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Myosin Va is required for normal photoreceptor
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Summary

Myosin Va is an actin-based motor molecule, one of alarge Va in synaptic function. Photoreceptor synapses in
family of unconventional myosins. In humans, mutations in  neurologically affected myosin Va mutant mice have both
MYOB5A cause Griscelli syndrome type 1 and Elejalde anatomical and physiological abnormalities. Thus, myosin
syndrome, diseases characterized by pigmentation defects Va is required for normal photoreceptor signalling,
and the prepubescent onset of severe neurological deficits suggesting that it might function in central nervous system
that ultimately lead to a shortened lifespan. Mutations in  synapses in general, with aberrant synaptic activity
the Myo5a gene in mouse cause the dilute series of mouse potentially underlying the neurological defects observed in
mutants, demonstrating that myosin Va is involved in dilute lethal mice and patients with Griscelli syndrome type
pigmentation and neural function. Although the reason for 1 and Elejalde syndrome.

the pigmentation abnormalities is well understood, the role

of myosin Va in neural function is not. Myosin Va has been

found in synaptic terminals in the retina and brain. We  Key Words: Unconventional myosin, Myosin Va, Photoreceptor,
report here new physiological evidence for a role of myosin Synapse

Introduction distribution of melanosomes along the dendrites of

Myosin Va is an unconventional myosin (Kalhammer andmelanocytes (Provance et al., 1996; Wu et al., 1997).
Bahler, 2000) that functions as a processive actin-based motorAlthough mutations in myosin Va clearly cause severe
molecule (Mehta et al., 1999). It is known to function inneurological disease in mammals, its function(s) in the central

organelle and vesicle transport (Langford, 2002). In human&€rvous system (CNS) is not well understood. Myosin Va has
mutations inMYO5A cause Griscelli syndrome type 1 and Pe€n found in abundance in pre- and post-synaptic terminals
Elejalde syndrome, both rare autosomal recessive disordd t_he retina and brain, suggesting a role in synaptic activity
(Anikster et al., 2002; Bahadoran et al., 2003b; Menasche &gridgman, 1999; Evans et al., 1998; Prekeris and Terrian,
al., 2002; Menasche et al., 2003; Pastural et al., 1997). In fa 97’. Schlamp and W|Il|am§, 199.6' Wallko_nls et_al., 2000.)'

these two clinically defined diseases probably describe a sin osin Va appears to associate W'th synaptic vesicles, add'”g
disease (Anikster et al, 2002; Bahadoran et al, 2003 upport to a role in synaptic transmission (Evans et al., 1998;

) ] rekeris and Terrian, 1997). Also, an abnormal accumulation
Ivanovich et al., 2001; 'Menasche et.al., 2092)' The tw%f presynaptic vesicles are present in cerebellar granular
syndromes are characterized by hypopigmentation of the sk s of dilute lethal mutants (Bridgman, 1999), but the

e ha|r. . as severe neurological abnorm_al't'esphysiological consequences of these features are not known. In
Ne_urologlcal abnormalltle_:s are usually early onset a_nd includg,” axtensive analysis of hippocampal synaptic function in
seizures, mental retardation and hypotonia. Griscelli syndromg e |ethal mice, no functional defects were found in synaptic
type 1 and Elejalde syndrome patients usually have a shortengg,smission or plasticity (Schnell and Nicoll, 2001). Lethal
life span owing to their neu_rologlcal abnormalities _(Bahadorara]”ute mutants also have abnormal Purkinje cell smooth
et al., 2003a; Duran-McKinster et al., 1999; Elejalde et al.gndoplasmic reticulum and no inositol-triphosphate-receptor-
1979; Pastural et al., 1997; Pastural et al., 2000). The dilufgden reticular tubules in the postsynaptic spine of cerebellar
series of mouse mutants is caused by mutatioMyobaand,  neurons (Dekker-Ohno et al., 1993; Petralia et al., 2002;
as in humans, dysfunction of this gene leads to both pigmemhkagishi et al., 1996). Although no abnormalities were found
and neurological abnormalities. Some alleles have a diluteg either morphology or transmission at this synapse, long-term
coat color only, whereas others show both diluted coat arglynaptic depression was absent, suggesting an important role
progressive ataxia and convulsions leading to early deafior myosin Va neurophysiology (Miyata et al., 2000).

(Huang et al., 1998a; Huang et al., 1998b; Mercer et al., 1991). In the retina, myosin Va is expressed predominantly in
The pigmentation defect is believed to be due to abnormahotoreceptor cells. In photoreceptor cells myosin Va is
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localized mainly to presynaptic terminals and, to a lessetlistology

extent, to inner segments (Schlamp and Williams, 1996). Thell eyes were harvested at least 3 hours after light onset and before
subcellular localization of myosin Va suggests several roles ilights out. The eyes were fixed in 2% paraformaldehyde + 2%
photoreceptor function, including in synaptic transmissionglutaraldehyde in 0.1 M cacodylate buffer, pH 7.6. Eyecups were
We report here new physiological evidence for a role oprocessed for embedding in Epon 812 resin. Semithin sections (0.7

myosin Va in synaptic function. Electroretinography of M) were obtained along the entirg dorspventral axis,_ ‘passing
dilute lethal mutants revealed prolonged implicit timesthrough the optic nerve head, and stained with 0.25% toluidine blue
in 0.1% sodium borate. The number of photoreceptor cells was

and dlsproportlonatgly-reduced b-wave amplltud_es,_ an etermined by counting the number of nuclei in anpu8blength of
_ultrastructural analysis showed abnormal presynaptu_: ”bbor}ﬁtina at 0.5 mm intervals from the optic nerve head. Ultrathin
in the photoreceptor cells. We propose that myosin Va igections were mounted on copper grids and stained with uranyl
required for normal photoreceptor synaptic morphology andcetate and lead citrate before observation in a Philips (model 208)
synaptic physiology. electron microscope.

Materials and Methods

Mice Results
Myo5d and MyoS&" mutants were originally obtained on an Electroretinography can be used to measure several parameters

undefined genetic background from the MRC Mammalian Geneticgf retln_al physlology, including photoreceptor stimulation and
Unit (Harwell, UK). The two mutations were maintained in a singleSynaptic activity (Peachey and Ball, 2003). The a-wave of the
segregating stock. Maintenance of the stock was facilitated by trlectroretinogram (ERG) is a result of photoreceptor activation
visible recessive phenotype of the short @mg59 mutation thatis and the b-wave is the result of interneuron activity (Peachey
very closely linked to théyo5alocus and was carried on the same and Ball, 2003). ERGs were recorded from mice at postnatal
chromosome adMyo5&, allowing Myo5&/Myo5& mice to be day 19-25, when dilute lethal mice are clearly ataxic. ERG
distinguished readily fronMyoS&/Myo5&. HomozygousMyo5&  \waveforms showed clear reductions in amplitudes of both a-
mutants were recognized by Fheir progrgs;ive ataxia, which begingng b-waves in dilute lethal homozygoteMyOSé‘"/
ﬁ‘ﬂbo‘g aj;_)lostntatatl ‘é"?‘yblzt and 'tf] C:ﬁf"‘gy V('js'fb'e tgy 2 ‘l'("ee'ﬁ.fo‘; a9%4yo54-), which have diluted coat color and neurological
yooa™ mutants die between the third and fourth weeks of lite rOmlglefects compared witklyo5&/Myo5& and Myo5&/Myo5&!!

unknown causes. This phenotype is consistent with all known myos . . .
Va lethal mutations (presumably, it is a null mutation) (Huang et a|_mlce, which have pigmentation defects alone (the two control

1998a; Huang et al, 1998b). THdyo7#626SB mutation was Je€notypes were physiologically mdlstmgmshable; F}g._lA).
maintained on a background comprising approximately 50% cBA/cdVieasurements of a-wave amplitudes showed significant
50% BS with a small BALBc contribution (Libby and Steel, 2001), reductions of around 40% across a range of stimulus
and homozygotes were distinguished by their characteristic heaéhtensities, whereas b-wave amplitudes were reduced by
bobbing and circling behavior from about 2 weeks of age. Doublaround 50% (Fig. 1B). Light microscopy of retinas from these
mutants were obtained by intercrossing, and Mypo7a%26S8  mice revealed no obvious structural defects in the retina (Fig.
genotype was established by molecular typing as described previousix;)_ Photoreceptor outer segments did not appear to be any
(Ho'm§ and é,Stee" 200?' Theaj_,contm' groups included bothyparer in the dilute lethal mutants, and photoreceptor cell
MyoS&/Myo5d’ and MyoS&/Myo5&™ grouped together, because fiumbers were actually a little larger (by approximately 10%)

there were no significant differences between these two genotypes : .
any of the parameters measured. Likewise, the control groups for tr?%;?ae nd(;![u;?]cls\;[::;‘l group compared with the non-lethal group

cross withMyo7&626SBincluded both #¥yo7&626SBand +/+ mice, ;
because no significant differences between these two genotypes werdnNspection of the ERG waveform shape suggested that b-
detected. All experiments were carried out in full compliance with UKwaves were affected to a greater degree than a-waves in dilute
Home Office regulations and in accordance with the ARVO Statemerethal mutants (Fig. 1). We measured implicit times (which
for the Use of Animals in Ophthalmic and Vision Research. represent synaptic activity) for both a- and b-waves, and found
significantly longer times for both waves in dilute lethal
mutants, suggesting a deficiency in synaptic activity (Fig.
2A,B). Furthermore, b:a wave amplitude ratios were smaller in
al., 2003; Libby and Steel, 2001). Mice were anaesthetized witﬁ”me lethal mutants than_ in the cor_m_’ol group. This observation
urethane and the right pupil was then dilated with atropine and t gggests that trans_m|SS|0n .Of act|V|ty.fr0m photlolreceptors .to
mice dark adapted for 30 minutes. A series of flashes (photifiPolar and other inner retinal cells is less efficient than it
stimulator PS22; Grass-Telefactor, Quincy, MA) over a 7.8 log unighould be (Fig. 2C).

scale (in 0.6 log unit intervals) were presented to the mice. At the Photoreceptors have an unusual presynaptic specialization:
lowest light intensities, 20 flashes were presented at three secoadribbon of electron-dense material surrounded by a cluster of
intervals and the average response was recorded. As the light intengiynaptic vesicles. These ribbons are found mainly in cells
increased, the number of flashes was reduced and the interval betwegit need to pass on information very rapidly, such as
htu_ghelst |?ten5|t|es,lon_ly ionEashesttwereta&/eﬂr aghed aniGtge '“é 000). In photoreceptors, these ribbons are normally located at
Sumuius time was & minute. 1ne unattenuated flash was can ﬁe presynaptic complex, immediately opposite the synaptic

m=2. The a-wave amplitude was measured from the baseline to t . . . . .
lowest point of the initial negative deflection and the b-wavecontact with bipolar and horizontal cell terminals (Fig. 3A). In

amplitude was measured from the baseline or when the a-wave wadute lethal mutants, the localization of the ribbons did not
present from its trough to the highest maximum positive value@Ppear to be altered, but their morphology was abnormal. In
Implicit times were measured from the time of the stimulus to the aapproximately half of all rod spherules, one end of the ribbon
or b-wave maximum. or the entire ribbon was enlarged to give the ribbon a club-like

Electroretinography
Electroretinography was performed as previously described (Libby
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Fig. 1. Mutants in dilute lethal have severely disrupted electroretinographic responses. (A) Waveforms of electroretinograms fieom a dilu
mouse Klyo5a/Myo5d) on the left and a dilute lethal mutaMyo5&!/Myo5&) on the right, at the maximum light intensity. The a-wave is
the first negative (downward) deflection and the b-wave is the later positive deflection, with oscillatory potentials catisadittgneeuron
activity superimposed. The dilute lethal waveforms show reduced amplitudes of response and an anomalous shape causedibyal&sprop
reduction of the b-wave. Scale bar for both waveforms shown on left. (B) Response amplitudes * standard error plotteidmsifyhict
intensity: (left) a-waves; (right) b-waves. There is a significant difference between dilute and dilute lethal amplitudesderfeem 4.2 log
units of attenuation (4.2-3.8<0.01; 3.3-0P<0.001) and from 7.2 log units of attenuation for the b-waves (7.224@005; 4.2-0P<0.001;

see inset). At maximum flash intensity, a-wave amplitudes are reduced by 38% and b-wave amplitudes My55e# iivlyo5e (n=12)
compared wittMyo5&/Myo5&! o ¢ (n=12; includes siMyo5&/Myo5& and sixMyo5&/MyoF!; there was no significant difference between
these two genotypes for any electroretinographic parameter andy€e@5 for all). All mice were between postnatal days 19 and 25 (both
groups averaged 21 days of age), ages whelyiosa-/Myo5&- are clearly afflicted with the neurological phenotype. (C) Light microscopy
of retinas from aMyo5&/Myo5d dilute control (left) and Myo5a-/Myo5&! dilute lethal mutant (right), at 20 days of age. No obvious
differences were seen in outer segment length or any other feature of gross structure. Scalenbar, 10

or completely circular profile (Fig. 3B,E; >95% of the ribbonsbehavior, which included head bobbing and circling as well
in control retinas had a normal ribbon shape). Many of the rods progressive ataxia and paralysis. ERG a- and b-wave
spherules with normal-looking ribbons were still abnormal. Iresponses from the double mutants were reduced to around
these spherules, clusters of presumed synaptic vesicles wel@% and 50%, respectively, of the level of responses of the
ectopically located, within the spherule but not opposite theontrol group (Fig. 4). The same reduction in a- and b-
synapse (Fig. 3C,D,F). We also saw abnormal ribbons andave response amplitude was measured in dilute lethal
ectopic clusters of vesicles in cone photoreceptors (data nbbmozygotes that were either homozygous mutant,
shown). The ribbon synapses appeared normal in the non-lethaterozygous or wild type at thdyo7alocus, suggesting
dilute genotypes. Moreover, the ribbon synapses of bipolahat there was no additive effect. Mice that were homozygous
cells, in the inner plexiform layer, appeared normal in dilutefor Myo7&*626SBput carried at least one wild-type allele at
lethal and non-lethal mutants (Fig. 3G). the Myo5alocus showed a 20% reduction in both a- and b-

Myosin Va is one of several unconventional myosinwaves (Fig. 4), similar to the reduction Myo7a mutants
molecules expressed in the retina. We have demonstratétat we have reported previously (Libby and Steel, 2001).
previously that ERG amplitudes are reduced by around 20%inally, the control group included a mixture of mice
in Myo7&'626SBmutants (Libby and Steel, 2001), and thatheterozygous or wild type at both thigo5aandMyo7aloci,
myosin Vlla is expressed in photoreceptor cells (Liu et al.and were thus wild type for coat color (agouti). The
1997; Wolfrum et al., 1998). We asked if myosin Vlla andrelationship between dilute lethal ERG amplitudes and those
myosin Va showed any signs of interactions by intercrossingf this non-dilute control group was the same as for the
the two mutant stocks and deriving mice that werecomparison of dilute lethal and dilute non-lethilyp5ét)
homozygous for both dilute lethal and tihdyo7&626SB ERGs shown in Fig. 1. This observation confirms that the
mutation, which is believed to be a null allele (Hasson et alERG abnormalities we see in dilute lethal mutants are
1997; Liu et al., 1999). These double mutants were viablassociated with the neurological effects of the mutation
and could be distinguished by their dilute coat color and therather than the pigmentation effects.
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5 Fig. 2. Electroretinographic responses suggest abnormal synaptic
‘: H transmission between photoreceptors and retinal interneurons. (A) Implicit
a times of a-wave (left) and b-wave (right) peaks, with standard errors, plotted
as a function of flash intensity. Times are significantly longer in the
Myo5a/Myo5&H (n=10) group compared with the controldyjo5&!/
Myo5d! o d-1(n=12: no difference was observed between the two control
genotypesP>0.25); a-wavd®<0.01 from 3 log units of attenuation; b-wave,
T T T T 1 7.2-2.4,P<0.05, 1.8-(P<0.001]. (B) Ratios of b- to a-wave amplitudes are
24 1.8 1.2 0.6 0 significantly smaller in dilute lethal mutants than the control dilute group
Log Attenuation (P=<0.001 from 2.4 log units of attenuation).
Discussion (consistent with its expression pattern) in photoreceptor

We report here clear evidence of a role for myosin Va irsynaptic function.
synaptic function in the retina. In the dilute lethal mutant, we Several other mutants have been reported to show reduced
observed a large reduction in ERG a-wave amplitude, a larg&fRG amplitudes that disproportionately affect the b-wave,
decrease in b-wave amplitude and increased implicit times fancluding laminin32 (Lamb32, neurotrophic tyrosine kinase
both waves. We also observed defective synaptic ultrastructureceptor type 2Ntrk2) and bassoorBsn) mouse mutants and
in the photoreceptor cells, which probably underlies theéheno optokinetic response(arc) zebrafish mutant (Allwardt
aberrant electrophysiology. et al., 2001; Dick et al., 2003; Libby et al., 1999; Rohrer et al.,
Interestingly, the ribbon synapses of the bipolar cells wer&999). TheNtrk2-null mouse showed retarded development of
normal, consistent with the retinal localization of myosin Vathe retina (Rohrer et al., 1999), whereas we saw no evidence
which is concentrated in the photoreceptor but not seconaf a general retardation in development in dilute lethal retinas.
order neuron synapses (Schlamp and Williams, 1996). MyosiBsn nrc and Lamb2 mutants all have electroretinographic
Va has also been detected at the photoreceptor inner segmeggponses — similar to those found in dilute lethal — that suggest
as well as the synapse (Schlamp and Williams, 1996), so thiatvolvement with photoreceptor synaptic function (Allwardt et
a role in inner segment function, in addition to its role inal., 2001; Dick et al., 2003; Libby et al., 1999). All three of
synaptic activity, might explain our observation of a reducedhese mutants have floating ribbons, suggesting that these
ERG a-wave in mutant mice. Alternatively, there might beproteins are required (either directly or indirectly) for
some feedback from post-synaptic activity upon photorecept@nchoring the ribbon to the synapse and that this defect leads
function. to synaptic failure. The dilute lethal mice have a different
Mice with the dilute lethal mutation show deteriorating morphological defect. The ribbon in dilute lethal
condition and are undersized. It is possible that the@hotoreceptors is properly localized but it often has an
physiological and anatomical abnormalities observed are abnormal club-like shape. Furthermore, in dilute lethal mice,
secondary result of this progressive illness. However, a raynaptic vesicles often do not associate with the ribbon, which
model of desmosterolosis, a lethal disease involvinghey do in theBsn nrc andLamb2mutants. These data suggest
cholesterol biosynthesis, has several similarities to dilute leth&hat myosin Va is not necessary for proper ribbon localization
mutants, including small size and death by 4 weeks of agaut might be important in establishing or maintaining the
(only 18% survival rate after postnatal day 28). There were nfunction of the ribbon, in the fast and continuous synaptic
electroretinographic abnormalities found in these animalsesicle release that occurs at the photoreceptor synapse.
(Fliesler et al., 2000). Therefore, it is unlikely the phenotypes Myosin Va is present in conventional presynaptic terminals
described here are the result of the general health of the dilute the CNS and localizes with synaptic vesicle markers
mutants, but rather are the result of a direct role of myosin V@Bridgman, 1999; Evans et al., 1998; Prekeris and Terrian,
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Fig. 3. Dilute lethal mutants have abnormal photoreceptor synapses. Transmission electron micrographs of synaptic regions. Rébbon synap
(arrows) look normal in the control mice (A). Myo5&-/Myo5&- mice, the ribbons of photoreceptor synapses appear club-like (B,E),
although the ribbons of bipolar cell synapses appear normal (G). Photoreceptor syniyséstdfMyo5&! mutants also possess clusters of
presumed synaptic vesicles that are ectopically located (C,D,F, arrows). At least three sections were examined fronreach of fou
Myo5&!/Myo5&! mice (abnormalities were consistently observed in the mutant mice) and two contrdViyosef(Myo5&! o d-: the

synaptic morphology of these mice is similar to all wild-type mice we have previously examined, this dilute genotype tieessyoiaptic
morphology, which would be expect from their ERGs). Scale bars, 100 nm (F), 300 nm (others).

1997). It has been hypothesized that myosin Va is important wesicle availability, it could explain why some ribbons are
recycling and/or replenishing synaptic vesicles (Bridgmanfound without synaptic vesicles in the dilute lethal
1999; Evans et al., 1998; Prekeris and Terrian, 1997; Schnghotoreceptors. It could also explain why so many ribbons have
and Nicoll, 2001). In fact, Bridgman reported abnormalan abnormal morphology. It is now well established that the
accumulation of synaptic vesicles in the presynaptic terminalength and gross morphology of the mouse photoreceptor
of cerebellar granule cells of dilute lethal mice. In chromaffinribbons can change and that this change is directly related to
cells, myosin Va has been shown to be important ihe light cycle (or potentially synaptic activity) (Adly et al.,
replenishing neurosecretory vesicles (Rose et al., 2003). The$899; Balkema et al., 2001; Spiwoks-Becker et al., 2004). Our
data, coupled with our results, support the hypothesis thagsults suggest that myosin Va might play a role in this dynamic
myosin Va has an important role in maintaining an adequategulation of synaptic ribbon morphology.

number of vesicles available for release. This might be Although myosin Va is found in many CNS presynaptic
particularly important at the photoreceptor synapse becauserminals, no defects in synaptic transmission have yet been
there can be long periods of sustained, continuous synaptieported. Because of the continuous vesicle release from the
vesicle release. If myosin Va has a direct role in synaptiphotoreceptor synapses, requiring greater synaptic vesicle



4514 Journal of Cell Science 117 (19)

A 700 ¢ s My(}53+,-"+.d. or d }Myo7a+.-"'.’
ook A My(}53+ or di+,d, or d-1 M_V{)7él-'f-

—o—Myo3a" Myo7a*”

< S0k e Myosa Myo7a”

=

= 400

=

= 300

=

< 200

100

atgifitatYiliatetitlia"oil ifvailiats 0

B 1200

1000 f
3 800 |
[:¥]
=)
2 600 f
Ei
< 400k

200

il e aififsre i itars ittt ittt

Log Attenuation

Fig. 4.Myosin Va and Myosin Vlla have no additive impact on
visual function. Response amplitudes * standard error plotted as a

function of light intensity, from mice from the intercross between the

Myo5aandMyo7amutants (a presumptive null allele of myosin
Vlla, Myo7&626SB was used and is referred to as -): (A) a-waves;
(B) b-waves. Four groups of mice are shown: the control group of
mice that were heterozygous or wild type at both Ibgig5a’*d or

&l Myo7a"?; all had normal pigmentation); mice homozygous for
the Myo7amutation and carrying a non-lethal genotypeMyo5a
(Myo5* or di+dordl Myo7a’); mice homozygous for dilute lethal
and heterozygous or wild type at tigo7alocus Myo5&!-d-,
Myo7a’?); and mice homozygous for both dilute lethal Mb7a
mutations Kyo5&-/Myo5&, Myo7a’). There is no evidence of
additivity of the of the 50% reduction in amplitude in dilute lethals
and the 20% reduction wittilyo7amutants. Number of mice
analyzed for each genotyddyo5a’*dor d-l Myo7a’?, 9;

My05+ ord/+,d or d—I’ Myo?’—/—, 8: MyoSE{Hld'I, Myo7a*/'-’, 13;
Myo5&d! Myo7a’-, 7.

cells (Miyata et al., 2000). This post-synaptic physiological
phenotype might be caused by myosin Va being necessary for
proper organelle localization (its more traditional role) and not
directly in synaptic transmission. Importantly, Miyata et al.
(Miyata et al., 2000) did not find any abnormalities in synaptic
transmission or morphology. Therefore, there are at least two
distinct physiological roles for myosin Va in the mammalian
CNS. One involves postsynaptic processing that might or
might not be a secondary consequence of myosin Va’'s normal
function (Miyata et al., 2000). The other, described here, is a
role of myosin Va in presynaptic physiology. This is supported
by the fact that myosin Va is localized to the synapse. Our work
suggests the possibility that myosin Va mutations lead to
synaptic dysfunction at certain CNS synapses and/or under
certain conditions. This possibility should be considered as a
potential cause of the more generalized neurological defects
observed in the dilute lethal mouse mutant and patients with
Griscelli syndrome type 1 and Elejalde syndrome.

This work was supported by the MRC, Defeating Deafness, the
European Commission (BMH4-CT96-1324) and the NIH (RO1
EY07042 and P30 EY12598).
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