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Motor exploration is essential for trial-and-error learning, yet as 
learning progresses motor variability is often reduced to yield a 
stereotyped performance. What neural mechanisms are responsible for 
this reduction in variability?

Acoustic similarity of identi�ed syllables 
increase with learning. All syllables of the 
same type are compared to each other 
using several accoustic features (pitch, 
amplitude, entropy...), and a similarity 
index is calculated.

Song variability is driven by a source external to the descending motor circuit.

• The motor circuit in songbirds is composed of 
nucleus HVC that codes for the temporal 
sequence in which sounds are generated [1].

• RA receives inputs from both HVC and the 
learning pathway through LMAN, and 
projects to the respiratory and vocal muscles.

• LMAN, the output nucleus of a basal ganglia  
circuit, drives song variability [2].

Possible mechanisms for reduction in vocal variability

• If HVC is lesioned in adults, LMAN is capable of driving highly 
variable song, similar to what is observed in young birds [3] [4]. This 
suggests that LMAN contributes a variable input to RA throughout 
learning and beyond.

• The song learning process is thought to be driven by synaptic 
reorganization in the HVC-RA networks [5].

Here we explore whether strengthening and pruning of 
HVC-RA synapses can account for the reduction in LMAN in-
duced song variability.

Physiological parameters - taken 
from the literature.
Scaling factors of di�erent inputs, 
trial-to-trial jitter in HVC �ring, 
and weight distributions are 
adjusted to match recordings 
from RA neurons during singing.

• Each RA projecting cell is modeled as a leaky integrate-and-�re neuron, receiving 
excitatory inputs from HVC and LMAN through voltage dependent conductances 
representing NMDA and AMPA channels.

• The RA interneuron network provides tonic inhibition.
• HVC is modeled as a syn�re chain that provides a stereotyped input with same 

structure at all trials and ages.
• LMAN input is modeled as a Poisson spike train.

•  Learning is modeled by synaptic pruning and strengthening of HVC-RA synapses.
•  Inhibition depends on <W

i
> , the mean of the HVC-RA weight distribution.

Synaptic weight distribution: sum of two gaussians of mean μ1 and μ2:
•  μ1 shifts towards negative values with synaptic maturation : pruning.
• μ2 shifts towards positive values with synaptic maturation : strengthening.

Our data comes from recordings from single RA neurons of 5 juvenile birds, whose age 
varied from 53 dph to 86 dph and from adult birds (age > 120 dph).

Song-aligned �ring patterns in RA neurons change gradually during learning. As the 
song becomes less variable and more similar to the tutor, the �ring patterns in RA 
become more precise, sparse and bursty.

To address this question, we study the zebra �nch, a songbird that 
learns its song by imitating a tutor.
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Precision: The average pairwise spike correlation of RA spike trains increases signi�cantly 
throughout learning. In our model, the synaptic reorganization in RA can account for a 
large part of this increase in stereotypy.
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Spike trains are split into events using an au-
tomated method that recognizes  maxima 
and minima of the smoothed PSTH. For each 
event we calculate a �ring rate and we quan-
tify variability by computing the Fano factor.   
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Variability depends on �ring rate

Firing rates increase through learning

Data points corresponding to events
(4 birds between 58 and 112 dph)
Simulated curve for synaptic
maturation between 0.5 and 1.2

Dependence of variability on 
instantaneous �ring rate

Neural correlates of song learning

As sensori-motor learning commences, 
the song of juvenile zebra �nches are �rst 
highly variable re�ecting vocal 
exploration. As learning progresses the 
bird’s vocal output becomes more 
stereotyped and more similar to the tutor.
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(1) Firing patterns gradually become more sparse and bursty.
(2) Trial-to-trial variability in RA is reduced with age.

Our results suggest a direct mechanistic link between the shaping and
maturation of a learned motor program and the reduction in behavioral
variability.

Maturation of HVC-RA synapses accounts, in a simple model of the
HVC-RA-LMAN circuit, for two important trends observed in the neural
recordings from RA neurons in singing juvenile zebra �nches: 
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