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Abstract

An odorant receptor map in mammals, that is constructed by the glomerular coalescence of 

sensory neuron axons in the olfactory bulb, is essential for proper odor information processing. 

However, how this map is linked with olfactory cortex is unknown. Here, we use a battery of 

methods, including various markers of cell division in combination with tracers of neuronal 

connections and time-lapse live imaging, to show that early- and late-generated mouse mitral cells 

become differentially distributed within the dorsal and ventral subdivisions of the odorant receptor 

map. In addition, we demonstrate that the late-generated mitral cells extend significantly stronger 

projections to the olfactory tubercle than the early-generated. Together, these data indicate that the 

odorant receptor map is developmentally linked to the olfactory cortices in part by the birthdate of 

mitral cells. This endows different olfactory cortical regions a role to process information from 

distinct regions of odorant receptor map.
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The olfactory system, similar to other sensory systems, uses the position of cells within a 

topographic map to organize and analyze sensory information. Odors detected by olfactory 

sensory neurons are first relayed to the olfactory bulb glomeruli where the olfactory sensory 

neuron axons form synapses with the dendrites of projection neurons, the mitral/tufted cells. 

Because each olfactory sensory neuron expresses only 1 of ∼1200 odorant receptors and 

olfactory sensory neurons having same odorant receptor converge into only 2–3 glomeruli/

olfactory bulb1–3, the spatial arrangement of glomeruli on the surface of olfactory bulb 
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establishes an “odorant receptor map”4. Olfactory sensory neurons expressing different 

odorant receptors can also differ in their expression of combinations of molecules that 

regulate axon fasciculation, convergence, and targeting5–9. Thus, while the afferent 

innervation of an individual glomerulus is molecularly homogeneous, as a population, 

glomeruli are highly heterogeneous. Therefore, the odorant receptor map can be divided into 

several distinct zones or domains based on the constellation of the molecular phenotypes of 

olfactory sensory neuron axons8,10,11. Finally, the glomeruli activated by odorants with 

similar molecular features are closely positioned, and define clusters in the map12–14.

Mice whose olfactory sensory neurons projecting to dorsal glomeruli are ablated retain the 

ability to detect odors, but lack fear responses to predator odors10. This suggests that the 

olfactory bulb glomeruli in different regions of the odorant receptor map play distinct roles 

in odor information processing; a concept that is supported by the preservation of odorant 

receptor maps between the right and left olfactory bulbs in both mice and rats15,16. Despite 

the functional importance of the odorant receptor map, the rules used to decode the map by 

the olfactory bulb projection neurons and olfactory cortices are unknown. Direct projection 

of the odorant receptor map to the olfactory cortex is unlikely; recent in vivo studies show 

that individual odors are sparsely represented in broad regions of piriform cortex, without 

evidence of clusters17,18. Similar findings were reported in the olfactory system of 

Drosophila19 and zebrafish20. Finding the rules that link the maps of odorant receptors in 

olfactory bulb and in the olfactory cortex is critical for understanding anatomical and 

physiological basis of odor processing in mammals. Previous studies suggested that 

olfactory cortices receive axons from subpopulations of mitral cells that are non-uniformly 

distributed throughout the mitral cell layer (MCL); for example, the olfactory tubercle 

preferentially receives input from mitral cells in the ventral olfactory bulb21,22. However, 

the relationship between the distribution of mitral cells sending axons to the olfactory 

tubercle and the odorant receptor map remains unclear.

In the present study, we show that mitral cells having different birthdates are differentially 

distributed in the dorsomedial and ventrolateral regions in olfactory bulb, which, defined by 

OCAM expression, are correlated with the dorsal and ventral zones of the odorant receptor 

map. This finding is reminiscent of the birthdate-dependent dendritic targeting of glomeruli 

by projection neurons in Drosophila23 as well as the presence of areal and laminar 

neurogenetic gradients among cytoarchitectonic areas in the mammalian neocortex, 

including the human and non-human primates24,25. Here we also present data suggesting 

that the late-generated mitral cells migrate tangentially toward postero-ventro-lateral regions 

in the olfactory bulb guided by axonal scaffold. Finally, we demonstrate that the olfactory 

tubercle is preferentially innervated by late-generated mitral cells. These data indicate that 

mitral cell birthdates may be a determinant of their location in the MCL and indirectly 

shaping innervation pattern of olfactory cortices.

Results

Mitral cell location and birthdate

To determine mitral cell birthdates we used one of three thymidine analogs (XdU), BrdU, 

CldU, or IdU, which label cells in the S-phase of the cell cycle. The presence of a copulation 
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plug defined embryonic day (E) 0; XdU injections were at E9, 10, 11, 12, or 13. Pups were 

sacrificed at postnatal day (P) 20, and XdU-labeling of mitral cells was 

immunohistochemically analyzed with XdU and Tbx21 antibodies. Approximately 1, 18, 28, 

12, and 6% of mitral cells were labeled with XdU injected at E9, 10, 11, 12, and 13, 

respectively (Fig. 1a). XdU+ cells, some of which were Tbx21+, were also seen in the 

external plexiform layer and glomerular layer. Therefore, these cells are most likely tufted 

cells (Tbx21+) and periglomerular cells (Tbx21−) that are generated shortly after mitral cells 

with some temporal overlap26,27. In addition, XdU+ but Tbx21− cells were found in the 

MCL, especially following XdU injections at later time points (arrows in Fig. 1g). These are 

most likely a subtype of granule cell which is located in the MCL and generated as early as 

E12.527,28.

The majority of E10-generated mitral cells were located in the dorsomedial MCL, and fewer 

in the lateral MCL (Fig. 1b–d). In contrast, E12-generated mitral cells localized to the 

ventrolateral region (Fig. 1e–g). This recalled the dorsal and ventral zone subdivision of the 

odorant receptor map defined by OCAM expression29. Therefore, we subdivided the entire 

MCL in a coronal slice into dorsomedial (D-MCL) and ventrolateral (V-MCL) regions 

based on glomerular OCAM expression (Fig. 1h). To quantify the distribution of XdU 

labeled mitral cells, the percentages in each subdivision were calculated using five coronal 

slices taken every 400μm from the anterior to the posterior olfactory bulb (Fig. 1i and 

Supplementary Fig. 1a). Comparing the results acquired from the same olfactory bulb, we 

found that the percentage of E10-generated mitral cells was always higher in D- than V-

MCL (p=0.002), while more E12-generated mitral cells were in the V-MCL (p=0.002) (Fig. 

1j). MCL maps superimposed with E10- and E12-generated mitral cells revealed the higher 

density of E10-generated mitral cells in D- than V-MCL, while E12-generated mitral cells 

were denser in V-MCL (Supplementary Fig. 1b). The distributions of E9-generated and 

E13-generated mitral cells were similar to those of E10-generated and E12-generated mitral 

cells, respectively. There was no significant difference in the D- and V-MCL distribution of 

E11-generated mitral cells (p=0.563) (Fig. 1j). These results clearly show that early- and 

late-generated mitral cells are differentially distributed in the D- and V-MCLs.

Furthermore, we confirmed that the differential distribution of E10-, E11-, and E12-

generated mitral cells we have shown in the P20 olfactory bulb, is already present at P0 

(Supplementary Fig. 2). Indeed at P0, higher percentages of E10-generated mitral cells were 

found in D- than V-MCLs (p=0.008), whereas more E12-generated mitral cells were found 

in V- than D-MCLs (p=0.008). No significant difference was seen in the distribution of E11-

generated mitral cells (p=0.156).

Integration of mitral cells into developing olfactory bulb

A possible mechanism to establish the distinct birthdate-dependent distribution of mitral 

cells in the MCL is an overproduction and subsequent cell death in specific regions. To test 

this hypothesis, we first examined if mitral cells die during embryogenesis. We chose E11-

generated cells to examine mitral cell death because our results showed XdU injections at 

E11 resulted in the largest number of labeled mitral cells (Fig. 1a). Under these conditions, 

optimized for detecting mitral cell death by double labeling for cleaved-caspase3 and BrdU, 
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we found no evidence of cell death among E11-generated cells, including mitral cells 

(Supplementary Fig. 3). Moreover, at most only a few cleaved-caspase3 positive cells, with 

or without BrdU labeling, were found in olfactory bulb slices at any of the ages examined: 

E11, E12, E13, E14, E15, and E17. The same results were obtained when we assayed cell 

death with an alternative method, a TUNEL assay (Supplementary Fig. 4). These results 

strongly suggest that mitral cells do not die during embryogenesis. Therefore, regardless of 

their time of origin, cell death is not a determinant of the final localization of mitral cells in 

the MCL.

An alternative hypothesis is that early- and late-generated mitral cells are fated to integrate 

specifically into the dorsomedial and ventrolateral portions of the olfactory bulb, 

respectively. Therefore, we examined the distribution of E10-, E11-, and E12-generated 

mitral cells at E15 (Fig. 2a). Tbr1 was used to identify mitral cells since not all express 

Tbx21 at E15. Most E10-generated mitral cells reached the nascent MCL by E15 (Fig. 2b). 

To quantify their distribution, the olfactory bulb was radially divided into twelve 

compartments and the percentages of XdU+/Tbr1+ cells in each compartment were 

calculated (Fig. 2d). Unexpectedly, E10-generated mitral cells were evenly distributed 

throughout the olfactory bulb, rather than preferentially in the dorsomedial portion (Fig. 2e). 

In contrast, larger numbers of E12-generated mitral cells was found in ventrolateral portion, 

although most were in the intermediate zone between the nascent MCL and ventricular zone 

(Fig. 2c,g). E11-generated mitral cells showed a distribution pattern intermediate between 

E10- and E12-generated cells (Fig. 2f). A Rayleigh test revealed that E10-generated mitral 

cells were uniformly distributed in the olfactory bulb at E15 (p=0.258). However, the 

distributions of E11- and E12-generated mitral cells were non-uniform (p<0.001 for both 

E11 and E12-generated mitral cells). The distribution peak of both E11- and E12-generated 

mitral cells were within the ventrolateral portion of the olfactory bulb. These results suggest 

that late-generated mitral cells preferentially integrate into the ventrolateral portion of the 

olfactory bulb, while early-generated mitral cells do not exhibit a preferential topographic 

integration. Therefore, the sparse density of E10-generated mitral cells in V-MCL may be 

attributed to the integration of larger numbers of E11- and E12-generated mitral cells. 

Likewise, the equal distribution of E11-generated mitral cells in D- and V-MCL found in 

P20 and P0 olfactory bulbs may reflect the integration of larger numbers of E12-generated 

mitral cells into V-MCL during continuing embryogenesis.

Tangential migration of mitral cells

What is the underlying mechanism for the specific targeting of late-generated mitral cells to 

the V-MCL of olfactory bulb? Because mitral cell precursors are first generated in the 

ventricular zone of the presumptive olfactory bulb30, we examined whether more mitral 

cells are generated in the ventrolateral ventricular zone. To test this, E12-generated cells 

were labeled with BrdU, and their distributions were examined at E13 and E14. At E13 most 

BrdU+ cells were found in the ventricular zone (Fig. 3a); the nuclei of these cells were 

radially elongated and parallel to the processes of radial glia (RC2+) (Fig. 3b), suggesting 

they were migrating radially from the ventricular zone toward the intermediate zone. 

However, a preferential distribution in the ventrolateral portion was not detected. The 

distribution was quantified as described above, but all BrdU+ cells in the olfactory bulb 
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were included because it was too early to use Tbr1 expression to identify the E12-generated 

mitral cells. Despite the non-uniform distribution of E12-generated cells in E13 olfactory 

bulb (p<0.001), their distribution peak was in the dorsolateral portion (Fig. 3c). At E14, 

many BrdU+ cells with tangentially elongated nuclei were found in the intermediate zone 

(Fig. 3d,e). The distribution peak of E12-generated cells in the olfactory bulb also shifted 

from dorsolateral to lateral (Fig. 3f). Moreover, when the distributions of E12-generated 

cells were separately analyzed in the anterior and posterior regions of E13 and E14 olfactory 

bulbs, the percentage of cells found in the ventrolateral portion was higher in the posterior 

than anterior (Supplementary Fig. 5). From these observations, we propose a hypothesis that 

E12-generated cells migrate tangentially in the intermediate zone toward the postero-ventro-

lateral region of the olfactory bulb. It was noted previously from Golgi-stained and DiI-

labeled tissues that mitral cells in the intermediate zone have a tangential-like 

morphology30, but their organization and the underlying reason for the change from radial to 

tangential was unknown. We suggest that tangentially elongated cells within the 

intermediate zone are migrating late-generated mitral cells.

To confirm a migratory phenotype in E12-generated mitral cells, we used DCX-GFP mice in 

which GFP is expressed under the promoter of doublecortin (DCX), a microtubule-

associated protein expressed in migrating neurons. After labeling the E12-generated cells 

with BrdU in the DCX-GFP mice, GFP expression by Tbr1+ and/or BrdU+ cells in the E14 

olfactory bulb was examined. At this age, GFP+ cells were found at the surface of olfactory 

bulb including the intermediate zone and MCL; cells in the ventricular zone were weakly 

GFP+ (Fig. 3g). Most GFP+ cells in the intermediate zone had a tangentially elongated 

morphology, and both Tbr1+ and BrdU+ cells in this region were GFP+ (Fig. 3h). We also 

found many GFP+/BrdU+/Tbr1+ cells (Fig. 3h, asterisks) although not all BrdU+ cells were 

Tbr1+, and vice versa.

To acquire direct evidence of tangential migration in the developing olfactory bulb, we next 

performed time-lapse imaging. Preparing acute slices from the olfactory bulbs of E14 DCX-

GFP embryos, GFP+ cells in the intermediate zones were imaged every 10 minutes. We 

observed many cells migrating tangentially in the intermediate zone. Although migration 

was not unidirectional, there were cells migrating toward the posterior portion of the 

olfactory bulb (Fig. 3i and Supplementary Video 1). Following the migration assay, some 

tangentially migrating cells were confirmed as mitral cells using Tbr1+ 

immunohistochemistry (Fig. 3j). Consistent with our hypothesis, we also found examples of 

GFP+ cells that migrated radially (Supplementary Video 2) and GFP+ cells that changed 

orientation from a radial to tangential in the E15 olfactory bulb (Supplementary Video 3). 

These results support our hypothesis of the tangential migration of late-generated mitral 

cells in the intermediate zone of the developing olfactory bulb.

Axons form migratory scaffold for mitral cells

Radial glial processes support radial migration of mitral cells in the ventricular zone (Fig. 

3b). However, it is not known what structure, if any, supports tangential migration. Radial 

glia also have short branches in the intermediate zone of developing olfactory bulb31, but it 

is unlikely that these processes are used for tangential migration; we did not find any 
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evidence of radial glial processes extending tangentially and contacting E12-generated cells 

within the intermediate zone of the E14 olfactory bulb (Figs. 3e and 4a,b). It is possible that 

these short processes are used for changing migration direction from radial to tangential, but 

not for sustained tangential migration.

An alternative candidate for mediating tangential migration of late-generated mitral cells is 

the scaffold formed by the axons of early-generated mitral cells. OCAM is expressed early 

in developing mitral cells and their axons32,33. Therefore, to test for apposition of migrating 

E12-generated cells and mitral cell axons, we injected BrdU at E12 and stained for OCAM 

at E14. Mitral cell axons running toward lateral and posterior portions in the intermediate 

zone were evident in both coronal (Fig. 4c) and horizontal sections (Fig. 4e). The 

tangentially elongated E12-generated cells were positioned in parallel with, and closely-

apposed to, the OCAM+ axons (Fig. 4d,f). As a further test, we labeled the axons with DiI 

injections into the lateral olfactory tract and labeled the nuclei of mitral cells with Tbr1 

staining at E15. Consistently, the tangentially elongated mitral cells (Tbr1+) were closely-

aligned with DiI+ axons of earlier-generated mitral cells (Fig. 4g). We then used immuno-

electron microscopy to determine if the Tbr1+ cells were in direct contact with axons. At 

E15 mitral cells, Tbr1+ cells, were identified by the electron dense DAB reaction in their 

nuclei and their elongated tangential morphology in horizontal sections. These cells were 

typically surrounded by many axons (Fig. 4h,i); many of which formed somato-axonal 

appositions (Fig. 4j; arrowheads).

We observed tangentially elongated BrdU+ and Tbr1+ cells in the intermediate zone only at 

E14 and E15. At these time points, the axons of early-born mitral cells are most likely the 

only fibrous structure in this region34, other than the short branches of radial glia. An 

alternative mechanism for mitral cell migration is the chain migration that is used by 

olfactory interneurons in the rostral migratory stream. However, we think this is unlikely 

because we did not observe the dense packing typical of the chain migration characteristic of 

the rostral migratory stream35. Thus, the axons of early-generated mitral cells are the most 

plausible structure which can provide a scaffold to support the tangential migration of late-

generated mitral cells toward the postero-ventro-lateral portion in the developing olfactory 

bulb. This adds further support to our initial finding of the differential distribution of early- 

versus late-generated mitral cells in the olfactory bulb, and is consistent with prior reports 

that the lateral olfactory tract is first formed by mitral cells in the medial olfactory bulb36.

Differential mitral cell projection to olfactory tubercle

The olfactory tubercle was previously suggested to receive more axons from mitral cells in 

the ventral olfactory bulb21,22. Here, we injected DiI into the P5 olfactory tubercle and 

examined the distribution of labeled mitral cells in the olfactory bulb (Fig. 5a). Although 

labeled mitral cells were found throughout the MCL, consistent with the prior studies, larger 

numbers of DiI+ mitral cells were found in the ventrolateral region (Fig. 5a). In addition, DiI 

staining in the external plexiform layer, where the secondary dendrites of mitral cells extend, 

was most intense in the ventrolateral (Fig. 5c) compared to dorsomedial olfactory bulb (Fig. 

5b). For comparison with the odorant receptor map, the MCL was subdivided into D- and V-

MCLs, based on glomerular OCAM expression, and the percentages of DiI+ mitral cells 
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were quantified (Fig. 5d). Because DiI volumes and injection sites in the olfactory tubercle 

varied between animals, the percentages were variable. Nevertheless, the density of 

olfactory tubercle projecting mitral cell was significantly heavier in V- than D-MCL 

(p=0.002).

Since the distribution pattern of olfactory tubercle projecting mitral cells in the MCL was 

similar to that of E12-generated mitral cells, we next examined whether mitral cells with 

different birthdates differ in their axonal projections to the olfactory tubercle. For this study, 

another thymidine analog, 5-ethynyl-2′-deoxyuridine (EdU), was used to label mitral cells 

because EdU detection is compatible with DiI37 (Fig. 5e). Following EdU injection at E10, 

11, or 12, DiI was placed into the olfactory tubercle at P5 and the percentages of DiI and 

EdU double-labeled mitral cells was determined (Fig. 5f). A significantly higher percentage 

of DiI+ mitral cells were co-labeled with EdU injected at E12 compared to E10 (p<0.001) or 

E11 (p<0.05). Thus, the olfactory tubercle receives a heavier axonal projection from late-

generated than early-generated mitral cells. This indicates that the asymmetrical distribution 

of mitral cells innervating the olfactory tubercle is dependent on their birthdates.

Discussion

In the mammalian neocortex the laminar and areal positions of pyramidal neurons, which 

ultimately determine their connectivity and function, are directly correlated with the time of 

their origin24,25. In contrast to the cortical multilayer cellular organization, mitral cells in the 

olfactory bulb are aligned in single layer, and had not been previously evaluated for 

segregation into subpopulations based on the timing of their last cell division. Here, we 

demonstrate that mitral cells having different birthdates are differentially distributed in the 

MCL, and moreover, that the late-generated mitral cells extend stronger projections to the 

olfactory tubercle than the early-generated. Our data suggest that, like cerebral cortex24, the 

birthdates of mitral cells in the olfactory system may be a determinant of their segregation 

into spatially and functionally defined subpopulations. Thus, we propose the existence of 

two topographically defined maps in the olfactory bulb which interface at the glomeruli. 

Map #1 (odorant receptor map) is the glomerular distribution of olfactory sensory neuron 

axons based on odorant receptor expression. Map #2 (mitral cell map) is the birthdate-

dependent location of the mitral cells in the olfactory bulb. Considering the zonal 

segregation of the odorant receptor map29 and the columnar structure constructed by granule 

cells in the olfactory bulb38, the formation of the mitral cell map may provide a fundamental 

framework by which mitral cells decode the signal from olfactory sensory neurons.

Development of the olfactory bulb

The time-course of development is not uniform throughout the olfactory bulb. For example, 

glomeruli are reported to appear first in the antero-dorsal region of developing olfactory 

bulb39, although synaptogenesis in the glomerular layer occurred earlier in ventral region40. 

More recently, it was shown that all cells expressing Pcdh21, a mitral cell marker, at E14 

were positive for OCAM41. Among mitral cells, OCAM is expressed only by those in the 

dorsomedial region of the olfactory bulb33, indicating that mitral cells in dorsomedial region 

mature earlier than other mitral cells. Thus, olfactory bulb development may begin 

Imamura et al. Page 7

Nat Neurosci. Author manuscript; available in PMC 2011 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dorsomedially and then expand to the ventrolateral domain of the olfactory bulb. Our results 

demonstrating a differential distribution of early- and late-generated mitral cells in D- and 

V-MCLs also supports this perspective, although the segregation was not exclusive. Here, 

we also propose a plausible hypothesis that a tangential migration of late-generated mitral 

cells along a scaffold of axons from early-generated mitral cells is an underlying cellular 

mechanism for dorsomedial–ventrolateral gradient of mitral cell development 

(Supplementary Fig. 6). Elucidating the molecular mechanisms regulating migration and 

detachment of migrating mitral cells from the axonal scaffold in the posterior olfactory bulb 

will give us better insight into spatial and temporal differences in olfactory bulb 

development.

Mitral cell location, projection, and birthdates

Significant differences in the distribution of E10- and E12-generated mitral cells were found 

when the MCL was subdivided into dorsomedial and ventrolateral regions, based on 

glomerular OCAM expression. Because olfactory sensory neurons targeting the dorsal and 

ventral zones make synapses primarily with mitral cells in the D- and V-MCLs, respectively, 

odor information from dorsal zone olfactory sensory neurons is processed largely by early-

generated mitral cells, while late-generated mitral cells process odor information from 

ventral zone olfactory sensory neurons. The segregation of early- and late-generated mitral 

cells into D- and V-MCLs is not an all-or-none event. In both domains early- and late-

generated cells are slightly intermingled. While this provides both early- and late-generated 

mitral cells with an opportunity to process odor information from dorsal and ventral zone 

olfactory sensory neurons, the ratios are profoundly different. Thus, the distinct location of 

mitral cells having different birthdates may contribute to a functional specificity to the 

different zones of the odorant receptor map10.

In addition, we have demonstrated here that the olfactory tubercle receives a larger number 

of axons from the E12-generated mitral cells than from those generated at E10 or E11. In 

rabbits, approximately one-fourth of the mitral cells in the ventral olfactory bulb send their 

axons to the olfactory tubercle42. Our data suggest that the axonal projection of mitral cell to 

the olfactory tubercle is partly determined by its birthdate. A similar correlation has been 

observed during genesis of tufted cells, which are born later than mitral cells26 and project 

predominately to the olfactory tubercle21,43,44. Moreover, we propose that mitral cells 

generated at different time points send their axons to spatially distinct regions in the 

olfactory cortex. Since early- and late-generated mitral cells send their axons through 

different sub-laminae in the lateral olfactory tract32, mitral cell axons that target different 

regions of the olfactory cortices may begin to segregate in lateral olfactory tract. Together 

with the studies of molecular mechanisms regulating organization of the lateral olfactory 

tract and axonal topography in olfactory cortices45–47, rules that link the olfactory bulb and 

the olfactory cortices may be revealed by focusing on birthdates of mitral/tufted cells.

In summary, our studies reveal that both the locations of mitral cell somata in the MCL and 

the extent of their axonal projections in the olfactory cortices are in part a function of their 

date of birth. Considering that the spatial distribution of mitral cells with different birthdates 

correlates systematically with the dorsal and ventral zones of the odorant receptor map, it is 
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likely that processing of distinct odors in the olfactory cortices depends on the information 

flow from the dorsal and ventral zones of the odorant receptor map. Thus, our data suggest a 

developmental mechanism that may be used by the olfactory bulb projection neurons to 

organize the transmission of information from the odorant receptor map to the olfactory 

cortices. The physiological significance of an odorant receptor map for information 

processing in the olfactory cortices is still largely unknown. Also, our data show that while 

there is a significant difference in cortical projection based on date of birth, it is not 

exclusive pattern of projections; there is evidence for some intermingling of early- and late-

generated mitral cells. Nevertheless, our data establish a developmental gradient in mitral 

cell location and connections, characteristics that will be useful and we continue to unravel 

the rules that regulate the odor processing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Distributions of mitral cells with different birthdates in the olfactory bulb.

(a) Percentages of mitral cells in P20 olfactory bulb labeled with thymidine analogs (BrdU, 

CldU, or IdU) injected at indicated time points. (b–g) Coronal sections of olfactory bulb 

immunostained with BrdU that were injected into pregnant dams at E10 (b) and E12 (e), 

respectively. More E10-generated (BrdU+; green) mitral cells (Tbx21+; red) are found in 

the medial (c) than lateral side (d), while E12-generated mitral cells are preferentially 

located in the lateral side (f,g). Arrows in (g) indicate the BrdU+ but Tbx21- cells in the 

MCL. All cell nuclei are stained with DRAQ5 (blue). (h) The MCL was subdivided into 

dorsomedial (D-) and ventrolateral (V-) MCLs based on the OCAM expression in 

glomerular layer (red). (i) The representative images showing the position of E10- (red) and 

E12-generated mitral cells (green) labeled with IdU and CldU, respectively, in an olfactory 

bulb section. (j) Percentages of thymidine analog-labeled mitral cells found in D- and V-

MCLs. Thymidine analogs were applied at indicated time points. Each data point represents 

a single olfactory bulb, and data obtained from the same olfactory bulb are connected with 

lines. Significant distribution differences between D- and V-MCLs are found in E10- 

(**p=0.002; n=10 olfactory bulbs), E12- (**p=0.002; n=10), and E13-generated mitral cells 

(*p=0.031; n=6), but not in E9- (p=0.125; n=6) or E11-generated mitral cells (p=0.563; n=6) 

(Wilcoxon signed rank test). Error bars represent s.e.m. Scale bars represent 200μm (b, e, h, 

i) and 50μm (c,d,f,g).
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Figure 2. 
Preferential integration of late-generated mitral cells into the ventrolateral portion of the 

developing olfactory bulb.

(a–c) A coronal section of E15 olfactory bulb immunostained with IdU (red), CldU (green) 

and Tbr1 (blue) (a). IdU (b) and CldU (c) were injected into pregnant dam at E10 and E12, 

respectively. E10-generated mitral cells non-preferentially distribute within the MCL, while 

E12-generated mitral cells are preferentially localized at the ventrolateral portion; IZ: 

intermediate zone; VZ: ventricular zone. (d–g) Quantification of distribution of Tbr1+ cells 

generated at E10 (e), E11 (f), or E12 (g) in E15 olfactory bulb. Thymidine analogs (XdU) 

were injected at each time point. Six olfactory bulb sections (3 animals) were analyzed for 

each time points of generation. Each olfactory bulb section was radially-separated into 

twelve compartments (d), and the percentages of XdU+/Tbr1+ cells found in each 

compartment among total XdU+/Tbr1+ cells in the section are shown with rose graphs (e–

g). A non-uniform distribution around the circle is found with E11- (p<0.001) and E12-

generated mitral cells (p<0.001), but not with E10-generated mitral cells (p=0.258) 

(Rayleigh test). The population mean angle is shown with red bar in the graph only when 

non-uniform distribution around circle is found with Rayleigh test. Both E11- (p<0.001) and 

E12-generated mitral cells (p<0.001) preferentially distributed around the population mean 

angles (V-test, a modified Rayleigh test). Scale bars represent 100 μm.
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Figure 3. 
Tangential migration of late-generated mitral cells in the developing olfactory bulb.

(a,b,d,e) Coronal sections of E13 (a,b) and E14 (d,e) olfactory bulbs in which E12-generated 

cells were labeled with BrdU (green). Radial glial processes were immunostained with RC2 

(b,e; red). (c,f) Quantification of BrdU+ cell distributions in E13 (c) and E14 (f) olfactory 

bulb sections with the method described in Figure 2d. A non-uniform distribution of E12-

generated cells was found at both E13 (p<0.001; n=6 olfactory bulbs) and E14 (p<0.001; 

n=6) (Rayleigh test). The population mean angle (red bar) is seen in dorsolateral region at 

E13, while it is shifted to lateral region at E14. At both E13 (p<0.001) and E14 (p<0.001), 

E12-generated cells were preferentially distributed around the population mean angles (V-

test). (g,h) Horizontal section of E14 DCX-GFP mouse olfactory bulb immunostained with 

BrdU (red) and Tbr1 (blue). BrdU labels E12-generated cells. GFP+ cells in the intermediate 

zone have a tangentially elongated morphology. BrdU+ or Tbr1+ cells are mostly GFP+, 

and triple-labeled cells are also found in the slice (h). (i) Time-lapse imaging of acute DCX-

GFP E14 mouse olfactory bulb slice was carried out to determine the mode of migration of 

GFP+ cells. A z-stack projection was prepared to track cell movement in different planes. 

The arrows show the progression of a GFP+ cell toward the posterior portion of the 

olfactory bulb. (j) A single optical slice shows that the GFP+ cell observed in (i) expresses 

Tbr1 (red). Scale bars represent 100μm (a,d,g) and 20μm (b,e,h,j).
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Figure 4. 
Direct contact of E12-generated mitral cells with pre-existing mitral cell axons.

(a,b) Horizontal section of an E14 olfactory bulb immunostained with BrdU (green, E12-

generated cells) and RC2 (red). RC2+ processes do not run tangentially in the olfactory 

bulb. (c–f) Coronal (c,d) and horizontal (e,f) sections of E14 olfactory bulb immunostained 

with BrdU (green, E12-generated cells) and OCAM (red) that labels mitral cell axons. Mitral 

cell axons run tangentially in the intermediate zone and contact tangentially elongated BrdU

+ cells. (g) Horizontal section of an E15 olfactory bulb. Mitral cell axons were labeled with 

DiI (red) injected into lateral olfactory tract, and the nuclei of mitral cells were 

immunostained with Tbr1 (green). Pre-existing mitral cell axons pass the intermediate zone 

where many mitral cells that have a tangentially elongated morphology are found. (h–j) 

Electron microscopic images taken from E15 olfactory bulbs. Electron dense products were 

produced in nuclei of Tbr1+ cells with a DAB reaction. Tbr1+ cells with elongated nuclei 

are surrounded by many axons (h,i), and some axons make direct contacts with Tbr1+ cells 

(j; arrowheads). Scale bars represent 50μm (a,c,e), 20μm (b,d,f,g), 1 μm (h,i), and 500nm (j).
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Figure 5. 
Birthdate-regulated axonal projection to the olfactory tubercle.

(a–c) A coronal section of P5 olfactory bulb. A subpopulation of mitral cells was labeled 

with DiI injected into the olfactory tubercle. The injection site is shown with arrowhead in 

the inset. Many DiI+ (red) mitral cells (Tbx21+; blue) are found in the ventrolateral portion 

(c), while fewer DiI+ mitral cells are in the dorsomedial portion (b). (d) The MCL in 

olfactory bulb sections was subdivided into D- and V-MCLs based on the OCAM 

expression pattern in the glomerular layer (green in (a)), and the percentages of DiI+ mitral 

cells were quantified in each zone. A significantly higher percentage of V-MCL mitral cells 

were DiI+ than in the D-MCL (**p=0.002; n=10 olfactory bulbs; Wilcoxon signed rank 

test). (e) Detection of olfactory tubercle projecting mitral cells generated at specific time 

points in development. EdU injected at E12 was detected (green) in mitral cells (Tbx21+; 

blue) after DiI (red) injection into the olfactory tubercle at P5. (f) Percentages of EdU+ cells 

among olfactory tubercle projecting (DiI+) mitral cells were quantified after injecting EdU 

at E10, E11, or E12. The percentage is higher with EdU injection at E12 (n=11 olfactory 

bulbs) than E10 (n=9) and E11 (n=11) injection. *p<0.05; ***p<0.001; one-way ANOVA 

followed by Tukey's multiple comparison test. Scale bars represent 100μm (a), 2mm (inset 

in a), 50μm (b,c), and 20μm (e).
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