in OSN contributes significantly to glomerular 

enhancement. Using this mouse model in future studies, it should be possible to learn more 

about the detailed cellular mechanisms that are responsible for controlling manganese 

distribution in the OB following iv administration.

Many studies have used MRI to image plaque formation in animal models of AD that 

overexpress APP (Wadghiri et al., 2003, Helpern et al., 2004, Jack et al., 2004a, Zhang et 

al., 2004). However, most studies are able to image plaque formation that is only detectable 

at late stages of AD. Because olfactory dysfunction is an early symptom of AD there is an 

increased interest in imaging these early changes in the olfactory system. The Tg2576 

Alzheimer’s mouse model is shown to exhibit Aβ depositions in the OB earlier than in other 

brain regions, with a decrease in olfactory function (Wesson et al., 2010, Wesson et al., 

2011). This animal model was later used to measure axonal transport rates into the OB using 

MEMRI (Smith et al., 2007, Wang et al., 2012). Following Mn2+ administration to the mice 

nostrils, the rates of manganese transport from the OSNs to the OB layers were calculated 

and showed a decrease in transport rates during progression of Aβ accumulation (Smith et 

al., 2007). It will be interesting to see if the anatomical features reported in the present study 

will apply to other animal models. Future studies will utilize the transport of manganese 

from the nose into the OB to study the disruption in OB circuitry as previously observed in 

the OMP-hAPP model (Cheng et al., 2011, Cheng et al., 2013).

Saar et al. Page 10

Neuroimage. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



APP antibody results showed a trend toward recovery with a small increase in manganese 

enhancement of the glomerular layer in the right side (treated side), which reached statistical 

significance only when compared to the left side (untreated) but not when compared to 

mutant mice. This leads us to conclude that binding only the extracellular Aβ is ineffective 

by itself at blocking APP induced cell death, and thus might not be the best approach for the 

treatment of AD progression. Interestingly, this is consistent with recent clinical trials 

(Vellas et al., 2013) that targeted extracellular Aβ as a therapeutic strategy, which only 

showed a weak beneficial effect. MEMRI can be used to evaluate whether other reagents 

such as insulin (Craft et al., 2012) can block neuronal loss. For the present study 

doxycycline and antibody treatments give a range of results from little to almost complete 

recovery of the deficit in the OB.

In this study we used different quantitative measurements to evaluate the changes in the OB 

for neurodegeneration and recovery: the OB volume, manganese intensity for the different 

layers and the distance between the mitral cell layer on the lateral side to that on the medial 

side – a measure for shape changes of the bulb. The most prominent changes were in the OB 

volume, enhancement of the glomerular layer, and in the distance between mitral cell layers 

of both sides of the bulb during degeneration and recovery. Significant reduction in OB 

volume was previously reported in different MRI studies of neurological disorders such as 

AD, Parkinson’s disease, depression and schizophrenia, that correlates with the disease 

progression (Turetsky et al., 2000, Thomann et al., 2009, Negoias et al., 2010, Wang et al., 

2011). Increase in OB volume was shown following 3 weeks of doxycycline treatment in the 

present model. Interestingly, an increase in OB volume was reported following treatment in 

chronic sinonasal disease in humans (Gudziol et al., 2009). Therefore, OB volume changes 

can be a sensitive measure to assess degeneration and recovery when using different 

pharmacological reagents. This is also similar to hippocampal volume measurements used in 

human AD studies where reduction in total hippocampal volume was observed for AD and 

MCI patients (Jack et al., 2004b, Ridha et al., 2008). Moreover, human studies with high 

magnetic field MRI were able to detect hippocampal subfields and measure their volume in 

AD and MCI subjects. AD patients compared to MCI and healthy patients showed a much 

smaller volume of subfields such as the subiculum, CA1, CA3 and dentate gyrus (DG) 

(Kerchner et al., 2010, Mueller et al., 2010, Wisse et al., 2014). As hippocampal changes are 

measures for AD, it would be of interest to detect changes in laminar structure of the 

hippocampus in a transgenic mouse model of AD with hippocampal pathology. The changes 

in the distance between the mitral cell layers in both sides of the bulb also show a correlation 

to the degeneration level with an increase in distance. This is a result of changes in the OB 

shape in mutant mice, but can also suggest a small ventricle volume increase as can be seen 

qualitatively in the MEMRI images, which can be similar to reported ventricle enlargement 

in studies of AD and MCI patients (Thompson et al., 2004, Tang et al., 2014). However, the 

possible increase in the ventricular volume need to be quantitatively measured in future 

studies. Similarly, it would be interesting to measure laminar changes in human olfactory 

bulb as a potential marker for AD progression. Susceptibility weighted MRI that was shown 

to be very useful for imaging cytoarchitecture in the brain (Duyn et al., 2007, Shmueli et al., 

2009) and T1 changes that have been used to detect olfactory layers, without the need of a 

contrast agent in rodents (Yang et al., 1998), can be used.
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This study is one of a very few studies that were able to follow laminar specific structural 

changes in animal models of degeneration, using in vivo MRI. Changes in laminar structure 

of the retina together with retinal thinning were detected in a retinal degeneration animal 

model using MEMRI (Berkowitz et al., 2008, Nair et al., 2011). In αCaMkII HKO mice, a 

model for psychiatric illness, a lower manganese enhancement in the DG and a higher 

enhancement in the CA1 in the hippocampus were observed compared to control mice 

(Hattori et al., 2013). In human studies with high magnetic field, MRI was able to detect 

hippocampal subfields in AD and MCI subjects and showed a reduction in several subfield 

volumes, such as the subiculum, CA1, CA3 and DG, compared to healthy patients (Kerchner 

et al., 2010, Mueller et al., 2010, Wisse et al., 2014). However, to the best of our knowledge, 

this study is the first to follow laminar changes not only during neurodegeneration but also 

during recovery, in vivo, with high resolution MRI. It is likely that using high resolution 

MRI to study cytoarchitecture changes will increase the sensitivity and specificity to 

imaging studies of degeneration and will be useful for identifying therapeutic options. As 

olfactory dysfunction is an early symptom of AD, the ability to detect early changes and 

develop potential therapeutics in the olfactory system is of great importance. Here we 

demonstrated that MEMRI can detect specific anatomical changes associated with both 

APP-induced neurodegeneration and recovery in the OB and that this method can be used to 

assess the ability of different pharmacological reagents to block olfactory neuronal loss and 

can serve as a unique in vivo screening tool to both identify potential therapeutics for 

olfactory neuronal loss and test their efficacy.
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Highlights

• MRI can detect degeneration due to APP overexpression in mouse olfactory 

neurons.

• MRI detects recovery of the olfactory bulb after discontinuing APP 

overexpression.

• Layer specific MRI can assess reagents ability to block olfactory neuronal loss.
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Figure 1. 
Coronal and horizontal T1 weighted images (MEMRI), at 50 μm isotropic resolution, taken 

24 h after iv infusion of 100 mM MnCl2 solution of 4 week old (a) control and (b) mutant 

mice, and the corresponding normalized (c) individual intensity profile and (d) group 

intensity profile. The different layers in the OB are clearly detected in control mouse (a) as 

well as individual glomeruli (shown by the black arrows). The intensity profile was taken for 

each OB from lateral to medial side across the OB as shown by the white arrows, and 

normalized to the minimum intensity for each OB. Group intensity profile is the average and 

sd, of both left and right OB of 3 to 4 week old control (n=4, total of 8 OBs) and mutant 

(n=4, 8 OBs). ONL – olfactory nerve layer, GL – glomerular layer, Mi – mitral cell layer.
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Figure 2. 
Coronal and horizontal T1 weighted images (MEMRI), at 50 μm isotropic resolution, taken 

24 h after iv infusion of 100 mM MnCl2 solution of 4 week old (a) control, (b) mutant and 

(c) mutant mouse after 1 week of doxycycline treatment mice and (d) the corresponding 

group intensity profile of 3 to 4 week old mice groups, and of 8 weeks old (e) control (f) 
mutant and (g) 7 week old mutant mouse after 3 weeks of doxycycline treatment and (h) the 

corresponding group intensity profile of 6 to 8 week old mice groups. The intensity profile 

was taken for each OB from lateral to medial side across the OB as shown by the arrows, 
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and normalized to the minimum intensity for each OB. Group intensity profile is the average 

and sd, for both left and right OB of 3 to 4 week old control (n=4, total of 8 OBs), mutant 

(n=4, 8 OBs) and mutant mouse after 1 week of doxycycline treatment (n=4, 8 OBs) and 6 

to 8 week old control (n=8, total of 16 OBs), mutant (n=4, 8 OBs), and mutant mouse after 3 

weeks of doxycycline treatment (n=5, 10 OBs). ONL – olfactory nerve layer, GL – 

glomerular layer, Mi – mitral cell layer.
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Figure 3. 
horizontal T1 weighted images (MEMRI), at 50 μm isotropic resolution, taken 24 h after iv 

infusion of 100 mM MnCl2 solution of 7 week old control (a) 6 to 8 week old mutant mice 

after (b) 3 weeks of vehicle administration (c) 1 week of hAPP antibody administration and 

(d) 3 weeks after antibody administration to the right naris, and (e) the corresponding group 

intensity profiles. The intensity profile was taken across each OB from lateral side of the left 

OB to the right OB as shown by the arrows, and normalized to the minimum intensity for 

each OB. Group intensity profiles are the average and sd, for both left and right OB of 6 to 8 
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week old control after 3 weeks of antibody administration (n=3) and mutant after 3 weeks of 

vehicle administration (n=4), 1 week of hAPP antibody administration (n=5) and 3 weeks 

after antibody administration (n=7) to the right naris. ONL – olfactory nerve layer, GL – 

glomerular layer, Mi – mitral cell layer.
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Figure 4. 
(a) Whole-mount fluorescence imaging of OSNs axons and glomeruli in the OB from 6 

week old control after 3 weeks of hAPP antibody (6E10) administration (left) and 6 week 

old mutant mice after 3 weeks of vehicle administration (middle) and hAPP antibody 

administration (right) to the right naris. (b) Low magnification images of DAPI nuclear 

staining for the 3 groups of animals (c) higher magnification images of OB sections from the 

3 groups of animals at 6 week of age: control after 3 weeks of hAPP antibody administration 

(top row) and mutant after 3 weeks of vehicle administration (middle row) and hAPP 
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antibody administration (bottom row). First column, OMP immunohistochemistry signal, 

marking mature OSNs; second column, VGlu2 immunohistochemistry signal, marking 

synaptic terminal of OSNs; last column, merge of the previous two channels. Scale bar – 4a, 

200 μm; 4b low magnitude, 400 μm; 4c high magnitude, 100 μm.
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Table 1

OB volume, manganese enhancement of the different layers and the distance between the lateral and medial 

side of Mi in 3 to 4 week old control and mutant groups.

Control Mutant

OB volume (mm3) 19.8 ± 1.1 11.1 ± 0.9***

Mi to Mi Distance (mm) 0.42 ± 0.03 0.70 ± 0.06***

Layer to minimum ratio GL 1.17 ± 0.05 1.03 ± 0.05***

Mi 1.16 ± 0.06 1.09 ± 0.07*

GL – glomerular layer, Mi – mitral cell layer.

*
p < 0.05

**
p < 0.01

***
p < 0.001.
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Table 2

OB volume, manganese enhancement of the different layers and the distance between the lateral and medial 

side of Mi in 3 to 4 week old and 6 to 8 week old mice groups.

Control 3-4w Mutant 3-4w Mutant + Dox 1w

OB volume (mm3) 19.8 ± 1.1 11.1 ± 0.9*** 11.3 ± 0.5***

Mi to Mi Distance (mm) 0.42 ± 0.03 0.70 ± 0.06*** 0.49 ± 0.04**###

Layer to minimum ratio GL 1.17 ± 0.05 1.03 ± 0.05*** 1.07 ± 0.08***

Mi 1.16 ± 0.06 1.10 ± 0.07* 1.12 ± 0.09

Control 6-8w Mutant 6-8w Mutant + Dox 3w

OB volume (mm3) 21.6 ± 1.5 9.1 ± 1.3*** 14.1 ± 1.5***##

Mi to Mi Distance (mm) 0.44 ± 0.06 0.65 ± 0.03*** 0.45 ± 0.03
###

layer to minimum ratio GL 1.13 ± 0.10 1.03 ± 0.07*** 1.12 ± 0.08
##

Mi 1.12 ± 0.10 1.10 ± 0.07 1.17 ± 0.08*##

Mutant and mutant with Dox vs. control:

Mutant with Dox vs. mutant:

GL – glomerular layer, Mi – mitral cell layer.

*
p < 0.05

**
p < 0.01

***
p < 0.001.

#
p < 0.05

##
p < 0.01

###
p < 0.001.
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Table 3

OB volume, manganese enhancement of the different layers and the distance between the lateral and medial 

side of Mi of left and right OB in hAPP antibody treated mice groups.

Control +
antibody Mutant + Vehicle Mutant +

antibody 1w
Mutant +

antibody 3w

Left OB

OB volume (mm3) 10.3 ± 0.2 3.7 ± 0.5*** 4.0 ± 0.7*** 3.9 ± 0.4***

Mi to Mi Distance (mm) 0.54 ± 0.05 0.67 ± 0.06* 0.73 ± 0.07** 0.69 ± 0.08*

Layer to minimum ratio GL 1.19 ± 0.05 1.06 ± 0.07** 1.04 ± 0.06*** 1.01 ± 0.06***

Mi 1.16 ± 0.03 1.11 ± 0.10 1.11 ± 0.06 1.11 ± 0.07

Right OB

OB volume (mm3) 10.3 ± 0.3 3.8± 0.4*** 4.0 ± 0.6*** 3.9 ± 0.5***

Mi to Mi Distance (mm) 0.51 ± 0.03 0.69 ± 0.07*** 0.71 ± 0.08* 0.68 ± 0.05**

Layer to minimum ratio GL 1.15 ± 0.05 1.06 ± 0.05** 1.03 ± 0.02** 1.07 ± 0.06*

Mi 1.16 ± 0.05 1.12 ± 0.08 1.09 ± 0.07* 1.12 ± 0.07

Mutant treated with vehicle or hAPP antibody vs. control for left and right OB:

GL – glomerular layer, Mi – mitral cell layer.

*
p < 0.05

**
p < 0.01

***
p <0.001
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