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In male zebra finches, the lateral magnocellular nucleus of the
anterior neostriatum (LMAN) is necessary for the development
of learned song but is not required for the production of acous-
tically stereotyped (crystallized) adult song. One hypothesis is
that the physiological properties of LMAN neurons change over
development and thus limit the ability of LMAN to affect song.
To test this idea, we used in vitro intracellular recordings to
characterize the intrinsic and synaptic properties of LMAN
neurons in fledgling [posthatch days (PHD) 22–32] and juvenile
zebra finches (PHD 40–51) when LMAN lesions disrupt normal
song development, and in adults (.PHD 90) when LMAN le-
sions are without effect. In fledglings, depolarizing currents
caused LMAN projection neurons to fire bursts of action po-
tentials because of a putative low-threshold calcium spike
(LTS). In contrast, juvenile and adult LMAN projection neurons
fired accommodating trains of action potentials when depolar-
ized but did not exhibit the burst mode of firing. Electrical

stimulation of thalamic afferents elicited both monosynaptic
EPSPs mediated by AMPA and NMDA receptors and polysyn-
aptic IPSPs mediated by GABAA receptors from LMAN neurons
at all ages studied here. In whole-cell voltage-clamp record-
ings, the EPSCs (NMDA-EPSCs) consisted of fast and slow
components. Unlike juvenile and adult NMDA-EPSCs, those in
fledglings were dominated by the slower component. Thus,
both the intrinsic and synaptic properties of LMAN neurons
change markedly during early song development (PHD 22–40)
and achieve several adult-like properties during early sensori-
motor learning and well before the time when LMAN lesions no
longer disrupt song development.
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The development and adult production of learned birdsong are
controlled by a well defined CNS circuit known as the song
system. Anterior forebrain nuclei, including the lateral magno-
cellular nucleus of the anterior neostriatum (LMAN), are essen-
tial to song development, but not to adult song production. As a
first step toward understanding the developmentally restricted
role of the anterior forebrain loop, we have investigated changes
in the electrophysiological properties of LMAN neurons over the
course of song learning.

Song learning begins with sensory acquisition, when the juve-
nile songbird first memorizes the song of another bird, and is
followed by sensorimotor learning, when the bird matches its own
vocalization to the memorized song via auditory feedback (Kon-
ishi, 1965; Price, 1979). Sensorimotor learning progresses from
plastic song, which has a highly variable acoustical structure, to
crystallized song, which possesses a high degree of acoustical
stereotypy (Immelmann, 1969).

The production of learned song is controlled by serially linked
forebrain structures that include nucleus HVc and the robust
nucleus of the archistriatum (RA). RA neurons project both to

the tracheosyringeal portion of the hypoglossal nucleus (nXIIts),
which innervates the muscles of the avian song organ (syrinx),
and to expiratory nuclei, including the nucleus ambiguus and
nucleus retroambigualis (nAm/nRam; see Fig. 1) (Nottebohm et
al., 1976, 1982; Wild, 1993). HVc and RA neurons exhibit in-
creased activity during singing (McCasland, 1987; Yu et al.,
1996), and lesioning these areas eliminates learned song while
leaving unlearned vocalizations intact (Nottebohm et al., 1976;
Simpson and Vicario, 1990). HVc and RA also are connected
indirectly by the anterior forebrain pathway (AFP), which in-
cludes area X, the medial nucleus of the dorsolateral thalamus
(DLM), and LMAN (Okuhata and Saito, 1987; Bottjer et al.,
1989). In zebra finches, LMAN lesions made at the height of
sensorimotor learning produce a sudden and premature acousti-
cal stereotypy that resembles crystallization (Bottjer et al., 1984;
Scharff and Nottebohm, 1991), although similar lesions made in
the adult zebra finch do not affect song production.

One hypothesis explaining the age-dependent effects of
LMAN lesions is that LMAN neurons change physiologically
during sensorimotor learning, thus gradually altering the capacity
of LMAN to influence song quality. Two findings suggest that
these changes involve synaptic transmission within LMAN. Den-
dritic spine frequency of LMAN projection neurons declines
substantially between posthatch days (PHD) 21–100 (Nixdorf-
Bergweiler et al., 1995b), and NMDA receptors within LMAN
are downregulated over the same period (Aamodt et al., 1992;
Basham, 1996). This latter finding, along with the observation
that the infusion of NMDA receptor antagonists into the anterior
neostriatum during sensory acquisition reduces the number of
copied notes (Basham et al., 1996), suggests that these synaptic
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changes involve the NMDA receptor. Therefore, establishing
whether NMDA receptor-mediated synaptic currents in LMAN
change during development is essential, especially because
NMDA receptor-mediated currents at other synapses change as
sensitive periods close (Carmignoto and Vicini, 1992; Hestrin,
1992; Ramoa and McCormick, 1994; Crair and Malenka, 1995).
Thus, we have characterized the intrinsic and synaptic properties
of adult (.PHD 90) male zebra finch LMAN neurons by using in
vitro intracellular recordings and then have compared these prop-
erties with those from younger birds at either the beginning
(PHD 22–32) or height (PHD 40–51) of sensorimotor learning.

MATERIALS AND METHODS
Experiments were performed with brain slices made from male zebra

finches in accordance with a protocol approved by the Duke University
Institutional Animal Care and Use Committee. Finches used in these
experiments ranged in age from 22–180 PHD and were obtained from
our breeding colony, which consisted of individually caged mating pairs
and their offspring less than PHD 50 and group holding cages that
contained birds older than PHD 50. In this setting, birds were not
acoustically or visually isolated from each other. The three age groups
used for these studies were between PHD 22–32, 40–51, and older than
90. These ages were chosen because PHD 22–32 are at the onset of
sensory acquisition in zebra finches but in large part predate the begin-
ning of song production (Immelmann, 1969; Arnold, 1975). Sonographic
analysis indicates that, in our colony, birds between PHD 40–51 are in
the early stages of sensorimotor learning (and possibly still in the later
phases of sensory acquisition; for review, see Slater et al., 1988). This
middle age range is the period when LMAN lesions also exert their most
deleterious effects on song development (Bottjer et al., 1984). In contrast,
birds greater than PHD 90 in our colony sing stable song, and, at this age,
LMAN lesions do not affect song quality in male zebra finches (Bottjer
et al., 1984; Scharff and Nottebohm, 1991).

The slice preparation procedure has been described previously in
detail (Mooney and Konishi, 1991). Briefly, the bird was decapitated
after ketamine injection and Metofane inhalation anesthesia (for some
whole-cell experiments, ketamine was omitted, but the presence or
absence of ketamine in the anesthetic regimen did not alter NMDA

receptor-mediated currents). The brain was removed and chilled in
artificial CSF (ACSF; 4°C) and then cut sagittally along the bifurcation
of the midsagittal sinus. Sagittal slices that included LMAN were cut at
400 mm thickness on a vibratome (Vibratome Series 1000, Ted Pella,
Redding, CA) and immediately transferred to an interface-type holding
chamber maintained at room temperature. After 60–90 min, slices were
transferred either to an interface-type chamber (30°C; Medical Systems,
Greenvale, NY) for sharp microelectrode intracellular recordings or to a
superfusion chamber (24°C) for whole-cell recordings. The ACSF per-
fusate was equilibrated with 95%O2 /5%CO2. LMAN and the DLM
axons ascending to LMAN were readily visualized under transillumina-
tion (Fig. 1 B).

ACSF consisted of (in mM) 119 NaCl, 2.5 KCl, 1.3 MgCl2 , 2.5 CaCl2 ,
1 NaH2PO4 , 26.2 NaHCO3 , and 11 glucose. Equiosmolar sucrose was
substituted for NaCl during the tissue preparation stage.

Electrophysiolog ical recordings. Stable sharp intracellular recordings
(112 cells in 105 slices from 50 animals), which were classified as those in
which the membrane potential of a cell was negative of 260 mV for a
period of 15 or more minutes, were obtained in brain slices made from
male zebra finches throughout song development (PHD 22–180). Sharp
intracellular recordings were made with borosilicate glass pipettes
(BF100-50-10, Sutter Instrument, Novato, CA) pulled to a final resistance
of 60–120 MV and filled with 3 M K-acetate. The electrodes were
advanced through the slice with a Newport Series 360 Motorizer (New-
port Instruments, Fountain Valley, CA), which replaced the fine z-axis
micrometer on a Marzhauser MM-33 micromanipulator (Sutter Instru-
ment). Intracellular potentials were amplified with an Axoclamp 2B
amplifier (Axon Instruments, Foster City, CA) in bridge mode, low-pass-
filtered at 1–3 kHz, and digitized at 10 kHz.

Whole-cell recordings (39 cells in 34 slices from 24 animals) were
obtained in brain slices made from male zebra finches throughout song
development (PHD 22–180). These recordings were made with borosili-
cate patch pipettes (3–7 MV) coupled to a three-dimensional hydraulic
micromanipulator (Newport Instruments) mated to a mechanical posi-
tioner (MX110 Siskiyou Design, Soma Scientific Instruments, Irvine,
CA). Pipettes were filled with an internal solution consisting of (in mM)
100 Cs 1-gluconate, 10 EGTA, 5 MgCl2 , 40 HEPES, 2 Na 1-ATP, 0.3
Na 1-GTP, and 1 QX-314; the pH was adjusted to 7.25 with CsOH (50%
gm/ml H2O). Whole-cell currents were recorded with an Axopatch 1D
intracellular amplifier (Axon Instruments), and current traces were dig-

Figure 1. The song system. A, Simplified schematic of the song system. The motor pathway (open structures) is essential for the production of learned
song and includes the nuclei HVc, RA, nAm/nRAm, and nXIIts. The anterior forebrain pathway (AFP; shaded structures) is critical for normal song
development and contains X, DLM, and LMAN (D, dorsal; R, rostral). HVc, Used here as the proper name, also known as the higher vocal center; RA,
robust nucleus of the archistriatum; nAm, nucleus ambiguus; nRAm, nucleus retroambigualis; nXIIts, tracheosyringeal portion of the hypoglossal nucleus;
X, area X of the lobus parolfactorius; DLM, medial nucleus of the dorsolateral thalamus; LMAN, lateral portion of the magnocellular nucleus of the
anterior neostriatum. B, LMAN and area X in a transilluminated parasagittal living brain slice, showing the ascending thalamic fibers from DLM
(arrow). Scale bar, 800 mm.
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itized at 10 kHz after low-pass filtering at 1–5 kHz. Series resistance was
monitored throughout the recording by measuring the current transients
resulting from small (2 mV) hyperpolarizing voltage pulses. Holding
potentials were not corrected for the liquid junction potential.

Bipolar stimulating electrodes either were made from individual tung-
sten microelectrodes (Micro Probe, Clarksburg, MD) or were prefabri-
cated concentric bipolar electrodes (FHC, Brunswick, ME). To stimulate
the DLM–LMAN synapse while avoiding accidental activation of
LMAN axon collaterals in area X, we placed stimulating electrodes in
regions ventral and caudal to area X. We elicited synaptic responses at
0.1 Hz by applying a brief (100 msec) electrical stimulus (50–650 mA) to
the DLM axons. The stimulation protocol used here activated DLM
axons, because these are the only known source of afferent input to
LMAN and because stimulating electrodes were placed in the region
where DLM axons travel to reach their target (Bottjer et al., 1989).

Data acquisition and analysis. Data acquisition and analysis for intra-
cellular recordings were performed with a National Instruments (Austin,
TX) data acquisition board (AT-MIO-16E2), controlled by custom Lab-
VIEW software written by Fred Livingston and Rob Neummann. Sub-
threshold responses were measured with hyperpolarizing current pulses
(1–2 sec; from 2200 to 2400 pA). Suprathreshold responses (i.e., those
that generated action potentials) were measured in response to depolar-
izing current pulses (1–2 sec, from 1100 to 1800 pA). Input resistance
measurements, calculated by measuring the steady-state voltage caused
by injecting small (2200 pA) hyperpolarizing current pulses, were made
throughout the recording session; reported values were measured within
the first 30 min of a recording session. Membrane potential was measured
during the first and last few minutes of a recording session; then an
average of these two values was obtained after subtracting the membrane
potential offset (determined after exiting the cell) from the latter value.
Average firing rates were measured in response to 1- to 2-sec-long
depolarizing currents. AHPs after a current pulse were identified as
excursions of the membrane potential that traveled negative of the
prestimulus baseline. Synaptic currents and potentials shown here are the
averages of three to nine individual events, unless otherwise specified.

NMDA receptor-mediated EPSCs were recorded in 2.5 mM NBQX
and 50 mM picrotoxin and were evoked while the membrane potential was
held 20 mV more positive than the empirically determined EPSC rever-
sal potential (Erev ) to remove the voltage-dependent blockade by extra-
cellular magnesium (Mayer et al., 1984; Nowak et al., 1984). Decay time
constants of NMDA receptor-mediated EPSCs were estimated by fitting
the falling phase of the current with a double-exponential decay function,
y 5 y0 1 A1e 2(x 2 x0) /t 1 1 A2e 2(x 2 x0) /t 2, constrained to baseline (Origin,
Microcal Software, Northampton, MA); double-exponential fits of the
NMDA EPSCs always provided lower x2 values than did single-
exponential fits. These double-exponential fits yielded four variables: a
time constant (t1 ) and its relative amplitude (A1 ) for a fast component,
and a time constant (t2 ) and its relative amplitude (A2 ) for a slow
component. The percentage of the slow component was calculated by the
equation (A2 /(A11A2 ))z100. EPSC rise times were calculated as the time
between 10 and 90% of the peak amplitude. One-way ANOVAs and
two-tailed Student’s t tests (Origin) were used to test for significance; the
results of these analyses are reported in the tables and the figure legends.

Drug application. During interface recordings, drugs were applied from
a puffer pipette manufactured from 1.5 mm borosilicate glass, pulled to a
tip diameter of 20–50 mm, and loaded with the drug dissolved in ACSF.
The pipette was coupled to a Picospritzer (General Valve, Fairfield, NJ),
which was used to eject a small drop of the drug onto the slice. Drug
concentrations were D-APV (D(2)-2-amino-5-phosphonopentanoic
acid), 400–800 mM; NBQX (1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-
benzo( f )quinoxaline-7-sulfonamide disodium), 25–50 mM; picrotoxin,
200 mM; and NiSO4(NH4 )2SO3 , 10 mM. The actual concentration of
the drug at the recording site was assumed to be substantially lower.
Drug application for whole-cell experiments was accomplished by bath
perfusion of the drug. In these experiments the bath (i.e., final) concen-
trations of drugs were D-APV, 50–100 mM; NBQX, 2.5–5 mM; and
picrotoxin, 50 mM.

Histology of LMAN neurons. Neurobiotin (4–6% for sharp microelec-
trodes and 0.5% for whole-cell pipettes) was used for all intracellular
recordings. Depolarizing currents (1 0.5–1.5 nA, 1 sec in duration at 2
sec intervals) were applied for 15–20 min at the end of each recording
session. Then the slice was fixed in 4% paraformaldehyde in 25 mM
sodium phosphate buffer for 12–16 hr at 4°C, resectioned on a freezing
microtome at 75 mm, and visualized with avidin–HRP (diluted 1:100;
Vector Laboratories, Burlingame, CA) and 3939-diaminobenzidine tetra-

hydrochloride; the reaction was intensified with 1% CoCl2 and 1%
NiSO4(NH4 )2SO3. Camera lucida drawings were made on a Zeiss mi-
croscope (Oberkochen, Germany), using a 633 objective. After recon-
struction, sections were counterstained (cresyl violet) to confirm that
cells were located within the boundaries of the nucleus.

Reagents. All reagents for ACSF were obtained from Mallinckrodt
Specialty Chemical (Paris, KY); D-gluconic acid and picrotoxin were
from Sigma (St. Louis, MO); CsOH was from Aldrich Chemical (Mil-
waukee, WI); NiSO4(NH4 )2SO3 was from Fisher Scientific (Pittsburgh,
PA); all other drugs were obtained from Research Biochemicals Inter-
national (Natick, MA).

RESULTS
Sharp microelectrode recordings initially were used to character-
ize the intrinsic and synaptic properties of LMAN neurons,
because this technique was most reliable for obtaining stable
recordings in zebra finch tissue of all ages. In addition, whole-cell
voltage-clamp recordings were used to characterize more com-
pletely evoked synaptic currents without the confounding effects
of active conductances in the postsynaptic cell. Of 112 LMAN
neurons studied with sharp microelectrodes, 80 were from adults,
16 were from juveniles, and 16 were from fledglings. Of the 39
cells studied using whole-cell pipettes, 13 were from adults, 8 were
from juveniles, and 18 were from fledglings.

Neurobiotin staining revealed that almost all (75 of 80) of the
LMAN neurons from which there were recordings had spinous
dendrites and a main projection axon that divided into two
branches; one of the branches traveled ventrally toward area X,
while the other branch exited LMAN caudally in the tract that
contains LMAN axons projecting to RA (Figs. 2A, 4A). At a
much lower frequency (5 of 80 cells), we also encountered a class
of smaller neurons with thin dendrites that we tentatively identi-
fied as interneurons, but these were not included in any further
analysis.

Intrinsic properties
Adult LMAN projection neurons had an average resting poten-
tial of 276 6 1 mV (mean 6 SEM) and an average input
resistance of 90 6 4 MV (Table 1). Depolarizing current pulses
could produce trains of action potentials that accommodated over
the period of the applied pulse (Fig. 2B), and the relationship
between instantaneous spike frequency and spike interval num-
ber was fit by a straight line (Fig. 2C). In addition, the average
firing rate of these action potential trains increased in a linear
manner over the range of current pulses routinely applied (Fig. 3).
Afterhyperpolarizations (AHP) following spike trains were ob-
served in some cells (Fig. 5A, Table 1), and an inward rectification
component often was observed (Table 1) in response to hyper-
polarizing current pulses (asterisk in Fig. 2B; see also Table 1).

The intrinsic properties of juvenile LMAN projection neurons
were quite similar to those of adults. The average resting mem-
brane potential of juvenile neurons was 276 6 2 mV, and the
average input resistance was 98 6 9 (Table 1). As in the adults,
the spike trains evoked by depolarizing currents underwent ac-
commodation, such that the relationship between instantaneous
spike frequency and spike interval number was best fit by a
straight line (see legend in Fig. 2). In addition, the average firing
rate of these action potential trains increased in a linear manner
over the range of applied depolarizing current pulses (Fig. 3).
Inward rectification was exhibited in juvenile neurons in response
to hyperpolarizing current pulses, and AHPs also were often
observed in these cells (Table 1). Finally, one LMAN neuron
recorded from animals in this age group had suprathreshold firing
properties like those described for fledgling neurons (see below).
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Fledgling LMAN neurons were not significantly different from
juvenile and adult cells in their resting potentials (277 6 2 mV)
and input resistances (85 6 7 MV; see Table 1 for statistical
comparisons). In direct contrast to the adult and juvenile neurons,
however, individual fledgling LMAN projection neurons (Fig.
4A) often fired in a bursting mode in response to depolarizing
currents (mode 1; 12 of 15 cells; Figs. 4B). Of the 12 fledgling
LMAN neurons that displayed the bursting mode, eight cells
fired in this mode when depolarized from the actual resting
potential. In the other four cells the bursting mode appeared only
when the depolarizing pulses were preceded by tonic hyperpolar-

ization (Fig. 5A). Regardless, depolarization-induced bursting
was enhanced by previous hyperpolarization (Fig. 5B).

Fledgling LMAN neurons also could fire in a mode that was
similar to those seen at older ages (mode 2; 9 of 15 cells; Fig. 4B).
In addition to the four cells that could be transformed from mode
2 to mode 1 by previous hyperpolarization, three cells fired only
in mode 2 throughout the recording, whereas two other cells
spontaneously switched between the two firing modes (see, for
example, Fig. 4B). In mode 2, the instantaneous firing frequency
was a linear function of the interspike interval (Fig. 4C), and the
average spike frequency increased in a linear manner with respect

Figure 2. The morphology and subthreshold and suprathreshold responses of an adult LMAN projection neuron. A, Camera lucida reconstruction of a
neurobiotin-stained neuron of the type encountered in this study. LMAN projection neurons have spinous dendrites, local collaterals, and a bifurcated
primary axon, with one process traveling caudally toward RA and the other ventrally toward area X (dashed lines represent missing portions of axons). The
inset on the right is a low-power camera lucida reconstruction showing the same LMAN neuron in its relation to the borders of LMAN and area X (dorsal
is toward the upper right, and rostral is toward the lower right). Scale bar, 20 mm; 200 mm for inset. B, Adult LMAN neurons typically fired action potential
trains that accommodated in response to depolarizing currents, as shown in the top two traces. Inward rectification (marked by an asterisk) often occurred
in response to the larger hyperpolarizing currents, as shown in the third set of traces. Resting potential 5 76 mV. C, The instantaneous firing frequency
is shown plotted as a function of the spike interval number and is well fit by a straight line [average correlation coefficient for the adult population, in
response to 1600 pA, was r 5 20.93 6 0.01 (n 5 39)]. The average correlation coefficient for the juvenile population, in response to 1600 pA, was r 5
20.86 6 0.03 (n 5 12).
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to the injected current amplitude as seen in juveniles and adults
(Fig. 3; see figure legend for statistical comparison). In summary,
individual fledgling LMAN projection neurons could exhibit two
distinct modes of firing in response to depolarizing currents,
including a bursting mode that was never observed in adult
LMAN neurons at normal resting potentials (n 5 60 cells) or
after previous hyperpolarization (n 5 9 cells).

We sought to clarify the ionic basis of the mode 1 action
potential firing, which resembles a bursting behavior that has
been observed in other cell types (see Discussion). Because nickel
is known to block such bursting behavior (Fox et al., 1987), we
applied nickel (10 mM) directly to LMAN via a puffer pipette.
Nickel application reversibly blocked the bursting component of
the response to suprathreshold depolarizing currents while leav-
ing the cell with its ability to fire action potentials intact (Fig. 6;

five of five cells were blocked, three with at least partial recovery).
In the presence of nickel, fledgling LMAN neurons that previ-
ously had fired in mode 1 now exclusively exhibited mode 2 action
potential discharges. The enhancing effects of previous hyperpo-
larization and the blocking effects of nickel strongly suggest that
a low-threshold calcium spike (LTS) contributes to the action
potential bursting that we have seen in fledgling LMAN projec-
tion neurons.

Synaptic properties
To investigate the functional properties of the synapse between
DLM axons and LMAN neurons, we evoked synaptic responses
from LMAN projection neurons by electrically stimulating as-
cending thalamic axons in brain slices prepared from animals
PHD 22–180. Initial experiments were performed with sharp
microelectrodes to record postsynaptic potentials (PSPs) elicited
within LMAN by thalamic fiber stimulation. Subsequent experi-
ments used the superior voltage control afforded by the whole-cell
technique to establish the contribution of NMDA receptors to
the evoked synaptic current and to determine whether the kinet-
ics of these NMDA receptor-mediated currents change over the
course of development.

Electrical stimulation of DLM axons routinely elicited PSPs
from LMAN projection neurons at all ages. At lower stimulus
intensities, these responses consisted of a short-latency mono-
tonic PSP that was depolarizing (Fig. 7). Because this PSP could
drive the cell to spike if the postsynaptic membrane was suffi-
ciently depolarized (data not shown), it was classified as an EPSP.
In most cells, higher stimulus strengths could elicit the short-
latency EPSP and also a longer-latency hyperpolarizing compo-
nent, which was classified as an IPSP (marked by an asterisk in
Fig. 7). This IPSP grew in amplitude as the stimulus intensity was
increased (Fig. 7).

To determine the contribution of postsynaptic glutamate re-
ceptors to the EPSPs elicited within LMAN by stimulating tha-
lamic fibers at lower intensities, we focally applied glutamate
receptor antagonists directly to LMAN with a puffer pipette. In
slices prepared from adult and juvenile birds, the application of
the AMPA receptor antagonist NBQX (25 mM) reversibly
blocked the EPSP elicited by stimulating thalamic fibers (Fig. 8,
Table 2). In the presence of NBQX, a smaller, slower EPSP,
reminiscent of NMDA receptor-mediated EPSPs, often was ob-
served (trace 2, Fig. 8). Consistent with this view, the NMDA
receptor antagonist D-APV could depress longer-latency compo-
nents of the EPSP (;10–20 msec after stimulus; compare traces
3&4, Fig. 8; see also Table 2). These results suggest that both

Figure 3. Average action potential firing frequencies for different depo-
larizing currents (1–2 sec in duration) from LMAN neurons of various
ages. The average action potential firing frequencies were calculated for
fledgling (stars; n 5 15), juvenile ( filled circles; n 5 14), and adult (open
circle; n 5 55) LMAN neurons and were plotted as a function of the
injected current. Linear fits of the data from each age are shown; the firing
rate in response to a given amount of injected current did not differ among
the age groups. One-way ANOVAs demonstrated that the responses were
not significantly different across ages at 1200 pA (F 5 0.2, p . 0.8), 1400
pA (F 5 0.5, p . 0.6), and 1600 pA (F 5 0.5, p . 0.6).

Table 1. Intrinsic properties

Parameter

Fledgling: 27–32 PHD
(mean 5 30, n 5 16 cells
from 15 slices)

Juvenile: 40–51 PHD
(mean 5 43, n 5 16 cells
from 16 slices)

Adult: 90–180
PHD (mean 5 13,
n 5 75 cells from
74 slices)

Vrest (mV 6 SEM)a 277 6 2, n 5 12 276 6 2, n 5 16 276 6 1, n 5 59
Input resistance (MV 6 SEM)b 82 6 8, n 5 13 98 6 9, n 5 16 90 6 4, n 5 59
Accommodation (Y/N) Y Y Y
Bursting cells 80% (12/15) 7% (1/15) 0% (0/69)
AHP 50% (8/16) 60% (9/15) 33% (19/58)
Inward rectification 70% (7/10; 6 nd) 89% (8/9; 6 nd) 64% (29/45)

nd 5 not determined.
One-way ANOVAs: a F 5 0.02, p . 0.97; b F 5 1.1, p . 0.33.
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AMPA and NMDA receptors contribute to thalamically driven
EPSPs within LMAN.

In addition to driving glutamatergic EPSPs, higher intensity
thalamic fiber stimulation also evoked IPSPs within LMAN
(trace 1, Fig. 9). As with evoked EPSPs, the combined EPSP–
IPSP was blocked by NBQX (trace 2, Fig. 9). In contrast, the
GABAA receptor antagonist picrotoxin (PTX) blocked the IPSP
while leaving the EPSP intact (trace 6, Fig. 9; see also Fig. 10).
Because these evoked IPSPs were blocked by both NBQX and
PTX, thalamic axons most likely drive feedforward inhibition via

an excitatory synapse located on a GABAergic interneuron
within LMAN.

Developmental changes in NMDA
receptor-mediated EPSCs

Whole-cell voltage-clamp recordings were used to characterize
NMDA receptor-mediated EPSCs in LMAN, because this tech-
nique permitted greater control of postsynaptic membrane poten-
tial than did sharp electrodes. This approach was necessary be-
cause NMDA EPSCs are strongly attenuated at negative

Figure 4. The morphology and sub- and suprathreshold responses of a fledgling LMAN projection neuron. A, Camera lucida reconstruction of a
neurobiotin-stained fledgling projection neuron reveals similar morphology to adult neurons, including the spinous dendrites, local collaterals, and the
bifurcating main axon with projections to area X and RA. The inset on the right is a low-power camera lucida reconstruction showing the same LMAN
neuron with respect to the borders of LMAN (dorsal is toward the top of the figure; rostral is toward the right). Scale bar, 20 mm; 200 mm for inset. B,
Fledgling LMAN projection neurons fired action potentials in two distinct modes in response to depolarizing current. In the top trace a fledgling neuron
fired in a bursting manner (Mode 1) in response to depolarizing current injection. However, at a separate time during the recording session, the same
neuron fired accommodating action potential trains (Mode 2) that were similar to those of adult neurons, as shown in the bottom trace. Note that the
membrane potential shifted from 276 to 271 mV in parallel with the shift in firing modes. C, The instantaneous firing frequency is shown plotted as
a function of the spike interval number. For cells firing in mode 2, this relationship was well fit by a straight line [r 5 20.93; average correlation coefficient
for the fledgling population, in response to 1400 pA, was r 5 20.80 6 0.07 (n 5 6)]. However, cells that fired in Mode 1 had rapidly changing
instantaneous firing frequencies and were poorly fit by a straight line (fit not shown).
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membrane potentials (Mayer and Westbrook, 1984; Mayer et al.,
1984; Nowak et al., 1984), and LMAN neurons rest at relatively
negative voltages (see Table 1). Whole-cell voltage-clamp record-
ings revealed that electrical stimulation of thalamic fibers could
evoke both excitatory and inhibitory responses in LMAN (Fig.
10). At holding potentials between 240 and 0 mV, stimulation
elicited a short-latency inward current as well as a longer-latency
outward current. This longer-latency IPSC was abolished by the
bath application of PTX (n 5 16; 4 adult, 5 juvenile, 7 fledgling),

Figure 5. The effect of membrane potential on bursting in fledgling neurons. A, Hyperpolarization could unmask the bursting behavior in fledgling
LMAN neurons. Initially, current injection (1400 pA) induced only the mode 2 adult-like firing in this fledgling neuron, as shown in the lef t trace.
However, when the membrane was subjected to tonic hyperpolarization (2300 pA), the same depolarizing current (i.e., 1400 pA) caused the neuron
to fire in mode 1, as shown in the right trace. B, Hyperpolarization also could augment preexisting bursting behavior in fledgling LMAN neurons. The
two lef t traces show a fledgling LMAN neuron that initially fired in mode 1 in response to depolarizing currents (1300 and 1600 pA). When the same
cell was subjected to tonic hyperpolarization (2300 pA), as shown in the right two traces, bursting was augmented in response to the 1600 pA current
injection, although the cell remained subthreshold when injected with the 1300 pA current.

Figure 6. Mode 1 firing was blocked by extracellular application of
nickel. This fledgling LMAN neuron fired in mode 1 in response to
depolarizing current (lef t trace). Nickel (10 mM, applied via a puffer
pipette) blocked the bursting behavior of this cell (middle trace). Sixty
minutes after the nickel application the bursting behavior partially recov-
ered (right trace). Resting potential 5 275 mV.

Figure 7. Excitatory and inhibitory synaptic responses could be elicited
from LMAN projection neurons by electrical stimulation of DLM axons.
Synaptic potentials were elicited in LMAN projection neurons in re-
sponse to increasing stimulus intensities (100 msec duration; stimulus
artifact marked by arrow; the stimulus amplitude for each trace is shown
on the right). At threshold (;300 mA) only an EPSP was elicited. At
higher stimulus intensities an IPSP also was elicited (marked by asterisk).
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leaving only the shorter-latency inward EPSC, which was blocked
by the subsequent application of NBQX (n 5 16; 4 adult, 5
juvenile, 7 fledgling). Although little inward current could be
detected at negative holding potentials (i.e., 230 mV) in the
presence of NBQX, a slower inward current could be detected in
the presence of AMPA and GABAA receptor antagonists at
more positive holding potentials (i.e., 0 mV; trace marked by an
asterisk in Fig. 10; n 5 12 of 13 adult cells, 12 of 13 juvenile cells,
and 17 of 18 fledgling cells). The negative slope conductance of
the evoked EPSCs recorded within LMAN is typical of NMDA
receptor-mediated EPSCs, and the attenuating effects of postsyn-
aptic hyperpolarization indicate that NMDA receptors are lo-
cated on the postsynaptic cell and not on an interposed neuron.
Although these evoked EPSCs reversed positive of 0 mV (see

Table 3), presumably because of inadequate space clamp, appli-
cation of the NMDA receptor blocker D-APV reversibly abol-
ished the evoked EPSCs that persisted in the presence of PTX
and NBQX (Fig. 10; n 5 4 of 4 adult, 3 of 3 juvenile, and 3 of 3
fledgling). These recordings show that thalamic fiber stimulation
can evoke NMDA receptor-mediated EPSCs within LMAN
throughout song development (PHD 22–166).

Several synaptic pathways that undergo experience-dependent
changes during early development also exhibit an age-dependent
decrease in the duration of their NMDA receptor-mediated cur-
rents (Carmignoto and Vicini, 1992; Hestrin, 1992; Ramoa and
McCormick, 1994; Crair and Malenka, 1995). To determine
whether similar developmental changes occur within LMAN, we
measured the NMDA component of the evoked EPSC by bathing

Figure 8. EPSPs evoked in LMAN by thalamic fiber stimulation were blocked by glutamate receptor antagonists. An evoked EPSP (trace 1; arrow marks
stimulus artifact) was reduced substantially (trace 2) by NBQX (25 mM), an antagonist of the AMPA subtype of glutamate receptor. The EPSP amplitude
recovered after ;75 min (trace 3). Subsequent application of D-APV (400 mM) only slightly reduced the EPSP amplitude (trace 4 ), which recovered
completely after ;50 min (trace 5). Traces 1&2 and traces 3&4 are overlaid to facilitate the comparison of the drug effects. Traces 3 and 4 were subtracted
to yield the D-APV-sensitive EPSP, and the resulting trace was overlaid with NBQX-insensitive EPSP (traces 3–4&2), revealing that they have a similar
amplitude and time course. The bottom portion of the figure plots the EPSP amplitude over the course of the experiment (synaptic responses were evoked
at 0.1 Hz; mean resting potential 5 275 mV).

Table 2. Current-clamp synaptic properties

Age
(PHD)

Control
(mV 6 SEM) NBQX Recovery Control APV Recovery

Juvenile:
40–51 9.1 6 2.2, n 5 5 cells 2.4 6 0.6a 9.2 6 1.9 nd nd nd

Adult:
90–180 9.9 6 1.3, n 5 9 cells 2.6 6 0.6b 8.8 6 1.0 9.0 6 1.5, n 5 5 cells 7.4 6 1.4c 9.4 6 1.9

nd 5 not determined.
Two-tailed t tests, compared with controls: a p , .001; b p , .0001; c p , .005.
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the slice in NBQX (2.5 mM) and PTX (50 mM) while holding the
postsynaptic membrane 20 mV positive of the reversal potential
to relieve voltage-dependent block by extracellular magnesium. In
these conditions evoked EPSCs at all ages were well fit with a
double-exponential function, yielding a fast and a slow decay time
constant (Fig. 11A, Table 3). These analyses show that the slow
component constituted a significantly larger fraction of the total
current in fledgling neurons than it did in juvenile and adult
neurons (Fig. 11A,B, Table 3) and that the transition to the faster
decay kinetics is complete in large part by PHD 40 (Fig. 11B).
This difference in decay kinetics was apparent although the actual
values of the two time constants remained constant throughout
development (Fig. 11C, Table 3). In contrast to the change in
decay kinetics, neither EPSC rise times nor input resistances
changed significantly during development (Table 3), strengthen-
ing the hypothesis that the observed differences in decay kinetics
are attributable to underlying differences in NMDA receptor
properties. These results show that the decay kinetics of NMDA
receptor-mediated EPSCs evoked within LMAN change mark-
edly over the course of early song development (PHD 32–40).

DISCUSSION
This study shows that LMAN neurons undergo distinct changes
in their intrinsic and synaptic electrophysiological properties be-

Figure 9. Both AMPA and GABAA receptor antagonists blocked IPSPs elicited in LMAN by electrical stimulation of thalamic axons. An evoked
compound EPSP–IPSP (trace 1; arrow marks stimulus artifact) was blocked (trace 2) by NBQX (25 mM); the compound response partially recovered after
;50 min (trace 3). In contrast, the application of D-APV (800 mM) had no effect on either the EPSP or the IPSP (traces 4 and 5). The application of
picrotoxin (PTX; 200 mM) selectively eliminated the IPSP, leaving only the EPSP (trace 6 ). The remaining EPSP was reduced substantially by the
application of NBQX (25 mM; trace 7 ), followed by a partial recovery (trace 8). Traces 1&2 and traces 5&6 are overlaid to facilitate comparison of the
drug effects. The bottom two portions of the figure plot the PSP amplitude and onset slope over the course of the experiment (synaptic responses were
elicited every 10 sec; average resting potential 5 279 mV)

Figure 10. Whole-cell voltage-clamp recordings (holding potential spec-
ified to the lef t) showed that thalamic fiber stimulation (marked by arrow
in bottom lef t trace) could evoke glutamatergic EPSCs that were blocked
by the AMPA receptor antagonist NBQX, GABAergic IPSCs, and
voltage-dependent NMDA receptor-mediated EPSCs from LMAN neu-
rons. At Vh 5 230 mV (relative to Erev ; see Materials and Methods), the
evoked EPSC was inward-going, whereas the IPSC was outward. The
GABAA receptor blocker picrotoxin (PTX; 50 mM) blocked the IPSC,
leaving a fast inward current that was blocked by the AMPA receptor
antagonist NBQX (2.5 mM). The remaining slower inward current, which
increased in amplitude when the cell was held at 0 mV, was blocked by the
NMDA receptor antagonist D-APV (50 mM). In LMAN, NMDA
receptor-mediated EPSCs reversed positive of 0 mV (see Table 3), sug-
gesting that the synaptic membrane was more negative than the reported
values because of incomplete space clamp.
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tween the fledgling and juvenile stages of life (PHD 32–40).
LMAN projection neurons in fledgling zebra finches can display
two modes of action potential firing, including a bursting mode
that is not expressed in the same class of neurons in the juvenile
and adult. In addition, the decay kinetics of NMDA receptor-
mediated EPSCs in LMAN become markedly faster between
PHD 32–40. The time course of these changes contrasts with our
original hypothesis that such physiological changes should extend
into later sensorimotor learning (i.e., PHD 50–90). Therefore, if
such changes are pertinent to song development, they must relate
to earlier events, such as sensory acquisition and the initial stages
of sensorimotor learning, rather than later periods of vocal plas-
ticity and the process of song crystallization.

Intracellular neurobiotin staining revealed that the recordings
made here are from LMAN projection neurons. These cells have
axon branches that project toward area X and nucleus RA,
consistent with anatomical tracing experiments that show that
many individual LMAN neurons project to both targets
(Nixdorf-Bergweiler et al., 1995a; Vates and Nottebohm, 1995).
In addition, these neurons have radially symmetric spinous den-
drites and are thus likely to be the same class as those spinous
cells identified in Golgi studies that undergo an age-dependent
decrease in spine frequency (Nixdorf-Bergweiler et al., 1995b). A
preliminary analysis of the morphology of LMAN projection
neurons labeled here indicates that, although they undergo a
similar developmental decrease in spine frequency, the overall
extent of their dendritic arbors is remarkably constant across
these ages (Stacy et al., 1997).

Despite their similar dendritic morphologies, resting potentials,
and input resistances, adult and fledgling LMAN projection
neurons differed markedly in their suprathreshold responses to
depolarizing currents. Adult neurons fired trains of action poten-
tials in response to depolarization that accommodated over the
duration of the injected current pulse. This accommodation was
characterized by a linear relationship between the instantaneous
spike frequency and the spike interval number. In contrast, fledg-
ling neurons displayed a burst mode of firing in response to
similar depolarizing currents (mode 1) as well as in some in-

stances firing in an adult-like manner. The two modes of firing
exhibited by fledgling LMAN neurons are thought to reflect the
behavior of a single cell class because (1) two cells spontaneously
switched from mode 2 to mode 1 during the recording (see, for
example, Fig. 4B), (2) four cells that initially exhibited the linear
mode could be induced to burst by previous hyperpolarization
(Fig. 5A), and (3) the morphologies of cells displaying either or
both firing modes were those of LMAN projection neurons.

Mode 1 firing is reminiscent of several other forms of burst
firing, including that described for adult X-projecting HVc neu-
rons (Kubota and Saito, 1991), mammalian thalamic neurons
(Jahnsen and Llinás, 1984), and neocortical pyramidal neurons
(Silva et al., 1991; Gray and McCormick, 1996). As in these other
cell types, the mode 1 firing of fledgling LMAN neurons involves
a putative LTS, because it is blocked by nickel (Fox et al., 1987)
and augmented by previous hyperpolarization. Modulatory fac-
tors that can elicit hyperpolarization, such as norepinephrine,
have been shown to augment LTS-dependent bursting in the
mammalian thalamus (McCormick, 1989). In the song system,
tyrosine hydroxylase, an enzyme essential to catecholamine pro-
duction, as well as certain adrenergic receptors, has been local-
ized to LMAN (Bottjer, 1993; Ball, 1994; Soha et al., 1996).
Further studies will be required to determine whether norepi-
nephrine or other modulatory factors influence bursting in fledg-
ling LMAN neurons.

In the zebra finch, bursting correlates both with sensory acqui-
sition, which can be complete as early as PHD 35 (Bohner, 1990),
and early sensorimotor learning, which begins between PHD
28–40 (Immelmann, 1969; Arnold, 1975). Burst firing in presyn-
aptic cells has been shown to increase the probability of eliciting
a postsynaptic response (Miles and Wong, 1986; Stevens and
Wang, 1995). In LMAN, this mechanism might facilitate auditory
responses to the tutor song during sensory acquisition or augment
signaling to RA during early sensorimotor learning. However, the
bursting behavior disappears before the time when LMAN le-
sions fail to disrupt song development and well before sensori-
motor learning is complete (Bottjer et al., 1984; Scharff and

Table 3. Properties of NMDA receptor-mediated EPSCs (Vh 5 120 mV, relative to Erev)

Parameter

Fledgling: 22–32 PHD
(mean 5 28, n 5 9 cells
from 9 slices)

Juvenile: 40–51 PHD
(mean 5 44, n 5 8 cells
from 8 slices)

Adult: 90–180
PHD (mean 5 136,
n 5 8 cells from 8
slices)

Amplitude (pA 6 SEM)a 85 6 13 123 6 45 70 6 13
Decay t1 (msec 6 SEM)b 42 6 6 39 6 4 32 6 2
Decay t2 (msec 6 SEM)c 197 6 24 208 6 38 177 6 16
Slow component (%) (((A2/(A1 1

A2))z100) 6 SEM) d* 50 6 05 28 6 04 20 6 04
10–90% rise time (msec 6 SEM) e 6.5 6 0.4 6.4 6 1.1 4.8 6 0.4
Input resistance (MV 6 SEM) f 102 6 16 98 6 11 93 6 11
Erev (mV 6 SEM) g,h 54 6 6 49 6 8 52 6 4

a One-way ANOVA (amplitude: F 5 1.02, p . 0.37).
b One-way ANOVA (t1: F 5 1.44, p . 0.25).
c One-way ANOVA (t2 , F 5 .3, p . 0.7).
d Two-tailed t tests: fledgling–adult, p , 0.0003; fledgling–juvenile, p , 0.003; juvenile–adult, p . 0.1.
e One-way ANOVA (10–90% rise time: F 5 1.85, p . 0.18).
f One-way ANOVA (input resistance: F 5 0.11, p . 0.79).
g One-way ANOVA (Erev: F 5 0.23, p . 0.89).
h Not corrected for the liquid junction potential.
* Significantly different.
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Nottebohm, 1991), arguing against its role in the later stages of
plastic song.

This study provides the first characterization of synaptic trans-
mission within nucleus LMAN and shows that synapses between
DLM and LMAN are functional by PHD 22. DLM axons evoke
excitatory synaptic responses from LMAN projection neurons
and also activate a feedforward inhibitory pathway within LMAN
(also see Boettiger and Doupe, 1996). This excitatory drive is
mediated by a combination of AMPA and NMDA receptors
located on LMAN projection neurons, whereas the inhibitory
drive is mediated by a GABAergic synapse, because it is blocked
by the GABAA receptor blocker picrotoxin. Inhibition is likely to
be polysynaptic because it is also blocked by application of
AMPA receptor antagonists, contrary to the expected effect if
thalamic axons made direct inhibitory contacts onto LMAN
projection neurons. The most parsimonious explanation is that
DLM axons activate AMPA receptors located on GABAergic
interneurons within LMAN.

DLM axons directly activate NMDA receptors located on
LMAN projection neurons. The identification of inputs that
activate NMDA receptors within LMAN is specifically relevant,

because the infusion of NMDA receptor antagonists into the
neostriatal region (which includes LMAN) of young zebra
finches during tutoring disrupts subsequent song development
(Basham et al., 1996) and because NMDA receptor density
within LMAN declines with maturation (Aamodt et al., 1992;
Basham, 1996). Therefore, a major site where NMDA receptor
antagonists could disrupt song development is at the synapse
between DLM axons and LMAN projection neurons.

The decay kinetics of NMDA receptor-mediated EPSCs in
LMAN become markedly faster over development. These
changes could reflect developmental differences in the relative
composition of the receptor population, changes in the kinetics of
individual NMDA receptors, the disproportionate loss of NMDA
receptors from distal processes, or changes in postsynaptic filter-
ing of synaptic currents. These latter two factors are unlikely to be
significant because the developmental loss of dendritic spines (a
major location of NMDA receptors; see Connor et al., 1994;
Petralia et al., 1994) on LMAN neurons does not appear to
selectively involve distal processes (Nixdorf-Bergweiler et al.,
1995b). Also, unlike the change in decay kinetics, the rise times of
these EPSCs do not change significantly during development,

Figure 11. The decay kinetics of NMDA receptor-mediated EPSCs elicited in LMAN by thalamic fiber stimulation change during early development.
A, On the lef t is an evoked NMDA receptor EPSC from a fledgling LMAN projection neuron, and on the right is a NMDA receptor EPSC from that
of an adult. These NMDA receptor-mediated EPSCs were best fit by double exponentials, which are represented by the open circles. The black curves
represent the fast (t1 ) and slow (t2 ) exponentials that constitute the double-exponential fit (fledgling: t1 5 45 msec, t2 5 245 msec, A1 5 17, and A2
5 25.1; adult: t1 5 38 msec, t2 5 175 msec, A1 5 45.3, and A2 5 18.6; see Materials and Methods). The slow component constituted a significantly larger
fraction of the total synaptic current in the fledgling than in either the juvenile or adult [EPSCs were recorded in the presence of NBQX (2.5 mM) and
picrotoxin (50 mM) at Vh 5 120 mV of Erev]. B, The percentage of the falling phase of the total response amplitude constituted by the slow component
of the double-exponential fit declined with age [(A2 /(A11A2 ))z100; see Materials and Methods and Table 3 for further details]. C, Fast and slow time
constants (t1 and t2 ) from the double-exponential fits did not change significantly as a function of age (see Materials and Methods and Table 3 for further
details).
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which contrasts with the expected effects of altered dendritic
filtering (Spruston et al., 1994). Therefore, NMDA receptor-
mediated currents could become faster because of changes in
individual receptors (Monyer et al., 1992), perhaps because of
differential expression of NMDA receptor subunits, as has been
described in the developing mammalian brain (Williams et al.,
1993; Monyer et al., 1994). In support of this view, ifenprodil,
which binds with high affinity to NMDA receptor heteromultim-
ers containing the NR2B subunit, has been shown to bind at
significantly greater levels in the LMAN of PHD 30 male zebra
finches relative to adults (Basham et al., 1997).

Developmental changes in the time course of NMDA receptor-
mediated currents occur at several central synapses that undergo
activity-dependent development. At mammalian retinocollicular
and thalamocortical synapses, NMDA receptor-mediated EPSCs
become more rapid as sensitive periods for activity-dependent
remodeling come to a close (Carmignoto and Vicini, 1992; Hes-
trin, 1992; Ramoa and McCormick, 1994; Crair and Malenka,
1995). In the zebra finch the change in NMDA receptor kinetics
in LMAN occurs between PHD 30–40, which is a pivotal time
for synaptic remodeling in LMAN. Golgi studies indicate that
LMAN neurons undergo a significant increase in spine frequency
between PHD 21–35 and then decline gradually to adult levels
thereafter (Nixdorf-Bergweiler et al., 1995b). Our data show that
slower NMDA decay kinetics are present during the early in-
crease in dendritic spine frequency and that faster kinetics cor-
relate with the period of spine frequency reduction in LMAN.
When zebra finches are raised in acoustical isolation, the de-
crease in spine frequency fails to occur (Wallhausser-Franke et
al., 1995), and the period of sensory acquisition is extended
(Eales, 1985; Morrison and Nottebohm, 1993). If these different
NMDA EPSC phenotypes facilitate dendritic remodeling in
LMAN, then acoustical isolation should delay the transition from
fledgling to adult NMDA receptor decay kinetics just as the
change in spine frequency is halted. Finally, if the slower currents
typical of fledgling LMAN neurons are specifically required for
synaptic changes during song learning, then their role must be
limited to early events, such as sensory acquisition and the onset
of sensorimotor learning, but not to the later stages of plastic
song, including crystallization.
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