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The sense of smell is a crucial modulator of behavior. Reproductive 
and aggressive and defensive behaviors are regulated by the acces-
sory olfactory system via sensory innervation from the vomeronasal 
organ that projects to the AOB, an independent unit that is nestled 
above the main olfactory bulb (MOB) in rodents. Functionally, the 
AOB appears to have two distinct halves: the aAOB, which is thought 
to mediate reproductive behavior, and the pAOB, which is thought 
to mediate defensive and aggressive behaviors1,2. Distinct subtypes 
of vomeronasal sensory neurons project to the aAOB and pAOB. 
Vomeronasal receptor 1 (V1R)-expressing sensory neurons reside in 
the apical layer of the vomeronasal organ and project to the aAOB3. 
Vomeronasal receptor 2 (V2R)-expressing neurons reside in the basal 
layer of the vomeronasal organ and project to the pAOB4. Although 
there is some overlap in projections, there is substantial selectivity 
at the level of the AOB and at the next level of processing in the 
medial amygdala and other targets in the extended amygdala5,6, and, 
subsequently, to the hypothalamus5. The aAOB and pAOB can be 
distinguished by differential lectin binding7,8, as well as the expres-
sion of particular G protein subunits9,10 and important developmental 
control molecules11,12. These molecular, connectional and physiologi-
cal distinctions between the two halves of the AOB present a puzzling 
problem in terms of their genesis, and insight into the origin of these 
differences could offer perspectives on how this fundamental, ancient 
sensory system arose.

The development of the AOB has not yet been examined, either 
in terms of the site of origin of its precursors or the mechanisms 
that control the migration of its postmitotic neurons. This may be 

because of the reasonable expectation that the AOB might share 
developmental mechanisms with the MOB. Broadly, the two systems 
share several functional and cytoarchitectonic features. The principal 
projection neurons in both structures are the mitral cells, specialized 
neurons that receive sensory innervation via the olfactory sensory 
nerve. Mitral cell axons from both structures project in a fascicle 
along the lateral aspect of the telencephalon, known as the lateral 
olfactory tract (LOT). It may therefore be expected that mitral cells 
of the AOB and MOB arise from the neuroepithelium of the olfactory 
bulb primordium. This is consistent with a fundamental feature of 
the developing forebrain: projection neurons arise locally, migrat-
ing radially outward from underlying regions of the telencephalic 
ventricular zone13. In contrast, interneurons can arise from more 
distant origins, two notable examples being the ventricular zone of 
the medial and caudal ganglionic eminences for cortical interneurons 
and the anterior subventricular zone for olfactory bulb interneurons. 
These migrate tangentially along well-characterized routes to their 
final destinations14,15. For both projection neurons and interneurons, 
correct fate specification must occur in the region of the ventricu-
lar zone from which they arise and this must be followed by proper 
migration to the final destination, leading to the development of a 
functional circuit.

We observed a dichotomy between the two halves of the AOB in 
terms of their development. aAOB projection neurons, as expected, 
arose from the neuroepithelium of the rostral telencephalon, whereas 
pAOB projection neurons did not. Instead, these cells originated 
 caudally, from the neuroepithelium of the diencephalic-telencephalic 
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The accessory olfactory bulb (AOB) is a critical olfactory structure that has been implicated in mediating social behavior. 
It receives input from the vomeronasal organ and projects to targets in the amygdaloid complex. Its anterior and posterior 
components (aAOB and pAOB) display molecular, connectional and functional segregation in processing reproductive and 
defensive and aggressive behaviors, respectively. We observed a dichotomy in the development of the projection neurons of the 
aAOB and pAOB in mice. We found that they had distinct sites of origin and that different regulatory molecules were required for 
their specification and migration. aAOB neurons arose locally in the rostral telencephalon, similar to main olfactory bulb neurons. 
In contrast, pAOB neurons arose caudally, from the neuroepithelium of the diencephalic-telencephalic boundary, from which they 
migrated rostrally to reach their destination. This unusual origin and migration is conserved in Xenopus, providing an insight into 
the origin of a key component of this system in evolution.
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boundary (DTB), where the thalamic eminence is located. From 
this distant site, prospective pAOB cells undertook what is possi-
bly the longest reported path for projection neuron migration in the 
forebrain and appeared to be guided by repulsive cues from sonic 
hedgehog (Shh). Their route spanned the entire extent of the lateral 
telencephalon, presaging what would subsequently be the path of the 
LOT axons. An examination of this phenomenon in Xenopus revealed 
a conserved migration from the thalamic eminence to the AOB. Our 
findings provide an explanation for the dichotomy between the two 
parts of the AOB and offer insights into how these two distinct systems 
evolved as components of the same accessory olfactory system.

RESULTS
Cell migration from the caudal telencephalon to the AOB
We examined LIM homeodomain gene expression in embryonic 
mouse whole telencephalic preparations to identify regions that 
expressed markers of the developing amygdaloid complex. Intact  
telencephalic hemispheres at embryonic day 11 (E11) revealed an arc 
of Lhx5 expression along what appeared to be the prospective path of 
the LOT (Fig. 1). By E14, the arc-like staining had coalesced into a tight 
cluster in the region of the AOB, consistent with the known expression 
of Lhx5 in the posterior portion of this structure12 (pAOB; Fig. 1c). 
This observation was indicative of a stream of cells migrating to  
the pAOB. 

Multiple markers of the pAOB mitral cell layer also displayed a 
similar arc of expression in the lateral telencephalon at early stages, 
which localized to the pAOB by E14. These included the transcrip-
tion factor AP2α (also known as Tfap2a; Fig. 1d), a selective pAOB 
marker, and neuropilin 2 (NP2, also known as Nrp2; Fig. 1e), an estab-
lished marker of the mitral cells of the entire AOB (both aAOB and 
pAOB)16. In contrast, Tbet (also known as Tbx21), an aAOB marker, 
was never expressed in the arc-like area, but was limited to the pros-
pective olfactory bulb region at its first appearance at E12 and at all 
stages examined subsequently (Fig. 1b). In the E18 olfactory bulb, 
at which point all mitral cell migration is complete, Tbet expression 
was specific to the mitral cell layer of the MOB and aAOB (Fig. 1b), 

whereas AP2α and Lhx5 (Fig. 1c,d) were expressed exclusively in the 
pAOB. NP2, a defining marker of AOB mitral cells, was expressed 
uniformly in both portions of this structure (Fig. 1e). These data 
suggest a dichotomy between the two halves of the AOB.

The thalamic eminence is the source of pAOB neurons
A series through an E11.5 brain processed for Lhx5 expression 
revealed the migration at the point of transition across the DTB in 
caudal sections (Fig. 2). Progressively rostral sections revealed its 
path as it traversed the lateral telencephalon. Lhx5 expression at the 
thalamic eminence located at the DTB suggested that this region may 
be the origin of this population of neurons (Fig. 2a). Further support 
for this came by examining Foxg1 expression, which is a definitive 
marker of all telencephalic derivatives. Foxg1 expression excluded the 
pAOB migration at all levels of its migration, confirming its extra- 
telencephalic origin (Fig. 2b–d).

To clearly distinguish between the origins of the aAOB and pAOB, 
we used an in vitro explant culture preparation in which MOB mitral 
cells develop normally at the rostral end of the explants17. We pre-
pared E12.5 lateral telencephalic explants in which the rostral portions 
were cut off and cultured separately. After 2 d in vitro (DIV), aAOB 
projection neuron marker Tbet expression was observed in the rostral 
portions (eight of eight explants), indicating that these neurons have 
a rostral origin. The remaining caudal portion of the telencephalic 
explant did not produce cells expressing this marker, indicating that 
it does not produce aAOB projection neurons (Fig. 2f). The opposite 
scenario was seen in the case of pAOB marker Lhx5, which was not 
detected in the rostral explants, but was instead identified on a cluster 
of cells at the margin of the caudal explant (eight of eight explants; 
Fig. 2g). Pan-AOB marker NP2 was expressed by cells in both rostral 
and caudal explants (seven of seven explants; Fig. 2h).

The Lhx5-expressing migration was localized to a Tbr1-expressing 
region of the mantle and was clearly excluded by Gad67 (also known 
as Gad1) expression (Fig. 2i,j). Thus, these cells are glutamatergic 
rather than GABAergic, which is consistent with a mitral cell iden-
tity as revealed by NP2 expression (Fig. 1). Consistent with earlier 
reports, this cluster expressed reelin, which may explain why it was 
assumed to be a subpopulation of reelin-expressing Cajal-Retzius 
cells18–20 (Fig. 2k).

We sought to examine the precise site of origin of the pAOB pro-
jection neurons. We examined the birthdates of pAOB cells and 
found that they arose in an extremely early time window, E9.5–11.5, 
similar to aAOB cells16 (Supplementary Fig. 1). We performed  
in utero micro-electroporation of enhanced yellow fluorescent protein 
(EYFP)-expressing plasmids at E9.5, targeting the microelectrodes  

E11–12a

b

c

d

e

Tb
et

Lh
x5

N
P

2
A

P
2α

E13 E14 E18

Tbet Lhx5

Figure 1 pAOB projection neurons migrate from the caudal telencephalon. 
(a) Diagrams illustrating whole-mount in situ hybridization of embryonic 
mouse brains at different stages (E11–14). aAOB cells are green and 
pAOB cells are red. A sagittal section of the olfactory bulb at E18 showing 
a false color overlay of the expression of the aAOB marker Tbet (green) 
and the pAOB marker Lhx5 (red). The AOB is enclosed in a dashed oval. 
(b) From E12–14, the aAOB marker Tbet identified a population of cells 
at the rostral end of the telencephalon (arrowhead). At E18, Tbet was 
expressed in the mitral cells of the aAOB and the MOB, but not in the 
pAOB. (c,d) Lhx5 and AP2α expression identified a streak of expression  
in the lateral telencephalon (arrows) at E11–13 that coalesced into the 
site of the pAOB by E14. At E18, both genes specifically labeled the 
pAOB mitral cell layer, but excluded the aAOB. (e) NP2 expression  
also identified a streak of cells (arrows) that coalesced into the pAOB. 
NP2 is an established pan-AOB marker that was expressed in both pAOB 
and aAOB cells, as seen in the E18 section. Arrowhead indicates AOB 
anlage. Rostral is right. Scale bar for each column represents 200 µm.
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to the DTB. By E12.5, EYFP-expressing cells were seen in a stream that 
migrated rostrally to the region of the olfactory bulb (n = 3 brains; 
Fig. 3). Additional EYFP-expressing cells scattered in the telen-
cephalon (Fig. 3a,b,e,f) are likely to be Cajal-Retzius cells, consistent 
with an earlier report20. A ventral view of the same brains revealed 
the site of electroporation (Fig. 3b,f) at the thalamic eminence. When 
these same brains were sectioned, Lhx5 expression was seen to over-
lap with the EYFP expression, indicating that we had indeed electro-
porated the pAOB stream (Fig. 3c,d,g,h).

Even though the electroporation was performed using microelec-
trodes, the extent of electroporation cannot always be restricted to 
a particular site, but may sometimes encompass a broader domain. 
We tested the origin domain of the stream more rigorously using an 
explant culture system. Lhx5 expression at the E9.5–10.5 DTB pres-
aged the location at which the thalamic eminence would form 1 d 
later12 (Fig. 3i). We prepared flattened telencephalic explants of E10.5 
forebrain in which the DTB was intact (Fig. 3i–k). After 1 DIV, an 
Lhx5-positive stream emerged in 12 of 17 of these explants (Fig. 3j). 
After 4 DIV, a coalesced pAOB-like structure formed at the rostral 
end of 15 of 17 of such explants (Fig. 3k). In contrast, when the DTB 
was cut away before culture, the explants did not produce a pAOB-
like cluster (Fig. 3l). Together with the electroporations, these data 
indicate that the origin of the pAOB cluster is the DTB.

To further test whether this electroporated stream indeed 
contributes to the pAOB in vivo, we performed in utero  
micro-electroporation using the Tol2-EGFP-transposase system21.  
We collected these brains at E16.5–18.5, when the pAOB was distin-
guishable. EGFP-expressing cell clusters were seen in intact brains in 
the pAOB anlage (Fig. 3m,p,s,v). When sectioned sagittally, the EGFP 
expression domain overlapped well with expression of pAOB markers 
AP2α and Lhx5 (Fig. 3q,r,t,u,w,x). The Tol2-EGFP-transposase system 
ensures stable integration of the plasmid into the genome of the precur-
sors and therefore can be used to label the origin of neurons21. When 
we sectioned the caudal portion of brains with EGFP-positive cells in 
the pAOB, we indeed saw EGFP-expressing cells at the DTB (Fig. 3m–o 
and Supplementary Fig. 2). These findings indicate that the source of 
pAOB projection neurons is the thalamic eminence at the DTB. Nine 
brains collected at E16.5–18.5 displayed EGFP-expressing cells in the 
pAOB and at the DTB (n = 9 brains; Fig. 3 and Supplementary Fig. 2). 
Taken together, these data indicate a clear difference between the ori-
gins of the aAOB and pAOB mitral cells. The former arises as expected 

from the olfactory bulb anlage at the rostral end of the telencephalon, 
whereas the pAOB arises from the thalamic eminence at the DTB.

Distinct mechanisms regulate aAOB and pAOB development
On the basis of our finding of different origins of aAOB and pAOB 
neurons, we predicted that there would also be a clear distinction 
in the regulatory mechanisms that control the specification and 
migration of these two structures. Lhx5 was expressed in the neuro-
epithelium of the thalamic eminence from which the pAOB arises12 
(Fig. 2a,b). We hypothesized that Lhx5 might be a regulator of pAOB 
specification, as it is expressed in the pAOB progenitors. In con-
trast, Lhx5 would not be expected to affect aAOB specification, as 
it is not expressed in either the aAOB progenitor zone or the post-
mitotic aAOB cells. As expected, in Lhx5 knockout brains, the aAOB 
appeared to be normally specified, and aAOB neurons expressed 
Tbet and NP2 (Fig. 4a,b). There appeared to be a complete over-
lap in the expression domains of these two markers in the mutant, 
which suggested that the pAOB might not be present. Quantification 
of the aAOB area in control and mutant (n = 3 brains) revealed 
no significant difference (P = 0.65), indicating that the aAOB had 
not expanded at the expense of the pAOB (Supplementary Fig. 3). 
Instead, the pAOB appeared to be completely missing, as confirmed 
by the absence of expression of two pAOB markers, AP2α and Pax6 
(n = 4 brains; Fig. 4a,b). Sections of the rest of the telencephalon of 
the same Lhx5 mutant brains did not reveal any population of pAOB 
cells arrested along the migration route (data not shown). In sum-
mary, our data indicate that Lhx5 is required for the specification of 
the pAOB, but not the aAOB.
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Figure 2 The DTB is the origin of the pAOB stream. (a) In coronal sections 
at E11.5, Lhx5 expression identified the thalamic eminence, a structure at 
the DTB (asterisk). Progressively rostral sections revealed Lhx5 expression 
in a cluster of cells at the lateral margin of the telencephalon (arrows). 
(b–d) This stream did not express the telencephalic marker Foxg1, as seen 
in false color overlays (d) of E11.5 sections at rostral and caudal levels 
examined for Lhx5 (arrows) and Foxg1 expression. (e) A diagram illustrating 
an in vitro assay to examine aAOB and pAOB origins. (f) The rostral olfactory 
bulb anlage at E12.5, separated from the rest of the telencephalon and 
maintained in explant culture for 3 d, displayed the aAOB marker Tbet in 
a strip of cells, whereas the caudal portion of the telencephalic explant 
did not express Tbet. (g) In contrast, pAOB marker Lhx5 expression was 
seen in the caudal, but not the rostral, explants (arrowhead). (h) Pan-AOB 
marker NP2 expression was detected in both explants. The numbers of 
explants showing the phenotype per total explants is displayed below each 
pair. (i–k) Adjacent coronal sections of E11.5 embryos revealed overlapping 
expression of Lhx5 and the glutamatergic neuron marker Tbr1 (i), but Lhx5 
expression did not overlap with the GABAergic marker Gad67 (j). Reelin was 
also expressed in the migrating pAOB cluster (k). A false color overlay is 
presented alongside each pair of adjacent sections. All scale bars represent 
200 µm. Scale bars in h apply to corresponding columns of f,g. Scale bar  
in k applies to i,j.
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Another important regulator of all early born telencephalic neurons 
is the transcription factor Tbr1, which is critical for the specification 
of MOB mitral cells22. As expected, MOB mitral cells were missing in 
brains from Tbr1 knockout embryos22. aAOB mitral cells were also 
not found in these mutants, indicating that these cells require Tbr1 for 
their specification. In contrast, a reduced population of pAOB cells was 
present in the appropriate location in the shrunken Tbr1 mutant olfac-
tory bulb (n = 5 brains; Fig. 4c,d). Notably, some pAOB cells appeared 
to be trapped at the extreme caudal end of the telencephalon in the 
same brains (Fig. 4e,f,g). This finding indicates that Tbr1 is required 
for the migration, but not the specification, of pAOB neurons, and,  
in the absence of Tbr1, some of these neurons are unable to migrate 
to the rostral telencephalon.

Cdk5, an atypical cyclin-dependent kinase, is expressed by post-
mitotic neurons23 and is required for neuronal migration24,25. Cdk5 
is thought to regulate cell migration by promoting changes in cell 
morphology26. In Cdk5 knockout embryos, the mitral cells of the 
MOB27 and aAOB migrated abnormally and, as a result, the mitral 
cell layer appeared to be loosely packed compared with that in control 
mouse brains (Fig. 4h,i). The pAOB cells, however, displayed a far 
more severe defect in the absence of Cdk5. They remained stuck in 
the caudal forebrain and failed to reach their normal position in the 

pAOB (n = 6 brains). These cells appeared to be arrested after they had 
reached the pial surface; that is, their migration from the ventricular 
zone at their origin to the pial surface appeared to not require Cdk5. 
The tangential component of the migration appeared to be selectively 
arrested (Fig. 4j,k). This suggests that a possible Cdk5-dependent  
change in cell morphology is required for migration along their  
trajectory traversing the length of the telencephalon.

Distinct mechanisms for pAOB and Cajal-Retzius development
Migrating pAOB cells and Cajal-Retzius cells both express markers 
such as Lhx5, Tbr1 and Reelin. In addition, a subpopulation of Cajal-
Retzius cells has been shown to follow the same trajectory as the 
pAOB cells19,20. Thus, we tested whether mechanisms that regulate 
the development of Cajal-Retzius cells also affect pAOB cells.

In Emx1; Emx2 double knockout embryos, there is a complete 
absence of Cajal-Retzius cells28, whereas these cells are reduced in 
number in brains from P73 knockout embryos29. In contrast, the 
pAOB formed normally in both of these mutants (Fig. 5a–d), indi-
cating that, although pAOB cells share some molecular markers with 
Cajal-Retzius cells, they are distinct in terms of the mechanisms that 
regulate their specification. We sought to test whether known guid-
ance mechanisms regulate the pAOB migration. Cxcr4 is critical for 
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(asterisk). (j) Flattened explant preparations of E10.5 hemispheres with the DTB intact displayed an Lhx5-expressing stream after 1 DIV (arrows;  
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sections (m,p,s,v) revealed EGFP-expressing cells in the pAOB (compare with whole mounts in Fig. 1). When sectioned sagitally, all brains (n,q,r,t,u,w,x) 
displayed GFP-expressing cells in the pAOB, overlapping well with AP2α (r) and Lhx5 (u,x) expression (dashed ovals). Shown in o is a coronal section of 
the caudal portion of the electroporated brain (m), revealing GFP expression at the DTB (asterisk). Rostral is right. Original magnification in a,b,e,f,m, 
×2.5; in p,s, ×3.2; in v, ×4. Scale bars represent 200 µm. Scale bar in g applies to c,d,h; in l applies to i–k; in w applies to q,r,t,u,x.
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the proper migration of Cajal-Retzius cells30. 
We examined brains from Cxcr4 knockout 
embryos, and found that the pAOB migration 
was normal (Fig. 5e,f). These findings sug-
gest the presence of two cell populations that arise from the DTB and 
migrate along the same trajectory, but require distinct developmental 
mechanisms for their specification and migration.

Distinct mechanisms guide pAOB cells and LOT axons
The pAOB cells migrated from the DTB along the lateral wall of the 
telencephalon presaging the path of the lateral olfactory tract (LOT; 
Fig. 1c). Thus, we tested whether the guidance mechanisms necessary 
for LOT formation are required by migrating pAOB cells.

Notably, Slit1; Slit2 double knockout mice, in which LOT  
pathfinding is known to be disrupted31, showed a properly located 
pAOB (Fig. 5). The proper migration and positioning of lot cells, 
which guide the LOT pathway, requires Netrin1 (ref. 32). The pAOB 
cells, however, migrated to their normal positions in the absence of 
Netrin1 (Fig. 5g,h). In summary, Slit1, Slit2 and Netrin1 were not 
necessary for proper migration of the pAOB.

Telencephalic midline cues may repel the pAOB stream
We tested secreted molecules that are known to be expressed at the 
ventral midline during the early stages at which the pAOB migration 
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sectioned sagitally and the caudal portion of the 
same brain sectioned coronally. (f,g) The caudal 
telencephalon of the brains shown in c and d 
sectioned coronally showed additional pAOB 
cells aberrantly accumulated in the mutants 
(open arrowheads, g). No such population was 
seen in controls (f). (h,i) Sagittal sections of 
the rostral portion of E18.5 Cdk5 control (h) 
and mutant (i) brains revealed the pAOB to be 
missing in the mutant. The aAOB and the mitral 
cell layer of the MOB were present, although 
somewhat less compact than in the controls. 
(j,k) When the caudal portion of the same brains 
was sectioned coronally, additional pAOB cells 
were seen aberrantly accumulated in the caudal 
telencephalon of mutants (open arrowheads, k). 
No such population is seen in controls (j). All scale 
bars represent 200 µm. Scale bar in b applies to a;  
in i applies to c,d,h; in k applies to f,g,j.
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is under way. The pAOB stream migrates caudo-rostrally along the 
pallial-subpallial boundary from E11.5–13.5, along a similar path, but 
in the opposite direction of the LOT axons from the olfactory bulb 
that traverse the lateral telencephalon from E12.5. Slit proteins pro-
vide repulsive cues that are critical for the normal positioning of the 
LOT pathway31 and the tangential migration of adult subventricular 
zone (SVZ) neuroblasts33. However, our observation that the Slit1; 
Slit2 double mutant has a normal pAOB motivated us to examine 
other midline cues.

Another midline signal that is expressed from early stages is Shh, 
which is known to guide the migration of adult SVZ neuroblasts either 
directly34 or indirectly via regulation of Slit1 levels35. We examined 
Shh and Slit1 for a potential ability to repel the pAOB migration. Beads 
soaked in phosphate-buffered saline (PBS, control), Slit1 (4–8 µg ml−1)  
or Shh (2 µg ml−1) were placed at the prospective AOB location at 
rostral end of E11.5–12.5 lateral telencephalic explants (Fig. 6). The 
pallial-subpallial boundary was marked by three placements of DiI 
crystals, which provided a reliable means of delineating the prospec-
tive trajectory of the pAOB stream (Fig. 6b). Explants were maintained 
in vitro for 1–2 d and examined for Lhx5 expression to label the pAOB 
and the stream. Explants were divided into three bins on the basis of 
how closely the stream and pAOB approached the bead by a colleague 
who was blind to whether they were control or experimental. Explants 
in which the stream came to within one bead diameter (0–150 µm) 
were placed in the ‘near’ bin, those in which the stream and pAOB 
approached to within 150–300 µm were placed in the ‘mid’ bin and 
those in which this distance was greater than 300 µm were placed 
in the ‘far’ bin. In control explants, the pAOB stream migrated in a 
path that was closely aligned with that expected from the DiI crystal  
placements, and most of the explants displayed streams that closely 
approached the bead, often surrounding it (n = 22 of 29 explants, near 
bin; Fig. 6e,g,j). In contrast, Shh bead placements resulted in a fraction 
of explants with displaced streams that fell into the mid (n = 13 of 29)  
and far (n = 12 of 29) bins, with trajectories that no longer matched 
those delineated by the DiI placements (Fig. 6c,f,h). Furthermore, 
in some cases, the displaced stream was ventral to the bead place-
ment (Fig. 6f), and, in other cases, dorsal to it (Fig. 6h). As expected,  
Slit1 bead placements consistently resulted in streams that touched 
or surrounded the bead, similar to control beads (n = 9 of 9 explants; 

Fig. 6k). These results support the conclusion that Shh, but not Slit1, 
can provide repulsive cues to guide the path of the pAOB stream.

Evolutionary conservation of migration to the AOB
The thalamic eminence is an evolutionarily conserved structure36,37 
and has been hypothesized to control olfactory information processing  
in non-mammalian vertebrates37. We asked whether the thalamic 
eminence and the AOB both express important developmental con-
trol molecules in Xenopus (Fig. 7). No anterior and posterior subdivi-
sions have been described in the Xenopus AOB. In fact, both Xenopus 
lhx5 and eomes (Tbr2) are known to identify the entire structure38 
(Fig. 7a–f,j,l). In addition to lhx5 and eomes, we found that Xenopus 
AP2a (tfap2a-a), the counterpart of mouse AP2α, is an excellent and 
specific marker of the Xenopus AOB (Fig. 7g–i,k). In sagittal sections 
of pre-metamorphic stage tadpoles (stages 54–55), all three markers 
were expressed in the Xenopus AOB, and their expression domains 
overlapped well with each other (Fig. 7). Furthermore, the expres-
sion of all three markers revealed a continuous ribbon of expression 
(Fig. 7a,b,f) extending caudally to the DTB in sagittal sections and 
whole-mount preparations (Fig. 7i,k). Furthermore, eomes and lhx5 
expression was seen in the thalamic eminence ( Fig. 7a,e,j,l). Notably, 
coronal sections revealed that this ribbon of expression extended 
along the ventricular, rather than the pial, surface of the telencephalon 
(Fig. 7j,l), with a distinct connection extending radially outward to 
the AOB (Fig. 7j,l) at rostral levels.

To test whether this expression indeed represents a rostral migra-
tion of AOB cells, we injected fluorescent microspheres in the thalamic 
eminence of live stage 54 Xenopus tadpoles and photographed the 
animals to record the location of the injection site (Fig. 8a). After 
3 d of growth, the tadpoles were fixed and photographed intact, 
which revealed that cells carrying the microspheres had migrated to 
the rostral end and localized in the AOB (n = 3 brains; Fig. 8b–d).  
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These tadpoles were also sectioned and examined for AOB marker 
AP2a and fluorescence in serial sections. The overlap between these 
two labels revealed that AP2a-expressing cells had migrated from 
the injection site in the thalamic eminence to the AOB during the 
 incubation period (Fig. 8e–g). This long-range migration originat-
ing in the thalamic eminence and contributing cells to the AOB in 
both Xenopus and mouse suggests an evolutionary conservation of 
the cellular mechanisms underlying the development of this ancient 
olfactory system.

DISCUSSION
Long-distance migrations have been reported for interneurons39,40 
and Cajal-Retzius cells18,41. We identified a population of projection 
neurons comprising the mitral cells of the pAOB that traveled a long 
distance from the thalamic eminence to their final rostral position 
in the pAOB. Several lines of evidence support the interpretation 
that these cells are indeed pAOB mitral cells. First, from the earliest 
stages of their migration, these cells expressed defining markers of 
the AOB mitral cells, NP2 and AP2α, as well as markers they shared 
with Cajal-Retzius cells, Lhx5, Reelin and Tbr1 (refs. 12,42,43). Their 
expression of AP2α and Lhx5, and their lack of Tbet expression, fur-
ther categorize these neurons as being pAOB cells and not aAOB 
cells. Second, they did not express Gad67, indicating that they are not 
GABAergic, but rather glutamatergic, consistent with Tbr1 expres-
sion. Third, at the end of their migration, they localized to the mitral 
cell layer in the AOB, a thick, easily distinguished band of cells that is 
not known to contain any other cell type44. Finally, in mutant mice in 
which the migratory cell population was missing (Lhx5) or mislocated 
(Cdk5, Tbr1), the mitral cells of the pAOB were selectively missing 
from their proper site in the AOB, whereas those of the aAOB and 
MOB were present. In contrast, mutant mice in which Cajal-Retzius 
cells were missing (Emx1; Emx2 double mutant), reduced (P73) or 
mislocated (Cxcr4) showed normal pAOB specification and migra-
tion. Taken together, these data indicate that the pAOB represents a  
population of cells distinct from Cajal-Retzius cells, GABAergic 
interneurons and aAOB cells.

pAOB mitral cells originate in the thalamic eminence at the DTB
The DTB is a poorly understood region that has recently been the 
focus of studies that have revealed it to be the source of neurons 
residing in multiple telencephalic structures: the medial nucleus of 
the amygdala45,46, the bed nucleus of stria terminalis46 and Cajal-
Retzius cells18,20 and mitral cells of the pAOB (this study). The pAOB 
cells and Cajal-Retzius cells appear to share the initial component of 
their migration route20,47. However, we found that the pAOB stream 
remained compact in a tight arc-like trajectory until it coalesced 
in the pAOB, unlike the Cajal-Retzius cells, which disperse widely. 

Furthermore, we found that pAOB cells are a clearly distinct popula-
tion from Cajal-Retzius cells in terms of the mechanisms required to 
specify and guide their migration.

The pAOB cells were also distinct from the majority of projection 
neurons in the dorsal telencephalon, which typically arise from the 
local ventricular zone near their position in maturity, from which 
they undergo stereotyped radial migration. In contrast, the pAOB 
mitral cells migrated tangentially along the pial surface for most 
of their trajectory, utilizing Cdk5-dependent mechanisms. This 
dependence on Cdk5 has parallels with cortical interneurons and 
SVZ neuroblasts, which also migrate abnormally in the absence 
of Cdk528,48. In addition, the migration mechanism of pAOB cells 
may be transcriptionally controlled by Tbr1, and the trajectory 
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Figure 7 AOB markers in Xenopus suggest a migrating stream from 
the DTB. (a–h) In situ hybridization for eomes on sagittal sections of 
stage 54–55 tadpoles revealed its expression in the thalamic eminence 
(asterisks, a,e) and in a stream of cells (arrows, a,b,f) terminating in the 
AOB (arrowheads, a,e). Other AOB markers, lhx5 (b,d) and AP2a (f–h) 
expression seemed to overlap completely with eomes labeling in the AOB. 
(i,k) AP2a expression in intact brains revealed a contiguous stream of 
cells (arrows) from the caudal telencephalon to the AOB (arrowheads).  
(j,l) Coronal sections revealed expression of eomes and lhx5 in the 
thalamic eminence (asterisks) and in a cluster of cells at the ventricular 
margin of progressively rostral sections (arrows), which then appeared to 
migrate radially outward to merge with the AOB (arrowheads). Rostral is 
right. All scale bars represent 100 µm. Scale bar in e applies to a; in h 
applies to b–d,f,g; in k applies to i; in l applies to j.
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Figure 8 Fluorescent microsphere injection reveals a DTB-to-AOB 
migration in Xenopus. (a) Stage 54 tadpoles were injected with 
fluorescent microspheres bilaterally in the thalamic eminence (asterisk 
in a,b). (b,c) After 3 d of growth, microsphere-carrying cells reached the 
rostral end of the brain (arrows) and were seen in the AOB (n = 3 brains; 
two examples are shown). (b,d) The tadpole in a photographed 3 d after 
injection revealed bilateral migration of the label into the AOBs (arrows). 
The image in b is shown at a high magnification in d. The images in a, 
b and d are dorsal views, and the image in c is a lateral view. Rostral 
is right. (e–g) The tadpole shown in b was sectioned and processed for 
AP2a expression and serial coronal sections were imaged by fluorescence 
microscopy. (g) A false color overlay revealed that the fluorescently 
labeled cells overlapped well with AP2a expression in the AOB (arrows). 
All scale bars represent 100 µm.
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may be guided, at least in part, by repulsive cues from the ventral  
telencephalon in the form of Shh.

Evolutionary conservation of DTB to AOB migration
Olfaction is among the earliest sensory systems to be well developed 
in vertebrates, arising as soon as amphibian ancestors adapted to par-
tially non-aquatic life. The thalamic eminence has been implicated 
in controlling olfactory responses in amphibians37. Our results sug-
gest that the thalamic eminence origin of AOB projection neurons is 
evolutionary conserved.

The AOB itself is thought to have appeared as a distinct structure 
for the first time in amphibians and is suggested to have originated 
because of the separation of the olfactory epithelium and a specialized 
vomeronasal epithelium49. A notable difference between the Xenopus 
and mouse AOB is that there is no subdivision of this structure in 
Xenopus. Counterparts of markers of the entire Xenopus AOB, lhx5 
(ref. 38) and AP2a selectively labeled only the posterior portion of the 
mouse AOB. In mouse, the vomeronasal neurons expressing receptors 
of the V1R subfamily projected to the aAOB, whereas those express-
ing V2Rs projected to the pAOB. Notably, the Xenopus vomeronasal 
epithelium expresses only V2Rs50, which, together with the lhx5 and 
AP2a expression, suggests a pAOB-like identity for the entire Xenopus 
AOB. Together, these studies and our findings raise the possibility that 
the pAOB appeared earlier in evolution than the aAOB.

Common origins for the components of vomeronasal circuit
The AOB is a component of the vomeronasal circuit, the sub-
sequent stages of which include the medial amygdala and the 
hypothalamus. It is curious that these three components arose from 
regions at or near the DTB in mouse (refs. 45,46 and this study), 
which suggests a scenario in which overlapping or adjacent ter-
ritories of neuroepithelium may be programmed to produce dis-
tinct components of a circuit. Such a scenario appears all the 
more practical if the mature components themselves reside near 
each other. This is indeed the case in Xenopus, where the medial 
amygdala is positioned close to the AOB and is just caudal to it.  
This raises the tantalizing possibility that the AOB may have arisen 
as part of the amygdaloid complex, positioned adjacent to its target, 
the medial amygdala.

In Xenopus, we found that the AOB migration began in the thalamic 
eminence and proceeded along the ventricular zone for its entire jour-
ney across the relatively small telencephalon. It is only when the cells 
reached the level of the AOB, just rostral to the medial amygdala, that 
they migrated radially outward toward the pial surface to form this 
structure. With the expansion of the telencephalon in evolution, we 
speculate that the medial amygdala and the AOB may have become 
separated as a result of additional migration step by the AOB cells; 
after reaching the pial surface, these AOB cells appear to have taken 
on an additional long-distance tangential migration along the lateral 
surface, which brought them to the rostral end of the telencephalon in 
rodents. In this location, they became pAOB because they reside pos-
terior to aAOB cells. Thus, our findings of distinct origins of pAOB 
and aAOB cells in the mouse may hint at an ancient scenario in which 
the pAOB was a component of the amygdaloid complex that has relo-
cated to a rostral location in present day rodents.

METhODS
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METhODS
Animals. All mouse procedures followed the Tata Institute Animal Ethics 
Committee guidelines. Timed-pregnant Swiss mice were obtained from the Tata 
Institute animal breeding facility. Cdk5 (ref. 51), Lhx5 (ref. 52), Tbr1 (ref. 53), 
Cxcr4 (ref. 54), Netrin1 (ref. 55) and P73 (ref. 29) were generated by intercrossing 
heterozygous mutant mice. Emx1; Emx2 (ref. 28) knockout mouse embryos were 
generated by crossing Emx1−/− and Emx2+/− mice, and Slit1; Slit2 (ref. 56) mutant 
embryos were generated by crossing Slit1−/− and Slit2+/− mice. Each mutant brain 
was processed for in situ hybridization together with littermate controls (Lhx5,  
n = 4; Tbr1, n = 5; Cdk5, n = 6; Emx1; Emx2, n = 2; P73, n = 4; Cxcr4, n = 2; 
Netrin1, n = 2; Slit1; Slit2, n = 3).

Xenopus laevis were bred and reared in transparent plastic boxes with com-
plete 12:12-h light/dark conditions. All Xenopus experimental procedures were 
approved by the Institutional Animal Care and Use Committee of the State 
University of New York Buffalo and were carried out according to US National 
Institutes of Health guidelines for use and maintenance of animals.

In situ hybridization. mRNA in situ hybridization was performed using digoxi-
genin (DIG)-labeled riboprobes prepared as per the manufacturer’s instructions 
(Roche). We prepared 30-µm sections using a freezing microtome and mounted 
onto slides in 0.1 M phosphate buffer. The sections were fixed in 4% (wt/vol) 
paraformaldehyde made in phosphate buffer and then washed with 1× PBS. This 
was followed by proteinase K treatment (1 µg ml−1, 12 min at 37 °C), postfixation 
in 4% paraformaldehyde and washes in PBS. Slides were then hybridized for 16 h 
at 70 °C in buffer containing 50% (vol/vol) formamide, 5× SSC and 1% (wt/vol) 
SDS. Post-hybridization washes were performed using Solution X (50% forma-
mide, 2× SSC and 1% SDS), 2× SSC and 0.2× SSC. The probes were detected using 
alkaline phosphatase–tagged antibody to DIG (1:5,000, 4 h at room temperature  
(25–27 °C), Roche, cat no. 12486523) and the chromogenic substrate NBT/BCIP 
(Roche, 4-nitroblue tetrazolium chloride, cat no. 70210625; 5-bromo-4-chloro-3-
idolyl phosphate, cat no. 70251721) as per the manufacturer’s instructions.

Whole-mount preparations and explants cultures were incubated in hybridiza-
tion buffer for 40–50 h at 70 °C and a blocking step (10% (vol/vol) lamb serum,  
2 h, room temperature) was added before incubating with alkaline phosphatase–
tagged antibody to DIG (overnight at 4 °C). This was followed by washing in  
Tris-buffered saline (pH 7.5) with 1% (vol/vol) Tween-20 (24 h at room tempera-
ture, followed by 12 h at 4 ° C), before the color reaction.

For Xenopus experiments, the hybridization solution contained 50%  
formamide, 5× SSC and no SDS.

Immunohistochemistry. Pregnant Swiss dams were administered BrdU intraperi-
toneally (Roche, cat no. 70164521, 10 mg per kg of body weight) at different ages 
and the brains were harvested at E18.5. Sections were prepared as described for  
in situ hybridization. Antigen retrieval was performed by incubating the sections 
in 50% formamide in water at 70 °C overnight, followed by 2N HCl at 37 °C for  
30 min, and then neutralized with 0.1M boric acid solution (pH 8.0). The sections 
were treated with antibody to BrdU fluorescein (1:100, Roche, cat no. 1202693) 
overnight at 4 °C followed by alkaline phosphatase–tagged antibody to fluorescein 
(1:5,000, Roche, cat no. 14605500). The signal was detected using chromogenic 
substrates NBT/BCIP as described for in situ hybridization. To detect EYFP or EGFP, 
we used rabbit antibody to GFP from Molecular Probes (cat no. A6455).

In utero electroporation. E9.5 mouse embryos were injected with either EYFP-
expressing plasmid or Tol2-EGFP– and transposase-encoding plasmids21 and 
micro-electroporation was performed as described previously57, targeting the 
thalamic eminence at the DTB.

In vitro explant culture. E10.5 forebrain explants were prepared by dissecting out 
brains from the heads, separating the two hemispheres and flattening the prepara-
tion onto culture plate inserts (Millipore). The forebrain hemispheres were cul-
tured with or without the DTB/diencephalon (Fig. 3). Lateral-face explants were 
prepared by dissecting out the lateral aspect of the telencephalon. These explants 
were cultured after further dissecting them (Fig. 2) and flattening them onto 
culture plate inserts. In bead-placement experiments, cytodextran beads (C0646, 
Sigma) were soaked in either Shh (2 µg ml−1 in PBS, 461-SH, R&D systems) or 
Slit1 (4–8 µg ml−1 in PBS, 5199-SL, R&D systems) for 2–3 h and were placed at 
the rostral end of the explant where the stream is expected to end. Crystals of DiI 
(C-7001, Molecular Probes) were placed along the pallial-subpallial boundary 
to mark the migration trajectory. The explants were maintained in culture as 
described previously17.

Xenopus labeling. Xenopus laevis tadpoles were staged as described previously58. 
Solutions of fluorescent microspheres (F10720, Invitrogen)59 were pressure-
injected via micropipette into the Xenopus thalamic eminence at stages 54–56 and 
allowed to grow for 3–4 d. The brains were then fixed in 4% paraformaldehyde 
and imaged as whole mounts and then sectioned to perform in situ hybridization 
using Xenopus probes.

Images. Images were taken using Axiocam attached to an Axioplan 2 plus micro-
scope using Axiovision software (Carl Zeiss). False color overlays were made as 
described previously60.
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