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Abstract

Neural progenitors or neuroblasts are produced by precursor cells in the subventricular zone (SVZ) 

and migrate along the rostral migratory stream (RMS) to the olfactory bulbs (OB) throughout life. 

In the OB, these adult born neurons either die or replace existing olfactory interneurons, playing a 

critical role in the stabilization of OB circuitry. Although several aspects of the addition of new 

neurons into the OB have been studied, it is unclear whether long-distance activity from the OB 

can regulate the influx of migrating neuroblasts along the RMS. In this study, iron oxide-assisted 

MRI was used to track the migration of neuroblasts in combination with reversible naris occlusion 

to manipulate odorant-induced activity. It was found that decreasing olfactory activity led to a 

decrease in the rate of neuroblast migration along the RMS. Removal of the naris occlusion led to 

an increase in migratory rate back to control levels, indicating that olfactory activity has regulatory 

function on neuroblast migration in the RMS. Blocking odorant activity also led to an arrest in OB 

growth and re-opening the block led to a rapid re-growth returning the bulb size to control levels. 

Furthermore, pharmacogenetic elimination of the neuroblasts demonstrated that they were 

required for re-growth of the bulb following sensory deprivation. Together, these results show that 

sensory activity, neural migration and OB growth are tightly coupled in an interdependent manner.
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1. Introduction

The olfactory bulb (OB) is the first brain area required for processing odor information. 

Odorants bind to receptors on olfactory sensory neurons in the nasal epithelium and project 

their axons to the glomerular layer of the OB. Mitral cells relay sensory inputs from the 

glomerular layer to the piriform cortex in the brain. Throughout life, the OB displays 

remarkable plasticity including regeneration of olfactory neurons and integration of adult 

born neurons by ongoing neurogenesis in the subventricular zone (SVZ) lining the lateral 

ventricle wall of the forebrain (Lois and Alvarez-Buylla 1994). In the SVZ, neural stem cells 

give rise to neural precursor cells called neuroblasts, which organize themselves into chains 

as they migrate along the rostal migratory stream (RMS) (Lois and Alvarez-Buylla 1994, 

Lois, Garcia-Verdugo et al. 1996). These neuroblasts migrate tangentially into the OBs 

(Doetsch and Alvarez-Buylla 1996, Lois, Garcia-Verdugo et al. 1996, Peretto, Merighi et al. 

1997) and then migrate radially to their specific destinations within the different layers of 

the OB, primarily the glomerular layer (GL) and granule cell layer (GCL)(Batista-Brito, 

Close et al. 2008). These new neurons integrate into microcircuits and participate in odor 

processing (Livneh, Adam et al. 2014). In addition, these new neurons are critical for proper 

formation and maintenance of the intrabulbar connectivity map (Cummings and Belluscio 

2008, Cummings and Belluscio 2010).

Olfactory activity has been identified as a key regulator of survival of neural progenitors, 

their final cell type distribution, and their turnover in the olfactory bulb (Yamaguchi and 

Mori 2005). However, little is known about the effects of olfactory activity on the dynamics 

of cell migration along the SVZ-RMS-OB pathway. While dynamics of neuroblast migration 

have been elucidated in acute slice cultures (Luskin and Boone 1994, Koizumi, 

Higginbotham et al. 2006, Nam, Kim et al. 2007, Martinez-Molina, Kim et al. 2011, 

Khlghatyan and Saghatelyan 2012), assessing the effects of olfactory input on RMS 

dynamics in vivo has been challenging due to a lack of tools that can monitor the long 

migratory path and that allow for longitudinal experimentation in live animals. Two-photon 

imaging techniques are useful for studying of the superficial areas in the OB such as the 

glomerular layer (Sawada, Kaneko et al. 2011, Liang, Li et al. 2016). However, these tools 

cannot image long-distance migration of the cells from the SVZ to the olfactory bulb in vivo.

In this study, we utilized neuroblast labeling with micron-sized iron oxide particles 

(MPIOs), which has enabled in vivo MRI imaging of cell migration along the RMS into the 

OB (Shapiro, Gonzalez-Perez et al. 2006, Sumner, Shapiro et al. 2009, Granot, Scheinost et 

al. 2011), in combination with a reversible naris occlusion model (Cummings, Henning et al. 

1997) to investigate the effects of odorant-induced activity on growth of the OB and 

migration dynamics of new neurons. Blockade of olfactory activity in three-week-old rats by 

naris occlusion led to a cessation in growth of the affected OB and a significant decrease in 

the migration rates of neuroblasts along the RMS. Removal of the naris occlusion to restore 

normal olfactory sensory stimulation led to an increase in growth of the OB and an increase 

in migration rate. Furthermore, the importance of ongoing neurogenesis for the recovery of 

olfactory bulb size after removal of the naris occlusion was tested in a transgenic rat model 

whose neuroblasts could be genetically ablated and showed that ongoing neurogenesis is 

indeed required for the re-growth of the olfactory bulb following the reinstatement of normal 
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levels of olfactory activity. These results demonstrate the usefulness of combining MRI cell 

tracking with MRI anatomical measurement to elucidate a tight coupling of olfactory 

activity, neuroblast migration and maturation of the rodent olfactory bulb.

2. Materials and Methods

2.1 Animal procedures

All animal procedures were done according to the guidelines of Institute of Laboratory 

Research Council and approved by the Animal Care and Use Committee (ACUC) of the 

National Institute of Neurological Disorders and Stroke at the National Institutes of Health.

2.2 Unilateral naris occlusion

To deprive animals of olfactory sensory input, 3-week-old, male, Sprague-Dawley rats were 

subjected to reversible unilateral naris occlusion (Cummings, Henning et al. 1997, Marks, 

Cheng et al. 2006). Polyethylene tubing of various diameters was used to construct nose 

plugs, which were adjusted to fit the nostrils of the animals. The nose plugs were replaced 

every 5–6 days to keep up with the increasing size of the nostrils as the animals grew. MRI 

images of the OB were performed weekly following the occlusion to obtain a dynamic 

measurement of the change of OB volume. All MRI experiments were performed on an 11.7 

T animal MRI system (30 cm 11.7 T horizontal magnet, Magnex Scientific, Oxford, 

England, MRI Electronics, Bruker Biospin, Billerica, MA), equipped with a 12-cm 

integrated gradient shim system (Resonance Research Inc, Billerica, MA). A custom-built 

volume transmit coil and a custom built, 2.5-cm-diameter, receive-only surface-coil were 

used for MRI. 3D gradient echo sequences were used for all MRI acquisitions. The 

following parameters were used: Field of View (FOV) = 1.92 cm × 1.92 cm × 1.92 cm, 

matrix size 256 × 256 × 256 (75-μm nominal isotropic resolution), 12.5 kHz bandwidth, 

echo time (TE) = 8 ms, repetition time (TR) = 25 ms, and flip angle = 8°. OB volumes were 

obtained from manually drawn serial voxel of interest (VOI) that covered the entire OB 

using the Medical Image Processing, Analysis, and Visualization (MIPAV) program (http://

mipav.cit.nih.gov) (Saar, Cheng et al. 2015).

2.3 In situ MRI cell labeling with micron-sized iron oxide particles (MPIOs)

For in situ cell labeling, in one group of the animals 20-μL of MPIOs (average diameter of 

1.63 μm, Bangs Laboratories, used as received) suspension were injected after 3 weeks of 

occlusion (6-weeks of age) into the lateral ventricle near SVZ (coordinate: AP+1.9 to +2.0, 

ML +1.9 to +2.0, DV −4.0 from bregma) ipsilateral to the side of the occluded naris. In the 

other two groups of animals, the naris plug was removed after 3 weeks of occlusion, to 

restore olfactory activity. MPIOs were injected 2 or 7 days prior to removal of the naris plug. 

MPIO injection allows a portion of the migrating neuroblasts to be labeled near the SVZ and 

then carry the MPIOs as they migrate into the OB. Serial in vivo MRI was performed to 

monitor the appearance of hypointense signal that was generated from MPIOs using the 

following parameter: Field of View (FOV) = 1.92 cm ×1.92 cm ×1.92 cm, matrix size 256 × 

256 × 256 (75-μm isotropic resolution), 12.5 kHz bandwidth, echo time (TE) = 8 ms, 

repetition time (TR) = 25 ms, and flip angle = 8°. For detection of the migrating stream of 

neuroblasts, MRI was performed at 4–6 hours post-injection and then at 20–24 hours post-
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injection. The rate of cell migration was calculated as the distance the migrating neurons 

traveled in the time between the two imaging sessions. The number of hypointense voxels 

within the OB was counted based on voxels that had 30% or more decrease in signal 

intensity. Three 75-μm thick MRI slices were combined through minimum intensity 

projections to increase counting efficiency minimizing the chance that repetitive counting of 

the same voxels occurred. It was assumed that each voxel with decreased signal intensity 

contained a single cell. The density of MPIO-containing cells was derived by dividing the 

number of spots by the OB volume.

2.4 Pharmacogenetic ablation of neurogenesis in GFAP-TK Transgenic rats and 
valganciclovir (VGCV) administration

Transgenic rats that express herpes simplex virus thymidine kinase under the glial fibrillary 

acidic protein (GFAP) promoter (GFAP-TK), on a Long-Evans background were used to 

elucidate the effect of neurogenesis on OB volume. VGCV treatment of GFAP-TK rats 

inhibits adult neurogenesis by selectively killing GFAP-expressing proliferating cells in the 

SV zone, as described previously (Snyder, Grigereit et al. 2016). Unilateral naris occlusion 

was introduced on the same day of the VGCV treatment on both transgenic (TK) and wild-

type rats (WT). After 3 weeks of occlusion and VGCV treatment, the animals were 

sacrificed and perfused with 4% parafomaldehyle (PFA) in PBS containing 5 mM of 

gadolium-DTPA (Magnevist). To keep the OB tissue intact and prevent distortion of the OB, 

the brains were left in the skulls and transferred to a 50-mL conical tube. The same tube was 

then filled with the fixative containing gadolinium-DTPA. Ex vivo MRI was performed to 

obtain images of the OB using the following parameters: For ex vivo imaging the following 

MRI parameters were used: FOV = 2.56 cm3, matrix size 3123, 20 kHz bandwidth, TE = 10 

ms, TR = 25 ms, and flip angle = 30°. One set of control animals continued the VGCV 

treatment but had the naris plug removed for 3 weeks before perfusion. A second set of 

control animals had received 3 weeks of naris occlusion but no treatment with VGVC.

2.5 Immunohistochemistry

After the MRI acquisitions, animals were perfused transcardially with 1× PBS followed by 

4% PFA. The brains were post-fixed, cryoprotected, sectioned (40 μm) coronally, and 

processed for immunofluorescence for neuroblast and interneurons. For immunostaining of 

neuroblasts, anti-doublecortin (DCX) (guinea pig anti-doublecortin, Millipore, antibodiy 

dilution 1:400) was used. For mature interneurons in the OB, anti-calretinin (rabbit anti-

calretinin; Abcam; antibody dilution 1:2500) and anti-5T4 (mouse anti-5T4: Abcam; 

antibody dilution 1:1000) were used. Appropriate secondary antibodies conjugated to Cy3 

(Jackson ImmunoResearch) were used for counter staining. Sections were mounted serially 

onto slides and coverslipped using Vectashield mounting medium (Vector Laboratories). 

Confocal images were collected with a Zeiss LSM 510 laser scanning confocal microscope 

using a 40×, 0.9 NA oil objective. Fluorescence images of doublecortin in the SVZ-RMS of 

GFAP-TK and WT rats were images on Nikon ECLIPES Ti microscope (Nikon, CA) using a 

20× objective.
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2.6 Statistical Analysis

The data obtained from the experiments are presented as the mean ± SD. Comparison among 

the groups was analyzed by Student’s t-test and one-way ANOVA. Significance level was set 

at p < 0.05.

3. Results

3.1 MRI revealed dynamic changes in OB size following reversible activity deprivation

Previously it has been reported that naris occlusion leads to a smaller OB on the occluded 

side compared to the open, normal side (Frazier-Cierpial and Brunjes 1989, Cummings, 

Henning et al. 1997). This is due, at least in part, to a loss of interneuron and OB cells that 

results from a lack of sensory input (Frazier-Cierpial and Brunjes 1989, Fiske and Brunjes 

2001). Although the smaller size of the affected OB has been reported previously following 

sensory deprivation, those results relied on histological evaluation and cross-animal 

comparison. Here, MRI was used to longitudinally monitor the changes in OB size 

throughout the course of sensory input manipulation starting in three-week-old rats (Fig. 1 

A–D). One week after occlusion MRI results indicated that the size of OB ipsilateral to the 

occluded naris were smaller than the OB ipsilateral to the opened side. The difference in 

volumes became more pronounced after three weeks of occlusion. MRI measurement after 

removal of nose plugs after three weeks of olfactory deprivation indicated recovery of the 

OB volume.

The OB volume measured by MRI indicated that the OB size continued to increase during 

the occlusion on both sides (Fig. 1 E–F), but that the blocked side grew at a slower rate 

relative to the opened side. During the early time point of the occlusion, the growth rate of 

the OB ipsilateral to the occluded side was about 50% compared to the growth of the OB on 

the opened side. After three weeks of naris occlusion, the size of the blocked OB decreased 

to 20–30% of the size of the opened side. Consistent with a previous study (Cummings, 

Henning et al. 1997), the OB regained its size after normal levels of olfactory activity were 

restored. The recovery of OB volume was rapid with an increased growth rate occurring 1–2 

weeks after naris plug removal (Fig. 1 G). By two weeks, the growth of the OB returned to 

the normal rate similar to the opened side and the volume returned to near control level. 

These results demonstrated that sensory deprivation caused by naris block led to a decrease 

in growth rate and the return of sensory activity by removal of the naris block resulted in an 

accelerated growth toward control sizes.

3.2 MPIO assisted MRI revealed odorant activity-dependent migration rates of neuroblasts 
along the RMS

In situ MRI cell labeling with MPIOs was used to monitor neuroblast migration in vivo as 

previously described (Shapiro, Gonzalez-Perez et al. 2006, Sumners, Shapiro et al. 2009) 

MPIOs were injected into the ventricles near the SVZ, which is sufficient to cause uptake 

into precursor cells in the SVZ enabling MRI at various time points after the injection to 

measure neuroblast dynamics. The rate measurement by MRI relied on measuring the 

distance that the leading edge of the dense cells moved by MRI over varying time intervals. 

Previously, it has been shown that movement of MRI contrast along the RMS requires cell 
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migration (Sumners, Shapiro et al. 2009). A portion of particles were taken up by cells 

enabling the detection of these cells by MRI as a hypointense signal due to a T2*-shortening 

effect generated by the large magnetic field gradients from the MPIOs (Lauterbur, Bernado 

Jr. et al. 1986). To determine the time-course of neuroblast migration, serial MRI was 

performed at 4, 18, and 120 hours following the MPIO injection (Fig. 2). At 4 hours post-

injection, the beginning of migration of labeled cells could just be detected as a hypointense 

stream of MPIO labeled cells leaving the SVZ (Fig. 2. B). At 18 hours post-injection, the 

stream of MPIO could be readily detected well into the RMS (Fig. 2 C) and after 120 hours, 

the MPIO labeled cells could be detected spreading throughout the OB (Fig. 2 D). From 

these measurements, it was revealed that neuroblasts migrate rapidly along the RMS and that 

MRI measure within one day following MPIO injection should be sufficient to determine 

migration rate within the RMS. The measurement of distance of the progression was used to 

provide an estimate of the rate of migration of MPIO labeled cells.

The migration rate along the RMS in animals that had undergone naris occlusion was 

compared to those that were occluded and reopened. After three weeks of occlusion, the 

animals were injected with MPIOs into the lateral ventricle on the same side as the occluded 

naris. Two groups of animals underwent a reopening of the naris block allowing restoration 

of olfactory activity with MPIO injections occurring two and seven days after removal of the 

naris plug. The effects of naris occlusion and reopening on cell migratory rate along the 

RMS are shown in Fig. 3A. A projection of five parasagittal MRI slices (75-μm thick) onto 

one plane using a minimum intensity projection available in MIPAV is shown in Fig. 3C–J. 

The projection was done to ensure that the entire RMS path was captured due to the 

curvature of the whole RMS stream. These serial MRI projections allowed for the 

measurements of the average cell migration rates across the groups of the animals (Fig. 3B). 

From these data, the average cell migration rate in the control animals was 120±5 μm/h. The 

average speed of migration dropped significantly to 89±4 μm/h in the animals that had 

unilateral naris blockade. The average migration speed in the animals with naris plugs 

removed after two days and seven days increased to 101±8 μm/h and 125±13 μm/h, 

respectively. Thus, the slowing in growth of the bulb was associated with a slowing of cell 

migration along the RMS. Conversely, return of olfactory activity caused a return of the 

migration rate to control levels as the bulb resumed its normal growth.

3.3 Migration of new cells radially into the OB was affected by naris block and return of 
olfactory activity

On reaching the OB, neuroblasts migrate radially into the OB as they exit from the 

subependymal layer, and continue to migrate into different layers of the OB (Lois and 

Alvarez-Buylla 1994). Fig. 4B and 4C show OB from the same animals that received MPIO 

injection and were imaged at one and two weeks post-injection. Clear hypointense voxels 

were detected throughout the bulb by two weeks post-injection. The RMS and 

subependymal region was defined from a medial plane of the OB (circled in white in Fig. 4). 

One week after leaving the SVZ and migrating into the OB, the neuroblasts are still 

primarily in the RMS. Between one week and two weeks after MPIO injection, cells begin 

to migrate to the outer layers of the OB. Histological evaluation of the OBs at 1 week (Fig.4 

D, E, F) and 2 weeks (Fig. 4. G, H, I) post-injection showed that distributions of MPIO were 
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in good agreement with MRI and showed that the MPIOs in the OB are closely associated 

with DCX-expressing immature neurons. Further confocal analysis confirmed that MPIOs 

remained intracellular in appropriate cell types once they reached the OB (Fig. 5).

It is now well-established that iron oxide labeling of cells enables detection of individual 

cells (Dodd, Williams et al. 1999, Shapiro, Srktic et al. 2004). Many groups have reported 

detection of single cells in MPIO-labeled cells including hepatocytes transplanted into liver 

(Shapiro, Sharer et al. 2006), individual macrophages infiltrating the rejecting transplanted 

heart (Wu, Ye et al. 2006, Ye, Wu et al. 2008), single metastatic tumor cells in the brain and 

liver (Heyn, Ronald et al. 2006, Townson, Ramadan et al. 2009), as well as in vivo fates of 

various types of stem cells (Boulland, Leung et al. 2012, Tarulli, Chaudhuri et al. 2013, 

Chen, Lu et al. 2016). In all these cases the detection limit of MPIO-containing cells 

critically depends on the MRI resolution. In this work, 75-μm isotropic resolution was used 

to achieve enough resolution, which was important to quantify the hypointense voxels. The 

MPIO-labeled cells were spreading throughout in the OB and it was assumed that each 

hypointense voxel contained a single cell. An image voxel was considered to have a cell 

when there was a drop in signal intensity equal or greater than 30% below average 

background intensity in the local area being assessed (Fig. 6 A–E). These hypointense 

voxels were counted at various time points after MPIO injection. The count of MPIO labeled 

cells for the different times and groups were performed at various time-points (Fig. 6 G and 

F). During the first week, there were only a few MPIO labeled cells (5 to 9 hypointense 

pixels) detected in the OB of the animals across the groups. After two weeks, a number of 

MPIO labeled cells were detected; 31±9, 42±6, and 68±5 for the narisoccluded, control, and 

reopened groups, respectively. These MPIO-labeled signals continued to increase, and by six 

weeks post-labeling the numbers were 57±8, 68 ±5, and 127±5 spots for the narisoccluded, 

control, and reopened groups, respectively. There were less labeled cells in the animals that 

still had naris plugs in place when compared with the control animal (Fig. 6 F). However, 

when the volume of the OB was taken into the account, the densities of the labeled cells 

were the same between the narisoccluded and the control groups (Fig. 6 G). These results 

indicate that olfactory deprivation decreased the total number of cells entering the bulb but 

did not alter the density of new cells migrating into the OB. Removing the naris block led to 

an increase in the number of labeled neuroblasts that entered the OB. The numbers of 

labeled cells in these rats were almost double the numbers from the control group (Fig. 6 G). 

The rate of new cell addition within the reopened group was higher than the control and 

narisoccluded animals. By four weeks the rate of cell addition into the OB returned to the 

baseline. Therefore, a large increase in the number of new neurons entering the OB was 

associated with the increase in rate of growth of the OB after removal of the naris block.

3.4 The generation of new neurons that migrate into the OB is required to restore OB 
growth recovery following activity deprivation

The correlation of the recovery of OB volume with the increased addition of new neurons to 

the OB led to the hypothesis that the generation of new neurons is critical for restoration of 

OB growth after recovery from odorant-induced activity. To test this hypothesis, naris 

occlusion was performed in transgenic animals expressing herpes simplex virus thymidine 

kinase in GFAP-expressing cells enabling the production of new neuroblasts to be 
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pharmacogenetically abolished. Previous studies have shown that administration of VGCV 

in GFAP-TK mice leads to the complete ablation of new neuron production within the 

dentate gyrus and SVZ (Snyder, Soumier et al. 2011, Cummings, Snyder et al. 2014). 

Recently, a GFAP-TK transgenic rat model for specific inhibition of neurogenesis in the 

hippocampus has been described (Snyder, Grigereit et al. 2016). GFAP-TK rats were used to 

investigate the effects of neurogenesis on recovery of OB growth. GFAP-TK rats and wild-

type (WT) littermates experienced naris closure from three to six weeks of age, followed by 

three weeks of recovery. All animals were given VGCV orally three times per week. After 

three weeks of VGCV treatment, immunostaining showed few doublecortin-expressing 

immature neurons remained in the SVZ and RMS indicating the effective elimination of 

neuroblast production within these two proliferative zones (Fig. 7 B–E).

After three weeks of VGVC administration, half of the animals in each group were 

sacrificed, and the OBs were imaged ex-vivo to get more accurate measures of the OB 

volume. Both WT and GFAP-TK rats that underwent three weeks of naris occlusion, and 

VGCV treatment had smaller OB sizes, relative to the OB on the sides that were not 

occluded. Following removal of nose plugs, the OB volume in WT rats regrew (from 34±1.7 

to 39±0.9 mm3, p < 0.005) similar to what was seen in experiments described in Fig. 1. 

However, in GFAP-TK rats, whose neurogenesis was suppressed by the treatment with 

VGCV, there was no recovery in OB growth (genotype × treatment interaction, p=0.0006) 

after removal of the naris occlusion (Fig. 7 F–J). The results showed that without SVZ 

neurogenesis and a migration of new neurons into the OB, there was no recovery of the OB 

growth even though the afferent olfactory activity was returned. On the other hand, in wild-

type rats whose SVZ neurogenesis and migration of neuroblasts into the OB remained intact, 

the OB regrew when olfactory activity was restored. Thus, these results indicate that 

inhibiting the production of new neurons and their migration into the OB led to elimination 

of the OB’s ability to regrow following the return of olfactory input.

4. Discussion

In this study, changes in OB volume and neuroblast migration in response to naris occlusion 

were measured with MRI. The results showed coupling between olfactory input and 

migration rate of new neurons migrating into the OB, pointing to a potential new mechanism 

for the regulation of OB circuits. This is the first demonstration that modulation of olfactory 

input affects dynamics of cell migration along the RMS. While previous work has shown 

that sensory deprivation leads to smaller OB volumes compared to non-deprived OBs, the 

results here indicate that OB sizes are controlled by the growth rates of the OB during 

occlusion and reopening.

It is well-established that naris occlusion lead to decrease in odorant-induce activity 

(Guthire, Wilson et al. 1990, Philpot, Foster et al. 1997, Cheetam, Park et al. 2016). This 

paradigm has been shown to lead a smaller OB on the blocked side, decreased olfactory 

neuron turnover, and destabilization of OB circuitry associated with decreased integration of 

adult born neurons (Cummings, Henning et al. 1997, Fiske and Brunjes 2001). Previous 

studies have also reported that granule cells require olfactory activity for their survival 

(Petreanu and Alvarez-Buylla 2002). Therefore, an explanation for a reduction in OB sizes 
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(relative to control OB) can be attributed to loss of granule cells and their integration into the 

granule cell layer (GCL). Remarkably, the block of activity lead a large inhibition in the 

normal growth (at least in these young adult rodents). Although there was a decrease in new 

cell integration into the OB, overall density of new neurons did not change indicating an 

active coupling of the OB growth to the number of new neurons.

It has been shown that long-distance activity from the OB is not required for migration along 

RMS (Kirschenbaum, Doetsch et al. 1999, Petreanu and Alvarez-Buylla 2002). However, 

modulatory effects on the RMS migration dynamics have not previously been studied. To 

investigate the relationship between odorant-induced activity and migration dynamics of 

new neurons, we used iron oxide assisted MRI to the migration rate of neuroblasts along the 

RMS. In normal rat, the top speed of approximately 120 μm/h was observed and consistent 

with the values obtained from in vitro measurement using slice culture, which have reported 

values ranging from 70–120 μm/h (Wichterle, Garcia-Verdugo et al. 1997, Nam, Kim et al. 

2007). The results here were in good agreement with in vivo MRI measurement of neural 

precursor cell migration in mice, based on a similar approach of MRI cell labeling that 

reported a migration speed of 100 μm/h (Nieman, Shyu et al. 2010). By combining odorant 

activity manipulation with MRI, we observed that the rate of migration within the RMS was 

significantly affected by olfactory input level. Studies have shown that lack of olfactory 

activity can lead to an increase in cell death at all levels along the SVZ-RMS pathway 

(Mandairon, Jourdan et al. 2003). This in turn could contribute to slowing the apparent 

migration of new cells along the RMS. Alternatively, it is possible that there is a modulation 

of the migration pathway via chemoattractive and chemorepulsive factors that have been 

shown to influence migration in the RMS (Nguyen-Ba-Charvet, Picard-Riera et al. 2004) 

and whose release could be activity dependent. However, studies show that even after 

removal of the olfactory bulb, precursors continue to divide in the SVZ and migrate through 

the RMS (Kirschenbaum, Doetsch et al. 1999) suggesting that these diffusible factors are not 

essential but may modulate the migration. Alternative mechanisms by which olfactory 

activity could regulate the RMS flow is direct modulatory input from the anterior olfactory 

nucleus (AON). Since the RMS pathway goes through the AON, which receives significant 

projections from mitral/tuft cells in the OB (Schoenfeld and Macrides 1984, Shipley and 

Ennis 1996, Brunjes, Illig et al. 2005), it is possible that the AON could be induced to 

release modulatory factors to the RMS in response to changes in olfactory sensory level. 

Although it is unclear how olfactory activity affects the RMS migration rate, the results here 

suggest the olfactory activity has a quantitative effect on overall dynamics of cell migration 

along the RMS. Importantly, the change in migration rates of the neuroblasts is coupled to 

the change in growth rates of the bulb implying that migratory rate of new neurons could 

regulate OB growth.

MRI of MPIO labeled cells was also used to measure the degree of cell integration into the 

olfactory bulb once the neuroblasts depart the RMS. For this measurement, it was assumed 

that every hypo-intense voxel was due to a single labeled cell. Potential limitations for MRI-

based cell counting are that labeling efficiency and detectability can change and have been 

shown to vary depending on labeling conditions (Vreys, Vande Velde et al. 2010). Another 

potential concern is specificity of labeling. For example, microglia and microphages, which 

commonly phagocytize the foreign objects in the brain, could internalize the MPIOs. The 
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third issue is that the criteria used to count cells relied on a 30% decrease in signal and it is 

likely that some cells were missed due to varying amounts of iron in the MPIOs. Lastly, 

there is a concern that signal could be diluted as cells divide and signals in the daughter cells 

reduces after every cell division. Advances in MRI reporter genes should prevent such signal 

dilution (Vande Velde, Rangarajan et al. 2011, Vandsburger, Radoul et al. 2013,) To make 

the detection of cells as robust as possible it is important to maximize MRI resolution as 

possible (Dodd, Williams et al. 1999, Shapiro, Skrtic et al. 2004), therefore sufficient 

imaging time was taken to acquire 75-μm isotropic resolution. Numerous reports indeed 

have shown that MPIO-labeled single cell signal can be detected when using appropriate 

resolution (Nieman, Shyu et al. 2010, Granot, Scheinost et al. 2011). New strategies to use 

more uniform particles with higher iron content should alleviate these issues in the future 

(Zabow, Dodd et al. 2011). Additionally, better image analysis schemes might also aid with 

quantification of cells (Afridi, Ross et al. 2016). Despite these caveats, the results obtained 

from MRI showed that an increase in the integration of new cells coincided with the 

regrowth of the OB. This is consistent with previous findings from other groups that utilized 

immunohistochemistry and thymidine-based labeling techniques (Cummings, Henning et al. 

1997, Fiske and Brunjes 2001). Furthermore, MRI measurement also showed that 

integration of the new cells into the OB layers did not take place until about one week after 

the time of their exit from the SVZ, consistent with previous reports on the time course of 

neuroblast migration using histological methods (Luskin 1993, Lois, Garcia-Verdugo et al. 

1996, Winner, Cooper-Kuhn et al. 2002). Importantly, our results showed a correlation 

between odorant-induced activity and integration of new cells into the OB. Activity likely 

regulates integration of new neurons by controlling their survival and synaptic connectivity 

(Petreanu and Alvarez-Buylla 2002, Yamaguchi and Mori 2005, Kelsch, Lin et al. 2009). It 

has been shown that brain-derived neurotrophic factor (BDNF) is down-regulated during 

sensory deprivation (McLean, Darby-King et al. 2001). Given the roles of BDNF in neuronal 

survival and synaptic development, its expression in response to olfactory sensory level may 

have a direct impact on integration of new neurons that radially migrate into the OB. It may 

be possible that activity regulate other neurotrophic factors such as glia-derived neurotrophic 

factor (GDNF), hepatocyte growth factor (HGF), insulin-like growth factor (IGF-1), which 

are important for neuroblast migration and neurogenesis in the OB (Paratcha, Ibáñez et al. 

2006, Garzotto, Giacobini et al. 2008, Hurtado-Chong, Yusta-Boyo et al. 2009).

Tight coupling between OB growth and migration of new neurons suggests that the 

migration of new cells into the OB is required for OB re-growth following odorant 

deprivation. Indeed, we observed that production of new neurons and their migration into the 

OB were required for OB regrowth during the return of sensory activity. Although the 

degree to which increases in OB volume are caused by the integration of new neurons 

remains unclear. The primary target of SVZ neurogenesis is the addition of new neurons into 

GCL, though a small portion of new neurons were added into glomerular layer (GL). Thus, 

it is possible that the OB volume that re-grew may be attributed to the new addition of new 

neurons in GCL. Additional contribution of the anatomical recovery of the bulb volume 

could be re-innervation of olfactory sensory neurons through the olfactory nerve layer 

(ONL) (Cummings, Henning et al. 1997, Cummings and Belluscio 2010). However, the fact 

that we did not observe any recovery of OB volume when the production of new neuron was 
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ablated indicating that the addition of new neurons is critical for the recovery of glomeruli 

and axonal projection from OSN after renewal of odorant-induced activity. Using better 

strategies to delineate volume changes in a layer-specific manner could undoubtedly provide 

insight into this question. Manganese-enhance MRI (MEMRI) has been shown to provide 

excellent cytoarchitecture of the OB layers in vivo (Aoki, Wu et al. 2004, Chuang, Belluscio 

et al. 2010) and has been used to demonstrate laminar-specific effects during degeneration of 

the OB (Saar, Cheng et al. 2015). Thus, combining single-cell MRI tracking with MEMRI 

could provide insight into laminar specific migration of new neurons in response to odorant-

induced activity.

5. Conclusion

Until recently, endogenous neural progenitors were routinely studied using histological 

sections or slice cultures. In this study, we demonstrate that the cell tracking can be 

combined with other anatomical and functional MRI tools to elucidate effects of olfactory 

activity level on cell migration dynamics and their influences on OB growth rate. The ability 

to complete longitudinal in vivo experiments using MRI should afford interesting new 

avenues for study. Our results demonstrate a tight regulation of olfactory activity on the 

migration of new cells and the gross anatomical size of the OB show the potential of this 

approach.
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Figure 1. 
Changes in OB volumes after unilateral naris occlusion in 3-week old rats. (A-B) MRI 

images of the OB during naris occlusion period (week 0 refers to initiation of naris 

occlusion). (C-D) images of the OB from the same animal during recovery period, during 

which the naris occlusion was reopened. E) Plot of average OB volume vs. time course of 

activity manipulation (N =6). F) Accumulative percentages of OB volume changes during 

the experiment. Percentage of changes in volume at each time point was normalized with the 

initial volume (at week 0). G) Derivatives of OB volume changes that occurred in each week 

was calculated by subtraction of the percentages of changes in volume (obtained from figure 

1F) from previous week.
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Figure 2. 
Intraventricular injection of MPIOs near SVZ allow migrating neuroblasts to be labeled and 

detected with MRI in live rats. A) shows MRI image before injection of MPIO. Panel A 

represents MRI image of rat before MPIO injection. B-D) represent the same animal after 

injection of MPIOs into the lateral ventricle at different time points, with B = 4 hours, C = 

18 hours, and D = 120 hours post-injection. MPIO(+) neuroblasts can be seen as a 

hypointense track migrating along the RMS into the OB (indicated by arrows). Scale bar = 2 

mm.
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Figure 3. 
Effect of olfactory activity on the speed of cell migration from the SVZ along the RMS into 

the OB. A) Experimental design. B) Migration rate along the RMS. C, D, E, F) MPIOs were 

injected into lateral ventricles near SVZ and MRI was performed after 4–6 hours after 

injection to mark the initial time point. Another session of MRI was performed at 22–24 

hours post-injection. G, H, I, J) The distance between the first and second time points was 

measured and divided by the time to calculate the speed of migration graph I. ** Indicates 

significant difference with p value < 0.05. The numbers of animals in each group were 6 for 

naïve, 5 for narisoccluded, 5 for 2-day reopened, and 5 for 7-day reopened. Scale bar in 

images C-J = 2 mm.
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Figure 4. 
MRI tracking of radial migration of neuroblast within the OB. time-course of MPIO 

injection followed by MRI imaging (A). OB images constructed from a minimum intensity 

projection of the six consecutive MRI slices obtained from 3D images of the OB from a rat 

that received MPIO injections at 1 week and 2 weeks after MPIO injection, respectively. The 

images were taken from the same rat. At 1 week, most of MPIO signal accumulated within 

subependymal layer in the medial plain of the OB (B). At 2 weeks, dark spots spread out 

into outer layers of the OB indicating the radial migration of cells as they exited from the 

subependymal zone (C). Histological evaluation of OBs from 1 week (D, E, F) and 2 weeks 

(G, H, I) post-injected animals revealed similar features and agreed with the MRI results. 

Immunostaining with doublecortin (red), a marker of immature migrating neurons, showed a 

co-localization of MPIO (green, marked by arrows and highlighted in the insets of panel F 

and I) with doublecortin-expressing cells. Scale bar = 40 μm (D, E, G, H) and = 5 μm (F, I)
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Figure 5. 
SVZ neuroblasts that take up the MPIO become interneurons in the OB. (A) Confocal image 

of a coronal section through the olfactory bulb of a rat that received an MPIO injection in the 

SVZ 4 weeks prior to tissue processing. The boxed region shows a calretinin-expressing (A) 

and 5T4-expressing (C) granule cells that contain MPIO particles. (B and D) Confocal 3-D 

reconstruction of orthogonal projections in the x–z (top) and y–z (right) planes confirms the 

presence of the MPIO within the cell body. Scale bar = 5 μm.
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Figure 6. 
Assignment of MRI hypointensities as surrogate marker of MPIO(+) cells in the OB and 

dynamics of new cell addition into the OB. (A) representative image of a single slice (75 μm 

thick) from 3D MRI image of the OB following 2 weeks after MPIO injection. Appearance 

of hypointense spots could be seen distributed throughout the OB. (B) Enlarged image of 

boxes i from (A) that show measurement of signal intensities across the areas that had no 

hypointense spot (from MPIO). (C) Enlarged image of boxes i from (A) that show 

measurement of signal intensities across the area with hypointense spot. (D) and (E) show 

signal intensities across the curves that are shown in red in images B and C, respectively. (F) 

Graph shows the total numbers of dark pixels found in OB, excluding medial plane that was 

assigned to subependymal layer. (G) Graph B represents the density of new cells, which 

derived from graph (F) but taken into the account of OB volume from the corresponding 

time points.
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Figure 7. 
Pharmacogenetic manipulation of new neuron production. Experimental design (A). 

Suppression of SVZ neurogenesis via valganciclovir-induced ablation of GFAP-expressing 

neural precursor cells in GFAP-TK rats (C,E), but not WT rats. (B,C) Doublecortin-

immunostaining (green) showed a reduction of DCX (+) migrating neuroblasts from the 

SVZ and along RMS into the OB. Naris occlusion (OCC) was performed on the WT (WT-

OCC) and TK (TK-OCC) rats. Both TK (N=6) and WT (N=4) rats were subjected to naris 

occlusion for 3 weeks (F,H), and subsequent removal of naris plugs to allow the return of 

activity for another 3 weeks (G,I). MRI imaging of olfactory bulbs was performed ex vivo to 

obtain OB volumes. Arrows indicate experimental side. As shown in the graph (J), lack of 

migrating neuroblasts and addition of new neurons led to the loss of OB growth recovery 

after olfactory activity deprivation. ** Indicates significant difference with p < 0.05. Scale 

bar = 500 μm in A and B, 100 μm in C.
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