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The molecular mechanisms underlying directed motility of growth cones have not been 
determined. The role of myosin-V, an unconventional myosin, in growth cone dynamics 
was examined by chromophore-assisted laser inactivation (CALI). CALl of purified chick 
brain myosin-V absorbed onto nitrocellulose-coated cover slips inhibited the ability of 
myosin-V to translocate actin filaments. CALl of myosin-V in growth cones of chick dorsal 
root ganglion neurons resulted in rapid filopodial retraction. The rate of filopodial ex- 
tension was significantly decreased, whereas the rate of filopodial retraction was not 
affected, which suggests a specific role for myosin-\/ in filopodial extension. 

A fundamental challenge in bioloev is to - -, 
understand how cells move, particularly in 
regard to the formation of the nervous sys- 
tem as neurons establish precise synaptic 
connections with their targets over long 
distances. The motile tips of elongating ax- 
ons and dendrites, neuronal growth cones, 
are responsible for the navigation, elonga- 
tion, and maintenance of growing neurites 
( I ) .  The dynamic filopodia of the growth 
cones play key roles in signal detection, 
motile force generation, and axon guidance 
(2). Actin polymerization is required for 
filopodial motility (3). Myosins, a diverse 
su~erfamilv of actin-based mechanoen- 
zyAes, havk also been suggested to function 
in filopodial motility (2,4-6), but evidence 
for the role of any particular myosin has 
been lacking. This is due to the existence of 
a large number of myosin isoforms in cells 
and the lack of specific .pharmacological 
probes (7). To address whether a particular 
myosin functions in filopodial motility, we 
selectively inhibited myosin-V in chick 
dorsal root ganglion (DRG) neuronal 
growth cones. Chick brain myosin-V is a 
two-headed unconventional myosin with 
Ca2+ -calmodulin-sensitive enzymatic and 
mechanochemical activities and is present 
at the tips of dendritic and axonal processes 
(8. 91. . ,  , 

To investigate the role of myosin-V in 
DRG neuronal growth cone motilitv, we " r .  

used a procedure called chromophore-assist- 
ed laser inactivation (CALI), in which mal- 
achite green (MG) dye is covalently conju- 
gated to an antibody. When the conjugated 
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antibody is irradiated with pulses of laser 
light, the dye releases protein-damaging hy- 
droxyl free radicals, resulting in inactiva- 
tion of the bound antigen with minimal 
damage of or cross-linking to neighboring 
proteins (10-1 1). CALI has been shown to 
result in a simple loss of function similar to 
genetic loss of function (12). Microscale- 
CALI (micro-CALI), in which microscope 
optics are used to focus the laser beam onto 
a spot 10 p,m in diameter, allows one to 

selectively irradiate a defined region of a 
growth cone while the unirradiated region 
serves as an internal control (1 1). Micro- 
CALI is useful for elucidating the in vivo 
function of a particular protein provided 
that MG-labeled antibody introduced into 
the cells binds to the native antieen and has 

L. 

no effect on the antigen activity without 
irradiation. To address the ~ossible function 
of myosin-V, we used a polyclonal antibody 
to myosin-V (anti-myosin-V) that specifi- 
cally recognizes epitopes in the COOH- 
terminal tail of the myosin-V heavy chain 
(9) and does not interfere with the mech- . , 
anochemical and actin-binding properties 
associated with the NH,-terminal globular 
head (13). 

Myosin-V was present in all regions of 
cultured chick DRG neurons, was concen- 
trated in the cell body and growth cone 
(Fig. 1A) (9, 14), and overlapped with F- 
actin in filopodia (Fig. 1C). Microinjected 
MG-labeled anti-myosin-V (MG-anti- 
MV) and MG-labeled nonspecific immuno- 
globulin G (MG-IgG) were transported to 
the growth cone and filopodial area (Fig. 1, 
D and E), and MG labeling of anti-myosin- 
V (15) had no detectable effect on antibody 
binding to purified myosin-V in vitro (16). 

To  show that CALI could affect myo- 

Fig. 1. Localization by con- 
focal microscopy of myo- 
sin-V and myosin-lp in cul- 
tured chick DRG neurons. 
Indirect immunofluores- 
cence was used to detect 
the localization of myosin-V, 
F-actin, and myosin-I$ in 
DRG neurons (10). (A) Myo- 
sin-V staining pattem (green) 
obtained with a polyclonal 
antibody to myosin-V tail do- 
main. (6) F-actin staining 
pattem (red) in the same 
growth cones and cell body 
obtained with rhodarnine- 
phalloidin. (C) Superim- 
posed image of (A) and (6) 
showing localization overlap 
of myosin-V and F-actin in 
filopodia (yellow). (D and E) 
Anti-myosin-V and nonspe- 
cific IgG staining pattem af- 
ter microinjection. Cell body 
and growth cone of injected 
cells were stained (arrows), 
whereas noninjected cells 
were not stained (mow- 
heads). (F) Myosin-I$ stain- 
ing pattern obtained with 
anti-myosin-lp (M2). Miro- 
injection of the antibody 
showed a similar staining 
pattem. Scale bar, 10 p'n. 
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sin-V function, we assessed the motor and 
adenosine triphosphatase (ATPase) activi- 
ties of myosin-V in vitro after incubation 
with MG-anti-MV and exposure to laser 
irradiation. CALI of purified myosin-V ab- 
sorbed onto the nitrocellulose-coated sur- 
face of motility chambers completely inhib- 
ited the ability of this motor to translocate 
actin filaments (Table 1) (16). In contrast, 
myosin-V in the unirradiated areas of the 
same motility chambers translocated actin 
filaments (Table 1). Irradiated myosin-V in 
the presence of MG-anti-MV was able to 
bind actin without adenosine triphosphate 
(ATP), but upon the addition of ATP, 
actin filaments gradually detached from the 
immobilized motors and exhibited Brown- 
ian motion. The loss of motor activity prob- 
ably resulted from the damage produced by 
MG-anti-MV bound to the immobilized 
myosin-V. CALI of myosin-V in solution 
had no effect on its Mg2+-ATPase activity 
(17). This result is consistent with rotary 
shadowed images of myosin-V showing that 

the distance between the antibody-binding 
site (or sites) on the tail and the ATFase 
domain in the myosin-V head (>I00 A)  is 
beyond the range of photochemical d2mage 
of CALI (half-maximal radius -15 A)  (8, 
10). Thus, CALI selectively inactivates 
functional domains that are far apart in a 
protein's structure. 

Chick DRG neurons were microinjected 
with MG-anti-MV, and selected areas of 
the growth cone were laser-irradiated to 
inactivate myosin-V (18). Neurons were 
then observed with time-lapse video mi- 
croscopy for changes in growth cone motil- 
ity. Micro-CALI of myosin-V caused 
marked retraction of filopodia inside the 
laser irradiation area, whereas filopodia of 
the same growth cone outside of the irradi- 
ated area were not affected (Fig. 2, A and 
B). Retraction of filopodia began at 1.5 % 
0.6 rnin (mean % SEM; n = 13) after the 
initiation of laser irradiation. Quantitative 
analysis of filopodial length showed that 
during the 5-min laser irradiation period, 

significant filopodial retraction occurred in- 
side the laser-irradiated area only and con- 
tinued for the duration of the 10-min post- 
irradiation observation period (Table 2). In 
contrast, laser irradiation of neurons inject- 

Table 1. CALI of purified myosin-V blocks the 
ability of myosin-V to translocate actin filaments in 
vitro. Actin filament sliding speeds of myosin-V + 
SEM in the presence of either MG-IgG or M G  
anti-MV with or without laser irradiation (16). The 
number of data points is given in parentheses. 

Condition Average velocity 
(nm/s) 

Myosin-V 286 ? 10.4 (50) 
Myosin-V + MG-IgG 160 + 7.4 (20) 

(outside laser area) 
Myosin-V + MG-IgG 206 ? 12.2 (20) 

(inside laser area) 
Myosin-V + MG-anti-MV 195 + 9.1 (33) 

(outside laser area) 
Myosin-V + MG-anti-MV No observed 

(inside laser area) motility 

Start Stop 

Start Stop 
laser laser 

. . . . . . . . . . . . . . . . . . . . . .  
-5 0 5 10 15 

Time (mln) 

Fig. 2. Micro-CALI of myosin-V in vivo. In all experiments, thegrowth cone of 
an injected neuron was observed for 5 min (-5 to 0 min), irradiated for 5 rnin 
(0 to 5 min), and further monitored for 10 rnin (+5 to +I5 rnin) (18). (A) Series 
of phase images (a to d) and camera lucida drawings (a' to d') of a growth 
cone injected with MG-anti-MV. (a and a') A growth cone before laser 
irradiation; (b and b') beginning of growth cone laser irradiation (within circle); 
(c and c') end of partial growth cone laser irradiation; (d and d') 12.5 rnin after 
the initiation of laser irradiation. The filopodia inside the laser area (arrows) 
retracted, whereas those outside (arrowheads) did not. (6) Filopodial length 

changes of the growth cone shown in Fig. 2A. Filopodia inside the laser- 
irradiation area retracted after irradiation (a), whereas filopodia outside the 
laser-irradiated areadid not show retraction (b). (C) Series of phase images (a 
to d) and camera lucida drawings (a' to d') of a growth cone injected with 
.MG-anti-Mlp. (a and a') A growth cone before laser irradiation; (b and b') 
beginning of laser irradiation (within circle); (c and c') end of laser irradiation; 
(d and d') 10 min after the initiation of laser irradiation. Filopodia inside the 
laser area did not retract (arrowheads), whereas the leading edge of lamelli- 
podia inside the laser area expanded (parallel arrows). Scale bar, 10 pm. 
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ed with MG-IeG did not cause sie11ifical1t [27.4 -C 9.8% ((mean ? SEbl; n = 15)  
versus 2.1 ? 4.7% (n = 13) outside the 
laser-irradiated region, P < 0.051. 111 con- 
trast, n o  significant lamellipodi;~l expansion 
was detected in 15 neurons illjecteti with 
MG-IgG or 18 n e ~ ~ r o n s  injected ~ v i t h  MG- 
anti-blV. Tha t  CALI of a second myosin 
isofor111 has iiifferellt effects o n  actin-based 

the  retractLon could be due to the disruv- 
change in filopodial length and filopodial 
dynalnics (Table 2) .  

T h e  retraction of filopociia was likely 
due to the  specific inhibition of myosin-V 
f~ll1ction rather than to the inactivatic111 of 

tion of the  interactions het\veen myosin-V 
tail domain and the  nle~nbrane because my- 
osi11-V is thought to associate \vith mem- 
branous colnponents through its tail do- 
main (7 ,  8). 

W e  have presented direct evidence of a 
role for a rnyosi11 in grou,th cone 
filopodial dynamics. T h e  acute nature of 
the  inactivatic~n cause~i bv CALI allo\vs 

actin, or actin-associated proteins, or a non- 
specitic response to laser irradiation, be- 
cause micro-CALI of talin and vinculin 
resulted in distinct lnornholoeical alter- 

motility argues strongly against no~lspecific 
effects of CALI o n  the  cvtoskele to~~.  

rltiolls but not  significant filopodial retrac- 
tion ( 1  9). bloreover, micro-CALI of myo- 
sin-Ip ~ v i t h  MG-labeled anti-myosin-Ip 
(b12) (MG-anti-MIP) (20)  induced lamel- 
lipodial expansion inside the laser-irr ac 1' lat- 
ed area, but did not cause a significant 
filopodial retraction (Fig. 2 C  anti Table 2).  
blyosin-IP is a single-headed unconven- 

T h e  observed net filopodial retraction in 
restlonse to micro-CALI of mvc~sin-V re- 

determination of a motor's cellular function 
with ,i r e so lu t io~~  ~~na t t a inab le  in tempera- 

sulied from a n  increase in the relative 
amount of time that filopodia spent in re- 
traction and a significant decrease in the  
rate of filopodial extensio~l (Table 3) .  I11 

contrast, micro-CALI of myosin-V did not 
alter the rate of filooc~dial retraction. Thus, 

ture-shift experi1ne11ts with co~lditional my- 
osin mutants 121 ) .  T h e  assessment of a 
lnyosin motor's function after CALI may 
differ from that in exuerimellts wit11 rnvosill 
mutants, such as the'dilute mouse or Myo2 
in yeast (22) ,  in \vl~ich the  loss of myosin is 
systemic and chronic and cells may estab- 
lish colnpellsatory strategies that use f~ullc- 
tiollally red~ulldant Inyosins as substitutes 
for the deleted protein. 

myosin-V functions in filopc~dial extension, 
and filopodial extension and retraction are 
likely to he i~liiepelldently regulated. O n e  
explanation for the  filopodial retraction is 
that CALI resulted in the  inhihition of 

tiollal myosin collcentrated in the grolrth 
cone body (Fig. 1F) and actin-rich periph- 
eral structures (7,  20).  T h e  increase of la- 
~nellipudial size in the  irradiated area was 
ohserved in 8 out of 15 growth cones during 
the 5-mi11 laser-irradiatic~n period (Fig  2C)  myosin-V lnotor function. Alternatively, REFERENCES AND NOTES 

Table 2. Statist~ca analysis of filopod~al dynamics after m~cro-CALI. The number of filopodia (n) that 
were tracked and measured during the 20-min obsewaton per~od is Indicated n parentheses. The 
dfferences n n reflect the fact that not a flopodia could be tracked durng the observaton period. Data 
shown are means + SEM. Average net changes n filopodia length for 5-mn ntewas were calculated 
from -5 mn to +15 mln after laser rradation. Tme zero was defned at the ntation of laser irradaton. 
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14 Ch~ck DRGs from E l0  to E l 2  embryos (Spafas, 
Preston, CT I were obtained as described ID Brav, in 

Average net length change jPm) + SE (n) 

MG-anti-MV IgG MG-anti-MI IgG MG-IgG 

Before CALI, n laser spot 
Before CALI, outside laser spot 
Durng CALI, in laser spot 
Durng CALI, outside laser spot 
10 min after the ntation of 

CALI, In laser spot 
10 min after the initiaton of 

CALI, outsde laser spot 
15 mn after the initiation of 

CALI, in laser spot 
15 min after the n~ t~a t~on  of 

CALI, outs~de laser spot 

'P  < 0.05. -iP < 0.02. and :I:P < 0.002 by anayss of Student's unpared t tests. The dfferences among other numbers 
are not statistically sgn~fcant (P > 0 05). 

Table 3. Rate and temporal d~stribution of filopodia movements after the initiat~on of micro-CALI. The 
rates are means (pm/s) 2 SEM and were obtained from net changes in filopodia length n sequential 
video frames. The nulnber of data points IS indcated in parentheses. The obsewed differences n the 
filopoda extens~on and retraction rate n chick DRG neurons on a m n n  substrate are comparable to 
that of Buettner et a/.  (23). 

Rate of flopodia extension 
In laser spot 
Outs~de laser s ~ o t  

Rate of filopodia retraction 
In laser spot 
Outside laser spot 

Cultur~,-ig Newe Cells. G. Banker and K, dosln, i d s  
(MT Press, Cambridge. MA, 199I), pp. 119-1351. 
The nellrons were then plated onto cover s p s  coat- 
ed with poly-L-lysine (1 mg/m) and laminin (0 1 mg! 
ml; Slgma) After a 3- to 5-hour lncubatlon at 37"C, 
cells were fixed, per~neabilzed, and Incubated with 
aff~n~ty-purif~ed polyclona antlbody to myos~n-V (2 
p,g/ml) and monoclonal antibody to myosn-lp (M2) 
(5 p,g!ml) at 4°C overnight. Neurons were then 

Percentage of tme  spent in retraction 
In laser spot 75.7 i 5.3.;- (10) 55.0 -t 4.9 (8) 
Outsde laser spot 50.0 i- 3.2 (8) 50.0 i 4.2 (8) 

'P < 0.05. -iP < 0.001 by Student's unpaired t test. The dfferences between other rates are not statistically significant 
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probed w~th fluorescein-conjugated secondary antl- 
bodes (1 : 100 diut~on: Jackson ImmunoResearcii 
Labs) and rhodamme-phaloidn (0.66 kM: Molecular 
Probes). lmmunosta~n~ng after micronjection of MG- 
labeled antibodies (I mg/ml) into neurons w~th or 
without fluorescent dextran marker was done by di- 
rectly incubat~ng w~th fluorescent secondary anti- 
body, Images were taken with a Zeiss LSM 410 
confocal mlcroscope equ~pped with a 63x plan- 
Apochromat [numerical aperture (NA) = 1.41 oil-m- 
mersion lens. 

15. D. G. Jay, Proc. h'atl. Acad. Sci U.S.A. 85. 5454 
(1988). All antibodies were labeled with MG to the 
same ratios (6 to 9 dyes per IgG molecule) 

16. Sl~ding actn filament assay was done essentaly as 
described (13). Briefly, myosn-V (25 p,g/ml) was per- 
fused lnto motil~ty chambers and allowed to absorb 
onto the nitrocellulose cover s p s  for 10 mln. After 
rinses with bockng buffer to remove unbound myo- 
sins. MG-labeled antbodies (47.5 p,g/ml; molar ratlo 
myos~n-V igG = 1 : 7) were added to the chamber and 
Incubated for 30 mln. After the removal of unbound 
antbodies, half of the mot ty  chambers were marked 
wth nk  and subjected to laser irradiaton for 5 m n  
After the addtion and examinaton of actn filaments 
(rhodamne-phalo~dn F-actin; 12 nM) In the absence 
of ATP, sl~dng was initiated by the additon of mot~lty 
buffer contaning 2 mM ATP. The deiisty of bound 
actln filaments was indstingushable between laser- 
rradated and unlrradated areas before the in~t~aton 
of motity. After the add~ton of ATP, most of the f ~ a -  
ments nsde the Irradiated area were released Intact, 
although a few exhblted Brownian motion and de- 
tached gradually. Mo t ty  was recorded w~th a Nikon 
D~aphot 300 mlcroscope equ~pped w~th epifluores- 
cence optics (Plan Apo 1 00X NA 1 4 oil-immers~on 
object~ve) and a Dage-MT SIT carnera. T~melapse 
images were d~g~t~zed w~th MetaMorph Image acqui- 
sltlon software (Unversa Images, PA) and then trans- 
ferred to an opt~cal laser dsc recorder Motlity assays 
were done at 24" i 1 "C. Ayttrium-alurninum-garnet- 
Nd (YAG-Nd)-pumped dye laser (models GCRII 
and PDL2, Spectra Physlcs) was used to generate a 
620-nm g h t  at an energy output of 18 mJ per pulse 
(2-mm-d~ameter laser spot). 

17 Chck bra~n myos~n-V was purlfled and Mg2'ATPase 
assays were done as described (8) Samples con- 
tained a f~nal concentrat~on of 4 5 p,g/ml myos~n-V, 
860 kg/m F-actin, and 430 ~ g / m  calmodulin Ali- 
quots were Incubated for 0 or 7 m n  at 37°C in ATPase 
buffer. For CALI assays, myosn-V was Incubated with 
e~ther MG-antMV or MG-IgG (molar rato myosn-V: 
IgG = 1 .7) for 30 min and then laser-irrad~ated for 5 
m n  before assessment w~th ATPase assay (1 6) Laser 
rradation of purlfled myos~n-V n solut~on had no effect 
on the act~n-act~vated Mg2'ATPase act~v~ty of myo- 
s~n-V (24 70 = 0 10 versus 27 15 = 0 75 w~thout irra- 
diation) Furiher, CALI d d  not inhb~t myos~n-V ATPase 
act~v~ty n the presence of MG-anti-MV (16.80 = 2 00 
versus 16 95 i 2.95 w~thout ~rrad~at~on) or MG-IgG 
(1 7 95 i 2 95 versus 18 40 2 1 .OO wthout irrad~at~on) 
Results are the averages = SEM from three indepen- 
dent assays ATPase actlvtes are glven In ATP mole- 
cules per myos~n-V head per second 
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mcroscope stage w~th a stage ~ncubator. MG-abeed 
antbodies mxed w~th fluoresce~n-dextran (3 mg/ml; 
Molecular Probes) were microinjected into neurons 
After a 30- to 60-mln incubat~on, healthy neurons 
were selected for mcro-CALI exper~ments (I 1) A se- 
lected area of the growth cone was observed for 5 
min, subjected to laser irrad~aton for 5 mn,  and fo- 
lowed for an add~t~onal 10-m~n examnation with a 
Ze~ss Axovert 10 mlcroscope w~th phase-contrast 
optcs Tme-lapse Images (one frame every 15 s) and 
itnage enhancements werefacil~tated by custom-writ- 
ten software and recorded on an opt~cal laser dlsc 
recorder (1 1). The laser beam for m~cro-CALI was 
generated with a n~trogen-pumped dye laser (model 
VSL-337, Laser Science) at an energy output of 30 p,J 
per pulse (1 0-km-diameter laser spot). 
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Indian Hedgehog-Regulated Bone Growth 

Beate Lanske, Andrew C. Karaplis, Kaechong Lee, Arne Luz, 
Andrea Vortkamp, Alison Pirro, Marcel Karperien, 

Libert H. K. Defize, Chrystal Ho, Richard C. Mulligan, 
Abdul-Badi Abou-Samra, Harald Jiippner, Gino V. Segre, 

Henry M. Kronenberg* 

The PTH/PTHrP receptor binds to two ligands with distinct functions: the calcium- 
regulating hormone, parathyroid hormone (PTH), and the paracrine factor, PTH-related 
protein (PTHrP). Each ligand, in turn, is likely to activate more than one receptor. The 
functions of the PTH/PTHrP receptor were investigated by deletion of the murine gene 
by homologous recombination. Most PTH/PTHrP receptor (-/-) mutant mice died in 
mid-gestation, a phenotype not observed in PTHrP (-/-) mice, perhaps because of the 
effects of maternal PTHrP. Mice that survived exhibited accelerated differentiation of 
chondrocytes in bone, and their bones, grown in explant culture, were resistant to the 
effects of PTHrP and Sonic hedgehog. These results suggest that the PTH/PTHrP receptor 
mediates the effects of Indian Hedgehog and PTHrP on chondrocyte differentiation. 

T h e  PTH/PTHrP receptor responds to  two 
ligands, P T H  and PTHrP. PTH 1s synthe- 
sized by the parathyroid glands and acts on  
kidney and bo~ne to  regulate calcium ho- 
~neostasis (1 ). PTHrP, 111 contrast, is syn- 
thesized in multiple tissues wlth speciflc 
spatial and temporal profiles and has largely 
paracrine f i~l~ct lons  (2 ) .  

C o m p l e l n e ~ ~ t a r ~  D N A  encoding the 
PTH/PTHrP receptor was cloned from hone 
and kidney cells. T h e  receptor hlnds and 
responds eclually to NH,-terminal frag- 
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lnents of PTH and PTHrP (3 ,  4 ) .  T h e  
PTH/PTHrP receptor mRNA is expressed 
in the P T H  target organs, kidney and bone 
( 5 ,  6 ) ,  as well as in organs in which PTHrP 
1s expressed, such as extraembryonic Inern- 
hranes and growth plates of bone (7, 8). 
Physiolog~c studies suggest that other recep- 
tors for PTH and PTHrP exist (9-1 1 ), one 
of which has been cloned (1 2) .  

A t  implantation, the murine PTHlPTHrP 
receptor is expressed in parletal endoderln 
immediately adjacent to PTHrP-expressing 
trophoblastic cells (7, 13). Trophoblastic 
PTHrP induces the differentiation of the pa- 
rietal endoderrn and the subsequent synthesis 
of colnponents of Reichert's membrane in 
vitro (1 3). Nevertheless, lnlce homozygous 
for a targeted deletion of PTHrP are normal 
early in development (1 4)  and later nlanifest 
only abnormalities in endochondral bone de- 
velooment, and then dle at blrth. 

Chondrocytes in the growth regions of 
bones of PTHrP ( - I - )  Inice undergo fewer 
rounds of proliferation than in normal mice 
and differentlate prematurely into hypertro- 
phlc cho~~drocytes (1 4 ,  15). 111 contrast, 
bone explants exposed to PTHrP N H 2 -  
terminal fraglnent have delayed differentl- 
ation of hypertrophic chondrocytes (16) .  
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