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(A) Simultaneous dual-emission recording with an emission image splitter. The emitted light is
split with a dichroic mirror and cyan and yellow channels are isolated with filters, then recom-
bined with a small offset and projected onto a single CCD chip.
(B) An unprocessed image of the pharynx under 405nm excitation. The top image is the cyan
(485nm) channel; the bottom image is the yellow (535nm) channel. Scale bar is 20 § m. The
terminal bulb (solid triangle) was used for subsequent analysis. The corpus (open triangle)
often also showed expression. Reflections off of bubbles (small arrow) were ignored. The
worm’s nose is to the upper right; the remainder of the body leaves the field of view to the lower
left.
(C) A split and aligned image of the pharynx when the muscle is not contracted. Color indicates
the intensity of yellow over the intensity of cyan for each pixel; bright shades indicate high ratios,
or higher calcium while dark shades indicate lower ratios, or lower calcium. Brightness reflects
mean intensity of the pixels in each channel. Scale bar is 20 § m.
(D) Image of the same worm while the pharynx is contracted. There is a marked brighten-
ing in the shade-encoded image of the contracted image relative to the uncontracted one, as
expected from an increase in calcium levels. Scale bar is 20 § m.
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(A) The yellow/cyan intensity ratio (thick line) over the terminal bulb of the pharynx shows rapid
rises followed by slower decays; the rises are accompanied by muscular contraction (thin line),
indicating that they are caused by a rise in calcium.
(B) The yellow and cyan channels separately show a relative reduction in cyan and increase in
yellow intensity with contraction, as expected. However, each individual channel is affected by
motion artifact noise, in contrast to the ratio in (A).
(C) Calibration of cameleon. A dissected head was exposed to the membrane permeant digi-
tonin to give intracellular access, then exposed to solutions of 10mM calcium or 4mM EGTA
to determine the maximum and minimum ratio. A typical trace is shown here. The maximum-
minimum ratio change was ²4³0´¶µ % averaged over 5 worms. Arrowheads indicate solution
changes.
(D) Comparison of YC2.1 to YC3.1 in worms pumping at the same rate. The rate of decay is
faster for YC3.1 (thin line) than YC2.1 (thick line), most apparent in the sharp transition between
descending and rising ratios in YC2.1 that is more rounded in YC3.1, and indicative of a return
to near-baseline for YC3.1 but not YC2.1 at the rate shown. This is consistent with faster in
vitro kinetics for YC3.1 and sensitivity to lower calcium levels for YC2.1.
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(A) Illustration of measured parameters for each transient. Duration is in multiples of the frame
rate. Total increase is expressed in percent change in ratio. Rate of increase is computed by a
least squares fit to the rising slope and has units of (percent change in ratio)/(time).
(B) Sample traces indicating fluorescence ratio traces typical of “fast” (>1.5Hz), “slow” (0.5-
1.5Hz), and “very slow” (<0.5Hz) pumping behavior. Note that duration and total increase of
transients is dependent on the pumping rate.
(C) Total ratio increase during transients is reduced at higher pumping rates. Ratio increase is
calculated separately for each 0.1Hz increment in pumping rate; error bars indicate standard
error at that rate. The linear correlation coefficient of pumping rate and total increase is -0.66.
(D) Total duration of transients is reduced at higher pumping rates. Data points and error bars
are computed as in (C). The linear correlation coefficient of pumping rate and duration is -0.67.
(E) Slope of ratio increase during transients is relatively unaffected by pumping rate. Data
points and error bars are computed as in (C). The linear correlation coefficient of pumping rate
and slope is +0.05.
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Comparison of mutants with wild-type in worms pumping between 0.5Hz and 1.5Hz. Graphs
indicate percent difference from wild-type for each parameter. Error bars indicate standard
error of both mutant and wild-type. Diamonds indicate possible differences from wild type
(0.05<p<0.10). Asterisks indicate significant differences from wild type (0.005<p<0.05). Insets
show 3 seconds of a sample trace; the vertical axis of the inset corresponds to a 12% ratio
change.
(A) Gain-of-function mutant n2368 shows transients of extended duration and diminished slope
relative to wild-type. The duration reflects the rising phase only and would be longer if calcium
plateaus (inset) were included. The reduced slope may be an artifact of the arbitrary division
made between rising and plateau phases.
(B) Gain-of-function mutant ad695 shows transients of increased duration and total ratio in-
crease; transient slope is not significantly different from wild-type.
(C) Loss-of-function mutant n582 shows no significant changes in transient parameters from
wild-type worms.
(D) Loss-of-function mutant ad1006 shows transients of decreased duration and size relative
to wild type; the data does not have a parametric distribution and hence the apparent decrease
in slope is not statistically significant. As expected, the phenotype is opposite from the gain-of-
function mutants.
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Comparison of mutants with wild-type in worms pumping between 0.5Hz and 1.5Hz. Graphs
indicate percent difference from wild-type for each parameter. Error bars indicate standard
error of both mutant and wild-type. Double asterisks indicate highly significant differences from
wild type (p<0.005). Single asterisks indicate significance (0.005<p<0.05). Diamonds indicate
possible significance (0.05<p<0.10).
(A) Allele e251 shows markedly larger transients than wild-type worms (p<0.005) without a
corresponding change in the duration of contractions. Inset shows a sample trace (horizontal
length is 3 seconds; vertical length is 12% ratio change).
(B) Allele ad698 likewise shows larger transients (p<0.005) and slope (p<0.005) with a pos-
sible smaller increase in duration of contractions (0.05<p<0.10). Inset shows a sample trace
(horizontal length is 3 seconds; vertical length is 12% ratio change).
(C) Control verifying that cameleon is functioning properly in the e251 background. A dissected
head is exposed to digitonin and placed alternately in solutions of 10mM ������� or 0 ������� + 4mM
EGTA to determine maximal and minimal fluorescence ratio. An example trace is shown; over
five worms, the maximal ratio was a mean of ²��0´���� % over the minimal ratio. Arrowheads
indicate solution changes.
(D) Comparison of control maximal/minimal ratios for wild-type and e251. Each dot indicates
one max/min ratio measurement. Left column is wild-type, right is e251. The observed pattern
is inconsistent with e251 having a 30% larger response than wild-type (p < 0.01).
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Transient Parameters

Strain Pumping Rate Duration Ratio Increase Slope

N2 (wild type) » � »"!$#&%�� % ' Hz e ( ) #U»"% ms * � +�»�#,%�� ! % » ) � ( #,%�� ' %/s

Percentage difference from wild type

egl-19(n2368) %�� ! %$#&%�� % ( Hz** f »�-.� - /0# ) � !1/ * f »"'�� '1/0# ( � %1/ ºq»"+�� ( /0# * � +1/ *

egl-19(ad695) » � » e #&%�� » e Hz f » * � %1/0#2-.� %1/43 f »"'�� %1/0# ( � %1/ * º * � !1/5#2-.� ( /
egl-19(n582) %�� -�»6#&%�� % ' Hz** f7) � * /0# ) � e / f +�� * /5#&'�� +1/ f7) � ( /5#2-.� +1/
egl-19(ad1006) » � e %$#&%�� »�» Hz ºq» e � !1/0#2-.� %1/ 3 ºq» ( � * /0#&-.� %1/ * ºq»"+�� +1/0# e � !1/
unc-36(e251) %�� ) '$#&%�� % ( Hz** f » � e /0# ) � %1/ f +1-.� ( /0#,!�� - / ** f + e � !1/0#,!�� ) / **

unc-36(ad698) %�� + '$#&%�� % * Hz** f » * � ) /0# ) � '1/ 3 f7) +�� +1/0#U»�» � %1/ ** f + ) � »�/0#,'�� %1/ **
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Values are mean ´ S.E.M.; 8 varies by strain. Significance levels are determined using
the Mann-Whitney rank sum test. All measurements were made on adult hermaphrodites in
1mg/mL serotonin on hydrated 2% agarose pads. Diamonds indicate borderline significance
(0.05<p<0.1). Single asterisks indicate moderate significance (0.005<p<0.05). Double aster-
isks indicate high significance (p<0.005).
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h�c]Ðgo4mpfghMilc]Xz{gc]ilmpu]mpXn�`fg��c]Ðg�(kzc]fgc]X�eOWYilorc]�1ilc]�(h��D�jWYfgk�Xnc]XzWYeOmpq�WvXnq��
h�fgh�ilfgc]o4�

!³���1Wvh2X�mpXz���
mpil���/mpW
¾1ÑpÑp¿|����mpX�h�f�mpu=xn¾1ÑpÑpÑK#�mporhSWYeO�(c]o4fgmpXzf�mpuvfgh2oJXnmpfgWY��h2�`fgcî�/�(uYWYfgÐgh�eOWY�/�/WYc]X
�d�d� �HmpXz���(orc]��WY�
hbfgknhbmp�
��mpXzfgmpq�h��Nc]{Lc]�(fgWYilmpup�/h�ilfgWYc]XzWYXzq��E�/fgorc [ c]�/ilc]�(WYiNWvuYuY�(eOWYXzmpfgWYc]Xz�2mpXz�

WYXzknh�orh�Xnf(orh�q�WY�/fgo4mpfgWvc]X`c]{�fgknh#fg��c�h�eOWY�/�/WYc]X���mp��h�uYh�Xzq�fgkn�|xz�(orh�uYWYeOWYXzmpo \ fgo4WYmpuv�M��WYfgkO��WY��h2c]Ð

o4mpfgh`fg��c]Ðg�(kzc]fgc]Xæh2�
ilWYfgmpfgWYc]X;eOWYilorc]�/ilc]�(h2���/knc]�jh2�î�(kzmpo \ Xzq�h�mpu0OQd egf fgo4mpXz�1Wvh2Xzfg���/WYeOWvuYmpo
fgc�fgkzc]�/h�ilkzmpo4mpilfgh�o4WYõph��;knh�orh�� [ �(f�fgkzh��d�d�Ô� \ �/fgh�eù�(orc]��h��~eOc]orh�orh2uvWYm [ uYhjmpXz� [ h2fgfgh�o�WvX

�/WYq�XzmpuYÐgfgc]ÐgXzc]WY�/hê��WYfgk6uYh��1���(knc]fgc [ uvh2mpilkzWYXzq��M�(orc [ m [ u \ø[ h�ilmp�(�/h�fgkzh���WY��h2Ðg�(h�uY�óc [ �/h�o4��mpÐ
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fgWYc]Xæilc]�(uY�îilc]uYuvh2ilf�eOc]orh��(kzc]fgc]Xn� {gorc]eÝm`q�o�h�mpfgh�oBfgkzWYil��Xzh��/� c]{b�/mpeO�(uYh���c]uY�(eOh�x���Xæc]�(o

��h�o \ fgo4mpXz�/�(mpo�h�XzfT�(orh��(mpo4mpfgWYc]Xz�Efgmporq�h�fgh��Rq�h2XzhDh��T�(orh��/�/WYc]X mpuYorh�mp� \ o�h��/fgo4WYilfgh���fgknhbilmpeOh�uYh�c]X

���(WYfghMmpilil�(oJmpfgh2u \ fgc�fgkzhMfgWY�/�/�(hdc]{�WYXzfgh�o�h��/fg�2�1c�fgknhdc]�(fgWYilmpuL�/h�ilfgWYc]XnWvXnq�ilmp�(m [ WvuYWYf \ c]{�ilc]Xz{gc]ilmpu

c]o�fg��c]Ðg�(kzc]fgc]X�WYeOmpq�WYXnqA��mp�#�(XzXnh�ilh��/�1mpo \ c]o�h���h�X�ilc]�(Xzfgh�o4�(orc]�
�(ilfgWY��h�{gc]o�eOmp�TWveOWYõpWYXzq

�(kzc]fgc]X�ilc]uYuYh�ilfgWYc]X9x���knh�m [ WYuYWYf \ c]{öfg��c]Ðg�(knc]fgc]Xêh2�
ilWYfgmpfgWYc]XAfgc�ilc]Xn�(XzhR�(kzc]fgc [ uYh�mpilkzWYXnqOfgc

H �(�/fDfgkzh��(uYmpXzh�c]{�{gc]il�(� ��mp��c]{buYWYfgfguYh���mpuY�(hj��kzh�Xæfgknmpfb�(uYmpXzh���mp� [ h�WYXzq�c [ �/h�o4��h��Øilc]XnÐ
�/fgmpXnfgu \ mpXz�ê��kzh�X`��WY{ {g�(�/WYc]XOc]{��(X [ uYh�mpilkzh��êWYXz�
WYilmpfgc]o�eOc]uYh�il�(uYh��M{gorc]e�c]fgkzh2o��(uYmpXnh����jmp�

�(orc [ m [ u \ ���(WYfgh �/uYc]�y��mp�Mh��T�(h�ilfgh��O{gc]oDmCB(Û1�R��� m��(orc]fgh�WYX9xz÷�c]��h���h�o<�
eOmpX \ c]fgkzh�oD�(orh2�(mpÐ
o4mpfgWYc]Xz��mpXn� [ WYc]uYc]q�Wvilmpu����(h2�/fgWYc]Xz����WYuYu��/fgWYuYu�o�h����(Wvo�hOilc]Xz{gc]ilmpu�c]o�fg��c]Ðg�(kzc]fgc]X~h��TilWYfgmpfgWvc]X

WYXz�/fgo*�(eOh2Xzfg�|x

~�� ��� � D$�L�q���s�2�3�&� �L�/�Q�s���:���G�.�2�É�2�8�.�/�«�:�J�/�:�s�2�Q���2�o� �o�q�s�.�

�dmpuYilWY�(eÀWveOmpq�WYXzqæ�(�1WvXnqSilmpeOh�uYh�c]X�WY�RWYX��(oJWYXnilWv�(uYh�mp�(�(uvWYilm [ uYhOfgcêm���Wv�
hj��mpoJWYh�f \ c]{bfgWY�/Ð

�/�(h���WYX;Æ�Ç�È*ÉÊÈ?Ë�ÌlÍ�ÎExd��c]odh��TmpeO�(uvh2�zWYXzfgh��1fgWvXnmpu(ilh�uYuY�/�z��kzWYilkêmporh�Xnh�WYfgkzh�o�eO�(�/il�(uYmpoBXnc]odXzh2�(Ð

orc]Xnmpuv�
kzmp��h�o�h�ilh�Xzfgu \�[ h�h2X�WYeO�(uYWYilmpfgh���WvXjilc]Xzfgo�c]u]c]{>fgkzhy�(h�o4Wvc]�
WYid�
h�{gh�ilmpfgWYc]X�c]{>fgknh���c]o4e

!³� mpu]��mpXnfgcRh2fnmpu=x�¾1ÑpÑpÑ$#gxL��o4mpXn�/WYh�XzfnWvXnilorh�mp�/h2��WYX�ilmpuYilWY�(e��jh2orhyc [ �1h�o4��h2��WYX`WYXzfgh��1fgWvXnmpu]ilh�uYuY�

WYX+H h�ilfgh��`�jWYfgkj{g�(o4mpÐg��BLfgkzh��1hBfgo4mpXn�/WYh�Xzfg���(orh�ilh��
h���fgkzhy�(oJ�1fz�
h�{gh�ilmpfgWYc]XzÐgo�h�uYmpfgh���eO�(�/iluYh�ilc]XnÐ
fgo4mpilfgWYc]Xz�|xy÷�c]��h���h�o<�z���(hRfgcOfgkzhRfgh�ilkzXnWvilmpuYu \ ilknmpuYuvh2Xzq�WYXzqêXzmpfg�(orh�c]{9fgknh�WYX+H h�ilfgWYc]XS�(orc]ilh2Ð
�
�(orh��]WYfH��mp��c]Xzu \ �(c]�/�/W [ uYh�fgcjWYX+H h�ilf�mpXz�SWYeOmpq�h�{gorc]eômR�/WYXzq�uYh�WvXnfgh��/fgWYXzmpuzilh�uYu>WYXêh2mpilkêmpXnÐ

WYeOmpu=x���Xzfgh��1fgWvXnmpuzh��T�(orh��1�/WYc]X�c]{HilmpeOh�uYh�c]X���c]�(uY�AmpuYuYc]�wfgo4mpXz�/WYh�Xnfg�Mfgc [ h�eOc]XzWYfgc]orh���c]��h�o

fgkzhyh�XzfgWYorhyuYh�Xzq�fgkjc]{(fgkzh�WYXnfgh��/fgWYXzhB�/WYeO�(uYfgmpXzh�c]�(�/u \ ����knWvilk���c]�(uv�Oknh�uY���
h�fgh�o4eOWYXzhyfgkzh�XnmpÐ

fg�(orh�c]{��/�(mpfgWYmpuöilc]c]or�
WYXzmpfgWYc]Xæc]{bWYXnfgh��/fgWYXzmpuöilmpuYilWY�(eáfgo4mpXz�1Wvh2Xzfg�|xR��uY�/c]��mp��c]Wv�
WYXzq�fgkzh��/fgh��

c]{��/WYXzq�uYh�Ðgilh�uYu(WYX+H h�ilfgWYc]X��jc]�(uY�êq�orh�mpfgu \ {gmpilWYuYWvfgmpfghRfgkzh�mpXzmpu \ �/WY�Bfgkzh ilmpuYilWY�(eùfgoJmpXn�/WYh�Xzf��(kzh2Ð

Xzc]f \ �(h�c]{D��Xzc]��XS�
h�{gh2ilmpfgWvc]XnÐg�
h�{gh�ilfgWY��h�eO�(fgmpXzfg�|x���WYXzilh�fgknh�WYXzfgh��/fgWYXnh�Wv� ilc]eO�(mpo4m [ uYhjWvX

�/WYõph�fgc`fgkzh��(kzmpo \ Xz�T�zkzmp�y�/h���h�o4mpu
�/fgorc]Xnq�ilh�uYuYÐgf \ �(h��/�(h�ilWY�(i �(orc]eOc]fgh2oJ�1��mpXn�~Wv�y��Xzc]��X�fgc

�(Xz�
h�o�q�c o�c [ �(�/fnilmpuYilWY�(e­fgo4mpXz�1Wvh2Xzfg�/��ilmpeOh2uvh2c]X�WveOmpq�WYXzq��/kzc]�(uY� [ hB�(c]�1�/W [ uvhMWYX�fgkzWY�DfgWY�/�/�(h

��WYfgkzc]�(f��/� [ �/fgmpXzfgWYmpu
eOc]��WY�(ilmpfgWYc]X�fgcRfgknh�eOh�fgkzc]�
�9�
h��/ilo4W [ h��`knh�orh�x

t hM{gc]�(Xn�«�³�/h�hM�1h�ilfgWYc]X�Â�x Â�xÅ¾� zfgkzmpf�h�uYh�ilfgo4WYilmpuL�/fgWYeO�(uYmpfgWYc]Xjilc]�(uY��orh�uYWYm [ u \ WvXn�
�(ilhB��WY�/W [ uYh
o4mpfgWYc`ilkzmpXnq�h���WvX�Xnh��(orc]Xz�pxN�
kz�(�/��WYfH�/knc]�(uY� [ h��(c]�/�/W [ uYh�fgc��(�/h�ilmpeOh�uYh�c]XnÐ [ mp�/h���ilmpuvilWY�(e
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WYeOmpq�WvXnqOfgc��1fg�(� \ ��c]uYfgmpq�h2Ðgq�mpfgh2�AilmpuYilWY�(eùilkzmpXzXnh�u({g�(XzilfgWYc]X�WYX�Xzh��(orc]Xn�/��mp�y��h�kzmp��h [ h�Ð

q��(XAfgc��
cOWYXSfgkzh��(knmpo \ Xn�>x�}~c]orh2c]��h2o<�(WY{bmj�/WYXzq�uYh�Xzh2�(orc]XA��h�orh��
o4WY��h�XAh�uYh�ilfgo4WYilmpuYu \ ��fgkzh

orh��1�(c]Xz�/h c]{öWYfg�B� \ Xzmp�(fgWYi#�(mpo4fgXzh2oJ��ilc]�(uY� [ h�orh�ilc]or�
h��Sfgc [ h�q�WYX [ �(WYuY�
WYXzq�m�eOmp�Sc]{ö{g�(XnilÐ

fgWYc]Xzmpu|ilc]XzXnh�ilfgWY��Wvf \ fgcyilc]eO�(uYh�eOh�Xzf�fgkzh���Xnc]��XR�(k \ �1Wvilmpupilc]XnXzh�ilfgWY��WYf \ ! t kzWYfghyh2fnmpu=x�¾1ÑpÄpÁK#gx
�
kzWY��mp�(�(orc]mpilk��jc]�(uY��mpuY�/cympuYuvc]� Xnc]WY�/hDfgc [ h�mp��h�o4mpq�h2��c]�(f
c]��h�ozeO�(uvfgWY�(uYh�fgoJWYmpuY��mpXz��ilc]�(uY�

h�XnkzmpXzilh�ilc]eO�(mpo4WY�/c]Xz� [ h�fg��h�h�X �/eOmpuYu|o4mpfgWYc�ilkzmpXnq�h��|x+�
kzh�m [ WYuYWvf \ fgcy�/WYeO�(uvfgmpXnh�c]�(�/u \ eOc]XnÐ

WYfgc]oDfgkzh#mpilfgWY��WYf \ c]{
eO�(uYfgWY�(uvh WY�
h�XnfgWv�(h2�OXzh��(orc]Xn��WYX�mpX�WYXnfgmpilf [ h2kzmp��WYXzqjmpXzWYeOmpu>��c]�(uY� [ h

h�Xnc]oJeOc]�(�1u \ �(�/h�{g�(uN{gc]o#�(Xz�
h�o4�/fgmpXn�
WvXnq�fgkzh�ilh�uYuY�(uvmpo [ mp�/WY��c]{ [ h2kzmp��WYc]o4x��
�TWY�/fgWYXzqA�(o�c]fgc]Ð

ilc]uY�y{gc]o�orh�ilc]or�
WYXzq�h2uvh2ilfgoJWYilmpuYu \ {gorc]e ÆDÇ�È*ÉÊÈ?Ë�ÌlÍ�ÎMXzh��(o�c]Xz��WYXz��c]uY��h��/uYWYilWYXzqOc]�(h�XOc]odo*�(�(fg�(o�Ð

WYXzqêfgkzh�il�(fgWYiluYh�fgcêh2�
�(c]�/hRm�ilh2uvuNc]{bWYXnfgh�orh��/fg�z�/c�mpXæh�uYh�ilfgo4WvilmpuHmpuvfgh2oJXnmpfgWY��h�WY��Xzc]fDWYeOeOh��
WYÐ

mpfgh�u \ c [ ��WYc]�(�|xT�
uYh�ilfgorc]�(k \ �/WYc]uvc]q \ WYXSÆDÇ/È*ÉÊÈ?Ë�ÌlÍ�Î9mpXz�OmpXzc]fgknh�oHXnh�eOmpfgc]�
h���E�Î�� Ì87�>ÊÎ*�
WYXz�
WYilmpfgh
fgkzmpf�ilmpuYilWY�(e Wv��fgkzh�eOmpWYX�ilmpo4oJWYh�o�c]{�WYXz��mpor�î�(c]�1WvfgWY��h�il�(o4orh�Xzf'!³� mp��WY��mpXz�`��fgorh�fgfgc]XO¾1ÑpÄpÑ
�
"#c]c]�
eOmpX�h�f�mpu=xn¾1ÑpÑpÄK#³�dmpXz� fgkzh�ÆDÇzÈ*ÉÊÈ?Ë�ÌlÍ�Î�q�h�Xzc]eOhOilc]XnfgmpWvXn��XncØo�h�ilc]q�XzWYõpm [ uYh���c]uYfgmpq�h�Ð
q�mpfgh��O�/c]�
WY�(ewilkzmpXnXzh�uY�x!³��h2���(h2XzilWYXzqR�dc]Xz�/c]o4fgWY�(e&¾1ÑpÑpÄ
�
��mpo�q�eOmpXnX�¾1ÑpÑpÄ$#gxz�
kz�(��fgkzh�orhyWY�
uYWYfgfguvh��
c]� [ f9fgknmpf�Xnh��(orc]XnmpuNilmpuYilWY�(eÝfgo4mpXz�1Wvh2Xzfg��mpo�h�� [ Wv���(WYfgc]�(� WYX»ÆDÇTÈ*ÉÊÈ?Ë�ÌlÍ�ÎEx��
WYXzilh�Xzh2�(Ð

orc]Xnmpu]ilh�uYu [ c]��WYh��DWYXAÆ�Ç/È*ÉÊÈ?Ë�ÌlÍ�Î9mporhB�/eOmpuYu �:B��6F�e­�
WvmpeOh2fgh�og g�TWYXj��Wv��c�o�h�ilc]or�
WYXzq��D{gorc]e­Xzh2�(Ð
orc]Xn��mpo�hBeOc]o�hB�
WY{?�(il�(uYf>fgc�c [ fgmpWYX�fgkzmpX�eO�(�/iluYh�orh�ilc]or�
WYXzq��D�
�(hMfgcRWYXnilorh�mp�/h����/h�Xn�/WYfgWv��WYf \ fgc

eOc]��h�eOh�XnfömpXz� [ mpil��q�o�c]�(Xz�æXzc]WY�/h]xB��c]Xzh�fgknh�uYh��/�/��Xzh2�(orc]Xzmpu
mpilfgWY��Wvf \ WYXSorh��1�(c]Xz�/h�fgc�fgkzh

mp�(�(uYWYilmpfgWvc]Xæc]{Dm��/fgWYeO�(uY�(�/ÐgmpXSc]�
c]o4mpXzföc]oBXzh2�(orc]fgo4mpXz�/eOWYfgfgh�o<�z{gc]oBWYXn�/fgmpXzilh�Ðg�1kzc]�(uY� [ h���h2Ð

fgh�ilfgm [ uYhM��WYfgkzc]�(f�eOm�H c]oHeOc]�
WY�(ilmpfgWvc]Xn�Dfgc�fgknhd�(orc]fgc]ilc]uT�(�/h���kzh2orh�x2���
��WYfgWYc]XzmpuYu \ ����WYfgk�{g�(orÐ
fgkzh2oNc]�(fgWYeOWYõpmpfgWYc]Xz�Dfgc�fgkzhdWYeOmpq�WYXzq�h����(WY�(eOh�Xnfg�2�(orc]fgh�WYX�h2�
�(orh2�/�/WYc]X�uYh���h�uY�/��mpXn�`orh2ilc]or�
WvXnq

�(orc]fgc]ilc]uY�/�+��h2fgh�ilfgWYc]X�c]{�Xzh��(orc]Xnmpu�ilmpuYilWY�(e­fgo4mpXz�/WYh�Xnfg�9WYX�WvXnfgmpilföÆDÇ È*ÉÊÈ?Ë�ÌlÍ�ÎöeOm \R[ h��(oJmpilfgWYilmpu

h���h�X�WYX�fgkzh�m [ �/h�Xnilh�c]{z�(mpWYo4WvXnq���WYfgk�m#�/fgWYeO�(uY�(�|x

��uvfgknc]�(q�kóÆDÇ�È*ÉÊÈ?Ë�ÌlÍ�Î�WY���(mpoJfgWYil�(uYmpo4u \ �/�(WYfgh��»fgcSilmpeOh2uvh2c]XîWYeOmpq�WYXnqØ�
�(h�fgcSWYfg��fgo4mpXz�1Ð

�(mporh�Xni \ mpXn�`{gmpilWYuYhyq�h�Xnh�fgWYil�/�2fgknWY�9eOh�fgkzc]�jeOm \�[ hM�(�/h2{g�(u
WYX�c]fgkzh2o�c]o�q�mpXnWY�/eO�Dmp�9�jh2uvu=x���c]o

h��TmpeO�(uYh���G·7o6lÎ�6�H�9�>ÊÉÊÌ�kzmp��h����(mpuYu \ �(c]�jh2oJ{g�(u
q�h�Xzh�fgWYil�9mpXn��m�h���h�X�eOc]orh��
WY��h�o4�/h��/h�f�c]{nilh�uYuYÐ
f \ �(h��/�(h�ilWY�(i#�(orc]eOc]fgh�o4��fgc`�
WYorh�ilfNuYc]ilmpuvWYõph���ilmpeOh�uYh�c]Xêh��T�(orh��/�/WYc]XöxD}~c]orh�c]��h�o?�nmpuYfgkzc]�(q�k

�/fgWYuYu>orh�uYmpfgWY��h�u \ �/eOmpuYuY��fgkzh�Xzh��(o�c]Xz�dc]{
G·7o6lÎ�6�H�9�>ÊÉÊÌ�mporh��/c]eOh���kzmpf
uYmporq�h�o<��mpXz��eOm \ ilc]XnfgmpWvX
uYmporq�h�o
ilmpuYilWv�(eÔfgo4mpXz�/WYh�Xnfg�/�+fgknmpX�fgknhdXzh��(o�c]Xz�Hc]{�ÆDÇ4È*ÉÊÈ?Ë�ÌlÍ�ÎEx t kzWYuYhMfgkzhbc]�(mp���(hbh��Tc]�/��h�uYh�fgc]X
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c]{IG·7o6lÎ�6�H�9�>ÊÉÊÌ#eOm \ eOmp��h#WYeOmpq�WYXnq`{gorc]eñWYXzfgmpilf
mp�
�(uYf�mpXnWYeOmpuv���
WY{?�(il�(uYfg�]h��TWY�/fgWYXzq�eOh�fgkzc]�
�

{gc]oBorh�ilc]or�
WYXzqê{gorc]eÙuvmpo4��mph��/kzc]�(uY� [ h�mp�(�(uYWvilm [ uYh���mpXz�Ø�/fgorc]Xnqê�(o�c]eOc]fgh�o4��eOm \ {gmpilWYuYWYfgmpfgh

WYeOmpq�WvXnqOWYXAmpuYu
��h2��h2uvc]�(eOh2Xzfgmpu>�/fgmpq�h��U!³�
�(X�h�fnmpu=x�¾1ÑpÑpÑ$#gx���fgknh�odq�h�Xzh2fgWvilmpuYu \ eOmpXzWY�(�(uYm [ uYh
c]orq�mpXzWY�/eO�1�
�/�(ilkjmp��eOc]�(�1h��|�(orh��/h�Xnfzfgknh�WYoöc]��X��/h2fzc]{>ilknmpuvuYh�Xnq�h���mp�d��h�uYu]mp�b�(c]fgh�XzfgWYmpu]mp�
Ð

��mpXzfgmpq�h��D{gc]oö�(�/h�c]{nilmpeOh�uYh�c]X�WvX�WYeOmpq�WYXzq��/fg�(�
WYh��|x2���(o4fgkzh�o�eOc]�
WY�(ilmpfgWvc]X�c]{nfgkzh�eOh�fgkzc]�
�

�
h��/ilo4W [ h��Aknh�orh��/kzc]�(uY��eOmp��hRWYfH�(c]�/�/W [ uYh�fgc`c]��h�orilc]eOh�fgkzh��1h �/�(h�ilWYh��/Ðg�/�(h2ilWv�(iyilkzmpuYuYh�Xzq�h��
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h��/ilo4W [ h�� [ h�uYc]��x���WYuYfgh�o=u��
Wvilknorc]WYi
�/h�fg�Milc]Xn�/WY�/fgh��êc]{Jszh��TilWvfgmpfgWYc]X¶�³Óp�p¿pXzeO�zÓp�pXze [ mpXn�
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[ mpXz�
��WY�
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~��SR.�SR Xò�s�/�8�Q
��/�&� �2�2�����8�'���L�2�s�2�L�2�o�&�/�¸�2�sú��L�2���/�Lú$�o���
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oJmpfgh2���
�(o4WYXzq�orh�ilc]or�
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fgkzhMfgmpo�q�h2f�fgWY�/�1�(hM�jWYfgk��/� [ Ðg�(WY�Th�u�mpilil�(o4mpi \ xp�!X�fgkzh�ilmp�/h�c]{nfgknhM�(kzmpo \ Xz�T����kzWYilk���mp���(XnmpeOÐ

[ WYq��(c]�(�/u \ fgkzh [ o4WYq�kzfgh��1fzc [ H h�ilf>WYX`fgknh��(h�uY�Oc]{(��WYh����
mpX`mp�(�(orc]�TWYeOmpfgh#uYc]ilmpfgWYc]X`��mp�d�
h�fgh�orÐ
eOWYXzh��`�(�/WYXzq�fgknmpfzilo4WYfgh�o4Wvc]Xöx|��c]oöXnh��(orc]XnmpuL�
mpfgmp�
fgknhBmp�(�(o�c]�
WYeOmpfghBWvXnWYfgWvmpu��(c]�/WYfgWYc]X�c]{zh�mpilk

Xzh2�(orc]XOc]{HWYXzfgh2orh��/f���mp�y�/�(h2ilWv�(h2� []\ knmpXz�bxD�
knh�h2�
mpilfN�(c]�/WYfgWvc]XOWY�Bfgkzh�XOilc]eO�(�(fgh2�AWYfgh�o4mpÐ

fgWY��h�u \�[]\ ilc]eO�(�(fgWYXzq�fgknhyWYXnfgh�Xz�/WYf \ Ðg��h�WYq�kzfgh���ilh�Xnfgh�oöc]{zm�orh�q�WYc]Xjc]{nWYXzfgh�orh2�/fnuYmporq�hyh�Xzc]�(q�k

fgc�h�Xzilc]eO�(mp�1��fgknhMfgmporq�h�f�fgWY�/�/�(hMmpXz���(�(�
mpfgWvXnq�fgknhMorh�q�WYc]X�ilh�Xzfgh�o�WY{zfgknhMWvXnfgh�Xz�1Wvf \ Ðg��h�WYq�kzh��

ilh�Xnfgh�on�
WY{?{gh2oJ���/WYq�XzWY�(ilmpXzfgu \ {go�c]e fgkzhDorh2q�WYc]X ilh�Xnfgh�o4x ��knhDc]�(fgWvilmpup�1�(uvWYfgfgWYXzqyc]{
fgknhDfg�jcB��mp��h�Ð

uYh�Xzq�fgkn�9��c]h2�9Xzc]f��(orc]�
�(ilhBmy�(h�o4{gh�ilf [ Wv�1h�ilfgWYc]Xjc]{nfgkzh��d�d� mpoJo4m \ mpXn��ilmpX�ilkzmpXnq�hB�/uYWYq�kzfgu \

{gorc]eÖ�
m \ fgc��
m \ x���knh�orh�{gc]o�h��nfgknhR�(o�c]q�o4mpeôkzmp��fgknhRm [ WYuYWYf \ fgc`ilc]eO�(�(fgh�fgkzh�eOh�mpXê��WY{ {gh�orÐ

h�Xnilh WvX��(c]�/WYfgWYc]X [ h�fg��h�h2X`fg��c�orh�q�WYc]Xz�Mc]{�WvXnfgh�orh��1f�mpXn�A�(�/h fgknmpf
��WY{ {gh�orh�XnilhRfgc��
h�fgh�o4eOWYXzh

fgkzh�c]{?{g�/h�f [ h�fg��h�h2X�fgknh�fg��cê��mp��h�uYh�Xnq�fgk�WYeOmpq�h2�|x#��Xnilh�mpXæc]{?{g�/h2f9Wv� �1�(h�ilWY�(h��
�({gc]oyh�mpilk

{go4mpeOh`WYX~fgkzh��/fgmpil�Sfgknh�ilh2Xzfgh�oyc]{�fgkzh�fgWY�/�/�(h�c]{bWvXnfgh�orh��1fbilmpX [ h�ilc]eO�(�(fgh2�Ømp�R��h2�/ilo4W [ h2�

m [ c]��h�xd�Þ�/WYXzq�uYh�orh2q�WYc]Xêc]{9WYXzfgh�orh2�/fHWY���(�1h��S{gc]oMfgkzhRXzh��(o�c]Xzmpu(orh�ilc]o���WYXnq��1�z��kzWYuYh�m��/h�o4WYh��

c]{Milc]Xzilh2Xzfgo4WYi�ilWYoriluYh���mporh�fgmp��h�X�m [ c]�(fMfgkzhjilh�Xzfgh2o c]{Mfgkzh`�(knmpo \ Xn�DB�mp��h�o4mpq�h�WYXzfgh�Xn�/WYf \ WY�
eOh�mp�/�(o�h���{gc]o�h2mpilk�mpXz�êc]�(fg�(�(f>fgc�m�uYc]q��(uYh�xz�
kzh��/eOmpuYuvh2�/f
ilWvo�iluvh�h�XnfgWYorh�u \ ilc]XzfgmpWYXzWYXzqjfgkzh

�(kzmpo \ Xz��� H �(�
q�h2� []\ o�h�ilc]or�
WYXzq�Xzc]WY�/h��
��kzWYilk�WY�Morh��
�(ilh��O��kzh2X`fgkzh�ilWvo�iluvh��
c]h��bXzc]f>WYXzfgh2orÐ
�/h�ilfzfgkzhB�(kzmpo \ Xz�+ >��mp�d�(�/h���{gc]o9{g�(o4fgknh�o9mpXzmpu \ �/WY�&B�fgknWY���(�/�(mpuYu \ ilc]oJo�h��/�(c]Xz�
h���fgc�m o4mp�
Wv�(�
c]{(h�uYh���h�Xj�(WY�
h�uY�|x]���(fgWYeOmpuzorh�q�WYc]Xj�/WYõph#{gc]oDXzh��(orc]Xn�b��mp�d�
h�fgh2oJeOWYXnh�� []\ kzmpXn��x]��� [ Ðg�(WY�Th�u

orh��1c]uv�(fgWYc]X�Wv��mpilknWvh2��h2� []\ WvXnfgh�o4�(c]uYmpfgWvXnq [ h2fg�jh2h�X�mp�¾H mpilh�Xnfb�(WY�Th�uY�&BHfgknWv� �(o�h���h�Xzfg�#h2�
ilh��1Ð
�/WY��h#Xzc]WY�/h�{gorc]eñ�/WYXzq�uYh#�(WY�
h�uY�MÒ(WYil��h�o4WYXzq�WYX�mpXz�êc]�(f(c]{(fgkzh#o�h�q�Wvc]X�c]{
WvXnfgh�orh��1f>{gorc]eñ{go4mpeOh

fgc�{goJmpeOh]x
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�
kzhBXz�(eOh�o4WYilmpu�ilc]eO�(�(fgmpfgWYc]X�mpXn�OeOmpfgoJWY��eOmpXzWY�(�(uYmpfgWYc]X`�(orc]q�o4mpe­"#���ó��ilfgmp��h���mpX�c]�(h�X

�/c]�(orilh�iluvc]XnhMc]{�}������
���©�³�
kzhM}~mpfgk t c]oJ���/�E��XziTx  g����mp�9�(�/h���{gc]oNmpuYu
��mpfgm��(orc]ilh2�/�/WYXzqNx+�
kzh
WYXzfgh�Xn�/WYf \ ��mp�öo4mpfgWvc {go�c]eÚfgknh�mp��h�o4mpq�hdWYXzfgh�Xn�/WYf \ uYc]q��(uYhd�
h��1iloJW [ h���m [ c]��h3B2fgkzh�X�fgkzhd�
h�o4WY��mpÐ
fgWY��h`c]{�fgknh�o4mpfgWYcS��mp��ilmpuvil�(uYmpfgh��»mpXn�î�/eOc]c]fgkzh2� []\ �(�/WYXnqSmpXØÄp÷�õOfgo4WYmpXzq��(uYmpo ��WvXn�
c]��x

t WYfgk��p�p÷jõy�
mpfgmp�pfgkzWY�Dfg�(oJXnh���c]�(f�fgc [ h�h����(WY��mpuYh�Xzf�fgcRmp��h�o4mpq�WYXzqRmp�.H mpilh�XnfneOh2mp�/�(orh�eOh�Xnfg�|x
�
eO�(WYoJWYilmpuYu \ �
fgo4mpXz�1Wvh2Xzf�oJWY�/h2��WYX�ilmpuYilWY�(ewmpililc]eO�(mpX \ WYXzq��(knmpo \ Xnq�h2mpu�ilc]Xzfgo4mpilfgWYc]X���h�orh�c [ Ð

�/h�o4��h��îfgcæuYmp�/fMmpfMuYh�mp�1f�¾1�p�peO��mpXz�»fgcækzmp��h�m�o4mpfgh`c]{Mo4WY�/h�c]{MmpfMuYh�mp�/fM¿�V©u��/h2iTx���eOmpuYuYh�o
fgo4mpXz�/WYh�Xnfg�M��c]�(uv��kzmp��h [ h2h�XO�
Wv{ �(il�(uYföfgc��
WY�/fgWYXzq��(WY�/k�{go�c]eÖXzc]WY�/h []\ h \ h2��mpXn�Smp�(fgc]eOmpfgWYi

�
h�fgh�ilfgWYc]XSc]{bfgoJmpXn�/WYh�Xzfg� �(�1WvXnqAfgknhj¿�V©u��/h2i�ilo4WYfgh�o4Wvm`�/h�h�eOh���mp��orh�uYWYm [ uvh�mp�ReOmp��WYXzqAeOh�mpÐ
�/�(orh2eOh�Xzfg� []\ h \ h�x+��XzhBh��Tilh��(fgWYc]X���mp��WYX�eO�(fgmpXzfg�D��WYfgk���h�o \ h��Tfgh�Xz�
h���ilc]XnfgoJmpilfgWYc]Xn�&Bp{gc]o
fgkzc]�1h��|c]Xzu \ fgkzhBWYXzWYfgWYmpuzo4WY�/h���mp���
h�fgh2ilfgh��
�pXzc]fzfgknh�h��Tfgh�Xn��h2�`h�uYh���mpfgh����(uYmpfgh�mp��xL�
kzhyh�XzfgWYorh

fgo4mpXz�/WYh�Xnf
�jmp�Milc]Xn�/WY�
h�orh���fgc [ h�mpuvuz{goJmpeOh2�M�/�(o4orc]�(Xz�
WYXzq�fgkzh fgo4WYq�q�h�o4WvXnq�{goJmpeOh2�(�³fg��c�mp�
Ð
H mpilh�XzfDo4WY�/h��#c]{DmpfDuYh�mp�/f9¿�V©u��/h�i8 �fgkzmpf9h2Wvfgknh�o��/kzc]��h��æmpXAWvXnilorh�mp�/h�WYXæo4mpfgWYc�fgkzh�eO�/h2uv��h��yc]o
��h�orhBWYeOeOh��
Wvmpfgh2u \�[ h2fg�jh2h�X�o4Wv�1h��bc]{zmpf>uYh�mp�/fz¿�V©u��/h2iTx���knhy�
�(o4mpfgWYc]Xz�|eOmp�TWveO�(eñWYXzilo�h�mp�/h��

mpXz���/uYc]�(hyc]{>h�mpilk�fgo4mpXz�1Wvh2Xzf>��mp��o�h�ilc]or�
h��bx�� �(o4mpfgWYc]X`��mp�dilc]Xn�/WY�
h�orh���fgc [ h��³{go4mpeOh oJmpfgh2 
\ �³Xn�(e [ h�oMc]{H{go4mpeOh��yWvXêfgo4mpXz�/WYh�XnfNÐM¾� Jxb}~mp�
WYeO�(eùWYXzilorh2mp�/h���mp�Bilmpuvil�(uYmpfgh��~mp�*�³kzWYq�kzh��/f
o4mpfgWYc�WvX`fgoJmpXn�/WYh�Xzf� (Ðv�³uYc]��h��/fzoJmpfgWYc�WYX�fgo4mpXz�/WYh�Xnf� Jx��
uvc]�(hy��mp�dilmpuYil�(uvmpfgh2� []\ m uYh�mp�/fgÐg�/���(mporh��
�(f�fgcRfgknhBfgo4mpilhB�
�(oJWYXnq�fgkzhMfgo4mpXn�/WYh�XzfJx
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�Hmpo4WYmpfgWYc]X�WYX�fgkzh�fgkzorh�hb�(mpo4mpeOh�fgh�o4�öeOh�mp�/�(o�h���{gc]o�h2mpilk�fgo4mpXz�/WYh�Xnf]�jmp�9c [ �1h�o4��h2��{gorc]e fgoJmpXnÐ

�/WYh�Xnfdfgcæfgo4mpXz�/WYh�Xnfg�9fgoJmpilh`fgcæfgoJmpilh2��mpXn�»�jc]o4e fgcS��c]o4e ��WYfgkzWYXîfgkzh��/mpeOh�fgo4mpWYX9x t c]o4e

[ h�knmp��WYc]orÐgfgknh�mp��h2oJmpq�h�o4mpfgh�c]{n�(�(eO�(WYXzq�Ðg��mp�Dc [ �/h�o4��h���fgcRilknmpXzq�h�WYX�eOmpX \ ilmp�/h2��c]��h�o�fgkzh

�
�(o4mpfgWvc]X�c]{dfgknh`�p��eOWYXz�(fgh`o�h�ilc]or�
WYXzq��|x�÷�c]�jh2��h2o<�ö��WYfgkzWYX;h�mpilkó¾1�p��orh�ilc]o���WYXnqæ�/fgorh�mpeO�

[ h�knmp��WYc]od�1h�h�eOh���{gmpWYo4u \ �1fgm [ uvh]xH��knh�orh�{gc]o�h��]eOh�mpXO�
�(o4mpfgWvc]Xn��WvXnilorh�mp�/h2��mpXn�S�/uYc]�(h c]{�fgoJmpXnÐ

�/WYh�Xnfg�d��h�orh ilmpuYil�(uYmpfgh��S{gc]o�h�mpilk�¾1�p���/fgorh�mpe�x(��WYXzilh�fgknh�orh#��mp����c]oJeOÐgfgc]Ðg��c]o4ew��mpo4WvmpfgWYc]Xn�

�/fgmpfgWY�/fgWYilmpu]ilc]eO�(mpo4WY�/c]X�kzmp��fgc [ hympfzfgkzh���c]oJeÔuYh���h�u=x|�
WvXnilh�fgknhB�(mpo4mpeOh�fgh2oJ�D��h�orh�mp{ {gh�ilfgh��
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[]\ fgknh���c]oJe"A � �(�(eO�(WYXnq�o4mpfgh��
c]Xzu \ �/fgorh�mpeO� ��WYfgkæfgkzh�mp�(�(orc]�(o4WYmpfgh��(�(eO�(WYXzqêo4mpfghG�³��x ¿pÐ
¾px ¿p÷�õ� >��h�o�hBilc]Xn�/WY�
h�orh��bx+���(o4fgkzh�o?����kzh�X���WYuY��Ðgf \ �(h�mpXz��eO�(fgmpXzfn�jc]o4eO�D��h�orh�ilc]eO�(mporh��
�
�/fgorh2mpeO�B��h�o�h�h2�
iluY�(�
h��ê�(XzfgWYu [ c]fgkO�
mpfgm��/h2fg�Milc]XzfgmpWYXzh���fgkzh��/mpeOh�Xz�(e [ h2odc]{N�1fgorh�mpeO��mpf

h�mpilk�{gorh����(h�Xni \ xj��knh�o�h��/�(uYfgWYXzqæo4mpXz��ÐgXzc]o4eOmpuYWYõph��ø�/fgorh2mpeO����h�orhjfgkzh�X~mp��h�o4mpq�h��î��c]o4eOÐ

[]\ Ðg��c]oJe�x
�
kzh ��mpuY�(h���{gc]o�fgkzh ��WYuY�
Ðgf \ �(h ��c]o4eO�MmpXz�êfgkzc]�1h {gc]obfgknmpfNeO�(fgmpXnf��1fgoJmpWYXO��h�orh

ilc]eO�(mporh��~{gc]oB�/fgmpfgWY�/fgWYilmpuYu \ �/WYq�XzWY�(ilmpXzfD�
WY{?{gh�o�h�Xzilh�� []\ �(�/WYXnqêfgknh�Xzc]XnÐg�(mpo4mpeOh�fgo4Wvi�}~mpXzXnÐ

t kzWYfgXzh \ oJmpXn��Ðg�/�(ewfgh��/fJx]��Xzh#�/knc]�(uY�êXnc]fgh�fgknmpf(�/WYXzilh#eO�(uYfgWY�(uYh#ilc]eO�(mpo4Wv�1c]Xz�d��h�orh�eOmp��h

fgcj�jWYuY�
Ðgf \ �(h��]m�orh2�/�(uYf�c]{��vð���x �p¿�Wv����mpuYWY�æc]Xzu \ {gc]obfgkzh h��TmpilfNilc]eO�(mpo4WY�/c]X [ h�WYXzq�eOmp�
h�xN��{
fgkzh��
mpfgm���h�orh`fgc [ h�fgorh�mpfgh��;mp��mO�/�(o4��h \ c]{MeO�(fgmpXzfg��fgcSilmpfgmpuYc]q��jknWYilk;��h�orh���WY{ {gh�orh�Xnf

{gorc]eÚ��WvuY�
Ðgf \ �(h���fgknhBXnc]XzÐg�(mpo4mpeOh�fgo4WYib� �(XnXzh�fgf
A �9fgh2�/f]�/kzc]�(uY� [ h��(�/h��jWvXn�/fgh�mp�bx2�
kzhM}~mpXzXnÐ
t kzWYfgXzh \ fgh2�/f��jmp�9�(�1h���{gc]oH�/WYeO�(uYWYilWvf \ � [ �(f�mp�9��Wvfgk�mpX \ �(mpWYo4��WY�/h�fgh��/fg�2WY{�fgkzh�o�hMmporh�h�Xzc]�(q�k

ilc]eO�(mpo4WY�/c]Xz� mjorh��/�(uYf�c]{D�vð���x �p¿`c]ilil�(o4o4WYXzq��/c]eOh���kzh�o�h���c]�(uv� [ h�h��T�(h�ilfgh�� []\ ilknmpXzilh�x
��c�ilmpuYil�(uYmpfghReOh2mpXê��mpuY�(h���mpXz���(mpo4mpeOh�fgo4WviB�
h���WYmpfgWvc]Xn��{gc]o�h�mpilkO�/fgo4mpWYXz��eO�(fgmpXnf��
mpfgmR�jmp�

Xzc]o4eOmpuYWYõph��ø{gc]o#�(�(eO�(WYXzqAoJmpfgh�mpq�mpWYXz�/f��jWYuY�
Ðgf \ �(hjmp���
h��/ilo4W [ h��;m [ c]��h�x��
kzhjeOh�mpX~mpXz�

�/fgmpXn��mpo��øh�o4orc]o {gc]o h�mpilk;��c]o4eá��mp��ilmpuYil�(uYmpfgh��
�Dfgkzh�X�fgkzh�orh��/�(uYfg��{gc]o h�mpilk;��c]o4eá��h�orh

�(�/h��ØfgcAilmpuYil�(uYmpfgh�fgkzhjeOh�mpX~{gc]o fgkzhj�/fgo4mpWYX9x���o4orc]o��jmp��fgmp��h�X~fgc [ hjfgkzhj�/fgmpXz�
mpor�;h�o4orc]o

c]X`fgknh#mp��h�o4mpq�h c]��h2o�fgknh#��c]o4eO�/���(uY�(�dfgknh#h�o4orc]oD�(orc]�(mpq�mpfgh���{gorc]eñh�mpilk���c]o4ew�(�/WYXzq�fgkzh

�/fgmpXn��mpo��`{gc]o4eO�(uYm#{gc]oH�(orc]�(mpq�mpfgWYc]X�c]{zh2oJo�c]o4x
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��c]uY�(fgWYc]Xz��ilc]XzfgmpWYXnWvXnqê¾1�peO}Ã��o4WY�/�
¿p�p�6F�} OQd egf �TmpXz�O¿6F�}ù�D�d��xÅ¾�c]o9����Â�x³¾1�Tmpf>�(÷�Äp�
��h�orh

eOWY�
h2����WYfgkOh����(mpuz��c]uY�(eOh��Mc]{b¾1�peO}á��o4WY�/�]ÓpeO}á�
� �L���Lmpf
�(÷ÚÄp���(�/WYXzqjmR�/fgc]�(�(h2��ÐgÒ(c]�

Ò(�(c]o4WYeOh�fgh�oN�³���(�(uYWYh��O�(kzc]fgc]�(k \ �1Wvil�� JxT��uY�(c]orh��/ilh�XnilhyWYXnfgh�Xz�/WYf \ WYXji \ mpX`mpXz� \ h�uYuYc]�Þ��mp��h�Ð
uYh�Xzq�fgkn�H��h�orhdeOh2mp�/�(orh���WYX��/h��(mpo4mpfghdh2�
�(h�o4WYeOh�Xnfg�H�(�/WYXzq�mpX�h2�
ilWYfgmpfgWYc]X�eOc]Xzc]ilknorc]eOmpfgc]o
mpf

Óp�p¿pXze �³¿pXne [ mpXz�
��Wv�
fgkM LWYX�h�mpilkRilmp�/h�mpXn�jÓpÄpÂpXne �³�p¿pXze [ mpXz�
��WY�
fgkK ]mpXz��¿pÂp¿pXne �³�p¿pXze
[ mpXz�
��WY�
fgkK 
h�eOWY�/�/WYc]X��(uYfgh�o4�d{gc]o�i \ mpXOmpXz� \ h2uvuYc]�y�Lorh��/�(h2ilfgWv��h�u \ x>�
kzh#�/mpeO�(uYWYXzq�o4mpfgh �jmp�
�p��÷�õ�{gc]oöfgknhB�(o4�/f��p�p�#�
mpfgm��(c]WYXnfg�'�g¾1�p�peO�� (mpXz���p�p�p÷�õ#{gc]oömpXjmp�
�
WvfgWYc]XnmpuL�p�p�#�
mpfgm#�(c]WYXzfg�
�g¾1�p�p�peO�& Jx(�d�(o4��h �(fgfgWvXnq�fgc��
h�fgh�o4eOWYXzh�o�h�uYmp�
mpfgWYc]XOfgWYeOh��d��mp�d�(h�o4{gc]o4eOh��Oc]X�fgkzh#�/c]{gfg��mporh
�(mpil��mpq�hB�
WYq�eOmp�(uYc]f ��1gmpXz�
h�uL�
ilWvh2XzfgWY�(i8 Jx
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t hêmporh�q�o4mpfgh�{g�(uMfgcØ}~mpoJ�ø�
uYuYWY�/eOmpX {gc]o�fgknh��(�/hêc]{#knWv����Wv�
h�c]Ðgo4mpfghêfg��c]Ðg�(kzc]fgc]XøeOWYilorc]Ð

�/ilc]�(h�{gc]oyXzh��(orc]XnmpuHWYeOmpq�WYXzq��HmpXn�;fgcê"#mpo \ ��mpXæ{gc]o�mp�/�1Wv�1fgmpXzilh�WYXæ�(�/WYXzqAfgknh��/ilc]�(h3BNmpXz�
fgc*1gc]�/h2�(kj���
mpeO��{gc]o9fgknhy�(�1h�c]{>knWv���/fgc]�(ÐgÒ(c]� Ò(�(c]o4WYeOh�fgh�o9fgc�mpXnmpu \ õph�fgkzh�WYXnÐg��WYfgorc���WYXzh2fgÐ
WYil�öc]{]ilmpeOh�uYh�c]Xöx t hdmpuY�/c fgknmpXz� �
h�c]X�����h�o \ mpXz��fgknhd�dmph�Xnc]orkzm [ �
WYfgWY�ö"#h�Xnh�fgWYil�H�dh�Xnfgh�o
{gc]o

�/fgo4mpWYXz�/� mpXn����WYeò�n��mpXn��eOh�e [ h�o4��c]{Lc]�(o>uYm [ �H{gc]o>�
WY�/il�(�/�1Wvc]Xn�|xE�
knWv�N��c]oJ�y��mp�N�/�(�(�(c]o4fgh��

[]\ q�o4mpXnfg�ö{gorc]eÚfgkzhd��mpfgWYc]Xzmpu
��ilWYh�XzilhM��c]�(Xn��mpfgWYc]Xw�³�!�
��ÐgÑ�Û1�pÂp�p¿p�� g�Tfgkzhd��mpfgWYc]Xzmpu
�!Xn�/fgWYfg�(fgh��
c]{d÷�h�mpuYfgk �³� ��¾l¾1¿p¿pÁ� g�bfgkzh�1gc]�1h��(k~mpXz�»�
�/fgkzh�o��BuYWYXzq�h�Xn�/fgh�WYX~��c]�(Xz�
mpfgWYc]Xz�öfgknh`��uY{gorh��ø�]x
��uYc]mpX���c]�(Xn�
mpfgWvc]Xn�>mpXz�~fgknh���o4Xzc]uY�~mpXz�~}~m [ h�uN�
h�il��eOmpX���c]�(Xn�
mpfgWvc]X¶�³fgc t x 	yx �>x  g�>�(orh2Ð
�
c]ilfgc]o4mpuHfgo4mpWYXzWYXzq�q�o4mpXnfg��{go�c]eÿfgknhj}~mpo4��h \ ��c]�(Xn�
mpfgWvc]XAmpXz�;fgknh���mpfgWvc]Xnmpuö��Xz�/fgWYfg�(fgh��yc]{

÷�h�mpuYfgkW�³fgc�	yx �Rx  g��mpXz�êq�o4mpXnfg�d{gorc]e�fgkzh#��mpfgWYc]Xzmpun�!Xn�/fgWYfg�(fgh���c]{�÷�h�mpuYfgkW�³���
��Ûp¾pÛpÛ� HmpXz�êfgkzh
÷�c]��mpor�`÷��(q�kzh��9}~h��
WYilmpuL��Xz�1fgWvfg�(fghx�³fgc�	yx �Nx �(x  Jx

�
kzh�fgh��
fNc]{öfgkzWY�yilkzmp�(fgh�o<�z�(�Afgc�fgknWv�B�(c]WYXzfg�nWv��m�orh��(o4WYXzföc]{Hfgkzh�eOmpfgh�o4Wvmpu�mp��WYfömp�(�(h2mpoJ�

WYXS��h��(orc]XêWYXæfgkzh�mpo4fgWYiluYh©�1���(fgWYilmpuöWYeOmpq�WYXzqêc]{DilmpuvilWY�(eÿfgoJmpXn�/WYh�Xzfg�yWYXSXzh��(o�c]Xz��mpXn�Ø�(knmpÐ

o \ Xzq�h�mpuLeO�(�/iluYhyc]{>��xlh�uYh�q�mpXz�|x)� ��h��(o�c]XC���1�
¿pÄpÂpÐg¿pÑpÓ []\ �Bh2oJo?�
	yx �|�
h���Ðg	DmpeO���Dx �|��mpWYor�
�
"�x �
�DWYXzilh�Xnfg���Lx �����1Wvh2Xz��	yx �Nx �]�
ilkzmp{gh�o<� t x 	yx¾�³�p�p�p�� Jx��
kzh�eOmpfgh�o4WYmpu(kzmp� [ h�h2XOorh�{gc]o4eOmpfgfgh��Afgc��(�
orh�{gh2orh�Xzilh2��mpXn��fgc��(f�fgkzWY��{gc]o4eOmpfg�TmpXn�Ofgkzh�c]o4WYq�WYXnmpu]��WYq��(orh�Â#mpXn��fgkzh�fgh��Tfn�
h��1iloJW [ WYXzq�h�uYh�ilÐ

fgo4WYilmpuL�/fgWYeO�(uYmpfgWvc]X�c]{�Xzh��(o�c]Xz�9kzmp� [ h�h2X�eOc]��h2��fgc��dkzmp�(fgh2oHÂ���knh�orhMWYfn�(fg�DeOc]orh�Xnmpfg�(oJmpuYu \

��WYfgk��/� [ �/h2���(h2XzfT�jc]o4�Nx+�
kzhb�
Wv�1�/h�o4fgmpfgWYc]X�mp�(fgknc]o
�jmp�Hfgkzh��(o4WYeOmpo \ orh��/h�mpo�ilkzh�o(mpXn�jmp�(fgknc]o

mpXz�`fgkzh�ilc]Ðgmp�(fgkzc]o4�9uYWY�/fgh��`m [ c]��hyilc]Xzfgo4W [ �(fgh���mp�
��WYilh�mpXn�`fgh�ilknXzWYilmpu]h��T�(h�o4fgWv�1hMmpXz��WYX��(mpo4f

�
WYorh�ilfgh���mpXz�`�1�(�(h�o4��WY�/h2��fgknhBo�h��/h�mporilk���knWvilk�{gc]o4eO��fgkzh [ mp�/WY�b{gc]oN�dkzmp�(fgh2oH��x

�dkzmp�(fgh2oy���jmp� o�h��(o4WvXnfgh���{gorc]eÿ��h��(o�c]Xz�(�
c]u=x��pÁp�H��h�o4o<��	yx �
�
h���Ðg	DmpeO�N�Dx �
��mpWYor�
�N"�x �

�DWYXzilh�Xnfg�p�]x �p�
�/WYh�Xz�p	yx �Hx ����ilknmp{gh�o<� t x 	yx �����(fgWYilmpu]WYeOmpq�WYXnq�c]{nilmpuYilWY�(ewfgo4mpXz�/WYh�Xnfg��WYX�Xzh2�(orc]Xz�

mpXz�æ�(knmpo \ Xnq�h�mpu(eO�(�/iluYh�c]{ö� x|h�uYh�q�mpXn�/�z�(mpq�h��B¿pÄpÂpÐg¿pÑpÓp�N��c]� \ o4WYq�kzfQ�³�p�p�p�� g����WYfgkê�(h�o4eOWv�1Ð
�/WYc]X�{gorc]eÔ��uY�/h2��WYh�oN��ilWYh�Xnilh�x



ÂpÂ

YIZ:h aiNgN(}8n8mM`Ij8n8kNi kkjml ](|KmM}8{ÉhD^_`OfNn8igfeno;ò{Ij8{ImKj8n8igfqpG](}�rN`I}�l ]U|KmM}8{

a�mKj8n�rNn8job

~��S[.� � <:���:�L�qú$�v�2�o�8�/�

�
q�q�ÐguYm \ WYXzqjWYX;ÆDÇ2È*ÉÊÈ?Ë�ÌlÍ�Îdknh�o4eOmp�(kzorc]�
WYfgh��dWY��m�orh2q��(uYmpfgh��êWYXzfgh�o4eOWYfgfgh�Xnf��(o�c]ilh��/�Mfgkzmpf
WY�BWvXnÐ

kzW [ WYfgh�� []\ kzWYq�k��1mpuvf
c]ozmpX�m [ �/h�Xnilhbc]{
{gc]c]��mpXz��Wv���/fgWYeO�(uYmpfgh�� []\ fgkzhD�(orh��/h2XzilhDc]{��/h2orc]fgc]XzWYX

!³�dknmpuv�(hympXz� t knWYfgh�¾1ÑpÄpÄM#gxp��Xn�
h�oNXnc]o4eOmpu]ilc]Xz�
WYfgWvc]Xn�D�jWYfgk�{gc]c]���(orh��/h�Xnfg��fgkzh���c]o4eÔWY��h�WYÐ
fgkzh2ozWYX�mpX�WYXnmpilfgWv��hb�/fgmpfgh��l�
�(o4WvXnq���kzWYilk�h�q�q��(mporh�Xzc]fTuvmpWY�
�Ec]ozmpX�mpilfgWY��hb�/fgmpfgh��l�
�(o4WYXzq���knWvilk

h�q�q��
ilmpX [ hbuvmpWY�©! t mpq�q�c]Xzh2oNh�f�mpu=x�¾1ÑpÑpÄ$#gx2��X�fgkzh�mpilfgWY��h��/fgmpfgh�� h�q�q�Ðguvm \ WYXzq�eOc]��h2uv��mp��mM�(c]Wv�1Ð
�/c]Xj�(orc]ilh��/����WYfgk�m�fgWYeOh�ilc]Xn�/fgmpXzf>c]{zmp�(�(orc]�
WYeOmpfgh�u \ �p���/h�ilc]Xn����BTfgknh�fgo4mpXz�1WvfgWYc]Xj{gorc]ewfgkzh

WYXzmpilfgWY��h �/fgmpfghBfgc�fgkzhympilfgWv��h �/fgmpfghBmpuY�/c�eOc]�
h�uY��mp�dm �(c]WY�/�1c]Xj�(o�c]ilh��/����WYfgkjm�fgWYeOhyilc]Xz�/fgmpXnf

c]{
mp�(�(orc]�TWveOmpfgh2u \ �p��eOWvXn�(fgh��·!�-Dkzc]�jh�f�mpu=xn¾1ÑpÑpÄK#gx>��knh fgo4mpXz�/WYfgWYc]X`{gorc]e�fgkzh�WvXnmpilfgWY��h��/fgmpfgh

fgc�fgkzh�mpilfgWY��hy�/fgmpfghMWY�Dorh�q��(uYmpfgh�� []\ �/h2orc]fgc]XzWYXKB2mp�(�(uvWYilmpfgWYc]X�c]{nh2�
c]q�h�Xnc]�(�H�/h�o�c]fgc]XzWYX�ilmp�(�/h��
fgkzhBmpXzWYeOmpuY�dfgc�o�h�eOmpWYX�ilc]Xn�/fgmpXzfgu \ WYX`fgknhympilfgWY��h��1fgmpfgh��|�jknWYuvhy�/h�orc]fgc]XnWYXzÐg�
h��(ilWYh�Xzf�eO�(fgmpXzfg�

ilmp�(�/hMmB�/WYq�XzWY�(ilmpXzf��
h�ilorh�mp�/h�WvX�fgknhdo4mpfghMc]{nfgo4mpXn�/WYfgWvc]X�{gorc]eÔfgknhdWYXzmpilfgWY��hy�1fgmpfghdfgc�fgkzhMmpilfgWY��h

�/fgmpfgh�! t mpq�q�c]Xzh2oNh�f�mpu=xn¾1ÑpÑpÄK#gx��
mp�/h2odm [ uYmpfgWvc]Xn��c]{öfgknh�Xzh��(orc]Xn��WvXêfgkzh�h�q�q�ÐguYm \ WYXnq`ilWYoril�(WYfg�
�/�(q�q�h��/f�fgkzmpf(�/h2orc]fgc]XzWYXjmpilfg�d�
Wvo�h�ilfgu \ c]X�fgkzhy���(uY��mpuzeO�(�1iluvh2�/��mpXn��fgknh�orh�{gc]orhBfgkzmpf(fgknh#�/fgmpfgh

c]{zfgknhM���(uv��mpu�eO�(�/iluYh��D�
h�fgh�o4eOWYXzh��9fgknh�h�q�q�ÐguYm \ WYXzq [ h�kzmp��WYc]o4mpu]�/fgmpfgh�x

� [ �/h�o4��mpfgWvc]X���Wvfgkj� ���îc]�(fgWYil���/knc]���bfgknmpf(mpX`h�q�q�ÐguYm \ WYXnq�h���h�Xzfz��c]h2�bXnc]f>c]ilil�(o9h���h�o \

fgWYeOh�fgkzh����(uv��mpu]eO�(�/iluYh��Dilc]XnfgoJmpilfJx�÷�c]��h���h�o<���
WYorh�ilf�c [ �/h�o4��mpfgWYc]X�c]{zfgknhM�/WYXzq�uYh�Ðgilh�uYuL���(uY��mpu

eO�(�/iluYh���WY�R�
WY{?�(il�(uYfdh���h�Xæ��WYfgk~� ��� c]�(fgWYil�|x����(oJfgknh�o<��fgkzh�eO�(�/iluYh���ilmpXØilc]Xnfgo4mpilf�orh��(h2mpfgÐ

h��
u \ fgc]c�o4mp�(WY�
u \ fgc [ h��/ilc]orh�� []\ knmpXz�
��Xnh�ilh��/�/WYfgmpfgWYXzq�mpX`mp�(fgc]eOmpfgh��Omp�(�(orc]mpilköx��(knmpo \ XnÐ

q�h�mpu9eO�(�/iluYhjmpilfgWv��WYf \ WY�Rh�mp�1Wvu \ eOh�mp�1�(orh��î�(�/WYXnqAilmpeOh�uYh�c]X�fgcA�
h�fgh�ilf�ilmpuYilWY�(e fgo4mpXn�/WYh�Xzfg�

!³��h�o4oHh�f�mpu=x|�p�p�p�K#³�>�/c���h��
h�ilWY�
h��Afgc��(�1hRm��/WYeOWYuYmpo�mp�(�(orc]mpilkAfgc�eOh2mp�/�(orh����(uY��mpu�eO�(�/iluYh
mpilfgWY��Wvf \ x
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��Wvq��(orh���x Á�s|�
�(c]XzfgmpXzh2c]�(�ömpXz���/h�orc]fgc]XnWvXnÐgWYXz�
�(ilh��jmpilfgWv��WYf \ c]{�fgkzh����(uv��mpu�eO�(�/iluYh��|x
(A) Vulval muscles in wild-type worms show intermittent clusters of activity in worms glued to
2% agarose pads made of Dent’s saline.
(B) Application of serotonin causes rapid semi-regular activity in the vulval muscles.
(C) Worms carrying a mutation in the G-protein goa-1 show an increased rate of clusters,
consistent with the behavioral phenotype of hyperactivity and constitutive egg-laying.
(D) Comparison of the effects of serotonin on wild-type and goa-1 worms. Log-tail distribu-
tions of the intervals between calcium transient events are plotted for wild-type (thick lines) and
goa-1 (thin lines) both off (solid lines) and on (dashed lines) 0.5mg/mL serotonin. Wild-type
worms show very few long intervals between transients when placed on serotonin (<1% inter-
vals longer than 5s, as compared to ~5% intervals longer than 10s off drug). goa-1 worms
show a slight shift towards shorter interval times compared to wild-type off drug, but are largely
resistant to the effects of serotonin. The primary effect of serotonin on goa-1 worms appears
to be to reduce the fraction of very short intervals.
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��X�c]o���h2odfgc��
h�fgh�ilf�ilmpuYilWv�(eÙfgo4mpXz�/WYh�Xnfg��WvX�fgkzhR���(uY��mpu�eO�(�/iluYh��/�z��hR�(�/h��Am�uYWYXzh�c]{ö��c]oJeO�

h��T�(orh��/�1WvXnq \ h�uYuYc]�­ilmpeOh�uYh�c]X���x ���(Xz�
h�obilc]Xzfgorc]u>c]{Hfgkzh·�·¤�68�����(orc]eOc]fgh�o<��m�q�h�Xnh�orc]�(�Mq�WY{gf
{gorc]eô��WYeô�z��c]{Hfgknh ��mpo�q�eOmpXnX�uvm [ x �·¤�68�����
o4WY��h���h��
�(o�h��/�/WYc]X�WYXOfgkzh [ c]� \ �jmpuYu(eO�(�/iluYh��
mp����h�uYu]mp�bfgkzhB���(uY��mpu�eO�(�/iluYh��%!³������h�eOm�h�f�mpu=xn¾1ÑpÑpÂM#³� [ �(f>fgkzhBWYXzfgh�o4{gh�orh2XzilhB{gorc]e­fgkzh [ c]� \
��mpuYu�WY��eOWYXzc]o ��kzh�X~WYeOmpq�WYXzqæfgkzhj���(uY��mpu�eO�(�/iluYh��|x���uvfgknc]�(q�kæfgkzhjilc]Xz�
WYfgWvc]Xn�Ro�h����(Wvo�h��

{gc]o�eOWYilorc]�/ilc]� \ mporh�WYXzknW [ WYfgc]o \ fgcOh�q�q�ÐguYm \ WYXzq��(��h�c [ �/h�o4��h��æWYXzfgh2oJeOWYfgfgh�XnfömpilfgWY��Wvf \ WYXSfgkzh

���(uY��mpupeO�(�1iluvh2��WYX���WYuv�
Ðgf \ �(h9mpXzWYeOmpuY�Hh2��h2X WvX�fgknh9m [ �/h�XzilhDc]{T�/h�orc]fgc]XnWYX��³��Wvq��(orhD��x Ápm� Jxp�
knWv�
mpilfgWY��Wvf \ f \ �(WYilmpuvu \ fgc]c]�#fgknh�{gc]o4eÞc]{]uYmporq�hdilmpuYilWv�(eÚfgo4mpXz�/WYh�Xnfg�H��WYfgkR�1eOmpuvuT�/�(WY��h���c]{]ilmpuvilWY�(e

�/�(�(h�o4WYeO�(c]�/h��Oc]XOfgc]��x(���
��WYfgWYc]X�c]{���x ¿peOq u�eO�c�g¾px ÂpeO}W ö�/h�orc]fgc]XnWYX`ilmp�(�/h���fgkzh eO�(�/iluYh��
fgcSh��TkzW [ WYfMXzh2mpoJu \ ilc]XnfgWvXn�(mpuDmpilfgWv��WYf \ ilc]Xz�/WY�/fgWYXzqAc]{M�/eOmpuYubilmpuYilWY�(eÀ�/�(WY��h2�w�³��WYq��(orh`��x Á [  g�
ilc]Xz�1Wv�1fgh�Xzf(��WYfgkOWYfg�M�(orc]�(c]�/h���orc]uYh WYX��/��WvfgilknWYXzqjfgkzh ���(uY��mpu(eO�(�1iluvh2�MWvXnfgc�mpXOmpilfgWY��h��/fgmpfgh�x

��X�ilc]Xzfgo4mp�/f�fgc�c [ �/h�o4��mpfgWYc]X���Wvfgk�� ���d�|fgknh��/hdÒ(�(c]orh2�/ilh�Xzf��/WYq�XzmpuY�D��h�orhMorh2uvmpfgWY��h�u \ iluYh�mpoNmpXz�

���(mpXzfgWY�(m [ uYh��öh���h�X~�(�(c]Xæmp�
�
WYfgWvc]X~c]{b�/h�orc]fgc]XnWvXA�jknh�orh�fgkzhjeO�(�/iluYh�����WY�/�(mpuYu \ mp�(�(h�mpoympf

[ h��/fTfgc�fg��WYfgilk���h2o \ �/uYWvq�knfgu \ � kzWYq�kzuYWYq�kzfgWYXzq�fgkzh��(fgWvuYWYf \ c]{�ilmpeOh2uvh2c]XRmp�NmpX�WYXn��WYilmpfgc]o(c]{L�1WvXnq�uvh

ilh�uYuLmpilfgWY��WYf \ x

÷�c]�ÔeOWYq�kzf��/h�orc]fgc]XnWYX`mpilf�fgcjWYXnilorh�mp�/h�fgkzh mpilfgWY��WYf \ c]{
fgkzh ���(uY��mpu(eO�(�/iluYh������
kzh�Ë�6lÌ8�
	
q�h�Xzh2�p�jknWYilk�h�Xnilc]�
h��DmpXAÕ��/� [ �(XzWYfnc]{zfgkzh�ÆDÇ/È*ÉÊÈ?Ë�ÌlÍ�Îk�,�r�|WY��h2�
�(orh2�/�/h���WYX�fgknhy���(uY��mpu�eO�(�/Ð
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(A) Expression pattern of YC2.1 under the unc-119 promoter. Fluorescence is most noticeable
in the nerve ring clustered around the pharynx in the head, though expression patterns and
intensity varies from worm to worm. The image shows merged fluorescence and transmitted
light. The worm’s head is to the lower right. Scale bar is 20 § m.
(B) Cameleon retains activity in C. elegans neurons. The head of a ljEx3 worm was removed,
exposed to the detergent digitonin, and switched between calcium-free (4mM EGTA) solution
and 10mM calcium solution to determine the maximal response of cameleon in neurons. Al-
though intracellular access to all neurons in the field of view may not be uniform, neuronal
cameleon is clearly responsive to calcium changes. Arrowheads indicate solution changes.
(C) Response of neurons to electrical stimulation. Both the entire nerve ring (top trace) and indi-
vidual neurons within the nerve ring (second trace) show transient increases in fluorescent ratio
coupled to electrical stimulation (bottom trace; each stimulus consists of a train of 100 0.1ms
current pulses at 200Hz). The individual wavelengths (middle two traces) show roughly oppo-
site changes in intensity over the entire nerve ring, as expected for a change in FRET, though
both traces have significantly increased noise, especially during periods of motion caused by
muscle contraction (second to bottom trace). Intensities were corrected for photobleaching
by removing the exponential trend before and after stimulation; without correction, the YFP
channel decreased by approximately 10% during the recording.
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��WYq��(orh�Â�x ��sp}~h�ilkzmpXnWvilmpu]�
fgWYeO�(uvW]��Xn���(ilh��dmpuYilWY�(ew��o4mpXn�/WYh�Xzfg�9WYX���c]�(ilk���h��(orc]Xn�
(A) An adult hermaphrodite glued on a 2% agarose pad with the glass tip of a stimulator ready
to give a mechanical stimulus. The probe is driven forward at a 45 degree angle from vertical
10 microns into the worm. Scale bar is 50 microns.
(B) Expression pattern of the integrated mec-4::YC2.12 line bzIs17 . The three functional
classes of touch receptor neurons are marked. Small white triangles indicate typical targets
for stimulus, as labeled. Scale bar is 50 microns.
(C) Three mechanical stimuli (4th trace), each a 150ms long poke of the probe causing a 10
micron deflection of the worm’s body wall, elicited robust ratio increases (center trace) from
cameleon in the ALM touch neuron. Black arrowheads indicate reciprocal change in the inten-
sities (top two traces), as expected from a FRET-based ratiometric indicator. The large intensity
artifacts are due to lamp instability. The motion of the cell (bottom trace; distance from mean
position) was minimal during the stimulus and has a different profile than the ratio changes,
indicating that motion artifacts are not contributing significantly to the ratio signal.
(D) Fluorescent ratios from the three functional classes of touch receptor neurons were
recorded and indicate a robust calcium response (upper lines). The stimulus (lower lines)
consisted of a 10 micron deflection of the worm’s body followed by repeated 1 micron motions
back and forth for a total duration of one second. Differences in amplitude between types are
within observed variation in ALM.
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(A) mec-4 is required for sensitivity to poke and buzz stimuli. Wild-type (black line) and mutants
in the putative mechanoreceptor subunit mec-4(u253) (gray line) carrying the bzIs18 cameleon
array were individually stimulated with both 150ms poke (10 micron deflection) and 1s buzz (10
microns+1 micron agitation) stimuli (thin line).
(B) mec-4 is not required for calcium response to potassium-induced depolarization.
Cameleon-expressing neurons grown in culture from both mec-4(e1494) and wild-type worms
were placed in a perfusion chamber and the bath solution was switched between normal and
high-potassium buffer that is expected to cause approximately 100mV depolarization. Ratio
changes induced in single trials (open diamonds) and the mean response (closed circles) are
shown; the two populations are not significantly different.
(C) Sufficiently harsh agitation intermittently excites touch neurons in a mec-4 background.
mec-4(u253) worms were stimulated with an extremely abrupt 10 micron deflection using a
Burleigh inchworm drive. A subset of animals had responses similar to the one shown here;
the remainder were inactive.
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(A) Poking elicits a calcium response with a ~400ms minimum average duration. Worms were
poked with a variety of velocities and a constant 15 micron deflection. The duration of the ratio
change response (black circles, mean � S.E.M.) exceeded the duration of the stimulus (dashed
line) for shorter stimuli. �i����� for each point.
(B) The speed of a poke does not substantially affect the rate of calcium entry. Filled circles
show the slope of events (mean � S.E.M.) induced in (A); none of the classes are significantly
different. We would expect a stimulus that caused greater calcium entry to show a larger rise
in ratio with a higher slope.
(C) Touch neurons sense motion rather than deflection. The ratio response (thick line) to a
stimulus (thin line) consisting of alternating 5s deflections of 10 microns and 1.25s deflections
of 10 microns with 1 micron agitation at the forward position is shown; note that there is both an
on response and off response to the static 5s deflection and a continual rise during the 1.25s
agitation.
(D) Receptive field of ALM. Worms were stimulated with either a 150ms poke (dappled bars)
or a 1s buzz (gray bars) at five positions along the body (see Figure 3.2b): H (head), N (neck),
AM (anterior midbody), PM (posterior midbody), T (tail) and the fraction of worms responding
was recorded. ���:�;� for each location.
(E) Sensitivity over receptive field. Black circles indicate the amplitude of ratio changes induced
by stimulation in (D) at each position (mean � S.E.M). �m��� for each location save the tail, which
is a single trial. None of the differences in amplitude are significant.
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Habituation Protocol
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(A) A single worm was stimulated six times with a 1.5s buzz at the intervals indicated and the
response from ALM was recorded; after a rapid reduction in the response with a 60 second
interstimulus interval, the response recovered after 15 and 30 minute rest periods.
(B) Calcium transients induced by poke and buzz stimuli were imaged both before and after
a habituation protocol, and the magnitude of the responses was compared. The habituation
protocol consisted of a five-minute wait (control), a 150ms 10 Õ m poke once every 10 seconds
for 5 minutes (30 pokes total), or a 1s buzz once every 10 seconds for 5 minutes (30 buzzes
total). Only the buzz protocol induced desensitization of the response; responses to both
pokes and buzzes were affected. The habituation stimuli and test stimuli were given at the
same location at the neck of the worm. Asterisks indicate significant differences from control
(p<0.05). n=7 for each condition; error bars are S.E.M..
(C) As in (B), but test stimuli were given at the anterior midbody, away from the direct site of
mechanical stimulation. Again, the buzz protocol induced desensitization to poke and buzz test
stimuli, suggesting that the mechanism of desensitization acts at the whole-cell level. Asterisks
indicate significant differences from control (p<0.05). The decrease in the buzz test stimulus
did not reach the level of significance (p Ö 0.10), but is more consistent with the decrease seen
in (B) than with being unchanged. n=7 for each condition.
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1M glycerol
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0.1% SDS
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10mM quinine

0 3 6 9 12 15

−15
−10

−5
0
5

10
15
20
25
30
35

R
at

io
 C

ha
ng

e 
(p

er
ce

nt
) E

10mM copper

0 3 6 9 12 15
Time (seconds)

−15
−10

−5
0
5

10
15
20
25
30
35

R
at

io
 C

ha
ng

e 
(p

er
ce

nt
) F

buffer

Time (seconds)Time (seconds)

ëYì�í�ÄÆÅ�ÇkÈ�É î�Ê�ï2áÆáÆæ�ìÃÍ�å�Ý�ìÃÌ°Ï Ì°Ù�ÏcÌ°ä¥ìÃÌ°ÄÆÑÿÑÛÝ�ì�ðAÄÆæ{ì�Ý:Ì(ï ñ�ò É
(A)-(F) ASH gives calcium transients in response to soluble repellents. In each case, a single
worm was placed in a perfusion chamber with a constant flow of neutral buffer. In (A), a piece
of glass was pressed against the worm’s nose. In (B)-(E), the worm was exposed to a repellent
for 3s (starting at arrow). In (F), a control solution containing no repellent was used in place of
the repellent.
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é�øcï@}Ç²EAMîÐòÜñ�ò�íÆö:ì°î1ë1�&<HG5é"#$Ý��4ëÛúcì°ðÆêÃïoíÆîÐì°þÁôÃï
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Variable DescriptionR
fractional excitation crosstalkSUTWVYX
bleaching profile of baseline ratioZ � quantum efficiency of acceptor emission (crosstalk) into donor channelZ � quantum efficiency of donor emission (crosstalk) into acceptor channel[ � ,

[ � quantum efficiency of acceptor/donor detection in desired channel\
excitation (illumination) intensity\ � ,

\ � measured acceptor/donor intensity] � dissociation constant for cameleon binding calcium^
number of molecules illuminated^`_

,
^ G

number of molecules in ground state/first excited statea � , a � quantum efficiency of acceptor/donorb
emission ratioc b
change in emission ratiod
FRET efficiencyc d
change in FRET efficiencye
emission intensity per unit moleculee � , e � emission intensity per acceptor/donorf ��g ,

f � g rate
f g for acceptor/donor, hji-k�lnm,o8mqprmqstm VYuf4v

rate of photobleaching from excited statef4w
rate of excitation of ground statef4x
rate of nonfluorescent decay from excited statef4y
rate of fluorescent decay from excited statef4z
rate of energy transfer from excited donor to ground state acceptorp�{ mean noise in ratiop}|C~ fractional noise from illumination and motion artifactsp yq� readout noise and dark currentp}� photon shot noise� fraction of unbleached acceptor�
fraction of unbleached donor�
total quantum efficiency ratio�'� , � � absorbance cross section of acceptor/donor

Decoration Description\4�� ,
\4��

,
b��

measurements perturbed by photobleaching\ �� ,
\ �� intensity measurements corrupted by crosstalk\��� ,
b��

measurements altered by direct excitation of acceptor�\ � ,
�\ �

,
�b

,
��

measurements perturbed by noiseb��
measured ratio with altered dynamic range�����r�����9�����	���E���������7 r¡£¢4 r���� r¤¥���7�E¦8�	§©¨#����ªQ���r���	¦«ª�¤¥¬q�­ r§��E¢4�	§©ª�¤©¦®�	¢4¬qª� r¤¥¦`�9� ¯���¤¥§°�9� ±9�
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