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Abstract. The neural circuits of birdsong appear to uti-
lize specific time delays in their operation. In particular,
the anterior forebrain pathway (AFP) is implicated in an
approximately 40- to 50-ms time delay, AT, playing a role
in the relative timing of premotor signals from the nu-
cleus HVc to the nucleus robust nucleus of the archistra-
tium (RA) and control/learning signals from the nucleus
lateral magnocellular nucleus of the anterior neostratium
(IMAN) to RA. Using a biophysical model of synaptic
plasticity based on experiments on mammalian hippo-
campal and neocortical pyramidal neurons, we propose an
understanding of this &~ 40- to 50-ms delay. The biophys-
ical model describes the influence of Ca®* influx into the
postsynaptic RA cells through NMDA and AMPA recep-
tors and the induction of LTP and LTD through complex
metabolic pathways. The delay, AT, between HVc — RA
premotor signals and IMAN — RA control/learning sig-
nals plays an essential role in determining if synaptic plas-
ticity is induced by signaling from each pathway into RA.
If AT is substantially larger than 40 ms, no plasticity is
induced. If AT is much less than 40 ms, only potentiation
is expected. If AT ~ 40ms, the sign of synaptic plastic-
ity is sensitive to AT. Our results suggest that changes in
AT may influence learning and maintenance of birdsong.
We investigate the robustness of this result to noise and to
the removal of the Ca’>* contribution from IMAN — RA
NMDA receptors.

1 Introduction

Birdsong is a rich test bed for the study of the learning
of complex behavior. The genetic constraints on song are
sufficiently loose in oscine songbirds, hummingbirds, and
parrots that development of normal song requires a pro-
cess of imitative learning (Nottebohm 2002). Songbirds
pass through a sensory phase, in which young birds mem-
orize a tutor song, and a sensorimotor phase, in which
they gradually learn to match their own vocalizations to
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the memorized tutor song. At the end of the sensorimo-
tor phase, the song undergoes crystallization and becomes
stable (Brainard and Doupe 2002; Konishi 1965, 1985).
The neural substrates for birdsong are usually described
in terms of different pathways: well-differentiated sets
of neurons, nuclei, which are interconnected in precise
ways. In oscines, these nuclei have been thoroughly stud-
ied (Brenowitz et al. 1997).

The motor pathway generates and coordinates the pat-
terned activity necessary for song production (Brainard
and Doupe 2002). Its main nuclei are HVc and RA. HVc¢
contains RA-projecting neurons firing sparse bursts of
spikes (Hahnloser et al. 2002). In each motif of birdsong,
lasting about 1s, each RA-projecting HVc neuron fires
one burst of 4.5+ 2 spikes in a window of 6.1 =2 ms. A
sequence of HVc neurons bursting in this sparse way ex-
cites a subpopulation of neurons in the RA nucleus, some
of which project onto motor neurons controlling muscle
activity of the vocal organ and others of which project to
nuclei involved in respiratory control (Suthers and Mar-
goliash 2002).

There is another connection between HVc and RA,
a set of nuclei called the anterior forebrain pathway
(AFP). The AFP does not participate in the production of
song but plays a crucial role in learning and maintaining
song (Brainard and Doupe 2002). The output of this path-
way is from nucleus IMAN to RA. RA neurons receive
inputs from both IMAN and HVc neurons, consistent
with the picture that experience-related IMAN activity
potentiates or depresses specific HVC — RA synapses,
thus building the synaptic connectivity necessary to pro-
duce and maintain the adult song.

According to this picture, a sparse sequence of bursts
generated in RA-projecting HVc neurons will evoke some
activity in RA neurons, and signaling through the AFP
will excite IMAN neurons. This IMAN signaling, how-
ever, requires a processing time through the AFP, which
has been estimated at approximately 40-50 ms in adult
male zebra finches (Troyer and Doupe 2000; Doupe 1997;
Kimpo et al. 2003). Synaptic plasticity may depend on this
time delay (Bi and Poo 2001; Malenka and Nicoll 1999),
and that is what we explore here.
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Many authors have suspected that alteration of synap-
tic strengths in RA is responsible for alteration of naive or
learned song (Troyer and Doupe 2000; Stark and Perkel
1999; Mooney 1992). This suggestion is strengthened by
the observation that signals from IMAN arrive at excit-
atory synapses on dendritic spines of RA neurons whose
currents are mediated almost entirely by NM DA receptors
(NMDARSs), while signals from HVc arrive at excitatory
synapses on dendritic spines of RA neurons whose cur-
rents are mediated by both NMDARs and AMPA recep-
tors (AMPARSs) (Stark and Perkel 1999). The idea that
near coincidence of signals from these two pathways could
lead to alterations in the strength of the AMPA conduc-
tance, and thus in the signaling through RA from HVc, is
appealing (Mooney 1992).

The main role of the RA appears to be converting the
sparse spatiotemporal patterns of HVc into the spatio-
temporal patterns required for precise control of motor
activity. We hypothesize in this paper that the plasticity
in RA synaptic connections follows the same biophysical
rules seen in mammalian preparations (Bi and Poo 2001;
Malenka and Nicoll 1999), where timing-dependent learn-
ing rules are observed. RA projection neurons and inter-
neurons receive inputs from both HVc and IMAN, so we
must satisfy two conditions if this form of plasticity is
to work: (1) the timing of the signals from HVc and from
IMAN must lie within a relatively small window, or no syn-
aptic strength change will occur; and (2) the events associ-
ated with signals from HVc and IMAN must be separated
by a time of a syllable or more so that the signals with
different instructions will not overlap. The former comes
from our biophysical model, and the latter is achieved by
sparseness of the HVc activity (Hahnloser et al. 2002) as
both signals originate from HVc.

We have constructed a simple model of the biophysical
induction (Abarbanel et al. 2003a) of synaptic plasticity,
which describes quite well many observed LTP and LTD
experiments on mammalian hippocampal and neocorti-
cal pyramidal neurons, where a mixture of NMDARs and
AMPARSs also plays a dynamical role. This model iden-
tifies the time course of elevated intracellular Ca>* levels
as responsible for the induction of synaptic plasticity. The
change in plasticity is expressed in the model as an increase
or decrease in conductance through AMPA channels on
the postsynaptic neuron.

In this paper, we use this plasticity induction model to
describe the changes in HVc — RA AMPA conductance
as a function of the time delay AT between signals from
HVc to RA and signals from IMAN to RA. In Fig. 1, we
display a simplified version of the song system showing
the HVc to RA part of the premotor pathway and the
connections through the nuclei of the AFP. In Fig. 2, we
show the timing structure of bursts from HVc and IMAN
separated by AT. Because the signals from IMAN orig-
inate at HVc then traverse the AFP, AT > 0. As a func-
tion of AT the change in HVc — RA AMPA connection
strength (maximal conductance) Ag varies significantly in
the region AT ~ 40 ms, below which it is positive, leading
to potentiation, and above which it is negative, leading to
synaptic depression, or zero depending on the magnitude

—  Excitatory Connections

_.

Inhibitory Connections

Fig. 1. A simplified representation of parts of the song system. In the
premotor pathway we show the HVc and RA nuclei. In the anterior
forebrain pathway (AFP) we show the Area X, DLM, and IMAN
nuclei. Signals to RA come from HVc directly, and we show these as
avoltage Vv, (¢) presynaptic to RA neurons, and they come through
the AFP whose output is the IMAN nucleus. The signals that pass
through the AFP are indicated by the voltage Viman (7) presynaptic
to RA neurons

VHVc(t)
V1MAN (t)
AT

A

Fig. 2. A representation of the timing of HVc signals direct to RA
and HVc signals that arrive at RA after passing through the AFP
and exiting through IMAN

Time (ms)

of AT. Building on the observations of Stark and Perkel
(1999) we perform calculations of AT for combinations of
NMDA and AMPA currents as seen in adult zebra finches
and in juveniles.

We further examine the response of our biophysical
model of plasticity as it is utilized in the setting just de-
scribed. We present the RA nucleus with varying numbers
of spikes from HVcand IMAN, first keeping the interspike



intervals (ISIs) fixed at 2 ms. Then we allow “noise” in the
signaling by allowing the ISIs to vary uniformly around
2 ms with a 2-ms spread. This is consistent with the obser-
vations of (Hahnloser et al. 2002). In both of these cases,
deterministic signaling and noisy signaling, a significant
role is established for AT ~ 40 ms. Finally, we explore the
result of eliminating the influx of Ca®* through the NM-
DARs receiving input from IMAN, and we show that this
changes the picture substantially both with and without
noisy ISIs.

2 The biophysical model

The mechanism of synaptic plasticity in our model is
the change in intracellular Ca’* concentration in an RA
cell (Abarbanel et al. 2003a). This Ca®* time course
determines whether potentiation or depression is in-
duced (Yang et al. 1999). We are interested here in the
EPSPs created by the arrival of bursts of action potentials
from HVc and IMAN, so we represent the RA neuron as
a “passive” device operating near its resting potential of
~—T70mV. All changes in the RA membrane potential are
induced by the arrival of action potentials from HVc and
IMAN.

This model does not capture the dynamics of RA neu-
rons in their “resting” state when no song is present. In
that situation RA neurons projecting to either syrinx or
respiratory control oscillate rather regularly at about 15—
30 Hz while RA interneurons show small subthreshold
variations (Yu and Margoliash 1996; Spiro et al. 1999;
Leonardo 2002). When innervated by HVc signals, the
RA projection neurons are broadly inhibited by these in-
terneurons and show bursts of activity associated with the
signals from HVc¢ (and presumably through the AFP from
IMAN). This means our calculations are focused on those
epochs when the bird is singing, and we have implicitly
presumed that this is when plasticity at the AMPA chan-
nels on the RA neurons is induced. When there is no song,
we presume that signaling from IMAN is reduced or elim-
inated and autonomous activity in RA does not lead to
substantial Ag.

To explore how the RA projection neurons dynam-
ically end their tonic oscillations through global
inhibition and experience plasticity driven by the Ca**
dynamics discussed here, we would need a network model
of the RA nucleus. We will present this in a future

paper.

2.1 RA membrane voltage dynamics

We describe the passive RA neuron through its membrane
potential Vga (¢) satisfying
dVra(?)

C
M™ s

= gL (VL — VRa(®)) + Inve—~NmpAa (1)
+Iave—ampa (1) + imaN—~NMDA (7)
+IimaN—amPa (1) , (1

where the “leak” current drives the neuron to Vra (1) =V
in the absence of signaling from HVc or IMAN. C)y is the
membrane capacitance per unit area.
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The other synaptic currents are:

— The synaptic current through NMDARs into the
RA cell in response to signals coming from HVc:
TInve-NMpA (D=gn 1 Sv 1 (£ Vive) B(VRA (1)) (VNMDA —rev
— Vra(0)).

— The synaptic current through AMPARs into the
RA cell in response to signals coming from HVc:
TInve—ampa (1)=gan Sa(t|Vave) (Vampa—rev — VRA ().

— The synaptic current through NMDARs into the
RA cell in response to signals coming from IMAN:
Ivan-NMDA (1)=gn1Sni (1] VimMAN) B(VRA (1)) (VNMDA—rev
— Vra(2)).

— The synaptic current through AMPARs into the
RA cell in response to signals coming from
IMAN: Iiman-ampa (1) = 84154 (t| VimaN) (VAMPA —rev —
VRA(1)).

The maximal AMPA conductances g4y and g4 and
the maximal NMDA conductances gyy and gy; are con-
stants. The variables Sy (¢, Vpre (1)), Sni(f, Vpre(1)), and
Sa(t, Vpre(t)) range between zero and unity and represent
the fraction of NMDARs and AMPARSs, respectively, that
are open in response to the binding of glutamate. They are
taken to satisfy

dSA (t| Vpre) — i SO(Vpre(t)) - SA (t| Vpre)
dr TA Sia— SO(Vpre(t))

2)

and

M _ L SO(Vpre(t)) — Syi(t] Vpre)
dr i Sivi — So(Vpre (1))

i=1,2. (3)

The two binding fractions for NMDARs allow us to repro-
duce the observed fast and slow decay times of NMDA
currents (Stark and Perkel 1999). We write

Snu 1 Vave) =wuSni (¢t Vave) + (1 —wgy)Sn2 (1 Vave)

4)
and
Sni(tIViman) = w;Sn1 ([ Viman) + (1 — wp) Sy (] Viman).-
®)

In these expressions, So(Vyye) rises rapidly from zero as
a presynaptic action potential from HVc or IMAN arrives
then falls again to zero after the passage of presynaptic
activity. For Sy(V) we use the “step function”

SO(V)=%(1 1 tanh(120(V —0.1))). (6)

The constants 74 and S;4 are chosen so that AMPA cur-
rents rise in approximately 0.1 ms and decay in 1.4 ms. For
the NMDA currents from IMAN we choose 7y; =29 ms,
Sin1 =30/29, Ty2 =139 ms, and S|y, = 140/139. For the
NMDA currents from HVc we choose ty1=19ms, S1y1 =
20/19, ty2 = 99ms, and Siy2 = 100/99. For IMAN
NMDA currents the weight is w; = 0.41, while for
HVc NMDA currents we choose wy=0.32. This leads
to NMDA channel time courses consistent with the
observations of Stark and Perkel (1999).
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It has long been known that NMDA channels are
blocked in a voltage-dependent manner by magnesium
ions (Hille 2001; Nowak et al. 1984; Mayer et al. 1984).
The factor B(V) in the NMDA currents expresses this fea-
ture of the dynamics. Its form is

1
© 1+40.288[Mg>*t]e-0002v |

B(V) (7

where the concentration of extracellular magnesium
[Mg?*] is in units of mM and the voltage is in units of
mV. We routinely use [Mg?*]=1. In the paper of Zhang
etal. (1997) it is noted that a “normal” extracellular Mg>*
concentration is 1.2 mM, and numbers in the range of 0.5—
1.5mM are standard. In Abarbanel et al. (2003a) we ex-
plored the effect of changing this quantity on the synap-
tic plasticity results. For variations in the range of ~20%
around 1.0 mM, little changed. As this concentration be-
comes very small, of course, the block of NMDARSs is
removed and LTD is no longer seen.

2.2 Intracellular Ca** in RA neurons

These AMPA and NMDA currents lead to changes in the
intracellular concentration of Ca>*, which we denote by
Ca(t). The Ca®* dynamics are taken to be

dCa(r) B Co—Cal(t)
dr h TC
+CimaN—NMDA (1) + CimaN—AMPA (1) , ®)

+ Chve—NMDA (1) + CHve—ampa (7)

where the first term represents an intracellular relaxation
process for Ca>* with a time constant 7c &~ 25 ms (Sabatini
et al. 2001, 2002). The other Ca®* currents are:

— The Ca?* current through NMDARSs into the RA cell in
response to signals coming from HVc: Cyve_Nmpa (2) =
gncSna (| Vave) B(VRA (1)) (VNMDA —rev — VRA(1)).

— The Ca?* current through AMPARSs into the RA cell in
response to signals coming from HVc: Cyve_ampa () =
8acSa(t|Vuve) (Vampa—rev — VRA ().

— The Ca’" current through NMDARs into the
RA cell in response to signals coming from
IMAN: Ciman—~MDA (1) = gneSnvi (| Viman) B(Vra (1))
(VNMDA —rev — VRA ().

— The Ca’* current through AMPARSs into the RA cell in
response to signals coming from IMAN: CimaN—AMPA
(1) =gacSatIVIMAN) (VAMPA —rev— VRA (1)).

We prescribe patterns of HVc bursts of spikes — RA in the
voltage Vv (t) presynaptic to RA and patterns of IMAN
bursts of spikes — RA in the voltage Viman (¢) presynap-
tic to RA. This allows us to determine Vga (¢) by (1), and
from that we evaluate Ca(¢) in the postsynaptic RA cell
from the dynamics of (8). In this paper, we do not make a
model of either AFP or HVc¢ dynamics.

2.3 Changesin g4 at HVC — RA connections

The role of Ca?* in synaptic plasticity has led to the iden-
tification of various metabolic pathways involving kinases

that phosphorylate and phosphatases that dephosphory-
late distinct sites on the AMPAR (Lee et al. 2000) and
perhaps lead to the recruitment of previously “silent”
AMPARs that are delivered to the postsynaptic den-
sity (Malenka and Nicoll 1999; Malinow and Malenka
2002). We have simplified the kinetics of these processes,
part of which are discussed in more detail in Castellani
et al. (2001), to a coupled set of first-order kinetic equa-
tions for activity D(¢), which leads to the phosphorylation
or addition of AMPARs, and activity P(t), which leads
to the dephosphorylation or removal of AMPARs. These
satisfy

dp P
O _ fpcat—cpa - pan -2,
t Tp
dD D
20— focaw —cpa - piy - 22, ©)
t o

where fp(x) and fp(x) are driving functions for the
dynamics dependent on the perturbation of Ca>* from
its equilibrium value Cy. We take these functions to have
Hill forms

xL
fr(x) = m,
M
fp(x) = o (10)

where L and M are integers ranging between 2 and 8 in our
simulations. The same form of driving function has been
used by Zhabotinsky (2000) and is a familiar saturating
form of forcing with a saturation threshold determined by
the dissociation constants I'p or T'p.

When Ca(t) — Cy deviates from zero, these kinetic equa-
tions drive P(¢) and D(¢) from their rest state of zero.
This “rest” state is the normal equilibrium of the cell
where the competition among such processes has resulted
in an AMPA conductance g4. The time constants asso-
ciated with these processes are taken to be those seen in
the spike-timing plasticity experiments and are nominally
tp ~10ms and 7p ~ 30 ms.

Our critical assumption is based on our phenomeno-
logical description of spike-timing plasticity (Abarbanel
et al. 2002). It relates the change in AMPA conductance,
Ag, to a specific form of nonlinear competition between
these two processes:

dAg(1)
dr

=gav{POD®)" — D) P(1)"}. (11

The parameters we used in our modeling were
Cy = InF/em?, g, = 0.08mS/cm?, and gsc = 1.5 x
10~*mS/cm?. The reversal potentials for the excit-
atory NMDA and AMPA channels are 0mV/cm?. V; =
—70.4mV. In the phenomenological model we take L =4
and M =8,and T'p =&L and T'p =&M. We choose £ =6.5,
p = 12 ms, and 7p = 30 ms. Our mechanism only describes
the induction of plasticity. The actual changes in synaptic
strength may occur over times much longer than the tens
of milliseconds required for induction.

For both adult and juvenile birds, we selected gyy =
gn/2, gan =ga, gvi =gn, and gy = ga/10. For adult



birds, we chose gy = g4 =0.05 mS/cm?, while for juveniles,
we selected gy =0.1 mS/cm? and g4 =0.05mS/cm?. The
values of gyc were varied in each case over a small range
to assure that when the HVc bursts and IMAN bursts were
separated in time by much more than 150 ms, the change
in synaptic strength was zero. The particular values used
are given in the captions to the figures in the next section.

3 Results

Our calculations consist of presenting the RA neuron,
described by its membrane voltage Vra () and its intra-
cellular Ca** concentration Ca(r), with two bursts of
presynaptic spikes. One burst comes from HVc and influ-
ences the RA neuron via AMPARS [Iyyc_ampa ()] and
NMDARS [Igve-nmpa (2)]. The other set, delayed by a
time interval AT (Fig. 2), comes from IMAN and influ-
ences the RA neuron via NMDARS [Iivan_NvDa (2)]
and AMPARs as well [Iijman—_ampa (t)]. The presynaptic
spike bursts from HVc and IMAN influence RA through

Sva(t1Vave), Sni(t]Viman), and S (¢ Vpre) only.

The first calculations we performed were determinis-
tic, with fixed interspike intervals (ISIs) in each burst of
spikes. We presented the RA neuron with a burst of Ny,
spikes from HVc with ISIs of 2ms. At AT after the HVc
burst ended, we presented the RA neuron with a burst
of Niman spikes from IMAN, and also with ISI=2ms.
In Fig. 3, we show the result for Ag/g4 as a function of
AT when Ngvye = Njvan = 3. To determine Ag /g4 we first
evaluated Vra (7) due to these presynaptic actions. From
Vra (t) we evaluated the intracellular Ca* concentration
time course Ca(t). Using Ca(t) we determined Ag/ga. In
the phenomenological equation for Ag/g4 we used n=4

Npve=3, Njyan=3, ISI=2 ms
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Fig. 3. Ag/g4, the fractional change in HVc — RA AMPA con-
ductance, for Nyve = Nivan = 3 as a function of AT, the time delay
between the arrival of the HVc burst and the IMAN burst. Near
AT ~40ms the sign of Ag changes from positive (potentiation) to
negative (depression). For AT < 35ms, only potentiation appears.
gne =0.061 mS/cm?
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and y =15 (Abarbanel et al. 2003a). For AT much greater
than 120 ms, Ag/ga is essentially zero.

This suggests the possibility that there is a temporal
window near AT ~40ms in the plasticity of HVc — RA
connections where the sign of synaptic strength change is
sensitive to the time difference between HVc spiking and
IMAN spiking. When AT is too large, no further change
occurs.

In Fig. 4, we present the same calculation with Nyy, =
Nivan = 5. Again we see the important role of values of
AT near 40 ms.

The observations of Hahnloser et al. (2002) show that
the RA-projecting HVc neurons produce bursts of 4.5+2
spikes lasting 6.1 £+ 2 ms, and we have chosen our ISI val-
ues in accordance with these measurements. There are no
data to tell us what the IMAN — RA signals should be,
but we assumed that they resemble the HVc — RA bursts.
In each of the cases with Nyy. = Njyan We see potentia-
tion for AT ~40ms or less, then a region of depression
until AT ~ 100 ms, and finally no change in g4 for larger
values of AT. The precise values of AT where one sees
potentiation end, depression begin, and then Ag/gs =0
take over differ in detail from case to case, but the overall
pattern is the same. The role of AT ~40 ms is clear in each
instance.

Quite similar behavior for Ag/g4 is seen when we se-
lect Ngve =5 and Njyan =3, as shown in Fig. 5, and for
Nuve =3 and Npyan =5 in Fig. 6. The important role of
time delays in the neighborhood of AT near 40 ms remains
clear.

We inquired into the robustness of this result when there
is noise or natural variation in the ISIs of the presynaptic
spiking. Noise in each burst of spikes was represented by
choosing the ISIs from a uniform distribution of ISIs with
mean 2 ms and RMS variation 1 ms, so ISIs between 1 and

Nyve=Nman=5 ISI=2ms

.'.....'onuun
.
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. oe®
(X34

. .o
®eeseec®
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0 10

50 60 70 80 90 100 110 120
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Fig. 4. Ag/ga, the fractional change in HVc — RA AMPA con-
ductance, for Nipve = Niman =5 as a function of AT, the time delay
between the arrival of the HVc burst and the IMAN burst. The ISIs
in the bursts of spikes are all 2ms. Near AT ~40ms the sign of
Ag changes from positive (potentiation) to negative (depression).
gnve =0.051 mS/cm?

20 30 40
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Npve=5, Njyan=3,I1SI=2ms
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Fig. 5. Ag/g4, the fractional change in HVc — RA AMPA con-
ductance for Nyye =5 and Njyan =3 as a function of AT, the time
delay between the arrival of the HVc spike and the IMAN spike. The
ISIs in the bursts of spikes are each 2ms. Near AT ~40ms the sign
of Ag changes from positive (potentiation) to negative (depression).
gnc =0.055mS/cm?
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Fig. 7. Ag/ga, the fractional change in HVc — RA AMPA con-
ductance, for Ngye = Niman =3 as a function of AT, the time delay
between the arrival of the HVc burst and the IMAN burst. The ISIs
in the bursts of spikes are selected from a uniform distribution with
mean 2ms and RMS variation 1 ms. The main features of the noise-
free case remain unchanged. gyc =0.061 mS/cm?
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Fig. 6. Ag/g4, the fractional change in HVc — RA AMPA con-
ductance, for Nygye =3 and Njyan =5 as a function of AT, the time
delay between the arrival of the HVc burst and the IMAN burst. The
ISIs in the bursts of spikes are all 2ms. Near AT ~40ms the sign
of Ag changes from positive (potentiation) to negative (depression).
gne =0.056 mS/cm?

3ms appear with uniform probability. Again, this range
of ISIs is in accordance with the observations (Hahnloser
et al. 2002).

In Fig. 7, we show the result of this addition of noise for
the case when Ny = Nqvan = 3. [t is clear that the impor-
tance of the region near AT ~ 40 ms remains. Choosing
Nuve = Nivan = 5 and adding the same noise produces
the result shown in Fig. 8, again indicating the robustness

Fig. 8. Ag/ga, the fractional change in HVc — RA AMPA con-
ductance, for Nive = Niman =5 as a function of AT, the time delay
between the arrival of the HVc burst and the IMAN burst. The ISIs
in the bursts of spikes are selected from a uniform distribution with
mean 2ms and RMS variation 1 ms. The main features of the noise-
free case remain unchanged. gyc =0.051 mS/cm?

of our observation to variations in the ISIs of the spikes
in the presynaptic bursts presented to RA neurons.

The results presented thus far assume that the Ca®*
entering at both HVc — RA and IMAN — RA spines
contributes to plasticity. Next we asked what would hap-
pen if we removed the contribution of the Ca®* that enters
through IMAN — RA NMDAR:s.

In Fig. 9, we show the outcome of our model for
Ag/ga when Npve = Njvan = 3 and the Ca”* contribution
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Fig. 9. Ag/ga, the fractional change in HVc — RA AMPA con-
ductance, for Ngye. = Niman =3 as a function of AT, the time delay
between the arrival of the HVc burst and the IMAN burst. In this
result we blocked the Ca®* influx through the NMDARS responsive
to IMAN spikes. As one can see, this blocking of Ca>* influx removes
LTP altogether and reduces the overall effect on synaptic plasticity

significantly. The ISIs are fixed at 2 ms

of IMAN — RA NMDARs is removed. Removing this
source of Ca?* eliminates LTP altogether and gives only a
shallow LTD for all AT. With other choices of Ngvy. and
Niman the result is quite similar, and adding noise to the
ISIs does not change the outcome.

Stark and Perkel (1999) demonstrate that the NMDA
to AMPA ratio in the HVc — RA connections differs in
the adult, juvenile, and fledgling birds. In the latter the
ratio is near 2, while in the adult bird it is nearer to unity.
In the calculations presented above, we have used 1.0 for
this ratio. We have also done the calculations of Ag/g4 as
a function of AT for this ratio set to 2.0, as in the juve-
nile and fledgling birds. In Fig. 10 we show the result of
this calculation when we have Ngve = Niman = 3, and in
Fig. 11 Ngve = Niman = 5. There is no substantial differ-
ence in the behavior of Ag/g4 for this ratio of NMDA
to AMPA conductances in either case. Similarly, when we
add noise to the ISIs, as above, the variations about the
deterministic curves presented are small.

4 Discussion

Guided by experimental observations about the synaptic
connections in RA from HVc and from the AFP through
IMAN (Mooney 1992; Stark and Perkel 1999), we have
built a model of synaptic plasticity for HVc — RA syn-
aptic connections through ligand-gated AMPA receptors.
It is observed (Yu and Margoliash 1996; Spiro et al. 1999;
Leonardo 2002) that when there is no production of song,
i.e., the signaling from HVc directly to RA and indirectly
through the AFP to RA is absent, the RA projection neu-
rons oscillate regularly at 15-30 Hz. The RA interneurons
are nearly silent with some small subthreshold activity
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Fig. 10. The fractional change in AMPA conductance at the HVc —
RA junction when Ny = Niman = 3. The NMDA to AMPA ratio
at this junction is set to 2.0, as suggested by the observations of Stark
and Perkel (1999) for juvenile and fledgling birds. The ISIs are fixed
at 2ms. gyc =0.056 mS/cm?
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Fig. 11. Ag/ga, the fractional change in HVc — RA AMPA con-
ductance, for Ngye = Niman =5 as a function of AT, the time delay
between the arrival of the HVc burst and the IMAN burst. In this
calculation the NMDA to AMPA strength ratio of 2.0 appropriate
to juvenile and fledgling birds (Stark and Perkel 1999) was used. The
ISIs are fixed at 2ms. gyc =0.047 mS/cm?
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during this period. When the bird produces song, the RA
projection neurons exit from the tonic oscillations and pro-
duce sparse bursts of spikes associated with HVc¢ activity.
One may presume they are globally inhibited by the inhi-
bition from the interneurons that are also innervated by
HVc activity. Our model focuses on this song production
period where we have assumed that HVc direct innerva-
tion of RA neurons coordinated with indirect innervation
through the AFP and IMAN, as the AFP’s output nucleus,
leads to synaptic plasticity in RA.
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The model describes RA membrane voltage activity
near the resting potential and ascribes changes in AMPA
strength to the time course of intracellular Ca®* concen-
tration induced by signals received by RA from HV¢ and
IMAN, through AMPARs and NMDARs. The model was
constructed using as its critical ingredient the description
we have explored (Abarbanel et al. 2003a) of plasticity at
mammalian hippocampal and neocortical synapses.

Let us say a word about the critical parameters in our
model. The synaptic plasticity model has been explored
in (Abarbanel et al. 2003a), where the constants enter-
ing the phenomenological connection between elevation
of intracellular Ca>* and increase in AMPA conductance
were set to be consistent with observations. The only
changes here from the model explored there is the elim-
ination of degrees of freedom in the RA cell that might
lead to spiking, namely, Na, K, and leak dynamics typi-
cal of HH models, changes in the distribution of NMDA
and AMPA receptors to reflect the observations of Stark
and Perkel (1999), and, finally, small adjustments in the
Ca?* conductivity of NMDARS to assure that when AT
is large, Aga goes to zero. One could make major changes
in the RA cellular properties, including allowing it to spike
(unpublished calculations by the authors), but the EPSPs
near rest are the critical determinants of the elevation of
intracellular Ca’* that leads to synaptic changes. Indeed,
as long as one respects the time course of Ca>* elevation
due to spikes received from IMAN and HVc, the synaptic
plasticity rule from Abarbanel et al. (2003a) appears to
yield a region of Ags ~0 near AT ~40ms regardless of
the details of how that Ca* elevation is induced. Most
of the biophysical parameters used here are set by obser-
vations: the time constants for NMDARs and AMPARs,
the ratio of AMPARs and NMDARs at the HVc to RA
and IMAN to RA junctions, the form of the Mg>* voltage
block of NMDARS, etc. The critical freedom is in the Ca2*
flux equation, (8), where we have two permeabilities gy ¢
and gac to set. The latter is small and could be eliminated;
the former is essential.

We can make contact with the observations of Leonardo
and Konishi (1999) and Leonardo (2002), in which the
auditory feedback from vocalization in adult male zebra
finches was perturbed by additional acoustic signals. In
our model, such perturbations would be represented as
changes in the delay, AT. This would lead to changes in
the premotor HVc — R A synaptic strengths and reversible
changes in the song. Similarly, the ideas explored here are
consistent with the observations of Brainard and Doupe
(2000) and Williams and Mehta (1999) that lesioning AFP
nuclei and deafening the bird prevent the song disruption
associated with deafening alone. In this case, the time AT
would be effectively infinite, and thus Ag =0.

It is necessary to test these statements with a model of
the AFP, and we have been developing such a model based
on electrophysiological observations about the various nu-
clei (Area X, DLM, and IMAN) in that pathway (Abar-
banel et al. 2003b; Luo and Perkel 2002; Perkel et al. 2002;
Brainard and Doupe 2002). This model exhibits a delay of
HVc — Area X - DLM — LMAN — RA signals rel-
ative to HVc — RA signals. The inhibitory connections

between Area X and DLM play an important role in the
AFP dynamics described by the model (Abarbanel et al.
2003b).

Our results suggest a quantitative interpretation of
the way in which signals from the AFP are used in
learning birdsong. If learning involves changes in syn-
aptic strength in the premotor HVc — RA path-
way, then it depends on the magnitude of AT, the
delay between HVc and IMAN signaling to RA. A
picture of crystallization of song also emerges. This
focuses on AT as the critical parameter that must be
adjusted by the operation of the AFP nuclei. The adjust-
ment of the AT’s associated with the many connections
from IMAN to RA would be seen as the actual task in
learning song in the sensorimotor phase and in maintain-
ing it as an adult. Mechanisms for learning from a tutor in
the sensory phase are not informed by the model we have
at present. How AT may be modulated within the AFP is
a matter for further investigation, though the sensitivity to
the inhibitory input from Area X to DLM (Luo and Perkel
2002) and the possibility of modulation of Area X and
IMAN neurons by dopamine (Ding and Perkel 2002; Ding
et al. 2003) are attractive candidates for this role (Abar-
banel et al. 2003b).
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