the map. Although transient ectopic glomeruli
may be generated during normal postnatal de-
velopment, they are pruned in adult animals (30, 37).
The pruning process may reflect a refinement
process at a later postnatal stage.

Our study puts the olfactory system in line
with other sensory systems in that it undergoes a
change in circuit plasticity during the critical pe-
riod of development (32). Although, traditionally,
the discussions of critical period have focused on
how sensory deprivation affects the development
of neural circuits, our study reveals an intrinsic
developmental program that unfolds whether or
not neural activity is perturbed. Even though the
olfactory system is regulated by a critical period,
late-generated neurons adopt a different strategy
for axon projection. Thus, a developmental crit-
ical period may function to restrict the reorga-
nization of the neural circuit and to maintain an
established map.
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A Critical Period Defined

by Axon-Targeting Mechanisms
in the Murine Olfactory Bulb

Lulu Tsai* and Gilad Barneat

The olfactory system remains plastic throughout life because of continuous neurogenesis of sensory
neurons in the nose and inhibitory interneurons in the olfactory bulb. Here, we reveal that
transgenic expression of an odorant receptor has non—cell autonomous effects on axons expressing
this receptor from the endogenous gene. Perinatal expression of transgenic odorant receptor
causes rerouting of like axons to new glomeruli, whereas expression after the sensory map is
established does not lead to rerouting. Further, chemical ablation of the map after rerouting does
not restore the normal map, even when the transgenic receptor is no longer expressed. Our
results reveal that glomeruli are designated as targets for sensory neurons expressing specific
odorant receptors during a critical period in the formation of the olfactory sensory map.

ritical periods are epochs of increased
‘ brain plasticity when neural circuits are

especially sensitive to shaping by stimu-
li. In the olfactory system, enhanced plasticity is
not confined to early development; rather, it is
maintained throughout adult life (7). This pro-
longed plasticity is achieved by the continuous
generation of the inhibitory granule cells that
migrate into the olfactory bulb and integrate
into the circuits and by the generation of olfactory
sensory neurons (OSNs) that incorporate into
the circuits throughout life (2, 3). Although we
know that plasticity is retained in the mature
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olfactory system, does a critical period exist in
the formation of the sensory map in the olfac-
tory bulb?

In mice, each OSN expresses only one of the
~1300 odorant receptor (OR) genes (4-7) from
only one allele (8). The OSNs that express the
same OR are randomly dispersed within a broad
zone in the main olfactory epithelium in the nose
(9, 10). In the olfactory bulb, the first olfactory
center in the brain, the axons of OSNs expressing
the same OR converge on spatially fixed neuropil
structures called glomeruli (9—-17). Further, ORs
actively participate in the axon guidance of OSNs
to particular glomeruli (72, 13). In the glomeruli,
the axons synapse with the dendrites of mitral
and tufted cells, the projection neurons in the
bulb. Each projection neuron receives input from
a single glomerulus and sends its axon to the ol-
factory cortex. Thus, an olfactory sensory map

is formed in the bulb. In this map, the identity
of each odor is encoded by the combination of
glomeruli that it activates (3). In contrast to the
somatosensory, auditory, and visual maps, neigh-
boring relations between peripheral sensory neu-
rons are not maintained in the olfactory sensory
map. Because OSNs continue to integrate into
the circuits throughout life, the challenge of axon
guidance persists in adulthood (3).

We devised a strategy for ectopic expression
of a specific OR, MOR28, in a temporally con-
trolled manner using the tetracycline response
element (tetO) to drive its expression. The tetO
promoter is activated by the tetracycline-controlled
transcription activator tTA, which is inhibited by
the antibiotic doxycycline. When doxycycline
is removed, expression from the tetO promoter
is induced within days (/4-16). A similar ap-
proach for inducing ectopic expression of ORs
was previously used (/7-19). Our strategy in-
volved the use of three alleles (fig. S1A). In
the first, designated OMP-IRES-tTA, the olfac-
tory marker protein (OMP) drives expression of
tTA in all OSNs (/6). In the second, designated
tetO::MOR28-IRES-tau-LacZ (TO28), tetO
drives the expression of MOR28 and the fusion
protein tau—B-galactosidase (B-gal). To distin-
guish between the OSNs that express MOR28
from its endogenous genomic locus (endoge-
nous MOR28 OSNs) versus OSNs that express
MOR28 from the transgene (transgenic MOR28
OSNs), we introduced a third allele, designated
MOR28-IRES-GFP. OSNs that express MOR28
from this allele also express green fluorescent
protein (GFP) (20). Thus, GFP expression marks
OSNs expressing MOR28 from its endogenous
locus. Because B-gal and GFP are exogenous to
mice, staining for each identifies transgenic or
endogenous MOR28 OSNG, respectively (fig. S1B).
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This strategy enabled us to induce transgene
expression at different developmental points.

We generated two founder lines for the TO28
transgene. In the presence of the OMP-IRES-tTA
allele, animals from these lines express the trans-
gene only in a small fraction of OSNSs, presum-
ably because of position effect variegation. In
one of these lines, designated TO28L, the trans-
gene is expressed in ~1% of OSNSs, and in the
other, designated TO28H, the transgene is ex-
pressed in ~5% of OSNs. In both lines, the
transgene is expressed throughout the olfactory
epithelium, both within and outside the charac-
teristic MOR28 zone of expression (Fig. 1, A and
B, and fig. S1B).

Normally, MOR28-expressing OSNs con-
verge on two symmetrical pairs of glomeruli per
mouse, one medial and one lateral, all located in
the posterior-ventral part of the bulb (13, 16, 20, 21).
In both transgenic MOR28 lines, visualization of
the projection patterns of transgene-expressing
OSNs revealed that they converged on multiple
glomeruli that were scattered throughout the bulb.
The positions and numbers of these glomeruli
varied significantly between animals and also
between the two bulbs within the same animal
(Fig. 1, C to F). We counted the ectopic glomeruli
in sectioned bulbs from both lines and observed
46.8 + 8.33 B-gal—positive glomeruli per animal
(n=135) in TO28L and 103.25 £ 13.85 glomeruli
per animal (» = 4) in TO28H (fig. S1C).

In animals that express transgenic MOR2S,
the endogenous MOR28 axons innervated more
than the regular four glomeruli. These glomeruli
were always coinnervated by transgenic MOR28
fibers, and they were confined to areas within
650 um of the typical locations of the wild-type
glomeruli (Fig. 1, G and H). In some cases, only
a few transgenic MOR28 fibers innervated a
glomerulus mainly innervated by endogenous
MOR?2S8 fibers, likely the wild-type MOR28 glo-
merulus (Fig. 1G). In other cases, the transgenic
MOR2S fibers and the endogenous MOR28 axons
innervated multiple glomeruli. However, the mix-
ing between the two neuronal populations was
extensive, and we could not determine which of
the glomeruli was the wild-type MOR28 glomerulus
(Fig. 1H). Because the endogenous MOR28 axons
do not express transgenic MOR28 (fig. S1B),
this phenotype is non—cell autonomous and is
likely the result of homotypic attraction between
the endogenous and transgenic MOR2S8 fibers
(19, 22). We refer to the glomeruli that contain
both endogenous and transgenic MOR28 axons
as rerouted-MOR28 glomeruli. Roughly the same
numbers of rerouted-MOR28 glomeruli are ob-
served in the two TO28 lines: 3.14 + 0.55 (n =
7) in TO28L and 4.8 = 0.86 (n = 5) in TO28H
(fig. SID).

We examined whether rerouted-MOR28
glomeruli could be formed throughout the life-
time of the animal, or whether they could only
be formed during a specific developmental pe-
riod. To determine this, we used doxycycline
to silence the tetO promoter in mice capable

Fig. 1. Ectopic expression of MOR28 results in formation of two types of ectopic glomeruli.
Staining with antibodies against MOR28 (green) and B-gal (red) reveal ectopic expression of
MOR28 in the olfactory epithelia from two lines: (A) TO28L expresses MOR28 in ~1% of OSNs and
(B) TO28H expresses MOR28 in ~5% of OSNs. Lateral and dorsal views of whole-mount prepara-
tions from TO28L (C and D) and TO28H (E and F) stained with X-gal to reveal the distribution of
ectopic glomeruli. (G and H) Bulb sections from TO28L were stained with antibodies against GFP
(green) to reveal endogenous MOR28, and B-gal (red) to reveal transgenic MOR28. In some cases, the
abundance of green fibers identifies the wild-type MOR28 glomerulus (G). In others, axons expressing
endogenous MOR28 innervate multiple rerouted-MOR28 glomeruli (H). Scale bars: for (C) to (F), 1 mm;
all other images, 100 pum.

Fig. 2. Axon rerouting only occurs within a
critical period. Bulb sections from TO28L mice
were stained for GFP (green) and B-gal (red). Al-
though ectopic glomeruli formed in mice treated
with doxycycline from conception to P14 and then
raised for 32 weeks without doxycycline, rerouted-
MOR28 glomeruli were never observed (n = 4).
(A) Arrow denotes a nearby ectopic glomerulus with-
out rerouted-MOR28 axons. In mice raised without
doxycycline (n = 7), both rerouted-MOR28 glomeruli (3.14 + 0.55) and ectopic glomeruli were ob-
served. (B) Arrowhead indicates the edge of a second rerouted glomerulus that is shown in fig. S2C.
Rerouted-MOR28 glomeruli were not observed in (C) control littermates treated with doxycycline
until P14 (n = 2) or (D) never exposed to doxycycline (n = 4). (E) TO28L mice maintained on a
doxycycline diet before and after OSN ablation never exhibited rerouted glomeruli (n = 2). (F) Mice
that expressed TO28L only postnatally did not form rerouted glomeruli even after OSN ablation (n = 5).
Scale bars, 100 um.

of TO28 expression (mice bearing both the
transgene and the OMP-IRES-tTA driver). Preg-
nant females were fed doxycycline from con-
ception to allow the embryos to form wild-type
glomerular maps. We then removed doxycy-
cline from the diet at PO, P7, or P14 to allow
transgene expression. Mice were maintained
on a doxycycline-free diet to enable continu-
ous transgene expression and were examined
after 15 weeks or 32 weeks without the drug,

nearly 3 times the half-life of OSNs (fig. S2A).
Whereas transgenic MOR28 axons formed ec-
topic glomeruli and also innervated the wild-type
MOR28 glomeruli, endogenous MOR28 axons
almost never formed rerouted-MOR28 glomeruli
(Fig. 2, A to D, and fig. S3A, and C to F). When
doxycycline was removed at PO or P7, rerouted
glomeruli were observed in 1 out of 9 mice, or
1 out of 17, respectively. Rerouting was never
observed (0 out of 9 mice) when doxycycline
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Fig. 3. Rerouted-MOR28 glomeru-
li are maintained even without
continuous transgene expression.
(A to €) TO28L mice and control
littermates were raised without doxy-
cycline until P60 and treated with
doxycycline for >5 months there-
after. Bulb sections were stained for
GFP (green) and B-gal (red). Rerouted-

MOR28 glomeruli were observed (A) after 21 weeks, and (B) even after 32 weeks in
doxycycline-fed mice, when transgenic MOR28 fibers were no longer present.
(C) No rerouted-MOR28 glomeruli were observed in controls after 21 weeks
on doxycycline. (D and E) TO28L mice were raised without doxycycline until
P60, when OSNs were ablated. The mice were analyzed after 2 months recovery

was removed at P14 (fig. S3B). We conclude
that there is a critical period for the formation of
rerouted-MOR28 glomeruli that ends at birth or
shortly thereafter.

Among the many differences between the de-
veloping and adult olfactory systems is the frac-
tion of OSNs that are immature with outgrowing
axons. In embryos, most OSNs are immature,
and their axons target the glomeruli within a
short period of time. Thus, outgrowing axons
do not contact many established axonal tracts.
By contrast, at any given time in the adult,
only rare OSN axons are actively growing along
established tracts made up of mature OSN axons.
We therefore tested whether the abundance of
immature OSNs with outgrowing axons un-
derlies the critical period for the formation of
rerouted-MOR28 glomeruli. Mice capable of
TO28 expression were treated with doxycycline
beginning at conception to suppress the forma-
tion of rerouted-MOR28 glomeruli. As the mice
were taken off doxycycline, they were also treated
with methimazole, which causes OSN ablation
(23). We empirically determined the peak effect
of methimazole on MOR28-expressing neu-
rons and found that 5 days after injection only
0.2% of these OSNs remain (fig. S2B). Thus,
this paradigm enabled us to examine synchro-
nized regrowth of 99.8% of the axons in the adult.
When regrowth occurred in the presence of trans-
genic MOR28 axons (n = 5 mice), ectopic glomeruli
were formed, but we still never observed rerouted-
MOR28 glomeruli (Fig. 2, E and F, and fig.
S3A). These data indicate that the developmen-
tal mechanisms available perinatally, when the
olfactory map is established, are not available for
regeneration in the adult after olfactory neuron
ablation.

We next examined whether continuous trans-
gene expression is required for the maintenance
of rerouted-MOR28 glomeruli. Mice expressing
the transgene developed until 2 months of age to
allow ectopic and rerouted-MOR28 glomeruli to
form. These mice were then treated with doxy-
cycline for 21 weeks, or nearly twice the half-life
of OSNSs, to allow for substantial turnover of
MOR28-expressing OSNS (fig. S4). Although no
axon fibers expressing transgenic MOR28 were
observed at this point, endogenous MOR28 axons

www.sciencemag.org SCIENCE VOL 344

continued to innervate the rerouted-MOR28
glomeruli (Fig. 3, A to C). Thus, rerouted-MOR28
glomeruli, once formed, were not dependent on
persistent expression of transgenic MOR2S.

Finally, we examined whether the rerouted-
MOR28 glomeruli would still be targeted by
newly growing endogenous MOR28 axons after
OSN ablation. Mice expressing TO28L were
allowed to form ectopic and rerouted-MOR28
glomeruli until 2 months of age. The OSNs were
then ablated by methimazole injection, and the
mice were treated with doxycycline for 2 months
to allow the glomerular map to be restored with-
out expression of transgenic MOR2S8 (fig. S4).
These mice exhibited as many rerouted-MOR28
glomeruli as mice that were not treated with doxy-
cycline after OSN ablation (Fig. 3, D and E).
These results suggest that the previously formed
rerouted-MOR28 glomeruli, or the tracts leading
to them, are marked as targets for endogenous
MOR28 axons.

We have shown that OSNs expressing a par-
ticular OR are affected non—cell autonomously
by other OSNs that express the same OR. This
supports the notion that homotypic attraction
exists between OSNs expressing the same OR
(19, 22). 1t is unclear whether these interactions
are directly mediated by the axonal OR itself
(13), or by any of the cell adhesion molecules
implicated in OSN guidance (3). A role for
OR-mediated, non—cell autonomous interac-
tions in glomerular formation adds a layer of
complexity to the prevailing model that focuses
on cell-autonomous mechanisms by which ORs
affect guidance (3, 24). Homotypic attraction be-
tween OSNs leads to convergence of like axons
on the same glomeruli. This is in contrast to the
homotypic repulsion between neurons expressing
the same splice form of the adhesion mole-
cule DSCAM1 in Drosophila and self-avoidance
between neurites expressing the same type of
protocadherin in mammals (25, 26). Should sim-
ilar non—cell autonomous mechanisms participate
in the organization of other circuits, it would pose
a challenge for the development of neuronal re-
generation therapies.

The confinement of rerouted-MOR28 glomeru-
Ii to areas within 650 pum of the typical locations
of the wild-type glomeruli and the cap in the

REPORTS

with or without doxycycline. (D) Mice that expressed the transgene before and
after OSN ablation exhibited rerouted glomeruli (3.6 + 0.98, n = 5). (E) In mice
that expressed the transgene only before ablation, transgenic MOR28 fibers
were no longer present, but endogenous MOR28 axons still innervated multiple
glomeruli (3 £ 1.15, n = 3). Scale bars, 100 um.

number of rerouted-MOR28 glomeruli in the
two founder lines suggest that axon rerout-
ing can occur only within a “neighborhood” of
glomeruli. This “neighborhood”” likely corresponds
to the area where the final sorting of axons ex-
pressing the same OR into discrete glomeruli
oceurs (3).

What is the nature of the guidance signal? It
is formally possible that the axons of the ~30
endogenous MOR28 OSNs per mouse remain-
ing after methimazole ablation serve as the struc-
tural substrate of the memory for the tract to the
rerouted-MOR28 glomeruli. However, a model
in which the few residual endogenous MOR28
OSNs act as “pioneers” is unlikely in view of
the sparse distribution of these neurons. Alterna-
tively, fragments of the axons of the dead neu-
rons could mark the tracts to the glomeruli. In
this case, the axons of regenerating OSNs would
follow this trail to the correct glomerulus by in-
teracting with these fragments. As another pos-
sibility, axons may leave molecular traces in the
surrounding extracellular matrix, or may induce
expression of specific marks in postsynaptic
neurons. Regardless of the precise mechanism,
our results show that these marks are put in place
only during a developmental critical period. This
may ensure the stability of the olfactory sensory
map in spite of the continuous regeneration of
OSNSs throughout life.
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Acquisition of Germ Plasm
Accelerates Vertebrate Evolution

Teri Evans,” Christopher M. Wade," Frank A. Chapman,? Andrew D. Johnson,™* Matthew Loose*

Primordial germ cell (PGC) specification occurs either by induction from pluripotent cells
(epigenesis) or by a cell-autonomous mechanism mediated by germ plasm (preformation). Among
vertebrates, epigenesis is basal, whereas germ plasm has evolved convergently across lineages
and is associated with greater speciation. We compared protein-coding sequences of vertebrate
species that employ preformation with their sister taxa that use epigenesis and demonstrate

that genes evolve more rapidly in species containing germ plasm. Furthermore, differences in
rates of evolution appear to cause phylogenetic incongruence in protein-coding sequence
comparisons between vertebrate taxa. Our results support the hypothesis that germ plasm liberates
constraints on somatic development and that enhanced evolvability drives the evolution of

germ plasm.

early in development with the specifica-

tion of primordial germ cells (PGCs). Among
vertebrates, the conserved mechanism for PGC
specification involves their induction from pluri-
potent cells by extracellular signals, a process re-
ferred to as epigenesis (/, 2). However, in several
lineages of vertebrates, an alternative mechanism
evolved, termed preformation. Here, PGCs are
determined by inheritance of germ plasm. Pre-
formation evolved by convergence, which sug-
gests that it may confer a selective advantage.
Accordingly, the evolution of germ plasm is as-
sociated with morphological innovations and en-
hanced numbers of species within individual
clades (/, 3, 4). Why this derived mode of PGC
specification evolved repeatedly in vertebrates is
unknown.

The best-studied contrast of epigenesis and
preformation is within amphibians. The PGCs of
urodele amphibians (salamanders) are specified
by epigenesis, whereas in its sister lineage, anu-
rans (frogs), PGCs contain germ plasm (5). Using
the axolotl (Ambystoma mexicanum) as a model
urodele, the ancestral gene regulatory networks
(GRNSs) for pluripotency and mesoderm specifi-
cation in vertebrates were identified (6, 7). These

The germ line of metazoans is established
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GRNs were conserved through the evolution of
mammals (6, 7), which also employ epigenesis
(8). In contrast, in frogs the master regulators of
pluripotency as employed in mammals have been
deleted (6, 9, 10), and the GRN for mesoderm
underwent expansions of key regulatory mole-

cules (7, 11). Similar genetic innovations evolved
in the GRNSs for zebrafish development (72), which
also uses preformation (/3). The correlation of
germ plasm with genetic change has been pro-
posed to result from the relaxation of constraints
on somatic development imposed by maintain-
ing the PGC induction pathway (/, 3, 4). To
investigate this possibility, we compiled available
expressed sequence tag, mRNA and cDNA se-
quences from vertebrates (fig. S1A and table S1)
identifying ortholog pairs shared between sister
taxa with different modes of PGC specification
and an appropriate mammal and outgroup sequence
(14) (fig. S1B). To increase sequence numbers from
organisms using epigenesis, we generated tran-
scriptomes from the axolotl and an Acipenseriforme,
Acipenser ruthenus (the sterlet) (/4), identifying
82,954 sequence clusters across all vertebrates.
All analyses were performed with protein coding
DNA sequence, excluding the saturated third po-
sition (/4) (figs. S2 and S3).

Of the 56 published gene trees involving an
anuran and a urodele, 29 do not recapitulate the
known species phylogeny (table S2). The major-
ity of the incongruent gene trees group urodele
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Fig. 1. Amphibian four-taxon tree topologies. (A) Number of significant trees by bootstrapping (>70%)
and SH test (P < 0.05) for each topology rooted with a Teleostei sequence. (B and C) The proportions of
species phylogeny (black), mammal-urodele (gray), and mammal-anuran (white) topologies per species.
(D and E) The likelihood of each species grouping with mammals when the tree is incongruent; species
using preformation are shown in red, those using epigenesis in blue. Dashed lines indicate equal
probability of species grouping with mammal or outgroup. [(B) to (E)] Only species with >20 significant
trees are shown. The results excluding the transcriptome are shown in fig. S4.
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Axon Routing in the Olfactory System

The olfactory system of mice entails a developmental program that wires neurons expressing similar olfactory
receptors into glomeruli together. Although the adult olfactory system continues to produce and incorporate new neurons,
it cannot withstand severe damage (see the Perspective by Cheetham and Belluscio). Ma et al. (p. 194) and Tsai and
Barnea (p. 197) examined the difference in responses between early development and adulthood. Manipulating the
expression of an odorant receptor or the activity of the olfactory neurons altered olfactory neuron axonal pathfinding. The
results suggest that the guidance systems used differ between early development and adulthood: Early axons find their
own way, but later-in-life axons can only follow existing pathways.
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