
Accepted manuscripts are peer-reviewed but have not been through the copyediting, formatting, or proofreading
process.

Copyright © 2017 the authors

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from this version.

Research Articles: Systems/Circuits

Motor neurons tune premotor activity in a vertebrate central pattern generator

Kristy J. Lawton1, Wick M. Perry1, Ayako Yamaguchi2 and Erik Zornik1

1Biology Department, Reed College, Portland, OR 97202
2Biology Department, University of Utah, Salt Lake City, UT 84112

DOI: 10.1523/JNEUROSCI.2755-16.2017

Received: 31 August 2016

Revised: 5 February 2017

Accepted: 13 February 2017

Published: 20 February 2017

Author contributions: K.J.L., W.M.P., A.Y., and E.Z. designed research; K.J.L., W.M.P., and E.Z. performed
research; K.J.L. and W.M.P. analyzed data; K.J.L. and E.Z. wrote the paper.

We thank Charlotte Barkan and two anonymous reviewers for helpful feedback on the manuscript. This work
was funded by the National Institutes of Health (NS091977) and start-up funds from Reed College. The authors
declare no competing financial interests.

Corresponding author: Erik Zornik 3203 SE Woodstock Blvd Portland, OR 97202 Email: ezornik@reed.edu

Cite as: J. Neurosci ; 10.1523/JNEUROSCI.2755-16.2017

Alerts: Sign up at www.jneurosci.org/cgi/alerts to receive customized email alerts when the fully formatted
version of this article is published.





Xenopus laevis

X. laevis

in vitro



Xenopus



Xenopus laevis

in vitro

X. laevis

Animals



Xenopus laevis

In vitro brain preparation 

Electrophysiology



Pharmacological manipulations  



Histology



Data analysis 



Statistics

in vitro

in vivo 





U P





H P

U P

H P

U P



U P

U

P

P



X.

laevis

Motor nucleus feedback tunes and synchronizes premotor spiking 

Vocal rhythms and premotor synchrony require motor neuron input 



Proposed model for feedback-dependent premotor rhythm generation 

X. laevis



Role of motor neurons in vertebrate motor circuits 



Xenopus











Xenopus borealis



X. laevis

X. laevis





P

P

P

P

P

P





Motor

MN

FTN

IN

?

To larynx

Premotor nucleus 
DTAM

Vocal motor nucleus n.IX-X

Vocal nerve 
N.IX-X



E F G

A B

D

LFP 

Whole
cell 

Nerve

N.IX-X
n.IX-X

DTAM

Intact

LF
P 

po
w

er
 (n

or
m

al
iz

ed
)

Frequency (Hz)

0.0

0.4

0.2

1.0

0.8

0.6

10 3020 70605040 80

Transected
Intact

0 20 100806040 160140120 200180

M
ea

n 
pe

rc
en

t

Instananeous firing frequency (Hz)

0

40

30

20

10

50
Intact
Transected 

C Transected

LFP 

Whole
cell 

500 V

20 mV

200 V

20 mV

200 V

500 ms

10 ms

500 ms

10 ms

Nerve

-65 mV

Whole cell FTN

LFP DTAM

Whole cell FTN

LFP DTAM

-50 mV 10 mV

In
st

an
ta

ne
ou

s 
fir

in
g 

fre
qu

en
cy

 (H
z)

Time from trill onset (ms)
0 200 600400 800

Transected
Intact

0

200

150

100

50

250



0

200

150

100

50

In
st

an
an

eo
us

 fi
rin

g 
fre

qu
en

cy
 (H

z)

0 100 300200 400 500
Time from trill onset (ms)

E F

A B

D

C

0

40

30

20

10

50

Instananeous firing frequency (Hz)

Pe
rc

en
t

0 8040 160120 240200

0

200

150

100

50

In
st

an
an

eo
us

 fi
rin

g 
fre

qu
en

cy
 (H

z)
0 100 300200 400 500

Time from trill onset (ms)

0

200

150

100

50

In
st

an
an

eo
us

 fi
rin

g 
fre

qu
en

cy
 (H

z)

0 100 300200 400 500
Time from trill onset (ms)

0

40

30

20

10

50

Instananeous firing frequency (Hz)

Pe
rc

en
t

0 8040 160120 240200
0

40

30

20

10

50

Instananeous firing frequency (Hz)

Pe
rc

en
t

0 8040 160120 240200

0

200

150

100

50

In
st

an
an

eo
us

 fi
rin

g 
fre

qu
en

cy
 (H

z)

0 100 300200 400 500
Time from trill onset (ms)

0

200

150

100

50

In
st

an
an

eo
us

 fi
rin

g 
fre

qu
en

cy
 (H

z)

0 100 300200 400 500
Time from trill onset (ms)

0

200

150

100

50

In
st

an
an

eo
us

 fi
rin

g 
fre

qu
en

cy
 (H

z)

0 100 300200 400 500

Time from trill onset (ms)

0

40

30

20

10

50

Pe
rc

en
t

Instananeous firing frequency (Hz)
0 8040 160120 240200

0

40

30

20

10

50

Pe
rc

en
t

Instananeous firing frequency (Hz)
0 8040 160120 240200

0

40

30

20

10

50

Pe
rc

en
t

Instananeous firing frequency (Hz)
0 8040 160120 240200



LFP 

Whole
cell 

Nerve

QX-314QX-314

C D

0.0

0.4

0.2

1.0

0.8

0.6

LF
P 

po
w

er
 (n

or
m

al
iz

ed
)

10 3020 70605040 80
Frequency (Hz)

A B

E

0 20 100806040 160140120 200180

M
ea

n 
pe

rc
en

t

Instananeous firing frequency (Hz)

0

40

30

20

10

50 Control

QX-314

0 20 100806040 160140120 200180
0

40

30

20

10

50

Instananeous firing frequency (Hz)

Pe
rc

en
t

Control

QX-314

100 V

10 mV

200 V

500 ms 10 ms 10 mV

Nerve

Whole cell

LFP DTAM

-40 mV



In
je

ct
io

n
Pr

e-
in

je
ct

io
n

Po
st

-in
je

ct
io

n

500 V

200 V

Tubocurarine (5mM)Saline

Nerve

LFP

500 ms

500 V

100 V

Tubocurarine (25mM)

200 V

100 V

A B

1.0

1.5

2.0

0.5

0.0
10 3020 70605040 80

Control
25 mM Tubo
Wash

LF
P 

po
w

er
 (n

or
m

al
iz

ed
)

1.0

1.5

2.0

0.5

0.0

Control
Saline
Wash

10 3020 70605040 80

0.8

1.2

1.6

0.4

0.0

Control
5 mM Tubo
Wash

10 3020 70605040 80
Frequency (Hz)

1.2

1.5

1.8

0.9

0.6

0.3

0.0
10 3020 70605040 80

0.6

0.8

1.0

0.4

0.2

0.0

Frequency (Hz)

10 3020 70605040 80

N
er

ve
 p

ow
er

 (n
or

m
al

iz
ed

)

Frequency (Hz)

0.6

0.8

1.0

0.4

0.2

0.0
10 3020 70605040 80

C D

F G

E

H

I J K L

LF
P 

po
w

er
 a

t p
ea

k 
fre

qu
en

cy

1.2

1.0

0.6

0.0

0.4

0.2

0.8

Saline Tubo
5 mM

Tubo
25 mM

*

N
er

ve
 p

ow
er

 a
t p

ea
k 

fre
qu

en
cy

1.5

1.0

0.5

0.0

2.0

Saline Tubo
5 mM

Tubo
25 mM

*

LF
P 

 p
ea

k 
fre

qu
en

cy
 (H

z)

-5

-10

-15

10

5

0

Saline Tubo
5 mM

*

N
er

ve
 

 p
ea

k 
fre

qu
en

cy
 (H

z)

-5

-10

-15

5

0

Saline Tubo
5 mM

*

LFP 

Nerve

Tubocurarine 
 + dye 



-61 mV

Pre-drug

Tubocurarine

Wash

-40 mV

Stim

PS
P 

am
pl

itu
de

 (m
s)

Control Tubocurarine Wash
0

-6

-9

-3

A B

C

FE

D

PS
P 

la
te

nc
y 

(m
s)

Ipsilateral Contralateral

0

25

20

15

10

5

Ipsilateral Contralateral

-10

0

-2

-4

-6

-8

PS
P 

am
pl

itu
de

 (m
s)

Whole 
cell

(contra)

*

Whole 
cell

(ipsi)

1 mV

50 ms

2 mV

50 ms

Stim

Stim



CA

Motor

nucleus

Motor

MN

FTN

IN

To larynx

Premotor

nucleus

Vocal nerve 

N.IX-X

B

Motor

MN

FTN

IN

E

D

Intact

MN blocked


