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Understanding how the brain perceives, organizes and uses
patterned information is directly related to the neurobiology of
language. Given the present limitations, such knowledge at the
scale of neurons, neural circuits and neural populations can
only come from non-human models, focusing on shared
capacities that are relevant to language processing. Here we
review recent advances in the behavioral and neural basis of
temporal pattern processing of natural auditory communication
signals in songbirds, focusing on European starlings. We
suggest a general inhibitory circuit for contextual modulation
that can act to control sensory representations based on
patterning rules.
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Introduction

Understanding the neurobiology of language faces a
difficult challenge. On one hand, language in the broadest
sense is uniquely human, and no animal model can
capture its full complexity. On the other hand, animal
models are necessary components in any research pro-
gram with the goal of understanding neural mechanisms
in biological detail. While much can be learned about the
neurobiology of language using non-invasive neuro-
science techniques in humans, such as functional mag-
netic resonance imaging and electroencephalography,
these techniques cannot answer how individual neurons
and neural circuits implement language-relevant compu-
tations. One path through this challenge is to divide
language into sub-processes and focus on those that are
both critical to language use, and also shared with other
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species [1]. Language is constrained by biology [2-5].
Although this comparative strategy may leave some mech-
anisms beyond our understanding, it will permit progress
in the near term and establish basic neurobiological sub-
strates within which more complex, uniquely human pro-
cesses, can be proposed and (perhaps eventually) tested.
Understanding, in biological detail, even a subset of the
brain mechanisms that support language will likely have
profound effects on our understanding of language.

"This review concentrates on one area with strong poten-
tial for understanding how single neurons and neural
circuits implement language-relevant, biologically plaus-
ible computation: temporal and syntactic information
processing. Language and its primary carrier signal,
speech, unfold over time, and successful acquisition
and comprehension of any language relies critically on
the processing of information structured across time [6—
8]. Likewise, many animal communication signals,
although lacking some features of human language [see
T'en Cate, in this issue] [9,10], are also structured in time.
This review discusses recent findings on the behavioral
basis of syntactic processing in songbirds, highlighting
two central ideas: (i) songbirds are able to learn
temporally patterned communication signals and (ii) pat-
tern generalization involves abstraction away from the
direct sensory representation of the signal. These findings
reveal important constraints in real-world auditory signals
between knowledge of pattern structure and the sensory
representation of pattern elements. We then consider how
the combination of pattern and sensory event might be
encoded in high-level secondary auditory cortical regions,
where recent electrophysiology experiments demonstrate
that task-relevant information can be encoded in the
population dynamics among single neurons. We propose
a basic circuit in which population level representations of
sensory signals could be differentially modulated by pat-
terning rules, thus forming a well-defined neural substrate
for language-relevant processing.

Songbirds are sensitive to temporal pattern

Learning temporally patterned acoustic sequences is an
important aspect of songbird biology. Many songbird
species, such as the European starling (Sturnus vulgaris),
produce elaborate vocalizations (songs) whose structure is
well described by a hierarchical organization, where com-
plex auditory objects composed of simpler spectrotem-
poral features are patterned across time [11-13]. The
most basic unit of starling song is referred to as a note,
and separate notes are identified based on the contiguous
presence of power in their spectrotemporal representa-
tions [11-15]. The arrangement of notes in starling song is
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structured into repeatable patterns called motifs, that
usually last between 200 and 1000 ms [11,12,16]. In
addition, while motif repertoires between starlings are
largely unique [12,13,15], motifs can nonetheless be
broadly classified into four classes based on spectrotem-
poral features (whistles, warbles, rattles and high frequency
events) shared across all starlings [15]. The songs of adult
starlings unfold in time as non-random sequences of chan-
ging motifs [13,17], where each motif represents a
dynamic, stereotyped, auditory event (see Figure 1). While
there is no evidence that variation in the hierarchical
structure of birdsong conveys semantic information in
the way that human syntax does, this hierarchical organ-
ization nonetheless manifests neurophysiologically in the
songbird ascending auditory system. Mid-brain and
thalamic regions respond best to spectrotemporally simple
features [18] and more complex objects (e.g., motifs) are
preferentially encoded at higher-level regions [19,20°,21].
Several researchers have hypothesized that the temporal
patterning of motifs within starling song [14,15,17,22,23]
plays an important role in natural social behaviors, in-
cluding individual recognition [24] and mate selection [25].

Starlings can use the temporal structure of natural songs to
aid recognition of conspecifics. For example, in one study
we trained starlings to differentiate sets of songs from
different conspecific males [13]. After learning to accu-
rately classify several songs according to singer, subjects
could correctly recognize novel (i.e., previously unheard)
songs from these same singers [16]. Scrambling the natural
order of motifs in these novel songs from familiar singers,
however, significantly impaired recognition performance.

Figure 1

Thus, starlings are sensitive to the temporal sequence of
motifs in songs [24]. Importantly, the motif repertoires of
different singers are largely unique [17], and thus the songs
produced by each bird differ in both the ordering of motifs
and the spectrotemporal features comprising each motif
[14,24]. Starlings are sensitive to the sequence of notes in
familiar motifs [14], and use this information to aid recog-
nition. Acoustic differences between motifs are not
required to differentiate longer sequences, however, as
starlings can readily learn to dissociate motif sequences
composed of exactly the same motifs based solely on their
patterning [26].

The abilities demonstrated in the foregoing behaviors
provide an interesting context within which to investigate
neurobiological mechanisms of temporal pattern proces-
sing. Before discussing this further, however, it is useful
to be clear about our terminology. We use the phrase
‘temporal processing’ to broadly reference any behavior in
which the animal is sensitive to, attending to, or otherwise
using information gained from a series of events arrayed
across time. This sensitivity is powerful, as it enables
learning of the statistical relationships (i.e., transition
statistics) between sounds that co-occur or occur in a
specific order. In the infant development literature, this
ability is referred to as statistical learning [27,28], and
classically in the animal communication literature as
phonological syntax (see Box 1).

Transition statistics, in their simplest form, are defined
for specific pairs (or triplets, etc.) of events, such as speech
sounds for infants, or notes [14] or motifs [13] for starlings.
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Segment of male starling song used to demonstrate the hierarchical temporal scales of acoustic organization. (a) The most fundamental component of
songs are notes-bursts of continuous energy throughout their spectrotemporal representations. (b) These notes are clustered into stereotyped
packages to form motifs. (c) These motifs occur in a specific temporal pattern across multiple renditions of a given starling’s song.
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Box 1 Combinatorial semantics

Box 2 Similarity and rules

Classic approaches to animal communication distinguish between
‘lexical syntax’ and ‘phonological syntax’ on the basis of combina-
torial semantics — how simpler units may combine to create
meaning [31]. Lexical syntax refers to temporal sequences in which
meaningful sound units combine to convey meaning beyond that
carried by the individual units. For example, one might combine the
same words into two strings (sentences) with different meanings.
Phonological syntax refers to temporal sequences that also convey
meaning, but which are built from units that have no intrinsic
meaning. Most examples of syntactic patterning in animal commu-
nication are consistent with phonological but not lexical syntax. We
suggest that the cognitive abilities implied by phonological syntax,
that is, working memory, attention, temporal pattern perception,
are fertile ground for studying language-relevant neurobiological
processes.

This explicit tie between sequence information and the
sensory representations of specific events can limit gener-
alization. For example, knowing that event 1 is normally
followed by event 2, may tell you very little about what to
expect if you just heard event 3. Yet, the generalization of
sequence information across different events is central to
human development and language acquisition [29°°,30],
and important to clearly define in a program investigating
comparative neurobiological mechanisms. We refer to
sequence information that generalizes beyond the train-
ing stimuli as a ‘temporal patterning rule’, or ‘rule’ for short
[25,31-34]. Such rules can be used to determine whether
a given sequence of events follows a familiar pattern or
not, and as a metric of similarity between two patterns.
Importantly, rules may operate at different levels of
abstraction away from the veridical sensory representa-
tion of the constituent events (see Box 2), but always
require some judgment of similarity between events.
Understanding the neurobiological implementation of
temporal patterning rules, therefore, requires careful
articulation of both the rule and the representation of
the elements over which the rule is operating. Likewise,
understanding how sensory information can constrain
rule use is a prerequisite to future neurophysiological
investigation.

Several lines of evidence support the notion that starlings
can use temporal patterning rules, that is, generalize
learned sequence information beyond sets of training
stimuli. We trained starlings to classify sequences of
motifs that subscribe to forms (AB)” and A”B” (see
[35]), where 2 <#<4; [36°]. Here, A and B each
represent a set of 8 motifs from perceptually distinct
classes of starling song motif known as warbles and rattles,
respectively. This experiment demonstrated that star-
lings were able to classify patterns without relying on
numerous alternative solutions (e.g., A'B®, A'B?, A’B?,
A’B%, AAAA, BBBB, ABBA, BAAB). In addition, once
starlings have acquired knowledge of these patterns
based on training with 16 sequences, classification can

To aid the readers’ intuition for how we are defining rules, consider
the two following three-event sequences: A-B-C and E-F-G, where
different letters denote discriminable sensory events. For the pattern
of events in each sequence to be considered similar, that is,
described by the same rule, the events themselves must bear some
similarity to one another. This similarity may be a function of
underlying classes or categories from which the corresponding
events in each sequence (A and E, B and F, and C and G) are drawn
respectively, such that the rule could be stated as ‘a class 1 event
followed by a class 2 event followed by a class 3 event. These
categories may be defined perceptually, where all members share a
given physical attribute (or set of attributes), or more abstractly,
where all members share an associated function. Alternatively, the
events may be classified according to their relative relationship to
other events in the sequence, such as a series of tones where the
sequence of pitches is ‘high-low-high’, and the determination of
whether a tone is ‘high’ or ‘low’ is made relative to the tones that
precede and follow. In any of these cases, the power of the rule lies
in its application to sequences that have not previously been
experienced (i.e., novel sequences). The rule can only be applied
however, if the elements in those sequences bear some similarity to
patterned elements that have been experienced.

As the reader can appreciate, patterning rules are closely entwined
with judgments about the similarities and differences between
underlying elements, and to associative learning. The interplay
between similarity, rules, and associative learning has a long history
of careful study in cognitive science and psychology. While these
relationships are perhaps best understood in the context of
categorization, they have also been discussed in terms of human
artificial grammar learning, that is, the study of pattern learning. Full
discussion of these relationships is beyond the scope of the present
review, but some readers may find recent work investigating these
relationships useful (see [33,86]).

be transferred to other small sets of novel sequences of
the same warbles and rattles that follow the learned
patterns [36°]. Thus, starlings can generalize learned
patterns over sets of familiar elements.

"This study of pattern learning in starlings [36°], as well as
similar results in Bengalese finches [37°°], have drawn
criticism, based on the concern that subjects might have
employed some simple strategy (e.g., primacy, recency,
‘phonetic generalization’) to solve the task [38—41]. A
recent study addresses these concerns [42]. Using more
difficult task, we trained starlings to recognize the pat-
terning forms XXYY and XYXY, where on any given trial
an X could represent a motif from either set A or set B (and
vice versa for Y) and therefore subjects needed to dis-
tinguish AABB and BBAA patterns from ABAB and
BABA. This stimulus design removes the possibility that
subjects solve the task by anticipating the presence of
certain acoustic cues in specific locations of the pattern,
because all motifs are equally likely to occur in every
position of the sequence. In addition, instead of training
subjects on just a subset of all possible patterned
sequences (as in [36°], where only 16 out of 8092 possible
sequences were used in training), nearly all possible
sequences (at least 16 300 out of 16 384) were used during
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training, and no single sequence was presented more than
twice. This procedure provided two distinct advantages
for assessing songbird pattern learning abilities: (1) it
renders potentially trivial solution strategies useless
(e.g., no specific motif or category of motif occurs more
frequently in any position), and (2) it precludes identifi-
cation of serendipitous acoustic cues that might be pre-
sent in the smaller sets of training and testing sequences
[38] used in early work [36°]. Learning to classify XXYY
and XYXY patterns correctly is only possible by recogniz-
ing differences in the temporal structures governing the
organization of motifs [42].

In addition to demonstrating that starlings are able to learn
motif-patterning rules from trial-unique exemplars, our
recent work [42] adds further insight into the nature of
the patterning rules themselves. More detailed analyses of
the starlings’ behavior in response to select subsets of the
training stimuli indicate that performance did not rely on
simply comparing which motif or pairs of motifs occurred in
given locations of the pattern. Rather, the starlings appear
to be accumulating evidence from at least 3 (if not all 4) of
the motifs in the sequence before making a decision about
which pattern a sequence follows. In the future, more work
will need to be done in order to identify the patterning rules
acquired in this study; regardless, the evidence firmly shows
that songbirds can generalize learned temporal relation-
ships between multiple items in a sequence.

Constraints on pattern generalization

Although considerable debate exists (and will likely con-
tinue) regarding the complexity of various rules that birds
and other non-human animals can learn [43], it is none-
theless clear that at least some rules are learnable. But all
rules are defined over some context, and because the rules
we are interested in understanding are defined over
sensory events, it is crucial to understand both the nature
of the relevant sensory events and their interactions (if
any) with the rules in question (see Box 2). To explore
these issues we again trained starlings to recognize dif-
ferently patterned strings of motifs, but instead of focus-
ing on the overtly reinforced patterns, we asked how the
perceptual organization of the pattern elements contrib-
utes to or constrains learning and generalization [44].

We trained two groups of starlings to distinguish patterns
of the form XXYY from XYXY, where on each trial X and
Y represented a motif from either set A or B. Thus, the
subject needed to distinguish AABB and BBAA patterns
from ABAB and BABA patterns; A and B were defined
sets of motifs. Following training on a small subset of all
possible XXYY and XYXY sequences, we transferred
subjects to 500 novel sequences built from the same sets
of A and B motifs. Crucially, for one group of starlings, the
motif sets (A and B) preserved natural, perceptual
category boundaries of warble and rattle motifs [17,22].
For the other group, however, the same motifs were

pseudo-randomly assigned membership into sets A and
B [44] (see Box 2).

This seemingly subtle alteration of the way that pattern
elements were organized had profound effects. Both
groups of starlings were able to learn the XXYY and
XYXY patterns regardless of whether they were imple-
mented over sets of perceptually organized motifs or
pseudo-randomly organized motifs. Surprisingly, how-
ever, only the birds trained with motif sets that followed
the natural boundaries were able to generalize pattern
knowledge to novel motif sequences. These results
suggest that pattern learning may be agnostic to the
perceptual structure of underlying elements, but these
same perceptual differences tightly constrain the gener-
alization of pattern knowledge.

In so far as the sensory events that constitute a given
sequence can be categorized in different ways, the rules
that operate on the concomitant categorical representa-
tions will be differently constrained. In the foregoing
examples, it is clear that pattern knowledge is imple-
mented over perceptually well-defined sets of motifs.
Definition of these sets likely reflects a combination of
our operant training and the animals’ prior experiences
with different motifs in the context of other song-driven
behaviors. One question deserving of future attention is
the extent to which acquired patterning rules can gener-
alize to sequences of novel elements. Our results suggest
that such generalization is possible, but that it will be
tightly constrained by how these elements fall into the
same open-ended perceptual or functional categories that
are used to carry the patterning information during train-
ing (see Box 2). This behavioral interaction between
temporal patterning rule and element abstraction (i.e.,
categorization) has important implications for under-
standing the neurobiological basis of temporal pattern
knowledge and thus language.

Neurophysiology

We hypothesize that the same close ties to sensory
encoding of elements evidenced in the foregoing beha-
vioral results, will also hold for a neurobiological under-
standing of temporal pattern processing. That is, the
neural representation of a temporal patterning rule should
be closely connected to the sensory events (and event
categories) over which the rule operates. The sensory
regions that encode pattern elements, therefore, are use-
ful targets to study the neurobiology of temporal pattern
processing with cellular and circuit-level precision.

The temporal pattern elements of starling songs are
motifs, and motifs are preferentially encoded in the
higher-level regions of the auditory telencephalon. The
songbird auditory system (Figure 2a) follows the general
vertebrate plan [45]. Field L2a is the primary telence-
phalic target of the auditory thalamus, nucleus ovoidalis
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Figure 2
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(a) Schematic of the avian auditory system. Reprinted from [61]. (b) Plots showing the signal and noise correlations between pairs of neurons in
response to task-relevant, task-irrelevant and novel motifs. Regression lines are indicated by color lines.

Reprinted from [69].

(Ov) [46], and is the input layer for a circuit, homologous
to mammalian primary auditory cortex [47°°,48], that
includes L1, L3, and caudal mesopallium, CM
(Figure 2a). Field L. sub-regions also project to the caudo-
medial nidopallium, NCM. The NCM and lateral CM
(CLLM), in turn, share reciprocal connections with the medial
CM (CMM).

Encoding of songs in the songbird forebrain mirrors the
coarse, hierarchical increase in selectivity observed for
complex signals in mammalian visual [49,50] and auditory
cortices [20°,51]. Neurons throughout the songbird audi-
tory forebrain show selectivity to species-specific vocali-
zations [52-54], that generally increases from Field L.2, to
L1 and L3 [55,56], and then NCM and CM [19,20°,24,52—
54,57-59]. Although the detailed circuitry within and
between field ., NCM and CM remains poorly under-
stood, the increasing selectivity between regions is con-
sistent with a functional hierarchy [60] that is tuned

throughout to conspecific song [18,21], and further
refined by experience [57-59,61-64].

Neural encoding in NCM and CM in particular is strongly
shaped by both the stimulus acoustics and the learned
behavioral relevance tied to different motifs [57-59,61].
In NCM, response modulation to learned stimuli appears
as a rapid and long-lasting stimulus-specific response
weakening to more behaviorally relevant (i.e., familiar)
stimuli [59,65], an effect that emerges in part from
stimulus specific response modulation through local inhi-
bition [64]. Neurons in both CMM and CLM appear to
encode the acoustic features that differentiate motifs.
That is, the spiking patterns of neurons in both regions
convey significant amounts of information about motif
identity, and this stimulus specific information is greater
in medial CM than in lateral CM [58], though we note
that the absolute magnitude of information measures is
difficult to compare. In any case, associative learning

www.sciencedirect.com
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clearly modulates the stimulus-specific

throughout NCM and CM.

responses

To understand the relationship between neural encoding
of stimulus features and familiarity in more detail, we
recorded from CM in birds that had been trained to
recognize a set of motifs that carried task-relevant infor-
mation, and another set that carried task-irrelevant infor-
mation [66°°]. Because both sets of motifs were paired
equally with reinforcement, the differences between
responses evoked by task-relevant and task-irrelevant
motifs had to be tied to information about the specific
behaviors conveyed (or not) by each motif rather than
reinforcement. Consistent with prior studies, we observed
a strong effect of stimulus familiarity in CMM [66°°].
That is, both the task-relevant and task-irrelevant motifs
drove strong responses in CMM, compared to novel

Figure 3

motifs. In contrast, only the task-relevant motifs evoked
responses significantly greater than novel motifs in CLM.
This is consistent with the idea that CLM plays an
important role in structuring the flow of auditory infor-
mation into sensorimotor regions (e.g., HVC [67] more
directly involved in the execution of behaviors.

We also examined learning-dependent changes in the
population activity of simultaneously recorded, physio-
logically defined, subclasses of CLLM neurons, including
narrow and broad spiking neurons (putative parvalbumin
positive and efferent projection neurons, respectively)
[66°°]. Typically, when neurons are similarly tuned
(i.e., they have a positive signal correlation), their
responses also tend to co-vary trial-by-trial (i.e., they have
a positive noise correlation) [68-74]. This is thought to
result because the common inputs that convey similar
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Hypothetical circuit to modulate signal and noise correlations. (a) Green circles denote excitatory neurons; red circles denote inhibitory neurons. The
excitatory neurons (labeled 1 and 2) have both independent input and correlated input. The ‘+’ and ‘—’ denote a large and small magnitude input
currents, respectively; p denotes the fraction of input that is shared. Both excitatory neurons also receive independent feed-forward inhibitory input,
which is stimulus-dependent. Motif A and motif B drive partially overlapping inputs into these two excitatory neurons. Both motifs drive partially
(positively) correlated inputs into neurons 1 and 2, which yields positive noise correlations, but motif A provides independent inhibition to neuron 1 (but
not neuron 2). This suppresses neuron 1’s response to motif A, without affecting the noise correlation (as long as neuron 1’s response is still positive).
Excitatory and inhibitory input need not be perfectly cleanly segregated. (b) Hypothetical spiking output shows higher firing rates for neuron 2 than
neuron 1, but both neurons exhibit positive trial-by-trial correlations (i.e., noise correlations). A complementary scenario yields an opposite pattern of
mean firing rates for motif B, but maintains the positive noise correlation (bottom left). (c) While the circuit could operate using feed-forward inhibition,
additional gating of local inhibitory circuits could come from top down signals that carried information about transition statistics or temporal patterning
rules (as well as attention, context, etc.).
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tunings also share noise. Surprisingly, however, we found
that learning can invert this canonical relationship [66°°],
leading to population activity in which the signal and
noise correlations become more orthogonal, but only for
task-relevant motifs (Figure 2b) and only for the popu-
lation of CLM projection neurons. In theory [75], this
more orthogonal relationship can improve population
coding because common noise among dissimilarly tuned
neurons can be subtracted, which strengthens the signal
while dissipating the noise. Indeed, the task-relevant
motifs are encoded in the CLM projection neurons with
higher fidelity [66°°].

We have proposed [66°°] a simple neural circuit that can
produce the observed pattern of CLM correlations, using
stimulus selective drive onto inhibitory interneurons to
alter the signal and noise correlations in projection
neurons (Figure 3a,b). The stimulus specificity of the
inputs to CLLM inhibitory interneurons has not been well
characterized although nearly all response in CM are
stimulus specific by their very nature [58]. It is not hard
then to imagine how, in principle, the same stimulus-
specificity and task-specificity that is tied in these results
to associative learning could be produced by a range of
modulatory drives, such as attention, context, or pattern
rule, to dynamically alter the sensory representation of a
given motif on short timescales. According to this hypoth-
esis, CLM acts as a convergence zone (Figure 3¢) where
high-level acoustic feature encoding driven by feed for-
ward activity is functionally organized by inhibitory
modulation into population responses that can efficiently
drive behaviors via sensorimotor target regions. The
contextual modulation of sensory responses is not a novel
concept in itself (e.g., [76,77]). However, the notion that
this modulation may act though local inhibition to tune
population responses in sensory regions, and that its
dynamic implementation on short time scales may encode
temporal patterning rules bears closer investigation.
Recent observations [78,79] that contextual rule switches
are strongly encoded by neurons in NCL (the caudolat-
eral nidopallium) make this region, which bears may
similarities to primate prefrontal cortex [80,81], an attrac-
tive target for such investigations.

Closing remarks

Considerable debate on the neurobiological mechanisms
of language has focused on identifying the basis of
capacities unique to human language, including the for-
mal grammatical models that capture language’s unique
features. Here, we a comparative approach to language-
relevant mechanisms that focuses on understanding how
a brain encodes @ny temporal patterning rule. While the
uniqueness of language may indeed reflect sensitivities to
certain classes of temporal patterning rules, we argue that
the space of possible patterning rules is likely to be much
more rich than currently appreciated. Characterizing the
nature of the (probably many) patterning rules that

animals can use is important, and ultimately may be
our best hope to eventually understand how more
uniquely human language capacities are implemented
at a biologically precise level. Indeed, despite the fact
that humans are capable of abstract reasoning [82], there
is considerable evidence that sound-based (i.e., percep-
tual) features of words correlate with abstract features of
language, such as case-endings and gender-markers
[27,83,84°,85]. This underlying perceptual structure
might provide important scaffolding for acquiring more
abstract knowledge of language during development.
The kind of category/rule interactions we describe above
may provide an attractive neurobiological model for un-
derstanding how implicit rules are extracted from pat-
terned acoustic  sequences. While a complete
neurobiology of language cannot rest entirely on non-
human models, comparative studies can reveal neural
mechanisms for some language-relevant processes.

Conflict of interest
Nothing declared.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Hauser MD, Chomsky N, Fitch WT: The faculty of language: what
is it, who has it, and how did it evolve? Science 2002, 298:
1569-1579.

2. Margoliash D, Nusbaum HC: Language: the perspective from
organismal biology. Trends Cogn Sci 2009, 13:505-510.

3. Christiansen MH, Chater N: Language as shaped by the brain.
Behav Brain Sci 2008, 31:489-508 discussion 509-458.

4. Christiansen MH, Chater N, Reali F: The biological and cultural
foundations of language. Commun Integr Biol 2009, 2:221-222.

5. Frank SL, Bod R, Christiansen MH: How hierarchical is language
use? Proc Biol Sci 2012, 279:4522-4531.

6. Mauk MD, Buonomano DV: The neural basis of temporal
processing. Annu Rev Neurosci 2004, 27:307-340.

7. Kiggins JT, Comins JA, Gentner TQ: Targets for a comparative
neurobiology of language. Front Evol Neurosci 2012, 4:6.

8. Poeppel D, Emmorey K, Hickok G, Pylkkanen L: Towards a new
neurobiology of language. J Neurosci 2012, 32:14125-14131.

9. Berwick RC, Okanoya K, Beckers GJ, Bolhuis JJ: Songs to
syntax: the linguistics of birdsong. Trends Cogn Sci 2011,
15:113-121.

10. Hockett CF: The origin of speech. Sci Am 1960, 203:89-96.

11. Eens M: Organization and function of the song in the European
starling Sturnus vulgaris. University of Antwerp; 1992.

12. Eens M: Understanding the complex song of the European
starling: an integrated approach. Advances in the Study of
Behavior 1997, 26:355-434.

13. Gentner TQ, Hulse SH: Perceptual mechanisms for individual
vocal recognition in European starlings, Sturnus vulgaris.
Anim Behav 1998, 56:579-594.

14. Gentner TQ: Temporal scales of auditory objects underlying
birdsong vocal recognition. J Acoust Soc Am 2008, 124:
1350-1359.

www.sciencedirect.com

Current Opinion in Neurobiology 2014, 28:179-187


http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0005
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0005
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0005
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0010
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0010
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0015
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0015
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0020
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0020
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0025
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0025
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0030
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0030
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0035
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0035
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0040
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0040
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0045
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0045
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0045
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0050
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0055
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0055
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0060
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0060
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0060
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0065
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0065
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0065
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0070
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0070
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0070

186 Communication and language

15. Adret-Hausberger M, Jenkins PF: Complex organization of the
warbling song in starlings. Behaviour 1988, 107:138-156.

16. Gentner TQ, Hulse SH: Perceptual classification based on the
component structure of song in European starlings. J Acoust
Soc Am 2000, 107:3369-3381.

17. Eens M, Pinxten M, Verheyen RF: Temporal and sequential
organization of song bouts in the European starling. Ardea
1989, 77:75-86.

18. Woolley SM, Fremouw TE, Hsu A, Theunissen FE: Tuning for
spectro-temporal modulations as a mechanism for auditory
discrimination of natural sounds. Nat Neurosci 2005, 8:
1371-1379.

19. Meliza CD, Chi Z, Margoliash D: Representations of conspecific
song by starling secondary forebrain auditory neurons:
toward a hierarchical framework. J Neurophysiol 2010,
103:1195-1208.

20. Meliza CD, Margoliash D: Emergence of selectivity and

e tolerance in the avian auditory cortex. J Neurosci 2012,
32:15158-15168.

This study uses extracellular single-unit recordings in starlings to assess

neuronal tolerance and selectivity along the ascending auditory pathway.

Results highlight shared features of information processing between

avian and mammalian auditory cortices.

21. Hsu A, Woolley SM, Fremouw TE, Theunissen FE: Modulation
power and phase spectrum of natural sounds enhance neural
encoding performed by single auditory neurons. J Neurosci
2004, 24:9201-9211.

22. Braaten RF: Multiple levels of representation of song by
European starlings (Sturnus vulgaris): open-ended
categorization of starling song types and differential
forgetting of song categories and exemplars. J Comp Psychol
2000, 114:61-72.

23. Eens M, Pinxten R, Verheyen RF: Function of the song and song
repertoire in the European starling (Sturnus-Vulgaris) — an
aviary experiment. Behaviour 1993, 125:51-66.

24. Gentner TQ: Neural systems for individual song recognition in
adult birds. Ann N Y Acad Sci 2004, 1016:282-302.

25. Knudsen DP, Gentner TQ: Mechanisms of song perception in
oscine birds. Brain Lang 2010, 115:59-68.

26. Comins JA, Gentner TQ: Working memory for patterned
sequences of auditory objects in a songbird. Cognition 2010,
117:38-53.

27. Gomez RL, Gerken L: Infant artificial language learning and
language acquisition. Trends Cogn Sci 2000, 4:178-186.

28. Saffran JR, Aslin RN, Newport EL: Statistical learning by 8-
month-old infants. Science 1996, 274:1926-1928.

29. Marcus GF, Fernandes KJ, Johnson SP: Infant rule learning

ee facilitated by speech. Psychol Sci 2007, 18:387-391.

This paper demonstrates that infant rule learning is facilitated by the initial
encoding of patterning rules using speech sounds as opposed to non-
speech sounds (e.g., tones, animal vocalizations, etc.), suggesting that
accessing information about a patterning rule requires knowledge of the
sensory features of the pattern constituents themselves.

30. Marcus GF, Vijayan S, Bandi Rao S, Vishton PM: Rule learning by
seven-month-old infants. Science 1999, 283:77-80.

31. Bregman MR TQG: Syntactically complex vocal systems. In
Encyclopedia of Animal Behavior, vol 3. Edited by Breedl MD,
Moore J. Oxford: Academic press; 2010:368-374.

32. Pothos EM: The rules versus similarity distinction. Behav Brain
Sci 2005, 28:1-14 discussion 14-49.

33. Pothos EM: Theories of artificial grammar learning. Psychol Bull
2007, 133:227-244.

34. Pothos EM, Bailey TM: The role of similarity in artificial
grammar learning. J Exp Psychol Learn Mem Cogn 2000, 26:
847-862.

35. Fitch WT, Hauser MD: Computational constraints on syntactic
processing in a nonhuman primate. Science 2004, 303:377-380.

36. Gentner TQ, Fenn KM, Margoliash D, Nusbaum HC: Recursive

e syntactic pattern learning by songbirds. Nature 2006,
440:1204-1207.

This paper documents that European starlings are capable of learning

acoustic patterns that mirror a syntactic structure thought to be uniquely

human, thus suggesting that these patterns do not reflect language-

specific competencies.

37. Abe K, Watanabe D: Songbirds possess the spontaneous

ee ability to discriminate syntactic rules. Nat Neurosci 2011,
14:1067-1074.

Using a combination of immunostaining and lesioning, this paper shows

that complex temporal pattern learning in songbirds is supported by

LMAN, a pallial structure that serves as the output to the songbird basal

ganglia, implicating the region in syntactic processing.

38. ten Cate C, Okanoya K: Revisiting the syntactic abilities of non-
human animals: natural vocalizations and artificial grammar
learning. Philos Trans R Soc Lond B Biol Sci 2012, 367:
1984-1994.

39. Corballis MC: Recursion, language, and starlings. Cogn Sci
2007, 31:697-704.

N

0. van Heijningen CA, de Visser J, Zuidema W, ten Cate C: Simple
rules can explain discrimination of putative recursive
syntactic structures by a songbird species. Proc Nat/ Acad Sci
U S A 2009, 106:20538-20543.

41. Beckers GJ, Bolhuis JJ, Okanoya K, Berwick RC: Birdsong
neurolinguistics: songbird context-free grammar claim is
premature. Neuroreport 2012, 23:139-145.

42. Comins JA, Gentner TQ: Auditory temporal pattern learning by
songbirds using maximal stimulus diversity and minimal
repetition. Anim Cogn 2014.

43. Berwick RC, Friederici AD, Chomsky N, Bolhuis JJ: Evolution,
brain, and the nature of language. Trends Cogn Sci 2013, 17:
89-98.

44. Comins JA, Gentner TQ: Perceptual categories enable pattern
generalization in songbirds. Cognition 2013, 128:113-118.

45. Carr CE: Evolution of the central auditory system in reptiles
and birds. In The Evolutionary Biology of Hearing. Edited by
Webster DB, Fay RR, Popper AN. Springer-Verlag; 1992:511-544.

46. Karten HJ: The ascending auditory pathway in the pigeon
(Columba livia). ll. Telencephalic projections of the nucleus
ovoidalis thalami. Brain Res 1968, 11:134-153.

47. Dugas-Ford J, Rowell JJ, Ragsdale CW: Cell-type homologies
ee and the origins of the neocortex. Proc Nat/ Acad Sci U S A 2012,
109:16974-16979.

By measuring the expression of molecular markers used to identify
different layers of mammalian neocortex (layer 4 input, layer 5 output),
this paper finds clear homologs of these cell-types in avian forebrain
nuclei. Thus, despite differences in gross neuroantomical architectures,
this paper suggests that circuitry in the avian forebrain features cell-types
that share connectional and molecular traits with mammalian input and
output neurons.

48. Wang Y, Brzozowska-Prechtl A, Karten HJ: Laminar and
columnar auditory cortex in avian brain. Proc Nat/ Acad Sci U S
A 2010, 107:12676-12681.

49. Maunsell JH, Newsome WT: Visual processing in monkey
extrastriate cortex. Annu Rev Neurosci 1987, 10:363-401.

50. Rust NC, Dicarlo JJ: Selectivity and tolerance (invariance) both
increase as visual information propagates from cortical area
V4 to IT. J Neurosci 2010, 30:12978-12995.

51. Kikuchi Y, Horwitz B, Mishkin M: Hierarchical auditory
processing directed rostrally along the monkey’s
supratemporal plane. J Neurosci 2010, 30:13021-13030.

52. Leppelsack HJ, Vogt M: Response to auditory neurons in the
forebrain of a song bird to stimulation with species-specific
sounds. Journal of Comparative Physiology 1976, 107:263-274.

53. Miuller CM, Leppelsack HJ: Feature extraction and tonotopic
organization in the avian forebrain. Experimenat! Brain Research
1985, 59:587-599.

Current Opinion in Neurobiology 2014, 28:179-187

www.sciencedirect.com


http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0075
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0075
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0080
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0080
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0080
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0085
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0085
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0085
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0090
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0090
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0090
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0090
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0095
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0095
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0095
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0095
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0100
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0100
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0100
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0105
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0105
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0105
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0105
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0110
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0110
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0110
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0110
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0110
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0115
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0115
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0115
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0115
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0115
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0120
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0120
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0125
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0125
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0130
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0130
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0130
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0135
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0135
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0140
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0140
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0145
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0145
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0150
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0150
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0155
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0155
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0155
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0160
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0160
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0165
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0165
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0170
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0170
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0170
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0175
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0175
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0180
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0180
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0180
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0185
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0185
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0185
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0190
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0190
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0190
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0190
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0195
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0195
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0200
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0200
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0200
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0200
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0205
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0205
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0205
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0210
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0210
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0210
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0215
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0215
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0215
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0220
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0220
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0225
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0225
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0225
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0225
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0230
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0230
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0230
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0235
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0235
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0235
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0240
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0240
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0240
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0245
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0245
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0250
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0250
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0250
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0255
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0255
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0255
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0260
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0260
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0260
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0265
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0265
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0265

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Temporal and syntactic processing in songbirds Comins and Gentner

Scheich H, Bonke BA, Bonke D, Langner G: Functional
organization of some auditory nuclei in the guinea fowl
demonstrated by the 2-deoxyglucose technique. Cell Tissue
Res 1979, 204:17-27.

Theunissen FE, Amin N, Shaevitz SS, Woolley SM, Fremouw T,
Hauber ME: Song selectivity in the song system and in the
auditory forebrain. Annals of the New York Academy of Sciences
2004, 1016:222-245.

Theunissen FE, Sen K, Doupe AJ: Spectral-temporal receptive
fields of nonlinear auditory neurons obtained using natural
sounds. J Neurosci 2000, 20:2315-2331.

Gentner TQ, Margoliash D: Neuronal populations and single
cells representing learned auditory objects. Nature 2003,
424.:669-674.

Jeanne JM, Thompson JV, Sharpee TO, Gentner TQ: Emergence
of learned categorical representations within an auditory
forebrain circuit. J Neurosci 2011, 31:2595-2606.

Thompson JV, Gentner TQ: Song recognition learning and
stimulus-specific weakening of neural responses in the avian
auditory forebrain. J Neurophysiol 2010, 103:1785-1797.

Schneider DM, Woolley SM: Sparse and background-invariant
coding of vocalizations in auditory scenes. Neuron 2013,
79:141-152.

Knudsen DP, Gentner TQ: Active recognition enhances the
representation of behaviorally relevant information in single
auditory forebrain neurons. J Neurophysiol 2013, 109:1690-
1708.

Sockman KW, Gentner TQ, Ball GF: Recent experience
modulates forebrain gene-expression in response to mate-
choice cues in European starlings. Proc R Soc Lond B Biol Sci
2002, 269:2479-2485.

Sockman KW, Gentner TQ, Ball GF: Complementary neural
systems for the experience-dependent integration of mate-
choice cues in European starlings. J Neurobiol 2005, 62:72-81.

Thompson JV, Jeanne JM, Gentner TQ: Local inhibition
modulates learning-dependent song encoding in the songbird
auditory cortex. J Neurophysiol 2013, 109:721-733.

Chew SJ, Mello C, Nottebohm F, Jarvis E, Vicario DS:
Decrements in auditory responses to a repeated conspecific
song are long lasting and require two periods of protein
synthesis in the songbird forebrain. Proceedings of the National
Academy of Science 1995, 92:3406-3410.

Jeanne JM, Sharpee TO, Gentner TQ: Associative learning
enhances population coding by inverting interneuronal
correlation patterns. Neuron 2013, 78:352-363.

This paper demonstrates that associative learning changes the correlated
activity between individual neurons to enhance neural discrimination at
the population-level.

67.

68.

69.

Bauer EE, Coleman MJ, Roberts TF, Roy A, Prather JF, Mooney R:
A synaptic basis for auditory-vocal integration in the songbird.
J Neurosci 2008, 28:1509-1522.

Cohen MR, Maunsell JH: Attention improves performance
primarily by reducing interneuronal correlations. Nat Neurosci
2009, 12:1594-1600.

Cohen MR, Newsome WT: Estimates of the contribution of
single neurons to perception depend on timescale and noise
correlation. J Neurosci 2009, 29:6635-6648.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

187

GuY, Liu S, Fetsch CR, Yang Y, Fok S, Sunkara A, DeAngelis GC,
Angelaki DE: Perceptual learning reduces interneuronal
correlations in macaque visual cortex. Neuron 2011, 71:
750-761.

Gutnisky DA, Dragoi V: Adaptive coding of visual information in
neural populations. Nature 2008, 452:220-224.

Ko H, Hofer SB, Pichler B, Buchanan KA, Sjostrom PJ, Mrsic-
Flogel TD: Functional specificity of local synaptic connections
in neocortical networks. Nature 2011, 473:87-91.

Kohn A, Smith MA: Stimulus dependence of neuronal
correlation in primary visual cortex of the macaque. J Neurosci
2005, 25:3661-3673.

Smith MA, Kohn A: Spatial and temporal scales of neuronal
correlation in primary visual cortex. J Neurosci 2008, 28:
12591-12603.

Oram MW, Foldiak P, Perrett DI, Sengpiel F: The ‘ideal
homunculus’: decoding neural population signals. Trends
Neurosci 1998, 21:259-265.

Fritz JB, David SV, Radtke-Schuller S, Yin P, Shamma SA:
Adaptive, behaviorally gated, persistent encoding of task-
relevant auditory information in ferret frontal cortex. Nat
Neurosci 2010, 13:1011-1019.

Cohen MR, Newsome WT: Context-dependent changes in
functional circuitry in visual area MT. Neuron 2008, 60:162-173.

Veit L, Hartmann K, Nieder A: Neuronal correlates of visual
working memory in the corvid endbrain. J Neurosci 2014,
34:7778-7786.

Veit L, Nieder A: Abstract rule neurons in the endbrain support
intelligent behaviour in corvid songbirds. Nat Commun 2013,
4:2878.

Gunturkun O: Avian and mammalian prefrontal cortices: limited
degrees of freedom in the evolution of the neural mechanisms
of goal-state maintenance. Brain Res Bull 2005, 66:311-316.

Helduser S, Cheng S, Gunturkun O: Identification of two
forebrain structures that mediate execution of memorized
sequences in the pigeon. J Neurophysiol 2013, 109:958-968.

Gentner D, Namy LL: Analogical processes in language
learning. Current Directions in Psychological Science 2006,
15:297-301.

Frigo L, McDonald JL: Properties of phonological markers that
affect the acquisition of gender-like subclasses. Journal of
Memory and Language 1998, 39:218-245.

Kelly MH: Using sound to solve syntactic problems: the role of
phonology in grammatical category assignments. Psychol Rev
1992, 99:349-364.

This paper highlights the correlation between grammatical category
identity (e.g., noun or verb) and lower-level phonological cues in lan-
guage, suggesting that phonology could serve as an important source
of information for learning about more abstract levels of linguistic
knowledge.

85.

86.

Monaghan P, Christiansen MH, Chater N: The phonological-
distributional coherence hypothesis: cross-linguistic
evidence in language acquisition. Cogn Psychol 2007, 55:
259-305.

Hahn U, Prat-Sala M, Pothos EM, Brumby DP: Exemplar
similarity and rule application. Cognition 2010, 114:1-18.

www.sciencedirect.com

Current Opinion in Neurobiology 2014, 28:179-187


http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0270
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0270
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0270
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0270
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0275
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0275
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0275
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0275
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0280
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0280
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0280
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0285
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0285
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0285
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0290
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0290
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0290
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0295
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0295
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0295
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0300
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0300
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0300
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0305
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0305
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0305
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0305
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0310
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0310
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0310
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0310
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0315
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0315
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0315
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0320
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0320
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0320
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0325
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0325
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0325
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0325
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0325
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0330
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0330
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0330
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0335
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0335
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0335
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0340
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0340
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0340
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0345
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0345
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0345
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0350
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0350
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0350
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0350
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0355
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0355
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0360
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0360
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0360
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0365
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0365
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0365
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0370
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0370
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0370
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0375
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0375
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0375
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0380
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0380
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0380
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0380
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0385
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0385
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0390
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0390
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0390
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0395
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0395
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0395
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0400
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0400
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0400
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0405
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0405
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0405
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0410
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0410
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0410
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0415
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0415
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0415
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0420
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0420
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0420
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0425
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0425
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0425
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0425
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0430
http://refhub.elsevier.com/S0959-4388(14)00165-2/sbref0430

	Temporal pattern processing in songbirds
	Introduction
	Songbirds are sensitive to temporal pattern
	Constraints on pattern generalization
	Neurophysiology
	Closing remarks
	Conflict of interest
	References and recommended reading


