Colloquium

Patterning of the mammalian cochlea

Raquel Cantos*, Laura K. Cole*, Dario Acampora®, Antonio Simeone™, and Doris K. Wu*$

*National Institute on Deafness and Other Communication Disorders, Rockville, MD 20850; fInternational Institute of Genetics and Biophysics,
Consiglio Nazionale delle Ricerche, I-80125 Naples, Italy; and *Medical Research Council Centre for Developmental Neurobiology, Fourth Floor,
New Hunt’s House, Guy’s Campus, King’s College London, London Bridge, London SE1 1UL, United Kingdom

The mammalian cochlea is sophisticated in its function and highly
organized in its structure. Although the anatomy of this sense organ
has been well documented, the molecular mechanisms underlying its
development have remained elusive. Information generated from
mutant and knockout mice in recent years has increased our under-
standing of cochlear development and physiology. This article dis-
cusses factors important for the development of the inner ear and
summarizes cochlear phenotypes of mutant and knockout mice,
particularly Otx and Otx2. We also present data on gross develop-
ment of the mouse cochlea.

he mammalian cochlea, the end organ of auditory function,

is a truly remarkable structure. Its uniquely coiled shape,
diversity of cell types, and intricate architecture are unmatched
by any other organs in the body. The sensory component of the
cochlea, the organ of Corti, consists of both sensory hair cells and
supporting cells, and it spirals like a ribbon down the cochlear
duct. The cochlea is tonotopically mapped so that the hair cells
at each location along the cochlea are most sensitive to a
particular frequency (for review, see ref. 1). Multiple structural
features of the hair cells are organized in a gradient along the
cochlea that could contribute to the differential frequency
selectivity of the hair cells (for review, see ref. 2). For example,
hair cells in the base of the cochlea have shorter cell bodies and
their stereocilia are shorter and more abundant than those of
hair cells in the apex. In addition, the width of the basilar
membrane and the mass of the tectorial membrane also increase
toward the apex of the cochlea. These overall structural gradi-
ents along the cochlea are largely conserved among different
species but vary depending on the range of absolute frequencies
detected and the most sensitive frequency range of an individual
species. Little is known about the molecular mechanisms that
establish the fine structural patterning of the cochlea or that
underlie the tonotopic organization of the organ. Likewise, little
is known about what makes a cochlea coil and what dictates the
variation in the number of coils among different species (3).
Recent gene targeting approaches in mice have provided insights
by identifying a number of genes important for the shaping of the
cochlea at both the gross and fine structural levels. Here, we
summarize data from mutant and knockout mice with cochlear
defects and highlight several features of the gross development
of the cochlea that may pertain to its mature functions.

Gross Development of the Cochlea

The mouse inner ear can be roughly divided into a dorsal vestibular
and a ventral saccular and cochlear region. The cochlea develops
from the ventral portion of the rudimentary otocyst. Fig. 1 illus-
trates a series of developing inner ears in which the lumen has been
filled with a latex paint solution to reveal its gross anatomy. At 10.75
dpc (days postcoitium), the cochlear anlage becomes evident, and
it first extends ventromedially and then anteriorly. As a result, the
first turn of the cochlea is apparent at 12 dpc. Over time, there is
a continual increase in length in the proximal region (Fig. 1, arrows)
as well as coiling in the distal region of the cochlea to achieve its
mature 1.75 turns by 17 dpc (4). Based on birth-dating studies, it has

been proposed that the junction of the presumptive saccule and
cochlea is the site of cochlear growth (5). Our paint-fill data
confirmed that there is indeed a considerable increase in distance
between the presumptive saccule and the location of the first turn
of the cochlear duct over time (Fig. 1, distance between arrows).
However, we cannot verify from these results whether the cochlea
grows exclusively at the junction of the saccule and cochlea.
Determining how the cochlea grows remains an important question
because it may establish the basis for its tonotopic organization.
The development of the vestibular component in the dorsal
portion of the otic vesicle occurs concurrently with ventral cochlear
development. As morphogenesis progresses, there is a gradual
restriction in the portion of the inner ear separating the dorsal and
ventral regions. By 15 dpc, the utricle and saccule are separated by
the utriculosaccular duct (Fig. 1, usd), which is continuous with the
endolymphatic duct. By 16.5 dpc, when morphogenesis is more
advanced, the utriculosaccular duct becomes progressively re-
stricted, and the utricle and saccule are essentially two separate
chambers (Fig. 2). As a result, a single injection of latex paint
solution into the saccule, for example, invariably fills only four
components of the labyrinth, including the endolymphatic sac and
its duct, the saccule, and the cochlea (Fig. 24). In contrast, single
injections to either the utricle or ampulla fill the rest of the
vestibular system (Fig. 2B). It is conceivable that the utricle and
saccule are connected in the mature mouse inner ear by the
utriculosaccular duct, but the lumen is too narrow for the passage
of the paint solution. Nevertheless, these results suggest that there
are largely two separate chambers in the membranous labyrinth of
a mature mouse inner ear, and only the cochlea and the saccule are
efficiently under fluid regulation by the endolymphatic sac. This
gross anatomical finding is supported by the fact that the en-
dolymph in the ampullae and cochlea have different ionic compo-
sitions and electrochemical potentials (6). In addition, a recent
report of EphB2-knockout mice shows that loss of this member of
Eph receptor tyrosine kinase family resulted in vestibular defects
that may be associated with reduced endolymph production in the
ampulla and canal regions (7). Despite the reduced size of vestibular
membranous labyrinth, these mice have no apparent cochlear
defects, and the membranous labyrinth of the cochlear region
appeared normal (ref. 7 and B. Fritzsch, personal communication).
Taken together, these results support the paint-fill data that the
membranous labyrinth of a mature inner ear consists of two
separate compartments. This difference in the properties of the
endolymph within different inner ear components such as the
cochlea and ampulla may play a direct role in facilitating the specific
functions of each component. Furthermore, such functions may be
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10.75 dpc

11.5 dpc

Fig. 1. Lateral views of paint-filled membranous labyrinths. Membranous labyrinths of inner ears from 10.75 dpc to postnatal day 1 were filled with latex paint
solution as described. At 10.75 dpc, the protrusions of the endolymphatic duct in the dorsal and the cochlear anlage in the ventral portion of the otocyst are evident.
By 17 dpc, the gross anatomy of the inner ear is mature. Arrowheads identify the proximal region of the cochlea. aa, anterior ampulla; asc, anterior semicircular canal;
co, cochlea; csd, cochleosaccular duct; ed, endolymphatic duct; es, endolymphatic sac; la, lateral ampulla; Isc, lateral semicircular canal; pa, posterior ampulla; psc,
posterior semicircular canal; s, saccule; u, utricle; usd, utriculosaccular duct. Orientation: D, dorsal; A, anterior. (Scale bar = 100 um.) [Adapted with permission from

Morsli et al. (4) (Copyright 1998, the Society for Neuroscience).]

affected in mutants in which the utricle and saccule fail to form
separate chambers (8-11).

Unlike the mouse, the endolymphatic duct in humans has a
bifurcation connecting to both the utricle and saccule. There-
fore, structures such as the ampullae and utricle in humans have
a more direct access to fluid regulation by the endolymphatic sac
than do these same structures in the mouse. This anatomical
difference between humans and mice might be an important
consideration when evaluating mouse models for human genetic
disorders affecting fluid homeostasis.

Gross Patterning of the Cochlea

The normal development of the inner ear is thought to depend
on multiple surrounding tissues, including the hindbrain, neural
crest, mesenchyme, and possibly the notochord (for review, see
refs. 12-16). Some of the genes involved have been identified,
and the examination of mutants and knockout mice demon-
strates that the absence of these gene products invariably affects
the patterning of the cochlea as well (Table 1).

Genes Expressed in the Otic Epithelium. Several genes expressed in
the otic epithelium are important for the normal development of
the cochlea (Table 1). For example, the absence of Pax2, a

Fig. 2.

Partially paint-filled mouse membranous labyrinths at 16.5 dpc. At
16.5 dpc, the membranous labyrinth largely consists of two compartments. (A)
Latex paint solution injected into the endolymphatic sac fills the endolym-
phaticduct, saccule, and cochlea only. (B) Latex paint solution injected into the
lateral ampulla fills the utricle, the three semicircular canals, and their am-
pullae. cc, common crus. Orientation as per Fig. 1. (Scale bar = 200 um.)
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paired-box transcription factor, leads to agenesis of the cochlea
(17). The development of inner ears of Eyal (eyes absent)-knockout
mice arrest at the otic vesicle stage (18). In these mice, the
endolymphatic duct is either absent or malformed, and the VIIIth
ganglion fails to form. Both OtxI and Ox2 are expressed in the
otocyst and are important for cochlear and vestibular development.
As such genetic information accumulates, it is important to deter-
mine when and where these genes act along the developmental
pathway. This task is complicated by the fact that often several
members of a single gene family, which may share redundant
functions, are expressed in the inner ear during development. For
example, Pax2 and -8 are both expressed in the otic epithelium
(18-20). However, no inner ear phenotypes have been reported for
Pax8-knockout mice so far (21). Eyal and -2 are both expressed in
the VIIIth ganglion (22). DIx2, -3, -5, and -6 are all expressed in the
mouse inner ear (23-26). However, only the knockout of DIx5 has
been reported to display inner ear defects, including abnormalities
in the semicircular canals, ampullae, endolymphatic duct, and
cochlea (25-28). Therefore, it is important to sort out specific
functions for each member of a gene family. We have attempted to
address this issue for Ot/ and -2.

Otx Genes. Otx] and Otx2 are murine orthologues of the Drosophila
orthodenticle gene. These genes are bicoid-like transcription factors
important for the development of the head and sense organs
(29-32). In the inner ear, both Otx! and Ox2 are activated during
the otocyst stage. At 10.25 dpc, Ol is expressed in the ventro-
lateral wall of the otocyst, and Otx2 is expressed in the ventral tip
of the otocyst within a portion of the OtxI-positive region (10). As
development progresses, the most dorsal boundary of the OxI
domain corresponds to the presumptive lateral canal level, and the
dorsal boundary of Ox2 expression domain corresponds to the
middle of the utricular anlage (Fig. 34, schematic). In OxI-
knockout mice, the lateral canal and ampulla are missing, the
cochlea is misshapen, and the utricle and saccule fail to form
separate chambers (Fig. 3B; refs. 10 and 29). Otx2-knockout mice
die around 10 dpc before any significant inner ear development (30,
33). To address the possible functions of Otx2 in inner ear devel-
opment, inner ears of OtxI-knockout mice with one disrupted allele
of Ow2 (Oxl—/—; Ot2+/—) were examined. These mice show
much more severe defects, particularly in ventral structures, includ-
ing the saccule and cochlea, which normally express Om2 (Fig. 3C
and Table 2).

The predicted murine OTX1 and OTX2 proteins show extensive
homology between the N terminus and the end of the homeodo-
main. otd and its orthologue, Otx2, have been shown to largely
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Table 1. Genes affecting cochlear patterning

Distribution in the inner ear

Gene Type of protein and surrounding structures Mutant or knockout phenotype Ref.
Brn4 Pou domain transcription factor Periotic mesenchyme Defects in fibroblasts of spiral ligament;  48-51
shortened cochlea
DIx 5 Homeobox transcription factor  Dorsal region of otic vesicle; semicircular No anterior or posterior canal; reduced 25, 26
canals and endolymphatic duct lateral canal; abnormal endolymphatic
duct and cochlea
Eya 1 Transcriptional coactivator Ventralmedial otic vesicle; VIlith No VIlith ganglion; amorphic inner ear 18, 22, 52, 53
ganglion; vestibular and cochlear
sensory regions; periotic mesenchyme
Fgf3 Growth factor r5 and r6; prospective otic placode No endolymphatic duct or sac; reduced 47, 54-57
region; neurogenic and sensory spiral ganglion; enlarged membranous
regions labyrinth
Fgfr2 (lllb) Growth factor receptor Otic placode; dorsal and medial wall of  Dysgenesis of membranous labyrinth; 47
otic vesicle; nonsensory regions of the rudimentary sensory patches and
inner ear Vllith ganglion; 50% of mutants lack
endolymphatic duct
Hoxal Homeobox transcription factor 8 dpc: r3/4 boundary to spinal cord No endolymphatic duct or sac; amorphic  58-61
inner ear; no organ of Corti; reduced
Vlilth ganglion
Hoxal/b1 Homeobox transcription factors Hoxb1: 8 dpc: r3/4 boundary to spinal Amorphic inner ear; more severe 62
cord; 9 dpc: expression up-regulated phenotype than Hoxal—/— alone
inrd
Hoxa2 Homeobox transcription factor  r1/2 boundary to spinal cord; expression Membranous labyrinth appeared 63, 64
upregulated in r3 and r5 enlarged; scala vestibuli lacking or
collapsed
Kreisler bZIP Transcription factor r5and ré6 Misplaced otocyst; inner ear usually 56, 65-67
cyst-like; endolymphatic duct is often
missing
ngn 1 bHLH transcription factor Anteroventrolateral otic vesicle No VIIIith ganglion; fusion of utricle and 11, 40
saccule; shortened cochlea
Otx1 Transcription factor Lateral wall of otic vesicle; lateral canal No lateral canal or ampulla; no lateral 10, 29
and ampulla; lateral wall of saccule crista; incomplete separation of utricle
and cochlea and saccule; misshapen saccule and
cochlea
Otx2 Transcription factor Ventral tip of otic vesicle; lateral wall of  Otx7—/—, Otx2+/—: more severe 10
saccule and cochlea saccular and cochlear phenotype than
Otx1—/—
Pax2 Paired-box transcription factor ~ Medial wall of otic vesicle; Agenesis of the cochlea and spiral 17,19, 68
endolymphatic duct and sac; cochlea ganglion
Pax3 Paired-box transcription factor  Dorsal half of neural tube Splotch mouse: aberrant endolymphatic ~ 69-73

duct; misshapen cochlear and
vestibular components

substitute for Otx! functions in the brain (34, 35). Therefore, we
attempted to determine whether Otx2 and otd could also substitute
for OwxI in inner ear development, especially in the lateral canal
region where normally only Ot is expressed. To achieve this
substitution, the full-length human Ox2 cDNA was introduced into
a disrupted Ol locus (hOt2! /hOx2') and thus placed under
transcriptional regulation of OtxI. The inner ears of these mice had
no lateral canal or ampulla, indicating that Ox2 was not able to
functionally compensate for Ozx! in forming these structures (refs.
10 and 34; Fig. 3D). In regions where the two genes are normally
coexpressed, there was a partial rescue of saccular and cochlear
phenotypes, as well as the separation of utricle and saccule (Table
2). Introduction of otd into the disrupted OxI locus also failed to
restore the formation of the lateral canal and ampulla (ref. 35; Fig.
3E). In addition, although the shape of the cochlea in these mice was
similar to the cochlea of wild-type and hOt2! /hOt2! mice, the
saccule was often smaller in size, indicating that oftd might be less
effective at compensating for Ozx! functions than Oxx2 (Fig. 3E and
Table 2).

When the human OtxI cDNA was introduced into a disrupted
O2 locus (hOtxI?/hOixI?), embryogenesis proceeded much
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further than in Otx2-null mice (36). The expression of Otx! in the
visceral endoderm was able to rescue gastrulation and specifi-
cation of rostral neuroectoderm that were defective in On2—/—
mice. However, despite the presence of Otx] mRNA, no OTX1
protein was detected in the epiblast of these mice. As a result,
hOtx1?/hOix? mice lacked forebrain and midbrain structures,
displaying a headless phenotype from 9 dpc onward. Among all
of the specimens examined between 15 to 16.5 dpc for inner ear
defects, the coiling and the shape of the cochlea were invariably
affected (Figs. 4 and 5). Most specimens show an incomplete
separation of the utricle and saccule (Table 2 and Fig. 4). The
shape of the saccule often appeared thinner than that of wild
type (Fig. 44), and sometimes displayed aberrant notches (Fig.
4B, arrowhead). Compared with saccules of hOtx2’ /hOx2! mice,
they were also more affected (compare Fig. 3 D with F and Fig.
4). The distribution of human OTX1 protein in the hOux1?/
hOtx1? inner ears has not been examined, so the inability of OxI
to substitute for Om2 functions in the inner ear could also be
caused by a posttranscriptional problem, similar to the situation
in the epiblast. The lateral canal and ampulla in these inner ears
were normal; an expected result because the Otx1 locus was not
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Fig. 3.

Otx1 -/- ‘

Otx1 -/-
Otx2 +/-

Lateral views of paint-filled inner ears from wild-type (4), Otx1—/— (B), Otx1—/—; Otx2+/— (C), hOtx2'/hOtx2' (D), otd’/otd’ (E) and hOtx12/hOtx12

(F) mice. Domains of OtxT1 (blue), Otx2 (red), and otd (green) expression are shown as schematics above examples of paint-filled inner ears. In Otx7—/— mutants
(B), the lateral canal and ampulla are missing. The utricle and saccule are incompletely separated, and the shapes of the saccule and cochlea often are malformed.
In Otx1—/—; Otx2+/— mutants (C), the phenotypes of the saccule and cochlea are more severe than those in Otx7—/— mice. In hOtx2'/hOtx2” mice (D), the lateral
canal and ampulla are missing. The shapes of the saccule and cochlea are normal but the cochlea is sometimes shortened. In otd’/otd’ mice (E), the phenotype
is similar to that of hOtx27/hOtx2’, with no lateral canal and ampulla formation. In addition, the saccule also is malformed. In hOtx12/hOtx12 mice (F), both the
saccule and cochlea are malformed but the lateral canal and ampulla are normal. hr, hook region. Arrowheads in A indicate the lateral canal and ampulla, which

are missing in B, C, D, and E. Orientation as per Fig. 1. (Scale bar = 300 um.)

disrupted in these mice (Fig. 4). Taken together, these results
suggest that Otx/ and Otx2 have both overlapping and specific
functions in the patterning of the inner ear. Otx! is essential for
the formation of the lateral canal and ampulla, whereas Ox2
plays a critical role in the patterning of ventral structures such
as the cochlea and saccule (Table 2).

Genes Expressed in the VIlith Cranial Ganglion/Neurogenic Region.
Neurons of the VIIIth ganglion are derived from otic epithelial
cells that delaminate from the antero-lateral region of the otic
cup/otocyst (37). Thus far, there is no direct evidence suggesting
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that normal formation of the VIIIth ganglion affects inner ear
development. However, from gene expression studies, the neu-
rogenic region and the presumptive sensory organs of the utricle,
saccule, and cochlea most likely share a common Lunatic fringe
(L-fng) expression domain (4, 38, 39). Interestingly, mice with a
deletion of a basic helix-loop-helix gene, neurogenin 1 (ngn 1),
fail to form the VIIIth ganglion, and maculae of both the utricle
and saccule are smaller in size (11). The length of the cochlear
duct is also shorter compared with that of wild type. An
attractive interpretation of these results is that the absence of ngn
1 causes the loss of progenitor cells that normally give rise to
sensory neurons as well as sensory hair cells and supporting cells
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Table 2. Frequencies of various phenotypes in inner ears of Otx7 and Otx2 mutants

Lack of lateral

Lack of separation

Misshapen cochlea
Lack or aberrant P

No. of canal and of utricle and cochleo saccular Aberrant Hook No. of Aberrant
Genotype animals ampulla saccule duct saccule region coils shape
Otx1 —/— 11 11 11 11 6 11 9 5
Otx1 —/— Otx2 +/— 9 9 9 9 7 9 8 7
hOtx2'/hOtx2' 7 7 6 5 0 5 1 0
otd’/otd’ 6 6 6 5 6 5 0 0
hOtx12/hOtx12 10 0 9 9 10 10 9 10

All mutant mice were scored between 15 to 16.5 dpc. At these stages, the cochlea should coil from 1.5 to a mature 1.75 turns. Any cochlea that had 1.5 turns
was considered normal in order to accommodate for variability in staging and possible developmental delay of mutants.

(11). As a result, defects are observed in both the ganglion and
sensory epithelia. However, even though ngn I is expressed in the
expected neurogenic region in the otocyst stage (40), the ex-
pression of ngn I in later stages of inner ear development has not
been reported. Therefore, it is equally likely that ngn I is
expressed in both the neurogenic and sensory regions, and that
this gene is independently required for the normal development
of these regions. In this scenario, the development of the
neurogenic and sensory fates are not related.

In addition, the absence of the spiral ganglion may affect the
proper formation of the modiolus (the bony tube that forms
the central axis of the cochlea), which in turn may have a
secondary effect on the final shape of the cochlea. In ngn
I-knockout mice, the modiolus is also missing and the coiling
of the cochlea is tighter than is observed in wild-type mice (11).
Despite the defects in the ganglion and sensory organs of ngn
I-mutant mice, the sensory hair cells appeared normal. This
observation is consistent with the idea that normal innervation
is not required for hair cell differentiation, at least until birth
(41, 42).

Relationship Between Sensory Organ Specification and Gross Pattern-
ing of the Inner Ear. Two lines of evidence suggest that in the
developing inner ear, sensory tissues are specified before non-
sensory structures. First, there are no examples of either ze-
brafish or mouse mutants in which nonsensory structures de-
velop normally in the absence of any sensory tissues. However,
there are examples of mutants that lack nonsensory structures
but develop normal sensory structures (12, 43—45). These ob-
servations suggest that nonsensory structures do not develop
without the prior specification of some sensory tissues.

The second line of evidence stems from transplantation

hotx1%/
hotx1

Fig.4. Lateral views of paint-filled hOtx72/hOtx12inner ears from 16 (A) and
16.5 (B) dpc. The lateral canal and ampulla are normal. The saccule and
cochleosaccular ducts are affected in both specimens, but B is more severe
than A is. Arrowhead in B indicates an aberrant notch in the saccule. Orien-
tation and abbreviations as per Fig. 1. (Scale bar = 200 pm.)
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experiments. When the antero-posterior (A/P) axis of the
chicken inner ear is surgically reversed at a stage when the
otocyst is almost closed, the A /P axis of the sensory organs in this
transplanted inner ear is already specified by the donor. In
contrast, the A/P axis of the nonsensory structures such as the
semicircular canals are respecified according to the new axial
information from the host (46). As a result, in such a trans-
planted inner ear, the posterior crista, for example, is now
located in the anterior region of the inner ear, and the posterior
semicircular canal that is normally connected to the posterior
ampulla is positioned anteriorly and adopts the pattern of an
anterior canal. This evidence strongly suggests that there is a
temporal delay in the specification of sensory versus nonsensory
tissues.

Thus far, there are no reported mutants in zebrafish or mice
that have normal semicircular canals (nonsensory) but lack their
corresponding sensory tissues, the cristae (12, 43-45). This
observation raises an interesting possibility that the development
of nonsensory tissues within the inner ear is under the influence
of sensory structures. The identification of such signaling mol-
ecules produced by sensory tissues will be essential in unraveling
the formation of this complex organ. Recently, it has been
suggested that fibroblast growth factor (FGF) 10, produced in
the sensory regions, is one of the ligands directing development
of adjacent nonsensory structures that express its receptor, Fgfr2
(47). These results are supported by the fact that knockout of
Fgfr2 I11b, one of the two functional isoforms of Fgfr2, yielded an
inner ear with poor vestibular as well as cochlear development.
However, sensory patches in these mutant mice are also rudi-
mentary, suggesting that nonsensory tissues may also feedback
on sensory tissues for their further development. As more and
more of these signaling molecules are identified, it should be
feasible to establish a hierarchy of molecular events starting from
otic induction to a mature inner ear.

Most existing inner ear mutants display defects in both sensory
and nonsensory structures (12, 43—45). The genes involved may
play a role in specifying or coordinating sensory and nonsensory
development. Depending on the domain of expression and the
type of gene product, these genes could also be independently
required for the formation of the structures involved. In OtxI-
knockout mice, both the lateral canal and crista do not form (10).
Gene expression and paint-fill data suggest that the presumptive
lateral crista and the lateral canal are present initially but fail to
develop in the mutant. Therefore, OtxI is most likely playing a
role in the continued development of the prespecified lateral
crista and canal. It remains to be determined whether Otx! plays
a role in coordinating the development of these two structures
(10).

Conclusion

Knockout and mutant mice will continue to be an indispensable
tool in understanding normal development of the inner ear. How-
ever, to decipher the molecular mechanisms that underlie the
normal developmental process, efforts must be invested beyond
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Fig. 5.

hOtx12/
. hOtX1

hOtx12/
hOtx12

Ventral views of cochleae from heterozygous and hOtx72/hOtx12 mutant mice. Each of the mutant cochleae demonstrates abnormalities in both number of

coils and shape (arrows). In addition, some coils have aberrant protrusions (arrowheads). En, embryonic day n. Orientation: A, anterior; L, lateral. (Scale bar = 200 um.)

mere documentation of mutant phenotypes. For any given gene, it
is important to determine where along the developmental cascade
a given gene acts, with whom it interacts, and how its functions.
Correlating pattern of expression with phenotype is a first step
toward achieving that goal. More sophisticated gene targeting
approaches designed to remove gene functions in a spatially or
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