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The Transmembrane Inner Ear (tmie) Gene
Contributes to Vestibular and Lateral Line

Development and Function in the Zebrafish
(Danio rerio)

Yu-Chi Shen,' Anandhi K. Jeyabalan,' Karen L. Wu,! Kristina L. Hunker,”> David C. Kohrman,?
Deborah L. Thompson,'’ Dong Liu,® and Kate F. Barald'*

The inner ear is a complex organ containing sensory tissue, including hair cells, the development of which
is not well understood. Our long-term goal is to discover genes critical for the correct formation and
function of the inner ear and its sensory tissue. A novel gene, transmembrane inner ear (I'mie), was found
to cause hearing-related disorders when defective in mice and humans. A homologous tmie gene in zebrafish
was cloned and its expression characterized between 24 and 51 hours post-fertilization. Embryos injected
with morpholinos (MO) directed against ¢mie exhibited circling swimming behavior (~37%), phenocopying
mice with Tmie mutations; semicircular canal formation was disrupted, hair cell numbers were reduced,
and maturation of electrically active lateral line neuromasts was delayed. As in the mouse, ¢tmie appears to
be required for inner ear development and function in the zebrafish and for hair cell maturation in the
vestibular and lateral line systems as well. Developmental Dynamics 237:941-952, 2008.
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INTRODUCTION

The vertebrate inner ear, a complex
sense organ responsible for both the
detection of sound and the position
and motion of the head, is an ideal
model system for studies of funda-
mental developmental mechanisms
(Barald and Kelley, 2004). It is de-
rived from bilaterally symmetrical re-
gions of thickened ectoderm that form
the otic placodes, which in most verte-

brates invaginate, but cavitate in ze-
brafish to form the hollow otic vesicle.
The otic vesicle contains nearly all of
the cells that comprise the mature in-
ner ear (Barald and Kelley, 2004,
Fritzsch et al., 1997; Torres and Giral-
dez, 1998), including the auditory or-
gan (cochlea in mammals), vestibular
organs (semicircular canals, sacculus,
and utricle), and the ganglion cells
that innervate these organs. Both au-

ditory and vestibular organs contain
sensory hair cells (HCs), which are
specialized receptor cells that sense
mechanical energy through the action
of actin filament-rich projections
known as stereocilia, on their apical
surfaces. Deflection of stereocilia in-
creases the open state of ion channels,
depolarizing the hair cell and initiat-
ing action potentials in ganglion cells
and subsequent propagation of the
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signal to higher-level nuclei in the
central nervous system.

In humans, 50-60% of hearing
losses have a genetic origin. In the
past decade, as many as 45 genes as-
sociated with hearing loss have been
identified (Eisen and Ryugo, 2007).
These genes include non-conventional
myosins (myosins VIla, XVa, VI, and
IIT), which are found in HC stereocilia
and may play roles in synaptic vesicle
movements as well as mechanoelec-
tric transduction (Piatto et al., 2005);
cadherin 23 and harmonin, which are
associated with myosin VIla, and are
involved in stereociliar organization
(Friedman and Griffith, 2003);
KCNQ1 and KCNQ4, voltage-gated
potassium channels (Strutz-Seebohm
et al., 2006); connexins 26, 30, and 31,
components of gap junctions found in
the inner ear; and claudinl4, a com-
ponent of tight junctions in the co-
chlea (Piatto et al., 2005). The genetic
causes of human vestibular dysfunc-
tion are less well understood. To date,
only two genes that are associated
with genetic hearing loss have been
found to be associated with balance
problems in humans: Myosin VIIa and
COCH, which encodes the cochlin pro-
tein, a major component of the extra-
cellular matrix of the inner ear (Ker-
ber, 2006). However, in mouse
mutants, defects in the vestibular sys-
tem are often associated with deaf-
ness and because they are more se-
vere, they are more easily diagnosed
(Avraham and Raphael, 2003).

A few years ago, we reported that
recessive mutations in the Tmie gene
cause vestibular dysfunction and pro-
found hearing loss in spinner (sr) mice
(Mitchem et al., 2002). Although no
defects in gross inner ear morphogen-
esis were observed in affected sr mice,
mutants exhibited early postnatal de-
fects in sensory cell maturation, in-
cluding a failure to maintain orga-
nized stereociliar bundles; later,
degeneration of sensory and ganglion
cells was seen (Mitchem et al., 2002).
In addition to the inner ear, Tmie is
also expressed in the brain, liver, kid-
ney, and lung (Mitchem et al., 2002).
Subsequent genetic studies indicated
that mutations in the human ortholog
of mouse Tmie are responsible for con-
genital, profound hearing loss in fam-
ilies segregating defects at the

DFNBS6 locus on chromosome 3 (Naz
et al., 2002; Santos et al., 2006).

In this study, we have identified a
zebrafish ortholog of the mammalian
Tmie gene and found expression of
tmie in the developing inner ear as
well as other tissues. Inner ear devel-
opment in zebrafish follows a broadly
similar plan to that found in other
vertebrates, although some morpho-
logical patterning processes differ. Ac-
cording to Whitfield (2000, 2002) and
Bever and Fekete (2002), development
of the inner ear in zebrafish begins
with an ectodermal thickening on ei-
ther side of the hindbrain, which
forms the otic placode. Development of
the otic placode begins at the 14-
somite stage, which is around 16 hr
post-fertilization (hpf), but pre-pat-
terning happens earlier (Novince et
al., 2003). The otic vesicle and otoliths
develop at 19hpf and 22hpf, respec-
tively. The placode then cavitates to
create the otic vesicle, in contrast to
placodal invagination, which is seen
in most other vertebrates. Thickened
regions of developing sensory epithe-
lium consist of an arrangement of sen-
sory hair cells and underlying sup-
porting cells as in other vertebrates.
Two maculae, the rostral patch (utric-
ular) with a vestibular role and the
caudal (saccular) sensory macula with
an auditory role, develop first and
each is covered by an otolith. The de-
velopment of these maculae is fol-
lowed by the formation of three cristae
that later become part of the three
semicircular canals (Haddon and
Lewis, 1996). The third macular or-
gan, the lagena, does not form until
later, during the juvenile stage (Nicol-
son, 2005). In zebrafish, a cochlear
structure does not develop. Growing
hair cells have formed by the time the
otic vesicle cavitates at 18hpf.

As otic vesicles form, hair cell kino-
cilia secure the otoliths in place (Platt,
1993; Babb-Clendenon et al., 2006). At
42hpf, thickened otic vesicle walls are
noted under Nomarski optics, and the
semicircular canals of the ear develop
by 48hpf. Between 3 to 7 days, the
numbers of hair cells in each macula
increase. By the end of the first week,
all the key components of the ear are
present (Haddon and Lewis, 1996). Al-
though zebrafish develop slightly dif-
ferently from other vertebrates and do
not possess a mammalian cochlear or-

gan, patterns of gene expression par-
allel those seen in mammals and the
zebrafish is an excellent model system
in which to study developmental pro-
cesses relating to hearing and deaf-
ness (Whitfield, 2002; Barald and
Kelley, 2004). An additional advan-
tage of using the zebrafish as a model
is that they also have sensory recep-
tors on the body surface, the lateral
line neuromasts, which structurally
and functionally resemble inner ear
sensory patches (Whitfield, 2005).

Using antisense morpholino oligo-
nucleotides (MOs) directed against
tmie, we demonstrate that tmie mor-
phants exhibit vestibular dysfunction
and defective maturation of sensory
cells in the inner ear and lateral line.
Our studies suggest a conserved func-
tion of ¢tmie in sensory cell develop-
ment across vertebrate species.

RESULTS
The Zebrafish tmie Gene

Using bioinformatic analysis and RT-
PCR, we have identified a zebrafish
c¢DNA corresponding to the likely or-
tholog of the mammalian Tmie genes.
The zebrafish gene is composed of four
coding exons, with the positions of in-
trons in the zebrafish gene similar to
those found in mammalian Tmie (Fig.
S1, which can be viewed at http:/www.
interscience.wiley.com/jpages/1058-8388/
suppmat). The predicted protein en-
coded by the zebrafish cDNA exhibits
55% amino acid identity and 65% sim-
ilarity to the mouse Tmie protein and
contains two putative transmembrane
domains at positions similar to those
predicted in mammalian Tmie pro-
teins (Fig. 1B; Mitchem et al., 2002).
The highest sequence conservation is
found in the regions encoded by exons
2 and 3, encompassing a predicted ex-
tracellular domain, the second trans-
membrane domain, and the jux-
tamembrane region, which is the site
in the human Tmie protein of mis-
sense mutations associated with hear-
ing loss (Naz et al., 2002). The ze-
brafish protein is larger (222 amino
acids) than the mouse (153 aa) and
human (156 aa) Tmie proteins. We
have identified a gene in the Fugu ge-
nome that encodes a similarly large
protein (223 aa) with 64% identify and
72% similarity to the zebrafish pro-
tein. The size increase in the fish pro-
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Tmie proteins are conserved across vertebrate species. A: Zebrafish tmie gene structure and the positions of the primers used to obtain the

sequence of tmie cDNA. The positions of MOtmie1 and MOtmie2 are also shown. Gray boxes indicate the open reading frame for the predicted tmie
protein, and the white boxes indicate the untranslated regions. B: Alignment of Tmie proteins from four species is shown. Positions that exhibit amino
acid identity across all four species are shaded in blue. Positions that are identical in at least two species are shaded in black. Positions with
biochemically similar residues are shaded in gray. Bars indicate predicted transmembrane domains. Asterisks indicate arginine residues that are
altered in humans with hearing loss due to mutations at the DFNB6 locus (Naz et al., 2002). Arrows indicate the positions of exon junctions in the

corresponding genes.

teins is due to extended C-terminal
regions, which retain the highly
charged character of the mammalian
Tmie proteins. The arginine residues
in the juxtamembrane region that are
altered by mutation in humans with
hearing loss are also present in the
fish proteins, consistent with a criti-
cal, conserved role in protein function.
The zebrafish gene is located on chro-
mosome 2, near pthrl, similar to the
physical linkage of mammalian Tmie
genes with Pthrl (Mitchem et al.,
2002). This conserved synteny, to-
gether with the strong conservation of
sequence and structure with the
mammalian genes, supports this gene
as the zebrafish ¢tmie ortholog.

Expression Patterns of tmie

By RT-PCR analysis, ¢mie transcript
was not detected at 12 hpf, but was

first detected at 26 hpf, and subse-
quently at 38 and 54 hpf (Fig. 2A).
Expression patterns of tmie were also
examined in zebrafish by ISH at 26,
36, and 51 hpf using a probe derived
from the coding sequence of tmie. Con-
trol embryos treated with sense
probes had no specific ISH staining
(Fig. 2C,E,G). Microscopic analysis
demonstrated that 26-hpf fish treated
with the antisense probes showed spe-
cific, although not robust, labelling in
the brain and the developing otic ves-
icle (Fig. 2B). A similar labelling pat-
tern was detected in the otic vesicle at
later stages (Fig. 2D and F), while sig-
nal in the brain was reduced at 36 hpf
(Fig. 2D) and was undetectable at 51
hpf (Fig. 2F). It should be noted that a
similar lack of robust expression char-
acterizes the mouse gene (Hunker et
al., unpublished data). These results

indicate that although its transcript is
present at low levels, tmie probably
plays a role in both inner ear and
brain development in zebrafish.

Morpholino Injections

Morpholino injections were performed
to observe phenotypic differences
when expression of full-length tmie
was reduced. Two tmie morpholinos
were used in the analysis. Injection of
MO"™i°! which is directed against the
splice donor site of exon 3, resulted in
an increase in tmie transcripts lacking
exon 3 and a corresponding decrease
in normal transcripts (Fig. 3A). Tran-
scripts lacking exon 3 encode a trun-
cated protein that lacks a portion of
the predicted second transmembrane
region and the juxtamembrane do-
main, the site of missense mutations
in humans with hearing loss. Injection
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Fig. 2. Expression of tmie mRNA in the brain, and ear. A: RT-PCR results from various stages of
embryonic development: —, no reverse transcriptase; +, with reverse transcriptase. B,C: Lateral
view of 26-hpf embryos with tmie antisense probe (B) and sense probe (C). D,E: Lateral view of
36-hpf embryos with tmie antisense probe (D) and sense probe (E). F,G: Lateral view of 51-hpf
embryos with tmie antisense probe (F) and sense probe (G). Signals were found in the developing
otic vesicle at all stages observed. There is also staining in the brain. ot, otic vesicle; sc, spinal cord.

Scale bar = 100 pm.

of MO'"™°2 which is directed against
the splice donor site of exon 2, resulted
in a decrease in normal transcripts (Fig.
3B). Shortened transcripts lacking exon
2 were not identified, presumably due
to activation of nonsense-mediated de-
cay by the frameshift and nonsense
codons that were introduced by exon
skipping. Fish injected with the tmie
morpholinos were compared to those in-
jected with a Gene Tools Standard Con-
trol morpholino at the same total con-
centration. The effects of both MOs on

the transcripts were still observed at 72
hpf (data not shown).

Most of the initial experiments were
done with MO%®¢1, Many of the exper-
iments were subsequently repeated
with MO'"™i°? and eventually experi-
ments were done with a combination
of the two MOs with lower doses (2.5
pg/pl) of each in the combined injec-
tion mix. Observations took place at
24 hpf, 48 hpf, and 3—6 dpf with mor-
phological and behavioral differences
noted beginning after 24 hpf. Compar-

A Wt MOcun Motmhﬂ
RT: + - + - + -
05—

04—

03—

02—

01—

B con tmie2

MO MO
RT: + = + - + -

05—
04—
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0.2—

01—

Fig. 3. Morpholinos directed against tmie de-
crease levels of normal transcripts. A: Injection
of an anti-tmie morpholino (MOtmie1) directed
against the splice donor site of exon 3 resulted
in a decreased level of intact transcripts and a
substantial increase in shorter tmie transcripts
that lacked exon 2 (arrow) at 36 hpf. Very little of
the shorter transcript was detected at 36 hpf in
uninjected embryos (wt) or in embryos injected
with a control morpholino (MOcon). B: Injection
of an anti-tmie morpholino (MOtmie2) directed
against the splice donor site of exon 2 resulted
in decreased levels of intact tmie transcripts at
36 hpf (products amplified from two indepen-
dent RNA preparations are shown), relative to
those present in embryos injected with a con-
trol morpholino. Levels of Gapdh transcripts are
shown in the bottom panel. Size standards are
indicated in kb.

isons were based on movement, swim-
ming behavior, the size of the ear and
eye, as well as expression patterns of
genes that are normally expressed in
the developing inner ear, hindbrain,
and periotic mesenchyme at this time
(data not shown; also see below).
Table 1 shows the morphology and
touch response of embryos at 24 hpf.
At this stage, at least one smaller ear
was observed in about 40% of embryos
injected with MO'™i¢1, More than half
of these had both ears smaller than
the control-injected embryos (control
MO) with only one otolith in each. The
doses used (2.5 pg/pl and 3.5 pg/pl)
did not differentially affect the per-
centage of fish with (a) smaller ear(s).
However, there is a dose-dependent
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TABLE 1. General Morphology and Touch Response of the Embryos at 24 hpf*

24 hpf

At least one

smaller ear (%)

At least one

smaller eye (%)

Failure to respond
to touch (%)

2.5 ug/pl MOl (N = 228)
2.5 pg/ul control MO (N = 73)
3.5 pg/pl MO™el (N = 70)
3.5 pg/pl control MO (N = 7)

42 20
1.8 0
37.5 44.2
17 17

24

2
24.7
17

2The percentage is the average of 3 experiments for 2.5-pg/pl morpholino injections, and 2 experiments for 3.5-pg/pl injections;
“smaller” mean less than or equal to half the size of the eye or ear in the control fish.

effect of MO"™! on the size of the
eyes. Smaller eyes were observed in
twice the number of embryos treated
with the higher dose (3.5 pg/pl) of
MO'™i°! ag the lower dose (Table 1).
Most of the control embryos responded
to tail touch by moving the body, while
a quarter of tmie morphants failed to
move after being touched, and those
fish that did respond spontaneously
darted for only short distances and
stopped.

We further tested the swimming be-
havior and balance at later stages. A
behavioral assessment test was per-
formed at 96 hpf to evaluate reorien-
tation of fish in a Petri dish after
swirling. While almost all control em-
bryos oriented perpendicular to the
periphery of the dish after swirling, an
average of 40% of tmie morphants
with 2.5 pg/pl MOl and 45% of
embryos with 3.5 pug/ul MO'™i¢! treat-
ment remained in the middle of the
dish and did not reorient themselves
by swimming to the edge (Fig. 4A, P <
0.05). Of those that failed the swirl
test, most of them swam in circles.
The averages of morphants swimming
in circles is 30% (2.5 pg/pl) and 40%
(3.5 pg/pl) MO*™°! treatment, com-
pared to 0 and 3% swimming in circles
with control MO treatments at these
concentrations (Fig. 4A, P < 0.005).

Motor coordination of the embryos
injected with a combination of MOt
and MO (MOs'"™*®) was tested
from 3 to 6 dpf. Over 85% of control
larvae developed motor coordination
and swam rapidly across a 10-cm Petri
dish in a straight line (Kwak et al,,
2006) at 5 dpf. Only 33% of MO'™ic!
morphants exhibited this level of
swimming ability (Fig. 4B). Most mor-
phants with MOs'™¢ swam in a circle
even at 6 dpf. However, MO"™i¢! mor-
phants acquired motor coordination at

4 and 5 dpf compared to the control
larvae, and finally 95% of MO'™iel
morphants achieved motor coordina-
tion at 6 dpf, just 2% less than the
control larvae of the same age (data
not shown). Balance was assessed at
the same time by examining the abil-
ity of the larvae to stay dorsal side up
for at least 1 min after the Petri dish
was tapped. Our results showed that
MO'™®! morphants showed delayed
development of balance by about 1 day
compared to the control larvae (data
now shown), while only 6% of MOs'®i¢
morphants acquired balance control
at 6d (Fig. 4C).

We performed RNA rescue experi-
ments with 100 and 200 ng tmie RNA
to demonstrate the specificity of the
effect of MOst™¢, Although we did not
observe a full rescue of swimming be-
havior, there was improvement of
both motor coordination (Fig. 4B) and
balance (Fig. 4C) with RNA injection,
especially with 100 ng RNA. However,
we observed defects in embryos with
doses of RNA higher than 100 ng, in-
dicating that a higher dose of RNA is
toxic to the embryos.

tmie and Development of the
Zebrafish Inner Ear

To investigate the development of the
inner ear in the ¢mie morphants, we
performed in situ hybridization using
several inner ear markers, including
msx-c, bmp4, nkx5.1, eyal, Na, K-AT-
Pase Bla, and Na, K-ATPase B2b. Ex-
pression patterns in the morphants
were indistinguishable from those in
controls (data not shown), suggesting
that tmie knockdown has no gross ef-
fects on development of the associated
structures. The basic helix-loop-helix
proneural transcription factor gene,
atonal homolog la (atohla) is ex-

pressed in the developing sensory cells
in the inner ear, in addition to the
lateral line. The differentiation of neu-
romast hair cells is determined by the
expression of atohla (Sarrazin et al.,
2006). The expression pattern of
atohla in the ear is the same in the
controls and tmie morphants (data not
shown).

To observe the detailed structures
of the inner ear, we carried out confo-
cal microscope studies. Embryos or
larvae were stained with anti-acety-
lated tubulin antibody and Texas-red-
coupled phalloidin for detection of ki-
nocilia and stereocilia, respectively.
The length and number of kinocilia in
the cristae of the tmie morphants were
comparable to those of controls at 3
dpf (Fig. 5A and B). Similar results
were observed in the maculae (Fig. 5C
and D).

However, the formation of semicir-
cular canals was defective in the mor-
phants at this stage. By this stage, the
central bulges and the projections
from the wall of the ear normally fuse
to form the pillar of each semicircular
canal as seen in normal control ears at
3 dpf (Fig. 5E; Waterman and Bell,
1984). In the morphant ears, the ven-
tral bulge and the ventral projection
had not contacted each other to form
intact semicircular canals (Fig. 5F),
suggesting that ¢mie participates in
the formation of semicircular canals.
This is unlikely to be due to the devel-
opmental delay seen in the morphant
ears, since at 5 dpf, 28% (n = 7) of tmie
morphants still had pronounced de-
fects in semicircular canals.

As the inner ear develops, the num-
ber of differentiated hair cells in the
maculae of control embryos increases
over time as shown with phalloidin
staining (Fig. 5K). At 4 dpf, the num-
ber of phalloidin-labeled hair cells in
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Fig. 4. Behavioral assessment of fish. A: Swirl test of embryos at 96 hpf with 2.5 g/l control MO
(n = 66), 2.5 ng/l MOtmiel (n = 293), 3.5 pg/l MOcon (n = 45), and 3.5 g/l MOtmie1 (n = 152).
Development of balance (B) and development of motor coordination (C) in control embryos
(MOcon, n = 113), tmie morphants with 2.5 ng of MOs (n = 107), tmie morphants with 2.5 ng MOs
plus 100 ng (n = 96) or 200 ng (n = 90) tmie RNA. Data show the means and standard errors of two

independent experiments.

the MOs*™¢ morphants was slightly
lower than the wild-type larvae, but
there was no statistically significant
difference between the two groups.
The number of hair cells labeled with
phalloidin in the MOs*™*¢ morphants
also increased during the period of ob-
servation (4 to 6 dpf). However, the
rate of increase in the number of la-
beled cells was much slower in the

morphants than the control larvae so
that at later stages, the number of
hair cells with phalloidin-stained ste-
reocilia in the anterior macula was
significantly smaller in the morphants
than in the control larvae (Fig. 5G-K).
Due to the fact that the number was
larger at later stages even in the mor-
phants, it is possible that the total
number of hair cells was smaller

rather than that we were observing
deterioration of the actin filaments in
the hair bundles. The lengths of kino-
cilia in the posterior maculae of mor-
phants was similar to that of the con-
trols, indicating that the kinocilia had
not degenerated in the morphants
(Fig.5L-0).

tmie and Development of the
Posterior Lateral Line

Due to the circular swimming behav-
ior of the #mie morphants, we sus-
pected that in addition to the inner
ear pathology, the lateral line of these
morphants might be compromised as
well. DASPEI (4-(4-diethylaminos-
tyryD)-N-methylpyridinium iodide), a
vital mitochondria dye, was used to
detect active hair cells in the neuro-
masts of the lateral line system (Bri-
caud et al., 2001). At 72 hpf, the pos-
terior lateral line (PLL) contains five
to six neuromasts on each side of the
trunk, and three neuromasts on each
side of the tail. The anterior lateral
line (ALL) consists of about 11 neuro-
masts in the head area. In control em-
bryos at this stage, the neuromasts in
both the ALL and PLL were stained
with DASPEI (Fig. 6A), indicating
that these hair cells were electrically
active. However, in the MOs*™® mor-
phants, no staining or only very dim
staining was observed in at least 50%
of the embryos at this stage (Fig. 6B),
suggesting that no or few electrically
active hair cells were present. How-
ever, at 5 dpf, the number of neuro-
masts in the PLL increased to 11-13
in the control larvae (Fig. 6C) as well
as in some of the tmie morphants (Fig.
6D), indicating that the hair cells were
differentiated, mature, and active in
these larvae and suggesting a delay in
one or more of these processes due to
the knockdown of tmie. To measure
the average intensity of DASPEI
staining after each treatment, we
evaluated the DASPEI staining levels
in the larvae at 4, 5, and 6 dpf by a
scoring mechanism described in the
Experimental Procedures section. The
higher the score (the closer it is to 2.0),
the stronger the DASPEI labelling. In
the control embryos, the scores were
over 1.9 from 4 dpf on, indicating that
most of the embryos have strong DAS-
PEI staining (Fig. 6M). However, the
labelling score of MOs'™® morphants
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Fig. 5. Staining of actin (phalloidin staining, red) and acetylated tubulin (green) in hair cell patches in the inner ear showed defects in tmie morphants.
A,B: Double staining of actin (stereocilia) and tubulin (kinocilia) of the three cristae (arrowheads). C,D: Double staining of stereocilia and cristae in the
maculae (arrows). E,F: Actin staining showing the epithelial pillars (ep), which form hubs of the developing semicircular canals. Arrows indicate the
junction of the ventral bulge (b) and ventral projection (p). In the control ear, the junction has formed and fused (E), but in the tmie MO-treated fish,
there is still a gap between the bulge and the projection. G-J: Phalloidin staining of the anterior macula (arrowhead) at 5 dpf (G, H) and 6 dpf (I, J).
The patch is smaller in tmie morphants, especially at 6 dpf. K: Numbers of hair cells labeled by phalloidin at 4 dpf (n = 5 for wt, and n = 4 for MOstmie),
and as illustrated in G-H at 5 dpf (n = 3 for wt, n = 6 for control, and n = 13 for MOstmie) and 6 dpf (n = 2 for wt, n = 2 for control, and n = 4 for

MOstmie). L-O: Acetylated tubulin staining of the posterior macula.

was below 0.2 at 4 dpf, and only grad-
ually increased to 0.8 at 6 dpf, indicat-
ing that most of the neuromast hair
cells are still not active in these lar-
vae. Although RNA injections did not
fully restore the activity of neuromast
hair cells, the higher scores seen in
the “rescued” embryos (0.3 to 1.1 for
200 ng, 0.4 to 1.2 for 100 ng RNA; Fig.
6M) suggested that the neuromast
HCs in RNA-treated embryos are

tmie

more active than those of MOs
morphants.

To determine whether the lack of
DASPEI staining in 3-dpf morphants
was due to a delayed migration of the
lateral line primordium, delay of dif-
ferentiation, or delayed maturation of
the hair cells in the neuromasts, we
performed in situ hybridization on
whole mount embryos. Cxcr4b is the
receptor for the chemokine sdf-1a, and

cxcr4b mRNA is normally detected in
the migrating primordium of the PLL,
so it serves as a good marker for the
migrating primordium (David et al.,
2002). A PLL primordium can first be
detected posterior to the otic vesicle at
20 hpf, after which time it migrates
caudally along the horizontal myosep-
tum, and reaches the tip of the tail by
the end of the second day of develop-
ment. Five proneuromasts are depos-
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MOs'™

control

cxcrdb cxcr4b

37 hpf |G atoh1a
cxcrdb
45 hpf atohla

Fig. 6. The development of lateral line was affected in MOstmie morphants. A-D: DASPEI staining
of lateral line neuromasts. There is no or very little staining in MOstmie at 72 hpf (B) compared to
the control (A) at the same stage. The lateral staining is weaker at 5 hpf in the MOstmie morphants
(D) but present compared to the control larvae (C). E-L: Whole mount in situ hybridization with
cxcrdb (E, F, 1, J) and ath1 probes (G, H, K, L). Arrows, the migrating lateral line primordium.
Arrowheads, the neuromasts with atoh7a signal. M: DASPEI score of the lateral line. After DASPEI
staining, the larvae were divided into 3 groups: strongly stained, weakly stained, and not stained.
Each fish was assigned a score after the level of staining in all the fish was first observed. Each larva
in the strongly stained group was given 2 points, while 1 point was given to the weakly stained
larvae, and 0 points to larvae, which were not stained. The number of fish in each group was
recorded. The cumulative scores were then calculated and the percentage of fish in each group
following each treatment determined. The higher the score (and the closer to 2.0), the stronger the
staining of DASPEI observed after each treatment.

ited along the way as the primordium
migrates. Each proneuromast differ-
entiates after its deposition and be-
comes a mature neuromast in a few
hours (Ghysen and Dambly-Chaudiére,
2005). Our results showed that the
migration of the PLL primordium was
slightly, but not drastically, delayed
in tmie morphants (Fig. 6E,F,1,J). The
expression of atohla in the neuro-
masts of PLL in the morphants is com-
parable to that of the control embryos,
although slightly delayed in its time of
expression (Fig. 6G,H,K,L), suggest-
ing that the hair cells differentiate
normally in the morphants after the
deposition of the proneuromasts, al-
though there is a delay in acquiring
electrical activity.

DISCUSSION

Based on our earlier studies of spinner
mice carrying null mutations in Tmie,
this gene has been implicated in the
regulation of maturation of sensory
hair cells and in maintaining the nor-
mal architecture of the stereocilia
bundle (Mitchem et al., 2002). The
identification of mutations in the hu-
man TMIE gene in individuals with
profound, congenital hearing loss indi-
cates a critical role for this gene in the
human auditory system (Naz et al.,
2002). We have now identified a Tmie
ortholog in zebrafish. The genomic
structure and encoded protein of this
tmie gene exhibit strong conservation
with mammalian Tmie genes. Our anal-
ysis of tmie in zebrafish supports a role
for this gene in the development and
function of mechanoreceptor organs.
Expression of ¢tmie was observed at
26, 36, and 51 hpf in zebrafish, which
are stages analogous to those of Tmie
expression in mice. Labeling patterns
with antisense probes indicated that
there was significant although not ro-
bust tmie expression in zebrafish at 26
and 36 hpf, which was slightly re-
duced by 51 hpf. Labeling at 26 and 36
hpf was found in the epithelium of the
inner ear, during the periods of otic
vesicle and otolith formation. We also
observed tmie expression in the brain.
In mice, ISH studies of Tmie expres-
sion also failed to document robust ex-
pression of Tmie, and we were unable
to document mouse Tmie by ISH, ex-
cept with a radiolabelled probe
(K.L.H. and D.C.K., unpublished ob-
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servations). We, therefore, used RT-
PCR studies to document Tmie ex-
pression in the mouse inner ear at
early postnatal time points, consistent
with the early onset of sensory hair
cell pathology in spinner mutants
(Mitchem et al., 2002; K.L.H. and
D.C.K., unpublished results). These
early defects in sensory cells in the
mouse indicate that Tmie is required
for proper maturation of sensory hair
cells in the cochlea and in vestibular
organs. While we could readily detect
expression of ¢tmie in several tissues,
we were unable to detect its expres-
sion in the inner ear in zebrafish after
the otocyst stage. Similar attempts to
detect Tmie expression by in situ hy-
bridization of inner ear tissue from
postnatal mice have also been unsuc-
cessful, suggesting that steady-state
levels of the transcript may be rela-
tively low later in ear development
and, therefore, below the detection
threshold of this approach. Zebrafish
tmie is expressed in the brain in addi-
tion to the inner ear, similar to the
broad expression patterns of the gene
in mouse and humans, which include
expression in the brain and in the eye
(Mitchem et al., 2002; Naz et al.,
2002). The precise role of tmie in these
other tissues is unclear, as mice and
humans carrying mutations in the
gene do not appear to exhibit other
associated pathologies. Most tmie MO-
injected fish with small ears also had
small eyes, and many with normal
ears had at least one small eye, indi-
cating a significant effect of the ¢tmie
morpholino on eye size (see Table 1).
The broader pathology in ¢mie mor-
phants suggests less genetic redun-
dancy of tmie-associated pathways in
zebrafish relative to those in mammals.

Our studies using morpholinos di-
rected at blocking expression of nor-
mal tmie are consistent with an evo-
lutionarily conserved role for this gene
in inner ear function. We identified
abnormalities in swimming behavior
in tmie morphant fish, including exag-
gerated spontaneous circling and al-
tered swimming after touch stimuli or
dish swirling. These abnormal behav-
iors were associated with defects in
mechanoreceptor morphology, includ-
ing decreased inner ear size, reduced
numbers of otoliths in vestibular or-
gans, and alterations in lateral line
functional maturation. These patholo-

gies are likely to underlie the abnor-
mal swimming behavior of the mor-
phant fish, as abnormalities in the ear
change perception of both balance and
acceleration. The incomplete pen-
etrance of the behavioral and morpho-
logical phenotypes, (e.g., 30% swim-
ming defects as opposed to 100%) is
presumably due to the incomplete
knockdown of tmie, as evidenced by
residual expression of normal ¢mie
transcripts in the morphants.

In other published studies of ze-
brafish “circler” mutants, gross inner
ear structures appeared normal but
hair cells degenerated (Ashmore,
1998; Nicolson et al., 1998). Although
the tmie morphants studied here dif-
fer in that there are obvious morpho-
logical defects, altered hair cell func-
tion may also contribute to the
abnormal swimming behaviors. Our
results showed that although the
gross morphology of the inner ear was
not affected with ¢mie knockdown, de-
fects in semicircular canals were ob-
served in the tmie morphants, indicat-
ing that tmie is required for formation
of mature semicircular canals. In ad-
dition, at 5 and 6 dpf, the number of
hair cells labeled with phalloidin in
the anterior macula was significantly
reduced in the tmie morphants rela-
tive to control larvae. There are at
least three possible explanations for
this result: first, the normal increase
during development in the number of
hair cells may fail to occur in tmie
morphants; second, normal numbers
of hair cells may be produced in the
morphants, but fail to differentiate
over time into fully mature hair cells,
thus phalloidin staining failed to iden-
tify these cells; or third, the cells were
produced and differentiated, but their
stereociliar bundles deteriorated and
hair cells degenerated, similar to the
pathologies observed in spinner mice.
Further studies are necessary to dem-
onstrate the basis for fewer phalloi-
din-stained cells in ¢mie morphants.
We have previously found that both
cadherin-2 and cadherin-4 have a role
in inner ear morphogenesis and that
MOs to these genes affect many of the
same parameters that are affected by
tmie MOs (Babb-Clendenon et al.,
2006; Wilson et al., 2007). The defects
we observed in cadherin-2 morphants
(Babb-Clendenon et al.,, 2006) are
quite similar to those seen in tmie

morphants. In both, the organization
of the hair cell bundle was disrupted,
and the formation of the semicircular
canals was incomplete. Although they
may both be transmembrane proteins,
the downstream effector(s) of tmie
have not been reported. It is possible
that the cadherins and tmie share
some common downstream molecules.

Our previous studies in the mouse
suggested that the Tmie protein may
reside in the internal membrane of
sensory cells where it could influence
protein trafficking pathways, or, alter-
natively, the protein may be localized
to the plasma membrane where it
could serve as an interaction site for
other molecules (Mitchem et al.,
2002). Since Tmie has already been
found to participate in hair cell matu-
ration and maintenance of the stereo-
ciliar architecture in mice, this could
imply a role for the Tmie protein in
organizing cytoskeletal arrangements
of sensory hair cells, which would be
consistent with the affected swim-
ming behaviors of the ¢mie morpho-
lino-injected fish.

The results of these experiments
also implicated ¢mie in the process of
hair cell maturation in the neuro-
masts of the posterior lateral line
(PLL). In zebrafish, the migration of
the primordium of the PLL to the tail
starts at 20—22 hpf from the PLL pla-
code, located at the hindbrain, just
posterior to the otic placode. The mi-
gration is completed at about 48 hpf,
and deposits 5 lateral proneuromasts
along the trunk and 2—-3 terminal pro-
neuromasts at the tip of the tail in
each side of the body (Dambly-
Chaudiere et al., 2003). These proneu-
romasts then differentiate during the
next few hours, and about 6 hr after
deposition, some hair cells can be de-
tected functionally with DASPEI
(Gompel et al., 2001). In ¢tmie mor-
phants, although the migration of the
PLL primordium was slightly delayed,
a delay does not account for the lack of
DASPEI staining at 72 hpf. In situ
hybridization with an atohla probe
showed that the hair cells differenti-
ated soon after the deposition of pro-
neuromasts, indicating that the early
differentiation of the hair cells was
not affected by tmie MOs. However,
the maturation and/or the activity of
the hair cells was substantially de-
layed or blocked in ¢mie morphants.
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The recovery of DASPEI staining at 5
dpf could be due to the degradation of
tmie MOs over time, indicating that
hair cells eventually became active af-
ter an earlier delay due to decreased
tmie expression. However, HC regen-
eration or stereociliar regeneration
are also possible explanations. No
matter what the mechanism is, tmie
function is required for the timely ac-
tivity of the hair cells in the neuro-
masts in the lateral line.

The results in the RNA rescue ex-
periments on recovery of swimming
behavior and LL DASPEI staining
showed that the effects of MOs"™® on
these functional aspects are specific,
not due to the toxic effect of MOs.

The reductions in phalloidin-
stained hair cells in the inner ear, as
well as the delayed hair cell activity in
the lateral line of ¢mie morphants,
suggests that tmie protein is likely to
participate in maturation/function
and probably maintenance of the hair
cells in both organs involved in bal-
ance/swimming behavior. Further ob-
servation of the morphological and be-
havioral effects of the tmie morpholino
on the inner ears and brain will pro-
vide greater insight into the role of
tmie in the developing zebrafish and
its effects on hair cells and sensory
transduction. Further analysis of the
specific expression patterns of tmie at
various stages, the effects of more
complete knockdown of the gene, and
the interaction of tmie with other de-
velopmental genes is critical to under-
standing the role of this gene in mech-
anoreceptor dysfunction in zebrafish
and humans.

EXPERIMENTAL
PROCEDURES

Zebrafish Maintenance,
Embryo Collection, and
Embryo Husbandry

Zebrafish were obtained from a local
pet store (University Aquarium, Ann
Arbor, MI) or from the Zebrafish facil-
ity at the University of Oregon and
kept on a 14:10 hr light/dark cycle at
28.5°C. The embryos were collected
30-45 min after removing the divid-
ers that separated the males and fe-
males in the mating tanks. All mating
tanks were kept in a water bath at
28.5°C. Embryos were raised in fil-

tered methylene blue fish water,
which prevents fungal growth on fish
eggs (5% methylene blue to every 2 gal-
lons fish water) at 28.5°C. Between 12
and 20 hpf, 0.03% 1-phenyl-2-thiourea
(chemical formula C;H;NaHCSNH,/
PTU) was added at a 1:10 ratio to pre-
vent pigmentation from developing.
Embryos continued to grow overnight
and then were fixed in 4% paraformal-
dehyde (PFA) in phosphate buffered
saline (PBS; 1X PBS, pH 6.8) at the
time/stage indicated, and kept at 4°C
overnight. After several rinses with
PBST (0.1% Triton in 1XPBS), em-
bryos were dehydrated in MeOH and
stored at —20°C. These methods were
adopted from The Zebrafish Book
(Westerfield, 2000).

tmie Gene Identification and
RT-PCR Analysis

The mouse Tmie protein sequence was
used to search the zebrafish genome
using the TBLASTN algorithm (Alts-
chul et al., 1990). A significant match
was identified with a region on chro-
mosome 2. Primers corresponding to
putative zebrafish exons were used to
amplify the predicted transcript by re-
verse transcription-polymerase chain
reaction (RT-PCR) from RNA pre-
pared from 36-hpf zebrafish larvae.
RNA was reverse-transcribed with the
Superscript III system (Invitrogen).
PCR was performed using Advantage
Taq polymerase (BD Biosciences-
Clontech). RT-PCR products were gel-
purified and directly sequenced as de-
tailed previously (Burgess et al.,
1995). A related gene was also simi-
larly identified in genomic sequence
from Fugu rubripes. Protein se-
quences encoded by the fish genes
were compared to mammalian Tmie
sequences using the CLUSTAL algo-
rithm (Chenna et al., 2003). Putative
transmembrane domains were identi-
fied using the TMHMM algorithm
(Krogh et al., 2001). Zebrafish primers
used in the RT-PCR analysis are as
follows: F3 (5'-CTGCGCAGTTTT-
GTTTCGTCCAG-3"), R2 (5'-TGGCA-
TAATTTTTCGCAGCAAGTCTTT-3");
F1 (5'-GGGACTTCGATTATGGCAG-
GTTGTG-3"), R6 (5'-TTTGCGGGT-
TCCTCTTTCTCCTCTTC-3'); F4 (5”-
TCGCAGGAAAGGTGGACGGAGAA-
3, R5 (5”-GAACCGTGCAGCAGT-
GTTGTATTATTTAGTG-3'). The posi-

tions of the primers used in these
studies are illustrated in Figure 1A.
To detect ¢tmie transcripts at various
developmental stages, total RNA was
isolated from whole embryos. RT-PCR
was performed using the F3/R6 primer
pair with amplification conditions:
94°C, 5 min; 35 cycles of 94°C, 30 sec;
60°°C, 30 sec; 72°C, 1 min; final exten-
sion of 10 min at 72°C. The predicted
size of the RT-PCR products is 602 bp.

In Situ Hybridization

RT-PCR was used to amplify ¢cDNA
fragments for probe templates. RT-
PCR product derived from nucleotides
7-550 from the start codon of ¢tmie was
cloned into the pCRII-TOPO vector
(Invitrogen Corp., Carlsbad, CA) and
digested with either EcoRV or BamHI
restriction enzymes to produce tem-
plates for sense and antisense probes,
respectively. After column purifica-
tion of digested template DNA
(MinElute Reaction Cleanup kit, Qia-
gen Inc., Valencia, CA), synthesis was
performed using a DIG RNA label,
and T7 polymerase for sense and SP6
polymerase for antisense. Whole-
mount in situ hybridization was per-
formed as previously described (Bar-
thel and Raymond, 1990; Liu et al.,
1999; Doudou et al., 2004; Babb-Clen-
denon et al., 2006). Hybridizations
were detected using an alkaline-phos-
phatase-conjugated antibody and vi-
sualized with 4-nitroblue tetrazolium/
5-bromo-4-chloro-3-indolyl phosphate
(NBT/BCIP; Roche Molecular Bio-
chemicals, Indianapolis, IN). The em-
bryos were observed under a Leica
FM10 stereo dissecting microscope
and photos were taken by the at-
tached Leica DC480 digital camera
(Leica Microsystem Imaging Solution,
Inc., Cambridge, UK) and processed
by the Adobe Photoshop program.

Morpholino Injections

tmie morpholinos (Gene Tools, Corval-
lis, OR) were designed based on the
genomic sequence of zebrafish tmie.
One morpholino (MO'™®!) was de-
rived from sequence of the antisense
strand at the exon 3/intron 3 bound-
ary: 5 TAAGACTTGGACTCACCGC-
CGGGCA-3'. The other morpholino
(MO'™i°2) wag derived from sequence
of the antisense strand at the exon
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2/intron 2 boundary: 5" ACACTTGCA-
GAAACTTACTTATTGC-3'. These MOs
were injected at concentrations of 2.5,
3.5, and 5 pg/pl. The concentration
used with combined MO'™°! and
MO'ieZ (MOs'™€) was 2.5 pg/pl for
each of the MOs. The control morpho-
lino used was a standard scrambled
nucleotide sequence from Gene Tools:
5'-CCTCTTACCTCAGTTACAATTT-
ATA-3’. One hundred nanomoles of
this control morpholino was reconsti-
tuted in 200 pl of vital dye and diluted
to the same total concentration as the
experimental MOs used for injections
in each experimental type. tmie mor-
pholino-injected fish were compared
with control MO-injected fish and fish
that were either injected with phenol
red dye or buffer or that were not in-
jected. tmie MOs were microinjected
into the yolk of one- to eight-cell stage
embryos according to previously pub-
lished protocols (Doudou et al., 2004;
Babb-Clendenon et al., 2006).

Injection of zebrafish was done us-
ing a PV820 Pneumatic PicoPump
from World Precision Instruments
and an attached Nitrogen tank. Em-
bryos and injection materials were
prepared following the methods sug-
gested in The Zebrafish Book (Wester-
field, 2000) and performed according
to our previously published proce-
dures (Doudou et al., 2004; Babb-
Clendenon et al., 2006). RNA pre-
pared from injected embryos was
converted to first-strand cDNA by re-
verse transcription with oligo dT
primers, then amplified with primers
F1 and R6 or F3 and R2 to evaluate the
efficacy of knockdown with MOQ™™ie!
and MO"™¢2 respectively. Amplifica-
tion products were gel-purified and di-
rectly sequenced to verify their exon
content. F1 and R6 amplify a 353-bp
product from RNA of control embryos
and an additional 203-bp product that
lacks exon 3 from RNA of MOUmiel
morphants. F3 and R2 amplify a
405-bp product from RNA of control
embryos and MO*™Z morphants. Am-
plification conditions: 97°C, 3 min; 35
cycles of 94°C, 30 sec; 60°C, 30 sec;
72°C, 45 sec; final extension of 5 min
at 72°C. RT-PCR products were sepa-
rated by size on 1.5% agarose gels and
visualized by ethidium bromide fluo-
rescence.

Morphological and
Behavioral Observations

Observation of injected fish began at
24 hpf and continued periodically un-
til 6 dpf. Fish were observed under a
dissecting or inverted microscope.
Phenotypic characteristics noted in-
cluded size of embryo, spontaneous
movement of the tail, size of tail and
somite orientation, size of ear com-
pared to wild type, number of otoliths,
size and orientation of the eyes, and
size and shape of head and forebrain.
Behavioral tests were conducted to ob-
serve swimming behavior, orientation
in relation to a light from below in
Petri dishes in which the fish were
placed, and response to touch. Tail
swiping or gentle head tapping with
the flat side of a needle or small plas-
tic probe was also done, as well as
exposure to light and swirling of water
surrounding the fish in a 100-mm
plastic Petri dish on a dissecting mi-
croscope. Fish that appeared signifi-
cantly affected were removed and
placed separately in labeled 24-well
plates. The development of a relative
percentage of fish was stopped in 4%
PFA at 24, 48, and 72 hpf based on the
number of fish surviving.

Vestibular functional analysis was
performed according to Kwak et al.
(2006). Motor coordination was as-
sessed by a gentle touch of the tail.
Larvae that rapidly traverse a 6-cm
Petri dish in a straight line were
scored as positive. Each larva was
tested three times and scored as neg-
ative if it failed all three trials. Bal-
ance was tested by the ability of larvae
to rest with their dorsal sides up 1 min
after a startle response was initiated by
tapping the Petri dish. Each fish was
tested three times and was scored as
negative if it failed all three trials.

Actin and Acetylated
Tubulin Staining

Embryos or larvae were in kept in 4%
PFA/PBS overnight at 4°C, and rinsed
in PBS/1.5% Triton X-100 for 2 days to
help penetration and to dissolve oto-
liths. Embryos were subsequently in-
cubated with anti-acetylated tubulin
antibody (Sigma, 1:1,000) overnight at
4°C. After several rinses in BDP (1%
bovine serum albumin, and 0.1 DMSO
in 1XPBS), embryos were incubated
with secondary antibody (FITC or Al-

exa 388 anti-mouse IgG, 1:100) + 1:10
Texas  red-phalloidin  (Molecular
Probes) overnight at 4°C. After 2-hr
rinses with frequent changes of BDP,
the embryos were viewed with an
Olympus FV500 confocal microscope
in the Diabetes Research and Train-
ing Laboratory Facility at the Univer-
sity of Michigan.

Lateral Line Hair Cell
Staining

To label physiologically active hair
cells in neuromasts, embryos or larvae
were exposed to DASPEI (4-(4-Dieth-
ylaminostyryl)-1-methylpyridinium io-
dine, Sigma D-3418) solution pre-
pared as follows: 5 mg of DASPEI
were dissolved in 100 ml fresh embryo
water (Westerfield, 2000), and em-
bryos were incubated at 28°C for 30
min in the solution. After a 1-min
rinse with embryo water, the embryos
or larvae were observed under a Leica
FM10 stereo dissecting microscope us-
ing a fluorescent channel (Absorption
405—-446 nm, Beam splitter 460 nm,
and Emission at 475 nm) and were
divided into 3 groups: strongly stained,
weakly stained, and not stained. Larvae
in the strongly stained group were
given 2 points, while 1 point was given
to the weakly stained larvae, and 0
points to larvae that were not stained.
The scores were then calculated and the
percentage of fish in each group after
each treatment was determined to cal-
culate an average score for the popula-
tion. The higher the score (the closer to
2.0), the stronger the DASPEI staining
observed after each treatment.

RNA Rescue Experiments

The open reading frame of tmie was
amplified using RT-PCR with the
EcoRI and Xbal sites on the 5’end and
3’end, respectively, and cloned into
pCS2+ vector. Capped RNA was syn-
thesized using a mMESSAGE mMA-
CHINE Sp6 in vitro transcription kit
(Ambion Inc., Austin, TX). RNA was
diluted into 100- and 200-ng/nl ali-
quots, and injected into the same blas-
tomere that was previously injected
(within 15 min) with MOs"™,
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