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Central cholinergic system innervates song control system of songbirds and regulates

song behavior
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Abstract: Songbird has become an ideal model for studying motor learning due to its unique learned song behavior. It has been
proved that song behavior is directly regulated by song control system in the forebrain of songbirds. There are lines of evidence to
show that cholinergic transmitters and their receptors are distributed in song control system, and vocal control nuclei in song control
system are innervated by cholinergic nerves from the central cholinergic system in basal forebrain, which can affect activities of vocal
control nuclei through cholinergic transmitters, and then affect song behavior. Studies in mammals have confirmed that the central
cholinergic system is involved in the regulation of motor behavior and neural process of motor learning. Elucidation of regulation of
songbirds’ song behavior by central cholinergic system would shed light on the neural mechanism of song motor control and song
learning and memory in songbirds, and provide theoretical insights for researches on other animals’ sensorimotor processes and
human language learning. This review summarized recent progresses, including the research work of our laboratory, in the studies
on the selectivity of cholinergic transmitters to their receptors and their effects on neuronal activities in vocal control nuclei of songbirds

and provided valuable clues for revealing the regulation mechanism of central cholinergic system on songbirds’ song behavior.
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Fig. 1. Simplified schematic of the song control system. The song control system consists of vocal motor pathway (VMP) which reg-

ulates song behavior of songbirds and anterior forebrain pathway (AFP) which is involved in the learning and maintenance process

of birdsongs. HVC: high vocal center; RA: robust nucleus of the arcopallium; DLM: medial portion of the dorsolateral nucleus of the

anterior thalamus; LMAN: lateral magnocellular nucleus of anterior nidopallium.
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Fig. 2. The central cholinergic system innervates the song control nuclei in the forebrain of songbirds. Cholinergic fibers which innervate

the HVC and RA originate from the ventral paleostriatum (VP) in the basal forebrain of songbirds, and VP is regulated by auditory input.
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Commissariat <51 i fix Fy 20 g Py L A= B S B AR B
FORIE, Je T Al AR PR BN L RA I RE
TGRS R AN E R B E AL R IR G I, HahfEr
i AHP /s P i AT 5 i RS A A e e
ARSI R R, Jé T A DMPP X A
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WS NS I8 B 478 il RIS RE 2 ST e AZ R R R4 E FH

3 IMNESRE

PRI A RE T E 28 S0 1 85 Y e AT O 1 TR 4 A
R A Bl AT B e bt B e 0 5 ) M 5 47 ) A
ME 2 SIS HIAR ML, IF AT B A B2 (1 F L
VLTI NI/l S et s R R TR VAU E E 2D U/
JIENRKEFT AR IR EESE, HN
ML FRAN TSI 96 2 A BRI RE 32 o X 1S 8 K A i B
VIR FH 52 A 10 328 3 1 B LR A 22 T8 17 3 5 Wil RO I 5
RIS R EERE, TR s AR B RE R SR 20 &
M IEAT N IR LB SR A I E I Ze R (18 3).



EFHIEE: PAKIERLAE 22 50 508 SR & S NS ] R ST RIS IS AT 545

Vocal { Syrinx <

Motor U Respiration

cholinergic system

________ v o Vocal
4 :Affectingsinging : motor

| Modulating neural |
! excitability and |

\
MAChR - inhibition & e
nAChR - no effects 1\

)/ mACHR +nAChR

3. PR B E 22 4 1R 4 0 B NS MEAT O R e e LB

€ = = = - cholinergic | e, . Auditory
| Modulating auditory }VP b
I

reactivity and neural |

Fig. 3. Possible mechanism of central cholinergic system regulating song behavior of songbirds. Previous studies have revealed that

the central cholinergic system in the basal forebrain of songbirds could regulate the activities of RA projection neurons by modulating

the auditory response and neural network of HVC and the intrinsic membrane properties and synaptic transmission of RA neurons,

and then affect song behavior. In HVC, both mAChR and nAChR can be involved in the inhibitory effect of cholinergic transmitters

on bird’s own song (BOS)-selective auditory responses, but the excitatory changes of different types of HVC neurons, which are

caused by the activation of postsynaptic mAChR, are inconsistent. These results reflect the complexity of cholinergic transmitter regu-

lating HVC neuron network. In RA, cholinergic transmitter regulates the intrinsic membrane properties and activities of RA projection

neurons mainly through activation of mAChR but not nAChR.

B2, ZRLE R A A V2 5 T R 2D
WEFC. lhn, EGAE % 5 B MEVE NS 8 RA B
P2 TR A TR SR A RA et #h &t A
540 i B ) mAChR ELEZ S, 38 &l Rl
mAChR %7 5 RA BN 28 70 1 il 5 fih BBk 2% 0 410
P (Al R e T 2%, BaE R R A AT mAChR i
e N RA 4 2R AE % il A% 336 i 1e) 4% = 3502 IEBR g
3 JFURT RAPA U0 ) 1 r T e 0 e R % G e 3 42 4
BARZNI KT, PEBREE T T RA PN A28 ST 1K) iR 4%
VR B L MG IEAT N 2% R UM ? 3R 28 B R4 s
IR A T AT DR BRI T

S50

1 Lipkind D, Marcus GF, Bemis DK, Sasahara K, Jacoby N,
Takahasi M, Suzuki K, Feher O, Ravbar P, Okanoya K,
Tchernichovski O. Stepwise acquisition of vocal combinatorial
capacity in songbirds and human infants. Nature 2013;
498(7452): 104-108.

2 Ding L, Perkel DJ. Dopamine modulates excitability of

spiny neurons in the avian basal ganglia. J Neurosci 2002;

22(12): 5210-5218.

Alger BE, Nagode DA, Tang AH. Muscarinic cholinergic
receptors modulate inhibitory synaptic rhythms in hippo-
campus and neocortex. Front Synaptic Neurosci 2014; 6: 18.
Gardufio J, Galindo-Charles L, Jiménez-Rodriguez J, Galarraga
E, Tapia D, Mihailescu S, Hernandez-Lopez S. Presynaptic
alphadbeta2 nicotinic acetylcholine receptors increase gluta-
mate release and serotonin neuron excitability in the dorsal
raphe nucleus. J Neurosci 2012; 32(43): 15148-15157.
Zhang LM, Warren RA. Muscarinic and nicotinic presynaptic
modulation of EPSCs in the nucleus accumbens during post-
natal development. J Neurophysiol 2002; 88(6): 3315-3330.
Conner JM, Kulczycki M, Tuszynski MH. Unique contribu-
tions of distinct cholinergic projections to motor cortical
plasticity and learning. Cereb Cortex 2010; 20(11): 2739~
2748.

Cappendijk SL, Pirvan DF, Miller GL, Rodriguez MI, Chalise
P, Halquist MS, James JR. /n vivo nicotine exposure in the
zebra finch: a promising innovative animal model to use in
neurodegenerative disorders related research. Pharmacol
Biochem Behav 2010; 96(2): 152—159.

Meng W (#:¥f), Yao LH, Wang SH, Li DF. The role of



546

10

11

12

13

14

15

16

17

18

19

20

21

HE B EEHR Acta Physiologica Sinica, October 25, 2018, 70(5): 539-547

BDNF in the regulation of birds’ song behavior. Acta Bio-
phys Sin (ZE##FE 243 2014; 30(2): 101-109 (in Chinese
with English abstract).

Brenowitz EA. Testosterone and brain-derived neurotrophic
factor interactions in the avian song control system. Neuro-
science 2013; 239: 115-123.

Irmak SO, de Lecea L. Basal forebrain cholinergic modula-
tion of sleep transitions. Sleep 2014 ; 37(12): 1941-1951.
Mesulam MM, Mufson EJ, Wainer BH, Levey Al. Central
cholinergic pathways in the rat: an overview based on an
alternative nomenclature (Ch1-Ch6). Neuroscience 1983;
10(4): 1185-1201.

Medina L, Reiner A. Distribution of choline acetyltransferase
immunoreactivity in the pigeon brain. J Comp Neurol 1994;
342(4): 497-537.

Ryan SM, Arnold AP. Evidence for cholinergic participation
in the control of bird song; acetylcholinesterase distribution
and muscarinic receptor autoradiography in the zebra finch
brain. J Comp Neurol 1981; 202(2): 211-219.

Sadananda M. Acetylcholinesterase in central vocal control
nuclei of the zebra finch (Taeniopygia guttata). J Biosci
2004; 29(2): 189-200.

Zuschratter W, Scheich H. Distribution of choline acetyl-
transferase and acetylcholinesterase in the vocal motor sys-
tem of zebra finches. Brain Res 1990; 513(2): 193-201.
Carrillo GD, Doupe AJ. Is the songbird Area X striatal, pallidal,
or both? An anatomical study. J Comp Neurol 2004; 473(3):
415-437.

Reiner A, Laverghetta AV, Meade CA, Cuthbertson SL,
Bottjer SW. An immunohistochemical and pathway tracing
study of the striatopallidal organization of area X in the male
zebra finch. J Comp Neurol 2004; 469(2): 239-261.

Fiore M, Patel SN, Alleva E, Aloe L, Clayton NS. Nerve
growth factor effects on the song control system of zebra
finches. Neurosci Lett 1997; 223(3): 161-164.

Li R, Sakaguchi H. Cholinergic innervation of the song con-
trol nuclei by the ventral paleostriatum in the zebra finch: a
double-labeling study with retrograde fluorescent tracers and
choline acetyltransferase immunohistochemistry. Brain Res
1997; 763(2): 239-246.

Ball GF, Nock B, Wingfield JC, McEwen BS, Balthazart J.
Muscarinic cholinergic receptors in the songbird and quail
brain: a quantitative autoradiographic study. J] Comp Neurol
1990; 298(4): 431-442.

Bernard DJ, Casto JM, Ball GF. Sexual dimorphism in the
volume of song control nuclei in European starlings: assess-
ment by a Nissl stain and autoradiography for muscarinic
cholinergic receptors. J Comp Neurol 1993; 334(4): 559—
570.

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Ball GF, Casto JM, Bernard DJ. Sex differences in the vol-
ume of avian song control nuclei: comparative studies and
the issue of brain nucleus delineation. Psychoneuroendocri-
nology 1994; 19(5-7): 485-504.

Watson JT, Adkins-Regan E, Whiting P, Lindstrom JM,
Podleski TR. Autoradiographic localization of nicotinic ace-
tylcholine receptors in the brain of the zebra finch (Poephila
guttata). ] Comp Neurol 1988; 274(2): 255-264.

Lovell PV, Clayton DF, Replogle KL, Mello CV. Birdsong
“transcriptomics”: neurochemical specializations of the
oscine song system. PLoS One 2008; 3(10): e3440.
Salgado-Commissariat D, Rosenfield DB, Helekar SA. Nic-
otine-mediated plasticity in robust nucleus of the archistria-
tum of the adult zebra finch. Brain Res 2004; 1018(1): 97—
105.

Sakaguchi H, Li R, Taniguchi I. Sex differences in the ventral
paleostriatum of the zebra finch: origin of the cholinergic
innervation of the song control nuclei. Neuroreport 2000;
11(12): 2727-2731.

Luine V, Nottebohm F, Harding C, McEwen BS. Androgen
affects cholinergic enzymes in syringeal motor neurons and
muscle. Brain Res 1980; 192(1): 89—-107.

Brainard MS, Doupe AJ. What songbirds teach us about
learning. Nature 2002; 417(6886): 351-358.

Chi Z, Margoliash D. Temporal precision and temporal drift
in brain and behavior of zebra finch song. Neuron 2001;
32(5): 899-910.

Fee MS, Kozhevnikov AA, Hahnloser RH. Neural mecha-
nisms of vocal sequence generation in the songbird. Ann N
Y Acad Sci 2004; 1016: 153-170.

Meng W (#:55), Wang XD, Xiao P, Li DF. The electrophysi-
ological properties of HVC-RA synaptic transmission in the
adult zebra finch in vivo. Acta Physiol Sin (ZE#%23) 2006;
58(3): 232-236 (in Chinese with English abstract).
Sakaguchi H, Saito N. The acetylcholine and catecholamine
contents in song control nuclei of zebra finch during song
ontogeny. Brain Res Dev Brain Res 1989; 47(2): 313-317.
Miller-Sims VC, Bottjer SW. Development of auditory-vocal
perceptual skills in songbirds. PLoS One 2012; 7(12):
€52365.

Mandelblat-Cerf Y, Las L, Denisenko N, Fee MS. A role for
descending auditory cortical projections in songbird vocal
learning. Elife 2014; 3. doi: 10.7554/eLife.02152.

Nick TA. Models of vocal learning in the songbird: Historical
frameworks and the stabilizing critic. Dev Neurobiol 2015;
75(10): 1091-1113.

Cardin JA, Schmidt MF. Song system auditory responses are
stable and highly tuned during sedation, rapidly modulated

and unselective during wakefulness, and suppressed by



FEFICAE: PR IHGREE 5GBS SCRCNS & NS IESE ] R G RS IR AT A

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

arousal. J Neurophysiol 2003; 90(5): 2884-2899.

Schmidt MF, Konishi M. Gating of auditory responses in the
vocal control system of awake songbirds. Nat Neurosci
1998; 1(6): 513-518.

Akutagawa E, Konishi M. Connections of thalamic modula-
tory centers to the vocal control system of the zebra finch.
Proc Natl Acad Sci U S A 2005; 102(39): 14086-14091.

Li R, Taniguchi I, Sakaguchi H. Auditory-vocal cholinergic
pathway in the songbird brain. Can J Physiol Pharmacol
2000; 78(12): 1072-1076.

Li R, Zuo MX, Sakaguchi H. Auditory-vocal cholinergic
pathway in zebra finch brain. Neuroreport 1999; 10(1): 165—
169.

Dave AS, Yu AC, Margoliash D. Behavioral state modula-
tion of auditory activity in a vocal motor system. Science
1998; 282(5397): 2250-2254.

Nick TA, Konishi M. Dynamic control of auditory activity
during sleep: correlation between song response and EEG.
Proc Natl Acad Sci U S A 2001; 98(24): 14012—-14016.
Rauske PL, Shea SD, Margoliash D. State and neuronal
class-dependent reconfiguration in the avian song system. J
Neurophysiol 2003; 89(3): 1688-1701.

Dave AS, Margoliash D. Song replay during sleep and com-
putational rules for sensorimotor vocal learning. Science
2000; 290(5492): 812-816.

Yu AC, Margoliash D. Temporal hierarchical control of sing-
ing in birds. Science 1996; 273(5283): 1871-1875.

Meng W (##5), Gu B, Li DF. Electrophysiological proper-
ties of vocal motor pathway in telencephalon of songbirds.
Acta Biophys Sin (EV)4)#E54R) 2010; 26(6): 447-456 (in
Chinese with English abstract).

Ball GF. Neurochemical specializations associated with
vocal learning and production in songbirds and budgerigars.
Brain Behav Evol 1994; 44(4-5): 234-246.

Appeltants D, Absil P, Balthazart J, Ball GF. Identification of
the origin of catecholaminergic inputs to HVc in canaries by
retrograde tract tracing combined with tyrosine hydroxylase
immunocytochemistry. J] Chem Neuroanat 2000; 18(3): 117—
133.

Shea SD, Margoliash D. Basal forebrain cholinergic modula-
tion of auditory activity in the zebra finch song system. Neu-
ron 2003; 40(6): 1213-1226.

Shea SD, Koch H, Baleckaitis D, Ramirez JM, Margoliash D.
Neuron-specific cholinergic modulation of a forebrain song
control nucleus. J Neurophysiol 2010; 103(2): 733-745.
Fanselow EE, Richardson KA, Connors BW. Selective,
state-dependent activation of somatostatin-expressing inhibi-
tory interneurons in mouse neocortex. J Neurophysiol 2008;
100(5): 2640-2652.

52

53

54

55

56

57

58

59

60

61

62

63

64

547

Xiao Z, Deng PY, Yang C, Lei S. Modulation of GABAergic
transmission by muscarinic receptors in the entorhinal cortex
of juvenile rats. ] Neurophysiol 2009; 102(2): 659-669.
Sakaguchi H, Saito N. Developmental change of cholinergic
activity in the forebrain of the zebra finch during song learn-
ing. Brain Res Dev Brain Res 1991; 62(2): 223-228.
Sakaguchi H. Developmental changes in carbachol-stimu-
lated phosphoinositide turnover in synaptoneurosomes of the
robust nucleus of the archistriatum in the zebra finch. Neu-
roreport 1995; 6(14): 1901-1904.

Zhang N (5K F), Wang SH, Meng W, Li DF. Effects of
androgens on the long-term depression of HVC-RA pathway
in adult male zebra finches. Acta Physiol Sin (2 FE274))
2017; 69(4): 397-404 (in Chinese with English abstract).
Feldman DE. The spike-timing dependence of plasticity.
Neuron 2012; 75(4): 556-571.

Meng W (#:H5), Liao SQ, Xiao P, Li DF. Long-term potenti-
ation of avain neural system. Adv Psycho Sci (:0rFA}2% i3k
f&) 2005; 13(3): 333-340 (in Chinese with English
abstract).

Pfenning AR, Hara E, Whitney O, Rivas MV, Wang R, Roul-
hac PL, Howard JT, Wirthlin M, Lovell PV, Ganapathy G,
Mouncastle J, Moseley MA, Thompson JW, Soderblom EJ,
Iriki A, Kato M, Gilbert MT, Zhang G, Bakken T, Bongaarts
A, Bernard A, Lein E, Mello CV, Hartemink AJ, Jarvisl ED.
Convergent transcriptional specializations in the brains of
humans and song-learning birds. Science 2014; 346(6215):
1256846.

Meng W, Wang SH, Li DF. Carbachol-induced reduction in
the activity of adult male zebra finch RA projection neurons.
Neural Plast 2016; 2016: 7246827.

Meng W, Wang SH, Yao LH, Zhang N, Li DF. Muscarinic
receptors are responsible for the cholinergic modulation of
projection neurons in the song production brain nucleus RA
of zebra finches. Front Cell Neurosci 2017; 11: 51.

Yao LH, Huang JN, Li CH, Li HH, Yan WW, Cai ZL, Liu
WX, Xiao P. Cordycepin suppresses excitatory synaptic
transmission in rat hippocampal slices via a presynaptic
mechanism. CNS Neurosci Ther 2013; 19(4): 216-221.
Stark LL, Perkel DJ. Two-stage input-specific synaptic mat-
uration in a nucleus essential for vocal production in the
zebra finch. J Neurosci 1999; 19(20): 9107-9116.

Surges R, Freiman TM, Feuerstein TJ. Input resistance is
voltage dependent due to activation of Th channels in rat
CAL1 pyramidal cells. J Neurosci Res 2004; 76(4): 475-480.
Spiro JE, Dalva MB, Mooney R. Long-range inhibition
within the zebra finch song nucleus RA can coordinate the
firing of multiple projection neurons. J Neurophysiol 1999;
81(6): 3007-3020.



