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Cellular Mechanisms of Plasticity in a Neural Circuit for Song Learning

by

Charlotte Ann Boettiger

ABSTRACT

This study details physiological changes in the lateral portion of the

magnocellular nucleus of the anterior neostriatum (LMAN) principal neurons that occur

during sensory learning, potentially contributing to increased song selectivity and/or

decreased ability to memorize new song. Such changes can be grouped into three classes:

intrinsic properties, synaptic properties, and long-term synaptic plasticity. We established

an in vitro slice preparation of the zebra finch anterior forebrain to characterize the

intrinsic properties and excitatory synaptic transmission of LMAN principal neurons.

Cells from birds in the early sensory learning phase (~20d of age) had immature passive

membrane properties, well developed spiking behavior, and received excitatory input

from two sources: thalamic afferents (DLM), and recurrent axon collaterals (LMANR).

Both inputs were glutamatergic; responses to LMANR inputs exhibited a relatively larger

NMDA receptor-mediated component, and responses to DLM inputs showed marked

paired-pulse depression (PPD).

Comparing the intrinsic and synaptic properties of LMAN principal neurons

across age groups demonstrated that changes occur in both over the course of sensory

learning. Intrinsic property changes included a shortening of membrane time constants,

and a decline in Spike adaptation with age. These results are consistent with the

developmental increase in auditory selectivity, and the increasingly sustained nature of

vii



LMAN auditory responses. Synaptic changes included decreases in the PPD of DLM

inputs, and in the duration of LMANR responses. Such changes are expected to reduce

non-specific amplification of thalamic input by the recurrent circuitry of LMAN,

resulting in higher fidelity transmission of thalamic input, potentially increasing auditory

selectivity. These synaptic changes could be delayed by sensory isolation, indicating that

they occur as a result of sensory learning.

DLM and LMANR synapses differed in the long-term activity-dependent

plasticity they expressed, but both exhibited developmental change in such phenomena.

At 204, LMANR synapses express a Hebbian, NMDA receptor-dependent LTP, while

DLM inputs express a heterosynaptic LTD. Both types of plasticity were restricted to the

sensory critical period, consistent with a role in sensory learning. Furthermore, the

properties of the observed plasticity are well suited to establish circuitry within LMAN

that could represent a memory of the tutor song.
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Chapter 1:

Background and Experimental Rationale



Birds of the order passeriformes produce complex, learned, species-typical

vocalizations referred to as “birdsong”. These vocalizations provide an excellent model

for investigating the physiological mechanisms of learning. Birdsong learning, like vocal

learning in humans, is a naturally occurring behavior that is regulated by a variety of

factors, including development, hormones, social environment, and attention (Doupe and

Kuhl, 1999). In addition, previous behavioral studies have provided strong clues about

when and where the changes associated with song learning take place. These features of

birdsong learning provide the opportunity for testing the correlation between learning and

cellular and synaptic function, as well as testing causality by manipulating the learning

process.

Song learning

Songbirds require exposure to an adult song model, generally provided by the

father, within a particular developmental window. This window is variously referred to as

the “critical” or “sensitive” period, or simply the sensory phase of song learning. During

this time period the bird stores a memory of its tutor’s song, but in many species does not

produce any song-like vocalizations (Marler, 1970). A sensorimotor matching phase

begins later, when the bird uses auditory feedback to learn to produce a copy of the

memorized song (Konishi, 1965; Immelmann, 1969; Marler, 1987). In the zebra finch

(Taeniopygia guttata) these phases are partially overlapping. Sensory learning begins at

approximately 10-15d post-hatch and normally ends by 60-65 days of age, though it may

be extended by acoustic isolation (Immelmann, 1969; Eales, 1985, 1989; Böhner, 1990;

Slater and Jones, 1995). Sensorimotor matching begins between 25 and 40 days and song



“crystallization” is complete by around 90-100 day posthatch (Immelmann, 1969; Eales,

1985). Normal auditory feedback is required throughout learning and into adulthood

(Price, 1979; Burek et al., 1991; Nordeen and Nordeen, 1992; Leonardo and Konishi,

1999; Williams and Mehta, 1999; Brainard and Doupe, 2000).

Song system anatomy

The songbird forebrain rºscontains a specialized set of nuclei,
LMAN

referred to as the song system, which
- - -

Area X
is not present in species that do not

learn their songs (Nottebohm et al.,
vocal organ & respiratory muscles

1976; Kroodsma and Konishi, 1991).

h
-

Figure 1-1. Diagram of song system. A parasagittalThe song system consists of two view of the zebra finch brain showing the motor
pathway (hatched), which includes HVc, RA, and

interconnected chains of nuclei: the tnXIIts. The anterior forebrain pathway (black)
consists of Area X, DLM, and LMAN. The Field L
complex (L; grey) is the source of auditory input tomotor-control circuit and the anterior
the song system.

forebrain pathway (Figure 1-1). The motor pathway of the song system must remain

intact throughout life for normal song production; this circuit includes HVc, the robust

nucleus of the archistriatum (RA), and the tracheosyringeal portion of the hypoglossal

nucleus (nxIIts; Nottebohm et al., 1976; McCasland, 1987). The anterior forebrain

pathway is not necessary for normal adult song production and includes the lateral

portion of the magnocellular nucleus of the anterior neostriatum (LMAN), Area X, and

the medial portion of the dorsolateral thalamus (DLM; Nottebohm et al., 1982; Okuhata

and Saito, 1987; Bottjer et al., 1989; Sohrabji et al., 1990; Mooney and Konishi, 1991).



LMAN is the output nucleus of the anterior forebrain pathway (AFP), sending

projections to RA, and Area-X (Nixdorf-Bergweiler et al., 1995a; Vates and Nottebohm,

1995).

Evidence for LMAN's role in learning

The first evidence for LMAN’s critical role in song learning came from lesion

studies. Lesions of LMAN have little effect on adult song production, while the same

lesions in juveniles profoundly disturb song learning (Bottjer et al., 1984; Sohrabji et al.,

1990; Scharff and Nottebohm, 1991; Nordeen and Nordeen, 1993). These results led to

an in vivo physiological investigation of LMAN. Single-unit recordings of LMAN

principal cells in anesthetized zebra finches revealed a pronounced selectivity for the

bird’s own song (BOS) and/or tutor song that emerges developmentally, coincident with

song learning. LMAN neurons in birds at the early stage of sensory learning do not

respond to simple tonal or white noise stimuli, but respond equally well to tutor and

conspecific songs (Doupe, 1991, 1997). In contrast, by the end of the sensory critical

period (~60d post hatch), LMAN neurons show strong selectivity for BOS and/or tutor

song (Solis and Doupe, 1997, 1999). Song experience continues to shape the responses of

LMAN neurons until adulthood and the completion of song learning, enhancing

responses to BOS and tutor song, and suppressing responses to non-preferred stimuli

(Doupe, 1991, 1997; Solis and Doupe, 2000). This pattern of change, coupled with the

lesser song-selectivity of upstream nuclei (Doupe, 1997; Solis and Doupe, 1997, 1999)

Suggests that LMAN circuitry is maturing during this time period, and that this

maturation contributes to the increasing selectivity of the nucleus.



Furthermore, LMAN has been implicated in processing sensory information

related to both the tutor song and the BOS and providing an evaluation to the vocal motor

system of how well the BOS matches the stored memory of the tutor song. Lesions of

LMAN prevent the degradation of song normally caused by perturbations of Song

production or feedback (Williams and Mehta, 1999; Brainard and Doupe, 2000). This is

consistent with LMAN providing an active evaluation signal that influences song

production via its projection to the motor system. Moreover, blockade of NMDA

receptors (NMDARs) in LMAN during tutoring prevents birds from producing a good

copy of the tutor’s song (Basham et al., 1996), consistent with synaptic function in

LMAN contributing to tutor song memorization. This result, coupled with the significant

down-regulation of NMDAR expression in LMAN by the end of the sensory critical

period (Aamodt et al., 1992), suggested the hypothesis that NMDAR function in LMAN,

possibly including long-term plasticity, changes significantly over the course of sensory

learning.

Further support for the hypothesis that LMAN may be a major site of cellular and

synaptic changes underlying learning comes from three lines of evidence. First,

anatomical studies suggest a developmental retraction of LMAN’s thalamic input

(Johnson and Bottjer, 1992; Iyengar et al., 1999). Second, dendritic spine frequency of

LMAN projection neurons decreases markedly during development (Nixdorf-Bergweiler

et al., 1995b). This cellular change may be delayed by behavioral isolation (Wallhatisser

Franke et al., 1995), which also delays the closure of the sensory critical period. Isolation

also delays the developmental decline in expression of an NMDAR subunit (NR2B;

Singh et al., 2000), which has been implicated in synaptic plasticity (Tang et al., 1999).

The experience dependent regression of spines and NR2B expression provides a



particularly strong indication that experience dependent synapse elimination may occur in

LMAN during sensory learning.

Proposed physiological mechanisms contributing to experience dependent changes

in LMAN

We hypothesized that physiological changes in LMAN principal neurons occur by

the end of sensory learning, potentially contributing to increased song selectivity and/or

decreased ability to memorize new song. Such changes can be grouped into three classes:

intrinsic properties, synaptic properties, and long-term synaptic plasticity. To investigate

these hypothetical changes, it was first necessary to establish an in vitro slice preparation

of the zebra finch anterior forebrain. Our initial characterization of the intrinsic properties

and excitatory synaptic responses of LMAN principal neurons in zebra finches in the

early stages of sensory learning (~200 of age), using intracellular recording techniques, is

detailed in Chapter 2. 203 LMAN neurons had immature passive membrane properties,

well developed spiking behavior, and received excitatory input from two sources:

thalamic afferents from DLM, and recurrent axon collaterals. Although both inputs were

glutamatergic, responses to recurrent inputs exhibited a larger NMDAR-mediated

component, and responses to DLM inputs showed marked paired-pulse depression (PPD).

In Chapter 3, we then demonstrate developmental changes in both intrinsic and

synaptic properties of LMAN principal neurons. While both classes of changes may

contribute to the developmental increase in auditory selectivity, the synaptic changes in

particular appear to depend on normal sensory experience. Intrinsic property changes

included a shortening of membrane time constants and a decline in spike adaptation with



age. These results are consistent with the developmental increase in auditory selectivity,

the decrease in cell surface area, and the increasingly sustained nature of auditory

responses. Synaptic changes included an age-dependent decrease in the duration of

recurrent excitatory responses, as well as a decrease in PPD of the thalamic inputs. Such

changes are expected to reduce non-specific amplification of thalamic input by the

recurrent circuitry of LMAN, resulting in higher fidelity transmission of thalamic input.

This result is also consistent with the increase in LMAN auditory selectivity. These

synaptic changes could be delayed by sensory isolation, indicating that these changes

occur as a result of sensory learning.

In Chapter 4, we describe two forms of long-term activity-dependent plasticity in

LMAN which are both restricted to the sensory critical period consistent with a role in

sensory learning. The first is a Hebbian, NMDA receptor-dependent LTP at recurrent

collateral synapses. The second is a heterosynaptic LTD at the thalamic afferent

synapses. As explained at the end of Chapter 4, the properties of the observed plasticity

are well suited to establish circuitry within LMAN that could represent a memory of the

tutor Song.

Finally, in Chapter 5 we draw general conclusions from all of the results

presented and outline future directions for research.



Chapter 2:

Intrinsic and thalamic excitatory inputs onto developing LMAN neurons in zebra finch
brain slices differ in their pharmacological and temporal properties



ABSTRACT

In passerine songbirds, the lateral portion of the magnocellular nucleus of the

anterior neostriatum (LMAN) plays a vital role in song learning, possibly by encoding

sensory information and providing sensory feedback to the vocal motor system.

Consistent with this, LMAN neurons are auditory and, as learning progresses, they

evolve from a broadly tuned initial state to a state of strong preference for the bird’s own

song and acute sensitivity to the temporal order of this song. Moreover, normal synaptic

activity in LMAN is required during sensory learning for accurate tutor song copying to

occur (Basham et al., 1996). To explore cellular and synaptic properties of LMAN that

may contribute to this crucial stage of song acquisition, we developed an acute slice

preparation of LMAN from zebra finches in the early stages of sensory learning (18-25

days post-hatch). We used this preparation i) to examine intrinsic neuronal properties of

LMAN neurons at this stage, and ii) to identify two independent excitatory inputs to

these neurons and compare each input's pharmacology and short-term synaptic plasticity.

LMAN neurons had immature passive membrane properties, well developed spiking

behavior, and received excitatory input from two sources: afferents from the medial

portion of the dorsolateral thalamus (DLM), and recurrent axon collaterals from LMAN

itself (“intrinsic” input). These two inputs differed in both their pharmacology and

temporal properties. Both inputs were glutamatergic, but LMAN responses to intrinsic

inputs exhibited a larger NMDA component than responses to DLM inputs. Both inputs

elicited temporal summation in response to pairs of stimuli delivered at short intervals,

but DL-2-amino-5-phosphonovalerate (APV) significantly reduced the temporal

summation only of the responses to intrinsic inputs. Moreover, responses to DLM inputs



showed consistent paired-pulse depression (PPD), while the responses to intrinsic inputs

did not. The differences between these two inputs suggest that intrinsic circuitry plays an

important role in transforming DLM input patterns into the appropriate LMAN output

patterns, as has been suggested for mammalian thalamocortical networks. Moreover, in

LMAN, such interactions may contribute to the profound temporal and spectral

selectivity that these neurons will acquire during learning.

10



INTRODUCTION

The lateral portion of the magnocellular nucleus of the anterior neostriatum

(LMAN) contributes critically to song learning: electrolytic or pharmacological

disruptions of LMAN in juvenile birds during sensory learning or early sensorimotor

learning prevent normal song development, while similar disruptions in adult birds do not

affect normal song production (Figure 2–1; Bottjer et al., 1984; Sohrabji et al., 1990;

Scharff and Nottebohm, 1991; Basham et al., 1996). LMAN belongs to a set of nuclei

unique to songbirds termed the song system (Figure 2-2A), and is the output nucleus of a

song system circuit known as the anterior forebrain pathway (AFP). The anterior

forebrain pathway also includes Area X, and the medial portion of the dorsolateral

thalamus (DLM; Okuhata and Saito, 1987; Bottjer et al., 1989; Sohrabji et al., 1990). In

contrast to the anterior forebrain pathway, the motor pathway of the song system must

remain intact throughout life for normal song production; this circuit includes nucleus

HVc, the robust nucleus of the archistriatum (RA), and the tracheosyringeal portion of

the hypoglossal nucleus (nxIIts; Nottebohm et al., 1976; Figure 2-2A). The motor

pathway is the target of the anterior forebrain pathway, via LMAN projections to RA,

consistent with a possible role of the anterior forebrain loop in guiding development and

learning in the motor circuit.

Neurons selectively tuned to the bird’s own song are found in LMAN of adult

male zebra finches: they respond more strongly to the bird’s own song than to similar

conspecific songs or the bird’s own song played either in reverse or with the syllables out

of order (Doupe and Konishi, 1991; Doupe, 1997). Thus adult LMAN is extremely

sensitive to the complex spectral and temporal properties of song. This selectivity is not

11



innate, but emerges during vocal learning (Doupe, 1997; Solis and Doupe, 1997). The

selective auditory properties of LMAN coupled with its projection to the motor pathway

suggest that LMAN could provide the auditory feedback that is essential during

sensorimotor learning (Konishi, 1965; Price, 1979).

The cellular and synaptic bases of LMAN auditory selectivity are unknown. This

selectivity likely reflects processing both within LMAN circuitry, and in upstream nuclei,

which also show song selectivity (Margoliash, 1983; Margoliash, 1986; Doupe and

Konishi, 1991; Margoliash and Fortune, 1992; Lewicki and Arthur, 1996; Volman, 1996;

Doupe, 1997; Solis and Doupe, 1997). Although LMAN circuitry has been little studied,

the nucleus is known to express the inhibitory neurotransmitter GABA (Grisham and

Arnold, 1994) and several neuromodulators (Sakaguchi and Saito, 1991; Aamodt et al.,

1992; Bottjer, 1993; Carrillo and Doupe, 1995; Soha et al., 1996; Bottjer et al., 1997), to

send a glutamatergic projection to RA by day 12-15 post-hatch (Mooney, 1992; Nordeen

et al., 1992; Johnson and Bottjer, 1994; Mooney and Rao, 1994), and to express very

high levels of NMDA receptors (NMDAR's) early in development (Aamodt et al., 1992).

One functional site of these NMDAR’s was recently demonstrated to be the DLM

afferent synapses onto LMAN projection neurons (Livingston and Mooney, 1997). From

about 25-35 d to adulthood, as development and song learning proceed, the level of

NMDAR’s in LMAN declines, LMAN neurons show dendritic regression and the LMAN

projection to RA partially retracts (Figure 2-1; Herrmann and Arnold, 1991; Aamodt et

al., 1992; Nixdorf-Bergweiler et al., 1995b). Early in song system development and

sensory learning, zebra finch LMAN shows little sexual dimorphism in morphology,

neuronal number, or in its connections with other song nuclei (Bottjer et al., 1985;

12



Nordeen et al., 1987; Nordeen et al., 1992). A marked divergence between the song

systems of males and females begins at around the onset of sensorimotor learning (Figure

2-1), unless females are treated with the masculinizing hormone estradiol (Gurney, 1981;

Nordeen et al., 1987; Konishi and Akutagawa, 1988; Nordeen et al., 1992). Less is

known about the LMAN of adult females, but it has been shown to express less tyrosine

hydroxylase, somatostatin, and calcitonin gene-related peptide than male LMAN (Bottjer,

1993; Bottjer et al., 1997).

To begin to understand the circuitry of LMAN at the crucial early stage of

learning, we developed an in vitro slice preparation of the zebra finch anterior forebrain

(Figs. 2-2B and C) from birds in the sensory phase of learning, but not yet singing, and

not yet obviously sexually dimorphic (18-25d; Figure 2-1). The juvenile brain slice

preparation affords the opportunity to determine the pharmacology, modulation, and

plasticity of synaptic transmission in LMAN at the time when sensory learning is

occurring. Intracellular recordings from LMAN projection neurons in these brain slices

revealed glutamatergic inputs from both DLM afferents and LMAN axon collaterals

(intrinsic). Responses to intrinsic inputs were found to have an apparently greater

NMDAR-mediated component than responses to DLM inputs. Moreover, the temporal

properties of responses to the two pathways differed: both exhibited temporal summation

in response to paired-pulse (P-P) stimulation, but only responses to DLM inputs

demonstrated consistent paired-pulse depression (PPD). These data thus begin to resolve

LMAN circuitry, as well as point to possible mechanisms and sites of the temporal

information processing and experience-dependent plasticity characteristic of this nucleus.

13



MATERIALS & METHODS

Slice preparation. All experiments were conducted with 18–25 d zebra finches

reared in our breeding colony (mean age: 21.5 d). Due to the uncertainty of non-invasive

sex-determination at this age, slices were prepared from both males and females (n =

16/50 animals; n = 36/113 cells from females). Data from males and females were

considered together, as there was no statistical difference in their intrinsic properties,

pharmacological sensitivity, or paired pulse ratios (Student’s unpaired t-test, two-tailed, p

> 0.05 for all comparisons). The lack of sexual dimorphism in cellular and synaptic

properties is not surprising given that many anatomical studies have found no difference

between male and female LMAN at this stage (Bottjer et al., 1985; Nordeen et al., 1987;

Nordeen et al., 1992; Mooney and Rao, 1994), and that the animals used here were well

within the window for masculinization of the female song system with estradiol (Konishi

and Akutagawa, 1988). Furthermore, other physiological studies in zebra finches younger

than 25 d have also reported no differences between males and females (Mooney, 1992;

Mooney and Rao, 1994). Techniques are similar to those described by Mooney and

Konishi (1991). Birds were deeply anesthetized with Metofane (Pitman-Moore,

Mundelein, IL) and rapidly decapitated. The skull was removed and the brain was

blocked in situ and rapidly placed in ice-cold oxygenated artificial cerebrospinal fluid

(ACSF). The blocking angle was varied initially to determine the angle that produced

slices with maximally complete DLM afferents and adequate LMAN outflow fibers. The

best angle resulted from angling the blocking blade approximately 30-45° lateral to the

Sagittal plane in both the dorsal-ventral and rostral-caudal dimensions. The cut, lateral

Surface of the brain was glued to a plastic stage with cyanoacrylate glue (Krazy-glue),

15



and 400 pm slices were cut on a VibroSlice (Stoelting, Wood Dale, IL). Initial

experiments used coronal slices prepared otherwise identically (n = 38 cells). The slices

were transferred to a submersion-type incubation chamber and maintained at room

temperature until time of use. After a recovery period of > 1 hr, individual slices were

submerged in the recording chamber and superfused with ACSF at a flow rate of

approximately 2 ml/min. Experiments were done at room temperature. The normal

bathing solution contained the following (in mM): 134 NaCl, 3 KCl, 1.3 NaH2PO4, 1.3

MgSO4, 2.4 CaCl2, 25.7 NaHCO3, 12 dextrose. The solution was continuously saturated

with a gas mixture of 95% O2/5% CO2, which maintained a pH of 7.4. Chemicals were

obtained from Sigma (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA), except where

noted.

Electrophysiological techniques. Intracellular electrodes were pulled (Sutter

Instrument, Novato, CA) from 1.2 mm old. borosilicate capillary tubing (A-M Systems,

Everett, WA). Electrodes tips were filled with 2% Biocytin in 1.2 M potassium acetate

(pH 7.2), and the remainder of the electrode was filled with 3M potassium acetate (80

285 MQ). The slice was transilluminated and LMAN was visualized with a dissecting

microscope (Nikon). Penetrations were made “blind” within the visible borders of the

nucleus (see Figures 2-2B and C). A penetration was maintained when a cell met the

following criteria: i) resting membrane potential (Vm) < -50 mV, ii) input resistance (R)

> 20 MQ, iii) threshold current to elicit an action potential * 1 na, iv) action potentials

overshot 0 mV. One bipolar stainless steel stimulating electrode (FHC, Brunswick, ME)

was placed in the loose bundle of axons exiting LMAN dorso-caudally and another was

placed in the bundles of fibers in the ventral forebrain, which include DLM axons
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entering LMAN ventrally (Figures 2-2B and C). In most experiments the DLM pathway

stimulating electrode was placed in the ventralmost forebrain, always several hundred

microns below Area X, to avoid antidromic stimulation of LMAN axonal collaterals

projecting to Area X. In some cases, however, it was possible to place the electrode even

farther from Area X, in the thalamic fiber bundle just as it exited DLM. A few cells are

also included from early experiments, when the DLM pathway stimulating electrode was

placed between LMAN and Area X (n = 3/20 cells used for pharmacology). Input

pathways were activated using monopolar current pulses (100 pisec duration), and

neuronal recordings were made with an Axoclamp-2B amplifier (Axon Instruments,

Foster City, CA) in “bridge” mode and filtered at 3 kHz. Data was digitized at 10 kHz

and analyzed off-line using the DataWave Experimenter’s Workbench hardware &

software package (DataWave Technologies, Longmont, CO).

Histological methods. Cells were filled with Biocytin by injection of low intensity

current during the course of both intrinsic (see description of current injection protocol

below) and synaptic property experiments. During synaptic property experiments, low

intensity current (-100 pA for most experiments) was injected periodically throughout the

course of the experiment to monitor the cell’s input resistance. Following the end of

experiments, slices were fixed by immersion in 4% paraformaldehyde at 4° C.

Subsequently, slices were rinsed three times with 0.025 M phosphate buffer (PB), and

incubated for one hour in Cy3-conjugated streptavidin (1.5 pig■ ml; Jackson

ImmunoResearch Laboratories, West Grove, PA) in 0.025 M PB with 0.3% Triton X

100. Following the reaction, slices were again rinsed three times in PB, then mounted in

90% glycerol/10% 0.025 MPB, coverslipped and sealed.
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Confocal microscopy. Fluorescence was viewed with an MRC-600 laser scanning

confocal imaging system (Bio-Rad, Hercules, CA) equipped with a filter optimized for

imaging Cy3 fluorescence. The soma diameter of each cell was measured from a confocal

image using the interactive scalebar in Bio-Rad’s COMOS software. Due to shrinkage

caused by fixation, the soma diameters given here underestimate the true diameter. Each

cell’s primary dendrite number was also counted from confocal images.

Synaptic properties. In order to examine monosynaptic responses, we selected for

pharmacological and temporal analysis those excitatory post-synaptic potentials (EPSP's)

that showed a fixed latency with increasing current intensity and a stable amplitude in

response to stimulation at 1 Hz. The current intensity was set for each stimulating

electrode to minimize response failures as well as polysynaptic EPSP’s and inhibitory

post-synaptic potentials (IPSP's).

Data Analysis. Each cell’s Ri and membrane time constant (t) were estimated

from responses to 510-590 msec, -100 pA current injections. Responses to this magnitude

of current fell within the linear response range of the neurons. Single exponential curves

were fit to the charging phase of single voltage traces using the Origin software

package’s non-linear curve fit tool with z error minimization (Microcal Software, Inc.,

Northampton, MA). Current-voltage relationships were determined by injecting

subthreshold current steps at a range of intensities. The range varied for different cells,

but in all cases was between -1 n/A and +1 n/A. For each cell, the series of intensities was

repeated five times and means E SD were calculated (example shown in Figure 2-3). To

examine firing properties, suprathreshold current pulses were also delivered over a range

of intensities (< 1 na). For each current level, mean firing rate was calculated by dividing
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the total number of spikes by the duration of the pulse. Plots of mean rate vs. current

intensity were fit with a straight line.

In the synaptic property experiments, responses were monitored on-line, but for

analysis purposes EPSP initial slopes and peak amplitudes were measured off-line using

the DataWave Common Processing Analysis software package (DataWave Technologies,

Longmont, CO). Slope and peak amplitude values were measured for each individual

EPSP. Responses during each drug condition were compared to the mean value from a 10

min pre-drug baseline period. In the paired-pulse experiments we made slope and peak

amplitude measurements for the responses to both pulses and separately calculated (EPSP

2)/(EPSP 1) in terms of peak amplitude and slope for each cell. These are referred to

collectively as P-P ratios and individually as peak ratios and slope ratios. P-P ratios were

calculated for 10 consecutive trials at each of 3 inter-stimulus intervals (ISI; 50, 100, and

200 msec), and from these the mean P-P ratio was computed for each interval. To

examine the Second pulse responses without the contribution of residual voltage from the

first pulse response found in many of the traces, a second “subtracted” ratio was

calculated for each cell. To generate the subtracted ratio, first, the same 10 consecutive

traces for each ISI were averaged and the slope and peak amplitude of the first EPSP

were measured. Then, in lieu of a single pulse average trace, the first pulse of the 200

msec ISI average traces was subtracted from the 50 and 100 msec ISI average traces. The

purpose of this was to subtract the residual voltage from the first EPSP from the second

pulse of the 50 and 100 msec ISI traces, to determine the slope and peak amplitude of the

Second EPSP without the contribution of temporal summation. Finally, the slope and

peak amplitude of the subtracted second pulses were measured, and the ratio of these
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values to those from the first EPSP of the 50 and 100 mSec ISI traces are termed the

subtracted P-P ratios.

Pre- and post-drug data were compared, for each input type, using paired two

sample t-tests (two-tailed). For both pharmacology and paired-pulse experiments, DLM

and intrinsic pathway data (collected from the same cells) were compared using paired

two-sample t-tests (two-tailed). To determine whether P-P ratios were significantly

different from 1, one-sample t-tests with a hypothesized mean of 1.0 were used.

Error values given are SEM's, with exceptions as noted.
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RESULTS

Intrinsic Properties

Intrinsic property data were collected from one hundred thirteen neurons from 50

animals. Cells in this sample had an average resting potential of -65.2 mV (SD = 7.5; n =

113), an average input resistance of 130.1 MQ (SD = 52.9; n = 112), and an average time

constant of 40.6 msec (SD = 17.5; n = 112). One hundred-six of these neurons were

classified according to their firing behavior in response to suprathreshold current steps.

Intrinsic property data for each class are given in Table 2-1. All classes displayed

characteristics of immature mammalian neurons; that is, less hyperpolarized resting

potentials than those of adult neurons, high input resistances, long membrane time

constants, and linear current-voltage relationships over a broad range of applied current

intensities.

Linearity of subthreshold current-voltage relationships. Intracellular injections of

subthreshold current pulses revealed the markedly linear current-voltage relationships of

juvenile LMAN neurons. A series of hyperpolarizing and depolarizing pulses was

repeated five times for each cell, and the mean voltage change for each current intensity

was measured. Responses of a cell illustrating typical linearity are shown in Figure 2-3.

To determine Ri and t, curves were fit to the membrane responses to -100 pA injections

(see Methods; Table 2-1). At the offset of hyperpolarizing current injections, most cells

exhibited rebound depolarization, often reaching suprathreshold levels (81% of cells, n =

81). This property was present with differing frequency across firing types (Table 2-1).

Responses to suprathreshold current injections. In response to prolonged

suprathreshold intracellular current injections, cells showed one of three types of firing
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behavior. The most common (73%, n = 77) was the adapting type I (ADI; Figure 2-4A)

which exhibited monotonically increasing inter-spike intervals over the duration of the

current injection. The next most common firing type (16%, n = 17) was the adapting type

II (ADII; Figure 2-4B). ADII cells generated a single spike or a short duration adapting

burst of spikes. The spike burst of ADII cells was often followed by a long, slow

depolarization like that shown in Figure 2-4B. The third most common firing type (10%,

n = 11) was the non-monotonic cell (NM; Figure 2-4C). NM cells generated firing

characterized by post-burst after-depolarization (“ADP” Figure 2-4C), non

monotonically modulated inter-spike intervals, and minimally decreasing spike

amplitude. Most cells (89%, n = 96) exhibited after-hyperpolarization at the offset of

suprathreshold current injections, as shown in the examples in Figure 2-4. A cell’s firing

type was not correlated with the age or sex of the bird, nor with the Ri of the cell.

Although the firing types had significantly different resting potentials (Table 2-1), the

range of resting potentials was similar, and changing the resting potential with dc

injections did not change the cell’s firing type (data not shown). The three types also

significantly differed in the minimum current intensity necessary to elicit an action

potential, with the ADII type showing the highest thresholds (Table 2-1). All firing types

appear to be projection neurons, as antidromic spikes could be elicited by LMAN efferent

stimulation in cells of each firing type.

To assess how a cell’s firing profile affected that cell’s responses to

suprathreshold current injections of increasing intensity, we also examined the mean

firing rate vs. current intensity relationships of the three major firing types. The ADI and

NM cells had rate/intensity relations whose slopes were significantly steeper than those
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of the transiently responding ADII cells (Figures 2-5A and B; ADII vs. ADI: t■ 7 = 4.937,

p < 0.03; ADII vs. NM: t24= 16.938, p < 0.0004; unpaired t-tests).

Morphology of cells appears uniform across classes. Of the cells recorded, 24

cells were successfully filled with Biocytin and visualized by confocal microscopy (see

Methods for details). Of these, 20 were ADI type, 2 were ADII type, and 2 were NM

type; 19 were from males, and 5 were from females. All of the cells had similar size,

morphology and spininess; an example is shown in Figure 2-6. The average diameter was

25.1 + 3.1 pm, and the cells had an average of 6.8 + 0.3 primary dendrites, distributed

evenly around the cell soma. Two morphological classes of neurons, large spiny and

small aspiny, have been described from Golgi studies of LMAN (Nixdorf-Bergweiler et

al., 1995b). The cells filled here corresponded to the large spiny class and likely represent

the projection neurons for several reasons. First, the reported soma size of LMAN

projection neurons is consistent with the large spiny class (Bottjer and Korsia, 1989).

Second, the morphology of cells filled here was similar to that of adult male LMAN

neurons retrogradely labeled from RA (C.A. Boettiger, unpublished data). Third,

antidromic spikes could be elicited in many of the recorded cells when stimulating the

LMAN outflow tract, as would be expected for projection neurons.

Synaptic Properties

Pharmacology data were analyzed from 20 of the cells included in the intrinsic

property data above (12 from males, 8 from females; n = 16 animals). In order to examine

monosynaptic excitatory responses that were stable over time, we selected synaptic

responses that met the following criteria: i) they were stable over a pre-drug baseline
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period of > 10 min, ii) their initial peak was not truncated by a disynaptic IPSP, iii) they

recovered by > 50% after washout of synaptic antagonists. Mean recovery for responses

to intrinsic inputs was 87.3 + 3.7%; mean recovery for responses to DLM inputs was 87.4

+ 3.9%. Data for both pathways are included from 11 cells (6 from males, 5 from

females), data for the intrinsic path only are included from 5 cells (3 from males, 2 from

females), and data for the DLM path only are included from 4 cells (3 from males, 1 from

a female). All statistical comparisons between pathways are made using only those cells

with data from both pathways.

DLM afferent and LMAN intrinsic synapses are glutamatergic. To identify

excitatory inputs to LMAN neurons, we stimulated both the DLM afferent fiber bundles

entering the nucleus ventrally and the fiber bundle exiting LMAN dorso-caudally (Figure

2-2B). In this way, we demonstrated that LMAN cells receive excitatory inputs from both

DLM afferents and intrinsic synapses. In the majority of cells from which we recorded,

disynaptic IPSP's could be elicited by slightly higher intensity stimulation of either input

(data not shown), providing evidence that both feedforward and feedback inhibition are

present in LMAN by this early stage in development. The current intensity for each

stimulation electrode was set to the minimum value that generated no response failures,

which produced responses to DLM inputs that were generally of equal or greater

magnitude than those of the responses to intrinsic inputs, in both peak amplitude and

initial slope (amplitude: 3.5 + 0.5 vs. 2.5 + 0.4 mV; slope: 1.1 + 0.2 vs. 0.7 it 0.2

mV/msec), although neither difference reached statistical significance (p > 0.1 and p >

0.09 respectively). Both responses were nearly eliminated (mean residual response for

both pathways was 0.4 mV) by bath application of 100 puM APV plus 20 puM 6-cyano-7-
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nitroquinoxaline-2,3-dione (CNQX; Research Biochemicals Inc., Natick, MA). Intrinsic

response peak amplitudes were reduced by an average of 85.8 + 2.2%, and their slopes

were reduced by an average of 89.8 + 2.7%. Similarly, DLM response peak amplitudes

were reduced by an average of 89.1 + 2.4%, and their slopes were reduced by an average

of 83.4 + 3.3%. All the reductions were significant at the p < 0.0003 level. Figures 2-7A

and C shows an example of a cell with typical antagonist sensitivity. This virtual

elimination of both responses by APV and CNQX establishes that both pathways are

glutamatergic.

Responses to intrinsic inputs have a relatively larger NMDAR-mediated

component. To assess the contribution of NMDAR’s to both types of LMAN responses,

we measured the effect of 100 puM APV alone on the responses to both pathways. We

first evaluated the contribution of NMDAR’s to the monosynaptic component of each

response by measuring APV's effect on the initial peak of the EPSP. APV reduced the

amplitude of the intrinsic EPSP's by an average of 24.9 + 3.6% (p < 0.0002, tis = 4.9).

APV also significantly reduced the DLM EPSP’s, but relatively less so (13.1 + 3.5%; p <

O.003, tia = 3.7). This difference was not attributable to differing times to peak for the

two types of EPSP (intrinsic: 5.5 + 0.6 msec; DLM: 4.9 + 0.5 msec; p > 0.3). As

NNMDAR-mediated responses have relatively slow kinetics, we also measured the effect

of APV at a later time after EPSP onset (28 msec), closer to the peak of the NMDAR

mediated potential. This time point is likely to include additional polysynaptic

Components, despite the care taken to minimize polysynaptic activation. At this time

Point, the responses of both pathways were again significantly reduced, but still differed

from one another: the responses to intrinsic inputs were reduced by an average of 46.2 +
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4.4%, while the responses to DLM inputs were reduced by an average of 26.7 ± 3.1%

(intrinsic; p < 0.0001, til = 6.7; DLM: p < 0.0001, tio = 8.0). An example of the effect of

APV on both input pathways in a single cell is shown in Figures 2-7A and C.

Statistical comparisons between the APV sensitivity of both pathways, measured

and compared in the same cells, confirmed that the responses to intrinsic inputs were

more sensitive to APV than the responses to DLM inputs, both at the initial peak and at

28 msec after EPSP onset (Figures 2-7D and E). This result is further strengthened by

that fact that responses to intrinsic inputs tended to have slightly smaller EPSP peak

amplitudes than did responses to DLM inputs. Because NMDAR’s are less blocked by

Mg" at more depolarized membrane potentials, for a given NMDAR to non-NMDAR

synaptic ratio, the NMDAR contribution increases with increasing EPSP amplitude.

Thus, if these two inputs had similar NMDAR synaptic ratios, the NMDA component

should have been more evident in the DLM EPSPS because they are larger. Our results

therefore suggest that NMDAR-mediated currents account for a larger proportion of the

responses to intrinsic inputs than of the responses to DLM inputs.

Effects of paired-pulse stimulation. Because LMAN neurons in vivo are sensitive

to the temporal patterning of auditory stimuli, we investigated the cellular responses to

temporally patterned stimulation of either input. We delivered pairs of pulses to each

pathway, in alternation, at 50, 100, and 200 msec intervals (interleaved at 20 sec

intervals) and calculated the resulting P-P ratio of both the EPSP peaks and slopes for

each interval. Multi-interval P-P data was collected from 26 of the cells included in the

intrinsic property study (16 from males, 10 from females; n = 14 animals). This

SXperiment revealed differences in the temporal dynamics of responses to these two
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inputs, with potential implications for the role of each pathway in processing temporally

patterned stimulation.

i) Intrinsic pathway. Responses to paired stimulation of the intrinsic pathway

generated P-P peak ratios significantly greater than 1.0 for all three intervals. Example

traces are shown in Figure 2-8A, and Figure 2-8C shows a plot of EPSP 1 vs. EPSP 2 for

each interval for the same cell. Both figures demonstrate the effect of the first pulse on

responses to subsequent pulses; group data are shown in Figure 2-9A. In contrast to the

peak ratios, the slope ratios for the intrinsic pathway were not significantly different from

1.0 for any of the intervals, as shown in Figure 2-9B. Although, on average, the P-P slope

ratios showed no significant modulation from 1.0, a minority of cells showed PPF or PPD

(Table 2-2). The slope ratios had a weak negative correlation with first EPSP peak

amplitude, significantly so at the 50 and 200 msec ISI's (R* = 0.22, p < 0.02; R* = 0.15, p

> 0.05; R* = 0.18, p < 0.04; for 50, 100, and 200 msec ISI, respectively). The fact that the

intrinsic P-P slope ratios were not significantly different from 1.0, while the P-P peak

ratios were, suggested that the modulation of P-P peak ratios above 1.0 was due to

temporal summation of EPSP's and not paired-pulse facilitation (PPF).

In order to distinguish temporal summation from PPF, we assumed that there

were no voltage-activated conductances, and digitally subtracted the 200 msec ISI

average trace from both the 50 and 100 msec average traces. This subtraction procedure

removed the portion of the second EPSP that was attributable to residual response to the

first pulse (see Methods for details). We then measured the peak amplitudes and slopes of

the second EPSP from these subtracted traces, and divided these values by the first EPSP

values to determine the subtracted P-P ratios. Examples of subtracted traces together with
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the 200 msec ISI average traces that were subtracted from them are shown in the bottom

panels of Figure 2-8. As predicted by the slope ratios, the positive modulation of P-P

peak ratios of intrinsic responses was eliminated by the subtraction (Figure 2-9C). As

further evidence in favor of temporal summation, the subtraction did also not reveal a

significant facilitation of the slope, as shown in Figure 2-9D.

ii) Thalamic pathway. Responses to paired thalamic afferent stimulation were

significantly different from intrinsic pathway responses in a number of ways. DLM

elicited EPSP's also displayed P-P peak ratios significantly greater than 1.0 at the 50 and

100 msec ISI's, but not at 200 msec. Example traces for each interval are shown in

Figure 2-8B, along with an EPSP 1 vs. EPSP2 plot from the same neuron (Figure 2-8D);

group data are shown in Figure 2-9A. The P-P slope ratios, however, showed strong PPD,

largest at the 50 msec ISI and decreasing with longer intervals (Figure 2-9B). Statistically

significant PPD of responses to DLM inputs occurred in 20/25 cells (Table 2-2). PPD of

the responses to DLM inputs was not simply caused by a loss of driving force due to

residual voltage, as the P-P slope ratio was not correlated with the Vm at the second pulse

(R* = 0.004, R3 = 0.0004, Rº = 0.018 for the 50, 100, and 200 msec intervals

respectively). The DLM P-P slope ratios were also uncorrelated with the peak amplitude

of the first pulse (R* = 0.0011, Rº = 0.03305, Rº = 0.0072 for the 50,100, and 200 msec

ISI, respectively). The discrepancy between the peak and slope ratios suggested that

temporal summation masked an underlying PPD of the responses to DLM inputs.

Consistent with this, subtracted DLM P-P peak ratios revealed significant depression

(example trace in Figure 2-8F; group data in Figure 2-9C). Furthermore, subtraction did

not reverse the depression of the slope ratios, as shown in Figure 2-9D.
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Thus, the P-P responses of juvenile LMAN neurons to these two excitatory inputs

are distinct. Indeed, statistical comparison of the two pathways showed greater P-P ratios

of the responses to intrinsic inputs at all three intervals measured in terms of both peaks

and slopes (Figure 2-9). Summation of responses to intrinsic inputs was larger and longer

lasting than that of responses to DLM inputs, despite the smaller peak amplitude of

intrinsic EPSP’s (2.2 vs. 3.5 mV, p < 0.002).

To examine the contribution of NMDAR’s to the temporal dynamics of LMAN

membrane responses to synaptic stimulation, we also performed P-P experiments in the

presence of APV. The results showed that blockade of NMDAR’s had differential effects

on the temporal properties of the two types of responses. While APV significantly

reduced temporal summation of the responses to intrinsic inputs, it had no significant

effect on the DLM P-P ratios. Figures 2-10A and B show group data for the effect of

APV on temporal summation, and Figures 2-10C and D show the effect of APV on the

temporal summation of both types of responses in a single cell. This experiment also

provided further evidence that the DLM PPD was not simply due to loss of driving force:

despite the fact that APV reduced the membrane voltage at the time of the second pulse,

it did not change the P-P slope ratios. APV also had no significant effect on the intrinsic

P-P slope ratios (data not shown).
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DISCUSSION

In this study, the intrinsic properties of LMAN neurons in the early sensory phase

of learning were determined, and two sources of excitatory input to these cells were

established. The neurons had immature passive membrane properties and were grouped

into three classes based on their firing behavior. Inputs from DLM afferents and intrinsic

synapses, although both glutamatergic, differed in a number of ways. The responses to

intrinsic inputs possessed a relatively greater NMDAR-mediated component than the

responses to thalamic inputs. Moreover, although both responses were characterized by

temporal summation in response to paired stimuli, the temporal summation of responses

to intrinsic inputs was greater, and it was significantly reduced by APV. Finally, the two

responses were further distinguished by the occurrence of consistent PPD in responses to

DLM inputs, while the intrinsic inputs showed no consistent short-term synaptic

plasticity.

Intrinsic properties

The LMAN neurons recorded here from birds aged 18-25 d had passive intrinsic

properties that appeared immature compared to LMAN neurons of both adults and of

birds aged 27-51 d (Livingston and Mooney, 1997). Instead, their properties were more

similar to those described in immature neurons in mammalian neocortex: their resting

potentials were high, their Ri’s were large and their t's were long (McCormick and

Prince, 1987; Burgard and Hablitz, 1993). In addition, most LMAN neurons in our study

generated a continuously adapting spike train in response to suprathreshold current

injections; we have called these adapting type I or ADI cells. ADI firing is similar to the
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spiking behavior described for neocortical regular spiking (or RS) neurons (McCormick

et al., 1985). A smaller number of LMAN neurons, termed adapting type II or ADII cells,

generated single spikes or a very short initial burst of spikes, often followed by a slow

depolarization, in response to the same types of injections. Such spiking behavior is

similar to that described for nonpyramidal low-threshold spike (LTS) neurons found in

rat frontal cortex (Kawaguchi, 1995). Calcium-mediated LTS’s have been described in

neurons from another zebra finch song nucleus, HVc (Kubota and Saito, 1991). A

minority of LMAN cells had novel spiking behavior; we have called these the non

monotonic or NM type. NM cells generated bursts that were like the bursts of cortical

chattering (CH) cells in that inter-spike intervals changed non-monotonically, spike

amplitudes decreased minimally within a burst, and bursts were followed by ADP's

(Gray and McCormick, 1996). The inter-burst intervals of NM cells were longer,

however, than those described for CH cells, and were more similar to those of cortical

intrinsic bursting cells (McCormick et al., 1985). ADII cells were distinguished from

ADI and NM cells not only by their firing behavior but also by their inability to markedly

increase their firing rate in response to increasing current intensity. A recent report

described only two firing types in LMAN slices from young finches, an NM type, which

predominated, and an adapting mode that appears intermediate between ADI and ADII

(Livingston and Mooney, 1997). A possible explanation for this difference in firing types

and their incidence is the age difference in the animals used: while we investigated birds

between 18 and 25 d of age, that study examined intrinsic properties in birds 27 d and

older.
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Despite their functional differences, the three firing classes were not obviously

morphologically distinct, nor did firing class, at this stage of development, correlate with

age or sex. Because each cell’s firing behavior did not depend on its passive membrane

properties, one possibility is that the three classes may be generated by differing ion

channel and calcium buffering profiles. Alternatively, these “types” may represent

different firing regimes of a single neuron type, controlled by modulatory

neurotransmitters such as dopamine or acetylcholine, as has been described in other

systems (Turrigiano and Marder, 1993; McCormick and Nowak, 1996). The presence of

cholinergic and catecholaminergic fibers in LMAN (Sakaguchi and Saito, 1991; Bottjer,

1993; Soha et al., 1996) lends support to this hypothesis.

The firing behaviors of LMAN neurons recorded here in vitro were consistent

with LMAN responses in vivo, including burst firing and response adaptation (Doupe,

1997; Hessler and Doupe, 1997; Solis and Doupe, 1997). Moreover, burst firing may be

critical to the temporal sensitivity of these neurons, as has been suggested from in vivo

intracellular studies of similarly song-selective neurons in HVc (Lewicki, 1996).

Differing pharmacology of intrinsic and thalamic synapses

Our data confirm the recent finding that DLM inputs onto the LMAN projection

neurons are excitatory and glutamatergic (Livingston and Mooney, 1997). Our data also

show that LMAN neurons receive significant excitatory and glutamatergic input from

recurrent collaterals as well. Moreover, we found that the responses to recurrent or

“intrinsic” inputs had a relatively larger NMDAR-mediated component than the

responses to DLM inputs. This difference between inputs was even more marked at a late
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time point after response onset, which may reflect not only a greater NMDAR-mediated

component of monosynaptic responses to intrinsic inputs, but also greater activation of

excitatory polysynaptic circuitry by the intrinsic connections. One interpretation of the

functional difference between the pharmacology of these two inputs is that there is a

larger proportion of NMDAR’s to non-NMDAR’s at intrinsic synapses relative to DLM

synapses. This explanation assumes, however, that each input makes synapses onto

LMAN neurons at similar electrotonic locations, and thus that the local level of

depolarization at each synapse type is reflected with equal accuracy at the cell Soma. The

locations of DLM afferent and LMAN intrinsic synapses onto LMAN neurons are

presently unknown. A second possible explanation for the difference in NMDAR

mediated component between the two inputs is that undetectable disynaptic IPSP's act to

attenuate the NMDA component of responses to DLM inputs but not of the responses to

intrinsic inputs. This possibility was not explored here by using GABAA antagonists, as

the intrinsic pathway was prone to a high degree of polysynaptic excitation even in the

presence of normal inhibition. Whether or not there is an absolute difference in the

pharmacology of intrinsic and DLM synapses, there remains a functional difference in

how much NMDAR’s contribute to responses to the two inputs. Functional

pharmacological differences analogous to those in LMAN are evident in the thalamic and

intrinsic connections in mammalian neocortical areas (Pirot et al., 1995; Gil and Amitai,

1996). This similarity suggests that intrinsic LMAN circuitry could serve to modify and

amplify inputs from the thalamus, as has been proposed for cortical circuitry (Nelson and

Sur, 1992; Daw et al., 1993).
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Differing temporal dynamics of responses to intrinsic and thalamic stimulation

Little is known about the cellular mechanisms that may underlie the ability of

LMAN neurons to develop sensitivity to complex temporal patterns. A recent theoretical

investigation of temporal processing demonstrated that time-dependent properties of

neurons, such as short-term synaptic plasticity, can generate temporal sensitivity in

neuronal networks (Buonomano and Merzenich, 1995). We therefore also examined

responses of LMAN neurons to pairs of stimuli separated by different time intervals and

found that the responses of LMAN neurons to DLM and intrinsic inputs differed in their

temporal properties.

Responses to paired-pulse stimulation of either input showed temporal summation

but, despite the smaller peak amplitude of intrinsic EPSP’s, the summation of the

intrinsic responses was larger and longer lasting than that of the responses to DLM

inputs. There are several possible explanations for this difference. First, individual

intrinsically evoked EPSP's may decay more slowly than DLM evoked EPSP’s,

consistent with a proportionally greater NMDAR-mediated component in the intrinsic

responses. The long t's of these neurons likely contribute to the long duration of both

responses, as seen in immature rat neocortical neurons (Burgard and Hablitz, 1993), and

may exaggerate a difference in decay times. Second, there may be greater activation of

excitatory polysynaptic circuitry by intrinsic inputs. DLM inputs may generate less

polysynaptic excitation if they induce more polysynaptic inhibition, or if they project to a

more circumscribed set of excitatory LMAN neurons relative to intrinsic projections.

Such a restriction of the DLM projection could either reflect the in vivo situation, or

could be an artifact of our slice preparation. Finally, the presence of significant PPD only
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in DLM evoked EPSP’s could also account for the differences in temporal summation

between the two pathways. The fact that temporal summation of responses to intrinsic

inputs, and not of responses to DLM inputs, is APV-sensitive, lends further support to

our conclusion that responses to intrinsic inputs are more NMDAR-dependent. This

result, together with the basic difference in temporal summation, also raises the further

possibility that the two excitatory synapse types on LMAN neurons express NMDAR’s

with differing subunit compositions, with the intrinsic inputs activating NMDAR’s with

slower kinetics or less susceptibility to Mg" block (Monyer et al., 1992).

Most DLM evoked responses showed considerable PPD. Among significantly

depressed EPSP’s, the average reduction was approximately 40%, similar to the PPD of

excitatory synapses seen in cultured mammalian hippocampal cells (Forsythe and

Clements, 1990). This was strikingly different from the responses to intrinsic inputs,

which on average showed no P-P modulation, although a minority of responses to

intrinsic inputs showed facilitation or depression.

PPD of responses to DLM inputs is likely mediated via a presynaptic mechanism,

as the one candidate post-synaptic mechanism, AMPA receptor desensitization, is

inconsistent with the long time course of the PPD that we observe (Trussel et al., 1993).

Several known presynaptic mechanisms are potentially consistent, including: synaptic

vesicle depletion due to a high probability of release (see Zucker, 1989 for review),

modulatory presynaptic feedback (Forsythe and Clements, 1990; Davies and

Collingridge, 1993; Issacson et al., 1993; Lambert and Wilson, 1994; Redman and

Silinsky, 1994), and frequency-dependent action potential conduction failure (Hatt and

Smith, 1976; Luscher et al., 1994). The long time course of PPD of DLM evoked
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responses is consistent with a presynaptic feedback mechanism, and future experiments

may establish whether such a mechanism is present at DLM afferent synapses.

Regardless of mechanism, PPD of DLM input synapses is likely to limit the time

course of responses to high frequency burst stimulation, thereby providing input specific

gain control, as proposed in other systems (Tsodyks and Markram, 1996; Abbott et al.,

1997). On a shorter time-scale, the pharmacology of DLM synapses may limit the time

course of single responses. The temporal processing differences between the two

excitatory inputs to LMAN suggest that activation of intrinsic circuitry could prolong

LMAN responses to thalamic activation, and amplify or selectively potentiate particular

DLM inputs during repetitive stimulation. An analogous arrangement of depressing

thalamic input synapses and non-depressing intrinsic excitatory inputs exists in cat visual

cortex (Stratford et al., 1996), where that arrangement is proposed to underlie context

dependent response modification, and extraction of signals from noisy input (Douglas et

al., 1995), and in the somatosensory cortex of rodents (Gil et al., 1997). Furthermore,

short-term synaptic plasticity and slow synaptic events could serve to make LMAN

neurons sensitive to the temporal patterning of thalamic input activity, thereby enabling

LMAN to transform time-varying information from its inputs into the temporally

selective output properties of individual neurons. Such a transformation has been

demonstrated to occur in hippocampal neurons in vitro (Buonomano et al., 1997).

Possible functional roles for NMDAR’s in LMAN during learning

Previous studies have suggested the importance of NMDAR’s in juvenile LMAN,

and these in vitro data now allow clearer predictions of the possible contribution of these
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receptors to LMAN function. NMDAR’s are expressed at very high levels in juvenile

LMAN, declining to low levels by the end of song learning (Figure 2–1; Aamodt et al.,

1992; Carrillo and Doupe 1995). As NMDAR levels decline, three other phenomena are

also occurring in LMAN: projection neuron dendritic spines are being eliminated (Figure

2-1; Nixdorf-Bergweiler et al., 1995b), the DLM afferents are regressing (Johnson and

Bottjer, 1992), and single-unit auditory responses are becoming selective (Doupe, 1997;

Solis and Doupe, 1997). The coincidence of these phenomena suggests that NMDAR

dependent long-term plasticity phenomena, such as those studied in mammalian systems

(Bear and Malenka, 1994; Linden, 1994; Crair and Malenka, 1995; Kirkwood et al.,

1995; Dudek and Friedlander, 1996; Scanziani et al., 1996), may play a role in selective

synapse retention and/or elimination in LMAN. Such synaptic modifications could

contribute to the experience-dependent development of selectivity in LMAN (see Doupe,

1998 for review). Because birds are undergoing sensory learning during this time,

Basham and colleagues tested the functional importance of NMDAR’s in song learning

(Basham et al., 1996). These experiments demonstrated that intact NMDAR function in

LMAN during exposure to tutor song is required for normal tutor song learning to occur.

That study did not determine, however, whether adult LMAN selectivity was abnormal in

APV-treated birds, nor whether neuronal morphology was immature. Thus, the

connection between selectivity, morphology and NMDAR-dependent processes remains

to be tested directly. Moreover, our data suggest that, rather than simply subserving

plasticity within LMAN, an essential function of LMAN NMDAR’s involves basic

neuronal processing, such as amplifying DLM input, or prolonging LMAN responses.

For example, if activation of LMAN intrinsic circuitry is needed for repetitive DLM
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driven responses to reach threshold, blockade of NMDAR’s in LMAN may simply

eliminate much of the output of the nucleus, rather than selectively blocking plasticity;

such a situation has been described previously in mammalian visual cortex (Fox et al.,

1989; Miller et al., 1989). Basic processing functions of NMDAR’s could play an

important role in shaping the level or timing of LMAN output. In other pattern

generating systems such as the lamprey spinal cord and the electric organ pacemaker

nucleus of electric fishes, activation of NMDA receptors can switch the firing state of

output neurons (Kawasaki and Heiligenberg, 1990; Grillner, 1995). Thus NMDAR

activation in LMAN is predicted to have consequences not only within LMAN but also in

its target motor nucleus RA.

Hypothesized function of LMAN circuitry during song learning

The data from juvenile birds presented here begin to suggest how LMAN

circuitry may be functioning during the sensory acquisition phase of song learning. First,

the DLM synapses, carrying information from HVc via Area X, will activate fast, large,

Somewhat quickly decaying responses that depress rapidly with repeated high frequency

stimulation. With adequate stimulation, perhaps through synchronous DLM firing or by

co-activation of modulatory inputs, the DLM afferents will trigger activation of LMAN

intrinsic excitatory circuitry, although the time-dependent properties of the DLM

synapses should make this activation strongly dependent on the recent temporal context.

Activation of the longer acting intrinsic circuitry could then generate prolonged firing in

the LMAN output neurons. An unresolved but intriguing issue is how LMAN may

modulate its input from DLM via the “recurrent” loop through Area X (Nixdorf
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Bergweiler et al., 1995a; Vates and Nottebohm, 1995). The long time course of responses

within the LMAN circuitry of young birds could contribute to both the lack of selectivity

and the tendency toward more tonic responses typical of juvenile LMAN (Doupe, 1997).

This long response time course may also allow coincident activation and strengthening of

temporally distinct inputs, not only within LMAN but also within its target nuclei RA

and X. Examining how the synaptic and temporal properties of LMAN neurons change as

song learning proceeds, should shed light on basic cellular mechanisms of learning.
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FIGURE 2-1 Time course of zebra finch song learning and development. Juveniles

learn their song in two overlapping phases: the sensory phase, during which the bird

memorizes the tutor song, begins sometime after birth, perhaps around 10 d (Arnold,

1975), and ends at approximately 60 d. The sensorimotor phase, when the bird sings and

matches its song to the memorized tutor song, starts at approximately 30 d and ends in

early adulthood (90+ d). Dendritic regression and decline of NMDAR expression occur

in male LMAN from approximately 30 d to adulthood. LMAN lesions dramatically

disrupt normal song development until approximately 60-65 days of age. Male and

female LMAN appear very similar until days 30-40, when the female system begins to

atrophy.
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Figure 2-2 Schematic diagram of the song
system and the brain slice preparation. A, a
parasagittal view of the zebra finch brain
shows the descending motor pathway
(hatched), which includes HVc, the robust
nucleus of the archistriatum (RA), and the
tracheosyringeal portion of the hypoglossal
nucleus (nxIIts). The anterior forebrain
pathway (solid black), required during song
learning, consists of Area X, the medial
portion of the dorsolateral thalamus (DLM),
and the lateral portion of the magnocellular
nucleus of the anterior neostriatum (LMAN).
The Field L complex (L; gray), the forebrain
primary auditory area, is the source of
auditory input to the song system. B, slices
were cut oblique to the parasagittal plane to
include a maximal intact length of both
LMAN and DLM axons (see Methods for
details). From the ventral midline, DLM
axons course rostrolaterally traveling through
Area X to enter LMAN ventrally. To
stimulate these axons without antidromically
activating LMAN axons projecting to Area
X, the DLM stimulating electrode was placed
below Area X. A second stimulating
electrode was placed in the axons leaving
LMAN dorso-caudally to activate recurrent
axon collaterals. C, a dark field micrograph
of a slice used in this study (from a 22d
male) illustrating the location of LMAN
(hollow arrowheads) and Area X, as well as
DLM fibers traveling up to LMAN (dark
arrowheads) and the fiber tract containing
axons of projection neurons (white
arrowheads), leaving LMAN and joining the

syrinx

recurrent collateral

stimulating electrode

DLM stimulating
electrode

lamina hyperstriatica.
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Figure 2–3 Linearity of current-voltage relations. A, superimposed responses to

subthreshold current injections made at resting Vm. Upper traces, voltage records, lower

traces applied current. B, V-I plot of cell shown in A. Each point represents mean

maximal voltage change + SD for 5 repetitions. This cell had values near the mean for

intrinsic properties (see text) and demonstrated typical phenomena, such as rebound

spiking (shown) and post-burst AHP (see Fig. 2-3A). Rebound action potentials are

clipped. Resting membrane potential was -65 mV.
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Figure 2-4 Classification of LMAN

neurons based on their intrinsic firing

patterns. Each panel shows a

representative spike train from a neuron

in one of the three classes of firing

types. A, Adapting type I cell (ADI).

73% of the cells whose firing properties

were determined (n = 77) showed this

type of monotonic decrease in firing

rate during a prolonged suprathreshold

current injection. The same cell is

shown in Figure 2-2. B, Adapting type

II cell (ADII). These cells comprised

16% of the cells categorized (n = 17). C,

non-monotonically adapting cell (NM).

This cell demonstrates typical non

monotonicity of inter-spike intervals,

found in 10% of the cells (n = 11).

Arrow points to characteristic post-burst

after-depolarization (ADP). Current

intensities were 200 pA for the ADI and

ADII cells and 600 pA for the NM cell.
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Figure 2-5 Mean firing rate vs. injected current. ADI and NM type cells demonstrated

steeper current-firing rate relationships than the ADII type cells. A, three examples for

each firing type. B. group data showing average slopes for each firing type; bars are

SEM, ADI: n = 74, ADII: n = 15; NM; n = 11 (ADI vs. ADII: * p < 0.05; NM vs. ADII:

*** p < 0.001).
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Figure 2-6 Example of a filled juvenile LMAN neuron, demonstrating typical

morphology. This cell was filled with Biocytin, reacted with Cy3-streptavidin, and

visualized with confocal microscopy. Inset: enlarged view of a few dendrites with

arrowheads pointing to some of the dendritic spines.
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Figure 2-7 Pharmacology of

two types of excitatory inputs

onto LMAN neurons. A, B,

representative responses to

intrinsic and DLM inputs from

a single neuron, demonstrating

typical APV and CNQX

sensitivity. Each trace is the

average of 6 consecutive

responses. C, time course for

the cell depicted in A & B,

showing antagonist effects on

the EPSP’s from both

pathways, at 28 msec after

EPSP onset, and subsequent

recovery of both responses.

Each point represents the mean of two successive responses. D, E: paired group data

demonstrating greater sensitivity to APV in the intrinsic pathway at two time points.

Hollow circles: individual cells, filled circles: mean + SEM. The mean percent reduction

by APV differed significantly between the two pathways both at the initial peak (p <

0.05) and at 28 msec after EPSP onset (p<0.01).
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Figure 2-8 Responses of a representative cell to pairs of stimuli at three interstimulus

intervals (ISI's). A, B, overlay of responses to pairs of stimuli delivered at 50, 100, and

200 msec ISI's, for each pathway, from a single cell (same cell as shown in Fig. 2-6).

Each trace is the average of 10 individual traces. C, D, plot of the peak amplitude of the

first EPSP vs. the peak amplitude of the second EPSP for each interval, from the cell

shown in A, B, demonstrating the reproducibility of EPSP1:EPSP2 from trial to trial.

Dashed line represents EPSP1 = EPSP2. E, F, 50 & 100 msec traces after subtraction of

the 200 msec trace. The first pulse of the 200 msec trace is also shown.
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Figure 2-9 Paired-pulse group data. (EPSP 2)/(EPSP 1) (for both initial slopes, and

peaks) measured for each interval, comparing the two pathways. Bottom two panels (C,

D) depict data in which the second EPSP measurements were made from subtracted

traces like those shown in Figure 2-7 E & F. The two pathways are significantly different

for all measures (t p < 0.05; "t p < 0.01; "t p < 0.001). Line denotes ratio of one. Bars

represent mean + SEM (n = 26), and significant deviation from a mean of one is

indicated by asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Figure 2-10 Reduction of intrinsic P-P EPSP peak amplitude ratios by APV. A, APV

significantly reduces temporal summation in the intrinsic pathway at all inter-pulse

intervals. (** p < 0.01). B, APV does not have a significant effect on summation of the

responses to DLM inputs. C, D, Examples of responses to intrinsic and DLM inputs from

a single neuron, demonstrating the differing effect of APV on the temporal summation of

the two inputs. Each trace is the average of 6 consecutive traces.
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Table 2-1. Properties of three classes of LMAN neurons (class determination based on

intrinsic firing properties)

W1

Resting potential (mV)

Input Resistance (MQ)

Time constant (msec)

Minimum current to elicit an

action potential (p4)

% of cells with post-burst AHP

% of cells with rebound

depolarization

ADI

77

–63.9 + 6.8

(-76.8 –-50.7)

133.3 + 49.3

(56.2 – 252.2)

40.0 + 16.0

(8.4 – 86.2)

96 + 6

(20-250)

94 (n = 70)

97 (n=58)

ADII

17

–68.5 + 7.6

(-77.9 –-51.3)

120.6 + 62.9

(21.2 – 269.4)

36.8 + 19.5

(6.4 – 81.6)

179 + 27

(40-400)

67 (n = 15)

57 (n = 14)

NM

11

–70.8 + 8

(-80.6 –-50.6)

134.4 + 68.1

(51.8 – 267.4)

44.1 + 19.2

(13.7–71)

126 + 23

(40-300)

82 (n = 11)

56 (n = 9)

For each value, means # SD are given, and the range of each value is given in

parentheses. The three cell types differed significantly in their resting potentials (p <

0.003) and in the minimum current required to elicit an action potential (p < 0.00007),

but not in their input resistance (p > 0.67) or time constant (p > 0.53) (by one-way

ANOVA's).
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Table 2-2: Paired-pulse modulation (based on slopes) of responses to intrinsic and DLM

inputs at three different intervals.

pathway 50 msec ISI 100 msec ISI

PPF: 2/25 PPF: 3/25

intrinsic (117+ 8%) (92 + 24%)

PPD: 9/25 PPD: 4/25

(39 + 8%) (44 + 12%)

DLM PPD: 19/25 PPD: 14/25

(40 + 3%)
(41 + 4%)

200 msec ISI

PPF: 2/25

(109 + 60%)

PPD: 7/25

(36 + 10%)

PPD: 14/25

(37+4%)

Number of cells examined, for each pathway and ISI, that showed significant P-P

modulation (p < 0.05) as determined by a one-sample t-test with a hypothesized mean of

1.0. Values in parentheses are the average percent facilitation or depression + SEM. No

responses to DLM inputs showed significant PPF.

51



Chapter 3:

Changes in temporal properties of LMAN circuitry correlated with sensory experience
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ABSTRACT

The lateral portion of the magnocellular nucleus of the anterior neostriatum

(LMAN) of songbirds plays a necessary role in song learning. Furthermore, during song

learning, LMAN auditory neurons evolve from a broadly tuned initial state to a state of

strong preference for the bird's own song and acute sensitivity to its temporal order. The

evolution of auditory selectivity in LMAN is likely based in part on cellular and synaptic

changes within the neural circuitry of the nucleus. To investigate whether changes in the

time-dependent properties of the cells and synapses of LMAN occur as selectivity of the

nucleus increases, we studied LMAN-containing slices at different developmental stages.

Consistent with a contribution to the increasingly selective and sustained nature of

auditory responses observed in LMAN as development proceeds, we found significant

alterations in both cellular and synaptic temporal dynamics. There was a dramatic

decrease in both membrane time constants and spike adaptation. Synaptic changes

included a significant developmental decline in paired-pulse depression of inputs from

the medial portion of the dorsolateral thalamus (DLM). In addition, there was a marked

shortening of the time course of recurrent axon collateral EPSPs resulting in a marked

decline in temporal summation. Recordings in birds isolated from song exposure

demonstrated that these synaptic changes occur as a consequence of sensory experience

rather than simply development.
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INTRODUCTION

The zebra finch (Taeniopygia guttata) is a bird that produces a complex, learned

species-typical vocalization called “song”. Song learning requires exposure to a tutor,

generally the father, within a particular developmental window, or “critical period”.

During the sensory critical period a bird stores a memory of the tutor song. Later, using

auditory feedback, the bird uses this memory to guide sensorimotor matching, eventually

producing a copy of the memorized song (Figure 3-1A; Konishi, 1965; Immelmann,

1969; Marler, 1987). Sensory learning begins in the first few weeks of life and normally

ends at ~60d of age, though it may be extended by acoustic isolation (Immelmann, 1969;

Eales, 1985, 1989; Böhner, 1990; Slater and Jones, 1995). Sensorimotor matching begins

between 35d and 40d and song “crystallization” is complete by 90-100d (Immelmann,

1969; Eales, 1985).

The songbird forebrain contains a set of nuclei, referred to as the song system, not

present in species that do not learn their songs (Nottebohm et al., 1976; Kroodsma and

Konishi, 1991). The song system consists of two interconnected chains of nuclei: the

motor-control circuit and the anterior forebrain pathway (AFP; Figure 3-1B). The motor

pathway must remain intact throughout life for normal song production, and includes the

“HVc”, the robust nucleus of the archistriatum (RA), and the tracheosyringeal portion of

the hypoglossal nucleus (nxIIts; Nottebohm et al., 1976; McCasland, 1987). The AFP is

not necessary for normal adult song production, but is required for song learning (Bottjer

et al., 1984; Sohrabji et al., 1990; Scharff and Nottebohm, 1991; Nordeen and Nordeen,

1993). The AFP includes the lateral portion of the magnocellular nucleus of the anterior

neostriatum (LMAN), Area X, and the medial portion of the dorsolateral thalamus

54



(DLM; Nottebohm et al., 1982; Okuhata and Saito, 1987; Bottjer et al., 1989; Sohrabji et

al., 1990). LMAN is the output nucleus of the AFP, sending projections to RA and Area

X (Nixdorf-Bergweiler et al., 1995a; Vates and Nottebohm, 1995), as well as a recurrent

projection within LMAN (Boettiger and Doupe, 1998).

In vivo physiological investigations of LMAN have revealed that the principal

neurons respond to auditory stimuli, specifically song. Early in sensory learning, the

neurons respond equally well to the tutor song and the songs of other conspecifics

(Doupe and Konishi, 1991; Doupe, 1997), but by the end of sensory learning they

selectively respond to tutor and/or bird’s own song (BOS; Solis and Doupe, 1997, 1999).

Several anatomical studies suggest that this increasing selectivity depends in part on the

maturation of LMAN circuitry (Aamodt et al., 1992; Johnson and Bottjer, 1992; Nixdorf

Bergweiler et al., 1995b; Wallhatisser-Franke et al., 1995; Singh et al., 2000). To

investigate this possibility, we examined the physiological properties of LMAN principal

neurons and their excitatory inputs across the time period when selectivity increases.

Because LMAN neurons are sensitive to the temporal aspects of song, we were

particularly interested in the temporal properties of LMAN circuitry. We evaluated

several time-dependent cellular and synaptic properties and found many significant

differences over this period of development. Furthermore, to distinguish purely

developmental processes from those that are experience-dependent, we also investigated

these properties in birds that were isolated from tutor song until -60d of age, and thus did

not undergo normal sensory learning of song.

Intrinsic property changes that we found included decreased membrane time

Constants (TMEM) and decreased spike adaptation with age. Synaptic property
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modifications included decreased paired-pulse depression (PPD) at the thalamic input

(DLM) synapses, and reduced temporal summation of recurrent excitatory (LMANR)

synapses, due to faster EPSP decay time. Such alterations in intrinsic and synaptic

properties would both be expected to result in increased auditory selectivity. In addition,

Some of the transformations in synaptic properties appear to depend not just on

development, but on normal sensory experience, suggesting that they occur as a result of

sensory learning. Moreover, because isolation delays closure of the sensory critical

period as well as the synaptic changes normally observed during sensory learning, such

changes may represent mechanisms by which the sensory critical period is regulated.
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MATERIALS & METHODS

Slice preparation. All experiments were conducted with male zebra finches reared

in our breeding colony. Three age groups were used: ~3 weeks post-hatch (mean: 23 + 2d

(sd); range: 19-26d), -6 weeks post-hatch (mean: 44 + 1d (sd); range: 42-48d), and ~9

weeks post-hatch (mean: 61 + 3d (sd); range: 56-65d). We refer to these groups hereafter

as “20d’, ‘45d’, and ‘60d’, respectively. Techniques were as previously described

(Boettiger and Doupe, 1998). Briefly, birds were deeply anesthetized with either

Metofane (Mallinckrodt Veterinary) or Isoflurane (Abbott Laboratories) and rapidly

decapitated. The brain was mounted (Krazy Glue) in ice-cold oxygenated artificial

cerebrospinal fluid (ACSF), and 400 pm slices were cut on either a VibroSlice (Stoelting,

Wood Dale, IL) or a Leica VT 1000S. Slices were maintained at room-temperature in a

Submersion-type incubation chamber until time of use, when they were transferred to a

Submersion-type recording chamber and superfused with room temperature ACSF at a

flow rate of ~2 ml/min. The normal bathing solution contained the following (in mM):

134 NaCl, 3 KCl, 1.1 NaH2PO4, 1.1 MgSO4, 2.4 CaCl2, 25.7 NaHCO3, 12 dextrose. The

SOlution was continuously saturated with a gas mixture of 95% O2/5% CO2, maintaining

a pH of 7.4. Chemicals were obtained from Sigma or Fisher Scientific, except where

In Oted.

Behavioral isolation. Fathers were removed from the home soundboxes when the

birds were approximately 10d of age. When the birds were adequately independent

(~3 5d), they were moved to individual soundboxes, where each remained alone until the

time of the experiment, (~62d). To confirm that differences between isolate birds (60i)

*d normal 60d birds reflected differences in sensory experience and were not simply due
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to retarded development as a result of being reared in soundboxes, control soundbox

birds (60sb) were also included in our study. 60sb birds were reared in soundboxes

identical to those of the isolate birds, but they remained with their intact families until the

time of the experiment (~62d). Experiments with 60i and 60sb birds were performed

blind to the rearing condition.

Electrophysiological techniques. Intracellular electrodes were pulled (Sutter

Instrument, Novato, CA) from 1.2 mm o.d. borosilicate capillary tubing (A-M Systems,

Everett, WA). Electrodes tips were filled with 2% Biocytin in 2 M potassium acetate (pH

7.2), and the remainder of the electrode was filled with 3M potassium acetate.

Penetrations were made “blind” within the visible borders of the nucleus (Figure 3-1C).

Criteria for maintaining recordings were as previously described (Boettiger and Doupe,

1998). Two bipolar stainless steel stimulating electrodes (FHC, Brunswick, ME) were

placed as shown in Figure 3-1C to activate axons exiting LMAN dorso-caudally, and

DLM axons en route to LMAN, avoiding antidromic stimulation of LMAN axonal

collaterals projecting to Area X. Input pathways were activated using monopolar current

pulses (50 or 100 pisec duration). Recordings were made with an Axoclamp-2B amplifier

(Axon Instruments, Foster City, CA) in “bridge” mode, filtered at 3 kHz. The amplified

signal was digitized at 10 kHz and responses were monitored on-line using the DataWave

Experimenter’s Workbench hardware & software package (DataWave Technologies,

Longmont, CO. For analysis purposes, EPSP initial slopes and peak amplitudes were

measured off-line.

Paired-pulse stimulation protocol. In these experiments, we alternately stimulated

each pathway, with a reiterating series of paired pulses (at 3-6 different inter-pulse
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intervals) and a single pulse, each interleaved at 20 s inter-trial intervals. Input resistance

(IR) was checked at the end of each series with a 400 ms hyperpolarizing current

injection (amplitude: 50 or 100 pA).

Data Analysis. We measured the initial slope and the peak amplitude for each

EPSP. We calculated paired-pulse (P-P) ratios for both peak and slope data as: EPSP 2 +

EPSP 1. To determine whether P-P ratios were significantly different from 1, one-sample

t-tests with a hypothesized mean of 1.0 were used. We estimated ty■ em by fitting a single

exponential to the charging portion of voltage responses to passive current injection (50

or 100 pA). Synaptic decay time constants (tip and to M) were estimated by fitting a

single exponential (by a x minimization procedure, constrained to baseline) to the decay

phase of the averaged EPSP. If traces appeared contaminated by polysynaptic responses

they were not included in the averages. As shown in the examples in Figures 5A and B,

our averages were extremely well fit with a single exponential, supporting the idea that

tlr and to M primarily reflect the decay of the monosynaptic EPSP component.

Data from experiments in which the ACSF composition was varied were

compared, for each input type, using raw data, with paired two-sample t-tests. DLM and

intrinsic pathway data collected from the same cells were compared using paired two

sample t-tests. Data from different age groups were compared with unpaired t-tests.

ANCOVAs were calculated using StatView (SAS Institute). For all statistical tests,

criterion for significance was p < 0.05.

Error values given are SEM's, unless otherwise stated.
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RESULTS

In the results presented here, we show developmental changes in several time

dependent properties of LMAN circuitry. These changes can be grouped into two

categories: intrinsic properties and synaptic properties. Several of these changes were

delayed by isolation, a manipulation that extends the critical period for sensory learning.

This suggests that these properties are important in the sensory phase of learning and that

changes in these properties potentially contribute to regulation of the sensory critical

period.

Intrinsic property changes

Changes in passive membrane properties

During the course of sensory learning, the input resistance (IR) of LMAN

principal neurons showed a small but significant decrease (Table 3-1; statistics for all

comparisons are shown in the table). These changes appeared due primarily to

developmental maturation, as the IR of LMAN cells in 600 isolate birds (60i) were not

significantly different from those of normal 60d birds (Table 3-1). These alterations in IR

appeared to occur primarily between 200 and 45d. Current versus voltage (I-V) plots

suggested that the membranes LMAN neurons of younger birds have more linear

characteristics than those of older birds, in both the hyperpolarizing and depolarizing

ranges (Figure 3-2; Table 3-1). The decrease in linearity of hyperpolarization responses

occurred between 200 and 45d, while the decrease in depolarization response linearity

happened gradually from 200 to 600. 60i birds had a higher proportion of cells with

linear depolarized responses than normal 600 or 600 soundbox control birds (60sb),
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indicating that the reduction in membrane response linearity requires normal sensory

experience. Older animals also showed substantially more rectification (or “sag”) over

the course of sustained current pulses, both in the hyperpolarizing and depolarizing range

(Figure 3-2; Table 3-1). Again, the developmental time course of change in

hyperpolarization and depolarization responses was asymmetric: 45d, God. and 60i birds

showed greater sag in hyperpolarization than 200 birds, while sag in depolarization

increased gradually from 200 to 600. 60i birds again differed from 60d and 60sb birds,

showing a more juvenile-like lack of depolarization sag, indicating that this may be an

experience-dependent change. Such rectification in the hyperpolarizing range could be

due to either an inwardly rectifying K' current, or a non-specific cation (“Q”) current (see

Hille, 1992 for review). The apparent sag in responses to depolarizing current pulses in

older animals has two potential causes: depolarizing currents that are rapidly deactivated

by depolarization, resulting in an initial hump, or voltage-dependent hyperpolarizing

currents which cause a sag after an initial passive response to depolarization. Our data are

more consistent with the latter possibility, as I-V plots from the initial phase of the

voltage responses reveal that in 600 birds, the initial voltage response was linear or

sublinear in 93% of cells (see example in Figure 3-2B, open circles). This suggests that

the initial voltage response is largely passive, while the later portion contains active

currents. Moreover, our results from 60i birds suggest that normal sensory experience

increases voltage-sensitive channels in LMAN principal neurons.

The age-related decrease in IR of LMAN principal neurons could be due to an

increase in cell size, or a decrease in specific membrane resistivity, or both. However,

Golgi studies of LMAN demonstrated that these cells undergo a significant decrease in
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surface area over this time period (Nixdorf-Bergweiler et al. 1995b), which argues

against the former possibility. Furthermore, the membrane time constant (TMEM),

estimated by responses to brief hyperpolarizing current injections, decreased substantially

with age (Table 3-1; Figures 3-5C and F). Assuming little or no change in the specific

membrane capacitance with age, the decrease in TMEM indicates that the specific

membrane resistivity is substantially lower in 600 LMAN neurons than in 200 neurons.

This is consistent with a developmental increase in membrane conductance due to

increased ion channel expression.

Changes in action potentials

Depolarizing current pulses were able to evoke action potentials (APs) in LMAN

principal cells at all ages examined (examples at 200 and 60d shown in Figures 3-3 and

3-4). However, the APs of 200 cells were different from those of older birds in a number

of respects. 200 neurons generated APs that were longer in duration, and slower in both

rate of rise and rate of fall than those from older animals (Figure 3-3; Table 3-2). Our

data indicated that the majority of the change took place between 200 and 45d, although a

further significant decrease in AP half-width occurred between 45d and 600. The AP

amplitudes (measured from threshold) were equivalent across all three age groups. AP

characteristics of 60i birds were no different from normal 600 birds, providing further

evidence that such birds are not completely developmentally delayed. The resting

membrane potential (Vm ) of 200 neurons was only slightly more positive than that of

Clder birds (Table 3-1), indicating that the differences in APs are not due to non-specific

effects resulting from variations in Vm (McCormick and Prince, 1987). In addition,
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hyperpolarizing 200 neurons did not alter the spike half-width, rate of rise, or rate of fall

(data not shown).

Changes in spiking behavior

Trains of APs in 200 neurons displayed substantially more frequency adaptation

than those of older animals (Figure 3-4). The cells of older animals showed a larger range

of maintained firing frequencies in response to different levels of sustained

depolarization, as the examples in Figure 3-4B (right) illustrate. In contrast, 20d cells had

much smaller dynamic ranges, often adapting to the point that AP generation ceased

altogether by 550 msec after depolarization onset (Figure 3-4A, left). Such differences

were consistently seen between age groups, as shown in Figure 3-4C. The adaptation

properties of cells from 45d birds fell in between those of 200 and 600, demonstrating a

gradual developmental progression. Isolate birds showed normal 600 spike adaptation as

demonstrated in Figure 3-4C. 60i data points (open circles) overlap well with the 60d

data and poorly with the 20q data, especially at higher initial frequencies.

Changes in time-dependent synaptic properties

The distinct temporal properties at recurrent and thalamic synapses in 200 LMAN

found in our previous study (Chapter 2) pointed toward developmental changes in these

properties as candidate mechanisms underlying changing LMAN auditory response

profiles. Supporting this hypothesis, the present developmental investigation

demonstrated that two types of short-term plasticity seen in 200 LMAN, temporal

summation of recurrent excitatory synapses and PPD of DLM input synapses, are
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significantly altered by the end of the sensory critical period. Moreover, we present data

from 60i birds suggesting that these modifications in synaptic function occur as a

consequence of normal sensory learning.

Synaptic decay

As a first step in investigating the effect of development on time-dependent

synaptic properties, we examined one of the most basic temporal synaptic properties: the

EPSP decay time constant. We found that the decay time of EPSPs onto LMAN neurons

decreases substantially over development (Figures 3-5A, B, D, and E). The change is

particularly dramatic at the LMANR synapses. The average LMANR EPSP decay time

constant (tip) at 200 is 163 + 10 ms (n = 81; Figure 3-5E, open diamonds). As the

example in Figure 3-5A demonstrates, these EPSPs are very well fit by a single

exponential, supporting the conclusion that we are primarily measuring the decay of a

monosynaptic response. The majority of the developmental decrease occurs by 45d, when

the average tº R is significantly shorter than that in 200 birds (mean = 88 + 15 ms, n = 26,

p < 0.001; Figure 3-5D, open squares). As the representative example in Figure 3-5A

shows, the tip of 60d birds is also significantly faster than that of 204 (p < 0.001; mean =

72 + 5 ms, n = 47; Figure 3-5D, open circles).

The decay time constant of DLM afferent EPSPs (tplM) also decreased

developmentally, although the change was not as dramatic (Figures 3-5B and E). DLM

EPSPs decay faster than LMANR EPSPs in 200 birds (compare traces from the same cell

in Figures 3-5A and B), with an average to M of 84 + 5 ms (n = 81, Figure 3-5E, open

diamonds). The average to M of 45d and 600 birds were significantly shorter and again
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not significantly different from one another (45d: mean = 56 + 8 ms, n = 26, p < 0.01,

Figure 3-5E, open squares; 60d: mean = 59 + 4 ms, n =47, p < 0.001; open circles).

Synaptic decay tºs depend on both the decay time of the underlying synaptic

currents, and TMEM. As described earlier, TMEM decreases dramatically from 200 to 45d

(Table 3-1; Figure 3-5C). The average values for ty■ em in the cells that we collected

synaptic data from were as follows: 200 = 46 + 2 ms, 45d = 27 + 2 ms, 60d = 27 it 2 ms.

The tMEM of 45d and 600 cells were significantly different from that of 200 cells (p <

0.001 for both) but not significantly different from each other.

This developmental change in TVEM certainly makes a large contribution to the

changes in Tir and to M, but two pieces of evidence suggest that a developmental change

in the synaptic currents underlying LMANR EPSPs is occurring as well. The first comes

from a statistical technique known as the analysis of covariance (ANCOVA). When two

variables that differ between groups covary, as TMEM and the synaptic t”s do, one can use

an ANCOVA to ask whether the differences between groups of one variable, for example

tlR, is greater than expected based on the group differences in the other variable, in this

case tMEM. The outcome of ANCOVAs suggest that while to M varies no more than

would be expected from the change in TMEM, tir values decrease more than would be

expected based on the decrease in TMEM. This result indirectly supports the hypothesis

that LMANR synaptic currents are speeding up developmentally. Further support for this

hypothesis comes from 60i data. 60i birds have a ty■ em as fast as normal 600 birds (mean

= 21 + 3 ms, n = 12, Figure 3-5F, solid circles), and significantly faster than 200 birds (p

< 0.001). However, while their to M values do not differ from either group (mean = 69 +
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16, n = 12; Figure 3-5E), their tip values fall in between 20d and 600, differing

significantly from both groups (mean = 103 + 21, n = 12, p < 0.05 for both comparisons;

Figure 3-5D, Solid circles). This result indicates that in addition to a change in ty■ em, an

independent factor contributes to the developmental shortening of LMANR EPSPs; a

probable factor is a change in the underlying synaptic currents. In addition, the 60i results

indicate that such a change may occur in part as a result of sensory experience, possibly

reflecting sensory learning.

Temporal summation

As a second step toward examining temporal synaptic properties, for each

pathway, we analyzed how responses to pairs of stimuli summed when delivered at

intervals of 25–800 msec. The developmental decline in tip leads to a significant

developmental decrease in temporal summation of LMANR responses to paired-pulse (P-

P) stimulation. This is demonstrated in Figure 3-6A, which shows representative

examples of 200 and 60d responses to P-P stimuli at three intervals (overlaid). Visual

inspection of traces suggested that there was not an obvious developmental increase in

polysynaptic inhibition nor a decrease in polysynaptic excitation contributing to the

decline in temporal summation. A developmental increase in PPD could also contribute

to decreased temporal summation, but we found no evidence of increasing depression at

the LMANR synapses. Measurements of the LMANR P-P slope ratios showed little to no

P-P interaction in all age groups (Figure 3-6C). The few instances of significant

differences between age groups of P-P slope ratios were in fact slight increases with age,

meaning decreased depression or increased facilitation in older birds. We conclude then
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that the decrease in LMANR temporal summation with age is primarily due to more

rapidly decaying LMANR responses. 60d P-P peak ratios (a measure of temporal

summation) were significantly less than those at 200 for intervals from 25-200 ms (max.

p < 0.04; Figure 3-6B). 45d values (Figure 3-6B, open squares) differed from 200 values

for intervals from 50-200 ms (max. p < 0.02), but not from 60d values. Consistent with

the 60i tº R values falling between 200 and 600 values, 60i P-P peak ratios were

significantly different from 60d at the 25 ms interval (p < 0.05), but differed significantly

from 200 at intervals of 50-200 ms (max. p < 0.04; Figure 3-6B, solid circles). None of

the groups differed in the degree of temporal summation seen at intervals of 400 or 800

ms, as expected from the synaptic decay times and P-P slope ratios.

Surprisingly, despite the developmental decrease in to M described above, the P-P

peak ratios showed no significant difference between age groups, although 200 values

tended to be smaller than those of 45d and 60d birds (Figure 3-7B). 60i P-P peak ratios

however, showed significantly less temporal summation than normal 60d birds at

intervals of 100 and 200 ms (Figure 3-7B, solid circles). An explanation of these results

is provided by the examination of DLM P-P slope ratios in the next section.

PPD of responses to DLM afferents

As the initial slope of an EPSP is proportional to the peak amplitude of the

underlying synaptic conductance, a comparison of slope ratios permits detection of P-P

interactions that are independent of any voltage summation. We previously confirmed

this assumption by showing the equivalence of P-P peak ratios measured after digitally

subtracting the first pulse with P-P slope ratios (see Chapter 2). That study showed that in
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20d birds, DLM inputs are subject to strong PPD at intervals of 50-200 ms Here we

compared DLM P-P slope ratios across age groups and found significantly less DLM

PPD in 60d cells than in 200 cells at intervals of 25-400 ms (Figure 3-7C; max. p < 0.05).

This interval range has functional relevance, given that DLM neurons in vitro fire in

bursts with inter-spike intervals within this range (Luo and Perkel, 1999). As shown in

Figure 3-7C, this change is established by 45d, when values do not differ significantly

from those of 60d birds. This decline in PPD compensates for the decrease in to M,

resulting in little observed change in the amount of temporal summation of responses in

this pathway. The amount of DLM PPD in 60i birds, however, did not differ significantly

from that seen in 200 birds for any interval tested. In contrast, for intervals of 25-400 ms,

60i birds showed greater PPD than both normal 600 birds (max. p < 0.04; Figure 3-7C,

solid circles) and 60sb birds (data not shown, max. p < 0.04). This maintenance of 200

like PPD in 60i birds, coupled with an average to M that had shortened as in normal 600

birds, resulted in the reduced temporal summation of 60i DLM responses at intervals of

100 and 200 ms relative to that of normal 60d birds (Figure 3-7B). Thus, the

developmental decline in DLM PPD appears to occur as a consequence of normal

sensory learning.

Decreasing PPD may be due to decreasing probability of release

A simple explanation for the strong PPD at 200 DLM input synapses is that of

depletion of synaptic vesicles at the second pulse due to a high probability of release (P.)

at those synapses. If this were the case, we would expect that lowering the external Ca"

concentration ([Ca"]Ext) would reduce or eliminate the PPD, as a result of lowering the
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P, at DLM synapses (Zucker, 1989). This was in fact the result we observed (n = 6;

Figure 3-8A, left). Lowering [Ca"]ext by half eliminated the PPD of DLM responses

and even resulted in P-P facilitation in some cases, often by causing failure of the first

pulse response. This is reminiscent of “all or none” transmission described at mammalian

thalamocortical synapses (Stratford et al., 1996). In contrast, in the same cells, LMANR

P-P ratios (Figure 3-8A, right) were marginally affected by lowering [Ca"]ext,

suggesting that these synapses have a very low basal P, that is relatively insensitive to

reductions in external Ca" levels. Lowering [Ca"]ext further to a quarter of normal

levels was able to elicit some PPF in LMANR responses (data not shown).

These findings were corroborated by the results of experiments (n = 6) in which

we raised [Ca"]ext to the maximum possible while maintaining the same total divalent

concentration (Figure 3-8B). This manipulation should raise P, but is expected to have

less effect on a near maximal P, synapse than on a low P, synapse. Indeed, we found that

DLM PPD was slightly increased (left panel), indicating that its basal P, may be near its

maximum. In contrast, in high [Ca"]ext, the LMANR responses expressed substantial

PPD (right panel). This is consistent with the notion that LMANR synapses have a lower

basal P, than DLM synapses, which can be elevated by increased external Ca". We

speculate that a developmental decrease in P, at DLM synapses accounts for the

developmental progression from high PPD to low PPD. Moreover, our data suggest that

this change appears to require normal sensory experience.
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DISCUSSION

The results of the present study indicate that LMAN principal neurons undergo

marked changes in time-dependent cellular and synaptic properties in parallel with the

Sensory phase of song learning. These changes are consistent with changes in auditory

response properties seen in LMAN in vivo, from weak, phasic and unselective to

increasingly reliable, tonic and selective (Doupe, 1997, Solis and Doupe, 1997).

Furthermore, several of the changes are delayed in birds that have not undergone normal

Sensory learning, indicating that these properties may play an important role in that

process.

Impact of development and experience on intrinsic membrane properties in LMAN

During the developmental window that encompasses sensory learning, LMAN

AP’s become briefer in duration, and faster in their rates of rise and fall, while their IR

and TMEM are decreasing. Similar post-natal changes have been reported in mammalian

sensorimotor cortex (McCormick and Prince, 1987), and could result from a number of

different mechanisms, including changes in the density, type, or kinetics of ionic

channels. The maximum rate of AP rise is related to membrane Na" conductance

(Hondeghem, 1978; Strichartz and Cohen, 1978), thus the developmental increase in this

parameter found here indicates that there may be a developmental increase in Na'

conductance in LMAN neurons. The decline in ty■ em is likely caused by a combination of

reduced surface area (Nixdorf-Bergweiler et al., 1995b) and increased membrane

conductance, the latter supported by the developmental decrease in IR. We also found a

developmental decline in the linearity of membrane voltage responses, indicating an
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increase in voltage-dependent conductances. Moreover, an increase in depolarization

activated hyperpolarizing currents appeared to depend on sensory experience, as it did

not occur in 60i birds. This result is reminiscent of the activity-dependent ion channel

expression seen in other systems (Turrigiano et al., 1994; Desai et al., 1999; Golowasch

et al., 1999).

A comparison of our intrinsic property results with those of two previous

developmental studies of LMAN (Livingston and Mooney, 1997; Bottjer et al., 1998)

finds that in the subset of parameters that those studies also measured, our data generally

agree, although there are some discrepancies. These are most likely accounted for by the

difference in age group considered most juvenile by each group. Our youngest group was

18-26d, a group that has fledged, but not yet begun to sing. We found significant

differences between this group of birds and those a few weeks older (42-48d), who have

commenced sensorimotor learning. In contrast, Bottjer et al. compared the properties of

32-40d neurons to those of mature birds, while Livingston and Mooney compared 27-32d

and 40-51d neurons to those of mature birds. Differences in our recording condition

relative to those two studies may have also resulted in some discrepancies, as indicated

by average juvenile IR values in those studies that were 22-43% smaller than the average

IR values we obtained in 200 and 45d birds (Table 3-1).

Reducing spike adaptation as a possible means of enhancing response selectivity

In 200 birds spike adaptation was profound, such that widely varied levels of

depolarizing current result in similar maintained firing rates. By 60d we found that this

property is sufficiently altered so that a cell’s adapted firing rate more accurately reflects
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auditory response properties of these neurons recorded in vivo. For example, despite tutor

exposure thought to be sufficient to learn the tutor’s song (Immelmann, 1969; Eales,

1985, 1989; Böhner, 1990; Slater and Jones, 1995), extracellular recordings in LMAN of

~30d birds have not shown evidence of selective responses to the tutor song (Doupe and

Konishi, 1991; Doupe, 1997). Similar recordings in 60d birds, however, reveal selective

responses to the tutor song (Solis and Doupe, 1997, 1999). The present results, raise the

possibility that the profound spike adaptation of LMAN neurons in young birds might

mask selective tutor responses already present in the inputs to these cells. The marked

adaptation of young LMAN neurons could prevent their firing rate from reflecting the

strength of their inputs. This possibility could be tested by recording intracellularly from

juvenile LMAN neurons in vivo, which might reveal selective subthreshold responses to

tutor song. Similarly, by this hypothesis, LMAN neurons in 60d birds that had neither

heard themselves sing, nor heard further tutor song renditions after 30d, would be

expected to have tutor-selective responses.

Reduced temporal summation of recurrent synapses: mechanisms and consequences

The present study demonstrates that a significant drop in temporal summation of

LMANR responses occurs developmentally, with most change taking place between 200

and 45d. We found that this change appeared primarily due to a more rapid decay of

LMANR EPSPs with age. This change in response decay was due in part to a decrease in

TMEM, although an analysis of covariance of TMEM and TLR, as well as the isolate studies,

suggested that increasingly rapid synaptic currents at this synapse may also play a role.

Such current shortening could reflect a decrease in the proportion of the NMDA receptor
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(NMDAR) mediated component at the LMANR synapses, a phenomenon seen at

synapses in RA during the same period of development (Stark and Perkel, 1999). It could

also reflect a decrease in the contribution of the NMDAR-2B subunit (NR2B; Monyer et

al., 1992). The latter possibility is supported by high NR2B expression in LMAN during

sensory learning that declines as birds mature (Basham et al., 1999). This change in

expression could reflect changes in both LMANR and DLM synapses, as we and others

have found that DLM responses decay more rapidly with age (Livingston and Mooney,

1997; White et al., 1999; Livingston et al., 2000). However, two studies have shown that,

although isolation delays the decline in NR2B expression in LMAN (Singh et al., 2000),

it does not prevent a shortening of currents at DLM synapses (Livingston et al., 2000).

Here we confirm that isolation fails to prevent the developmental shortening of DLM

responses, but in addition, we report that isolation does delay such shortening at LMANR

synapses. Thus, the elevated NR2B levels in LMAN observed in isolate birds may

primarily reflect the receptor composition of the LMANR synapses. Future developmental

studies using the voltage clamp technique to measure LMANR current kinetics may

clarify this issue, however, changes will have to be interpreted with caution, due to the

poor space clamp attainable in LMAN neurons (Livingston and Mooney, 1997).

Regardless of the underlying mechanism, our results indicate that slowly decaying

LMANR EPSPs reflect a capacity to acquire sensory information, and that they may play

a role in regulating the critical period for sensory learning.

During the course of sensory learning auditory responses in LMAN are refined,

showing selective responses to the tutor song by 60d, which suggests that this process

reflects sensory learning (Solis and Doupe, 1997, 1999). This increase in selectivity is
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accomplished in part by reducing responses to non-preferred stimuli, such as conspecific

songs or the tutor song played in reverse (Solis and Doupe, 1997, 1999). Reducing the

temporal integration window of LMANR responses may participate in causing this

change in auditory response properties. If responses to non-preferred stimuli generate

more variable and/or less temporally coherent input, they would be less effective at firing

LMAN neurons as decreased temporal summation would restrict the recurrent

amplification of LMAN’s extrinsic input. Such amplification is a function widely

attributed to recurrent excitatory connections (Ben-Yishai et al., 1995; Douglas et al.,

1995; Somers et al., 1995; Chance et al., 2000), and recent experiments have

demonstrated such a role for LMAN recurrent circuitry in mature LMAN neurons (Rosen

and Mooney, 2000). A developmental change in response amplification by LMAN

recurrent circuitry is thus a potential mechanism underlying the developmental increase

in response selectivity.

A decrease in DLM PPD could contribute to more tonic auditory responses at 600

Between 30d and 603, auditory responses in LMAN neurons progress from being

relatively phasic and unreliable to being increasingly sustained (Doupe, 1997; Solis and

Doupe, 1997). Decreasing spike adaptation over this time period likely contributes to this

change, but the reduction of DLM short-term depression that we observed may also give

rise to less transient responses with age (Abbott et al., 1997; Tsodyks and Markram,

1997; Chance et al., 1998). Considering the 20q and 60d data alone, it is possible to

speculate that spike adaptation and DLM PPD decline in tandem, perhaps matching the

frequency filtering characteristics of input and target. Data from 45d birds, however,

reveal that spike adaptation declines more gradually than DLM PPD. Furthermore, in 60i
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birds, spike adaptation is reduced to the level seen in normal 60d birds, while DLM PPD

is maintained at 200 levels. These two pieces of evidence point to an independent

regulation of the two processes during development.

Precedence for developmental change in short-term synaptic plasticity

A striking result of the present study was that during the time window when

sensory learning is taking place, PPD of DLM synapses is significantly diminishing.

Because this change in short-term plasticity could be prevented by preventing sensory

exposure to song, the temporal dynamics of DLM synapses may reflect sensory learning.

As the short-term depression of DLM synapses appeared to reflect their probability of

release (P.), our results suggest that factors that regulate release at the DLM input

synapses may in turn regulate the sensory critical period. Developmental decreases in P,

leading to increases in P-P ratios have also been reported in studies of the mammalian

hippocampus, neocortex, and striatum, indicating that such change might be a quite

general property of synaptic development (Muller et al., 1989; Choi and Lovinger, 1997;

Angulo et al., 1999; Reyes and Sakmann, 1999). Futhermore, our results confirm the

recent finding that sensory experience can influence short-term synaptic plasticity

(Finnerty et al., 1999). We provide evidence in Chapter 4 that during sensory learning, a

presynaptically expressed long-term depression (LTD) can be induced at the DLM input

synapses, and that by 600, when the P, appears to be reduced, this LTD is no longer

induced. Such LTD represents a potential mechanism that could underlie a

developmental decrease of P, at DLM input synapses in LMAN. Thus, experience

dependent depression might gradually modify the DLM synapses from an initial strong

***
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but unreliable state to one that allows LMAN target neurons to more faithfully transmit

the firing rates of their DLM inputs.

Expected functional consequences of changes in LMAN circuitry

Taken together, our results suggest that a significant functional shift occurs in the

way LMAN circuitry transforms its extrinsic input over the time period from 200 to 600,

and that several key aspects of this shift depend on sensory experience. We predict that

the state of LMAN in young birds is one of relatively disordered activity with broad

temporal correlations, due to depressing extrinsic input, recurrent amplification with a

long integration window, and a limited range of sustained firing rates. As DLM inputs

weaken but become more reliable, and recurrent amplification becomes more restricted,

temporal correlations between LMAN neurons are expected to narrow substantially.

Correlations between LMAN neurons may be strengthened as well by the long-term

potentiation that occurs at LMANR synapses in young birds (see Chapter 4). The result

would be a shift toward correlated firing of groups of LMAN neurons. Simultaneous

recordings in LMAN and RA support this hypothesis, demonstrating that auto

correlations of LMAN neuronal firing appear to narrow with age (R. Kimpo, UCSF PhD

Thesis). Such a state might participate in maintaining stability in vocal motor output via

LMAN’s projection to the motor control nucleus RA (Figure 3-1B).

In conclusion, the simplified circuitry of LMAN, may prove to be particularly

tractable for examining how changes in cellular and synaptic properties give rise to

changes in network dynamics.
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sensory phase Figure 3-1 A, Timeline of song

~ 21 d ~60 d learning. The sensory phase of
critical period

ends

-
learning is restricted to a critical

sensorimotor phase

~ 30 d 90+ d period, when birds must hear and
singing onset stable song

memorize a tutor song. During

sensorimotor learning, birds listen to

their own vocalizations and

gradually match them to the

memorized tutor song. B, Diagram

of song system. A parasagittal view

of the zebra finch brain showing the

motor pathway (hatched), which

includes HVc, the robust nucleus of

the archistriatum (RA), the

tracheosyringeal portion of the

hypoglossal nucleus (nxIIts), and

nucleus retroambigualis (nRAM).

The anterior forebrain pathway (black), consists of Area X, DLM, and LMAN. The Field

L complex (L; gray) is the source of auditory input to the song system. C, Schematic of

recording set-up. Slices were cut oblique to the parasagittal plane. The DLM stimulating

electrode was placed below Area X to avoid activating LMAN axons projecting to Area

X. The LMANR stimulating electrode was placed in the LMAN outflow tract activating

recurrent axon collaterals.
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Figure 3-2 Older animals show less linear current-voltage relationships and greater

voltage “sag”. A. Example traces from 200 and 60d LMAN neurons. B. V-I plot

comparing representative examples of 206 (solid diamonds)and 60d (hollow circles)

cells.
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with dV/dt for each overlaid (grey trace).
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Figure 3-5 Both membrane and synaptic decay time constants decline during sensory

learning. A. Representative examples of LMANR EPSPs (grey trace) at 20d and 60d with

single exponential functions (black line) fit to the decay phase to determine tir. B, DLM

EPSPs from the same cells in panel A fit with single exponential functions to determine

toLM. C. Membrane response of the cells in A and B to -100 pA current injection. Voltage

responses fit with a single exponential function to determine TMEM. D-F, Cumulative

probability plots of tir, TDLM, and TMEM. Isolation (solid circles) delays the developmental

decrease of tir.
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Figure 3-6 Developmental reduction of temporal summation of LMANR EPSPs. A,

Examples of responses to paired stimulation of LMANR inputs at 200 and 600. B. Group

data showing average P-P peak ratios vs. P-P interval for each age group as well as 60i.

C. LMANR P-P slope ratios vs. P-P interval.
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Figure 3-7 Developmental changes in responses to temporally patterned stimulation of

DLM afferents. Despite faster DLM EPSP decay, temporal summation in this pathway

does not differ significantly between 200 and 600. A, Representative examples of

responses to paired stimulation of DLM afferents at 200 and 60d. B. Group data showing

average DLM P-P peak ratio vs. P-P interval for each group. C, DLM P-P slope ratios vs.

P-P interval.
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Figure 3-8 Manipulations of extracellular calcium concentration ([Ca"]Ext) provides

evidence that the strong PPD of DLM afferents at 20d is due to a high probability of

transmitter release at these synapses. A, Effect of lowering [Ca"]Ext on DLM and

LMANR P-P ratios. B. Effect of raising [Ca"]ext on P-P ratios. Normal [Ca"]ext = 24

mM, “low” = 1.2 mM, “high” = 3.7 mM, [Mg"]ext was adjusted to maintain a constant

total divalent concentration across conditions (3.7 mM). *p < 0.05, **p < 0.01.
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TABLES

Table 1. Passive membrane properties of LMAN neurons.

Age group 200 450 600 60i 60sb

Vm -68 + 1" –74 + 1" -72 + 1 –72 + 3 –69 + 3
(144) (66) (92) (13) (18)

IR 144 +4' 125 + 8" 120 + 7 || 111 + 11." 116+ 12'
(144) (66) (91) (13) (18)

TMEM 40.2 + 1.5” 25.4 + 1.7" 23 + 1.7 | 20 + 3" 20.3 + 5.5"
(144) (66) (91) (13) (18)

% sag -1.9 + 0.6” 2 + 0.7" 3.2 + 0.9 || 2.3 + 2.4" 0.8 + 1.5
hyperpol. (144) (65) (91) (13) (18)

% sag -6.6+ 3.2” 2 + 2* * 11 + 2.5 2.7 + 3.1' '4 12.4 + 2.8”
depol. (134) (51) (82) (13) (18)

% cells W/ 81 79 63 77 44

linear (144) (65) (91) (13) (18)
I-V (r’ >.95)

% cells W/ 90 54 65 69 50

linear hyp. I-V (144) (65) (91) (13) (18)

% cells W/ 76 67 56 85 33

linear dep. I-V (134) (51) (81) (13) (18)

FOOTNOTE:

Value given as: mean + SEM (n). 'significantly different from 20d. 'significantly

different from 60d. 'significantly different from 60sb. Number of symbols denotes

significance level: 1, p < 0.05; 2, p < 0.01; 3, p < 0.001. Significance determined by

unpaired t-test (two-tailed).
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Table 2. Action potential properties of LMAN neurons.

Age group 200 45d 600 60i 60sb
(n = 144) (n = 65) (n = 92) (n = 13) (n = 18)

Height 57.3 + 0.7 58.3 + 1.1 56.9 + 0.9 || 56.2 + 2.8 55.4 + 1.6
(mV)

% width 1.9 + 0.03” 1.56 ± 0.06"’ 1.42 + 0.05 | 1.44 + 0.14" 1.41+0.09"
(msec)

Max. dV/dt: 68 +2" 94 + 4" 92 + 3 88 + 5” 88 + 5"
rising

Max. dV/dt: -39 + 1" -54 + 2" –58 + 2 -59 + 4" -56 + 3"
falling

FOOTNOTE:

Value given as: mean + SEM (n). 'significantly different from 200. 'significantly

different from 60d. 'significantly different from 60sb. Number of symbols denotes

significance level: 1, p < 0.05; 2, p < 0.01; 3, p < 0.001. Significance determined by

unpaired t-test (two-tailed).
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Chapter 4:

Developmentally restricted synaptic plasticity in a songbird nucleus required for song
learning
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ABSTRACT

In this study, we provide the first report of long-term synaptic plasticity in the

vocal control system of songbirds, specifically within the nucleus LMAN, a brain area

required for song learning. Pairing postsynaptic bursts in LMAN principal neurons with

stimulation of recurrent collateral synapses induced a Hebbian, NMDA receptor

dependent LTP at these synapses, and a heterosynaptic LTD at the thalamic afferent

synapses. Both types of plasticity were restricted to the sensory critical period for song

learning, consistent with a role in sensory learning. The properties of the observed

plasticity are well suited to establish intrinsic circuitry within LMAN that predicts the

pattern of thalamic afferent activity elicited by tutor song. Such circuit organization

would represent a memory of the tutor song that could later be used to reinforce

appropriate vocal motor sequences during sensorimotor learning.
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INTRODUCTION

Long-lasting changes in the strength of synaptic connections are widely thought

to be one physiological mechanism underlying learning (Hebb, 1949; Martin et al.,

2000). Studies of song learning in birds have several advantages for investigating this

hypothesis. Song learning in the zebra finch is a well defined behavior that takes place in

two stages: a sensory critical period when the memory of a song model (or “tutor” song)

is stored, and a sensorimotor phase, during which vocal output is gradually matched to

the stored memory of that tutor song (Immelmann, 1969; Figure 4-1A). In addition, song

learning requires the function of a discrete network of brain areas known as the song

system (Nottebohm et al., 1976; Figure 4-1B). The lateral portion of the magnocellular

nucleus of the anterior neostriatum (LMAN), which projects to the motor control

pathway for song (Nottebohm et al., 1982; Okuhata and Saito, 1987; Bottjer et al., 1989;

Mooney and Konishi, 1991), may be one site of neural changes underlying learning.

Lesions of LMAN during song acquisition perturb song development, while similar

disruptions in adult birds do not affect normal song production (Bottjer et al., 1984;

Sohrabji et al., 1990; Scharff and Nottebohm, 1991; Nordeen and Nordeen, 1992;

Morrison and Nottebohm, 1993).

LMAN has been implicated in processing sensory information related to both the

tutor song and the bird's own song (BOS) and in providing an evaluation to the vocal

motor system of how well the BOS matches the tutor song. This idea is based on the fact

that selective tuning of LMAN neurons for the sound of the tutor and BOS emerges

during the course of song learning (Doupe, 1997; Solis and Doupe, 1999, 2000), and that

lesions of LMAN prevent the degradation of song normally caused by perturbations of
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song production or feedback (Williams and Mehta, 1999; Brainard and Doupe, 2000).

Moreover, blockade of NMDA receptors (NMDARs) in LMAN during tutoring prevents

birds from producing a good copy of the tutor song (Basham et al., 1996), consistent with

LMAN contributing to tutor song memorization. This result, coupled with the significant

down-regulation of NMDAR expression in LMAN by the end of the sensory critical

period (Aamodt et al., 1992), suggested the hypothesis that NMDAR-dependent long

term plasticity is present in LMAN during sensory learning.

We investigated this hypothesis using an in vitro zebra finch brain slice

preparation containing LMAN. Our results show that there is an NMDAR-dependent

form of long lasting synaptic potentiation in LMAN. Compatible with our previous

observation that the recurrent synapses of LMAN principal cells are more NMDAR-rich

than thalamic inputs (Boettiger and Doupe, 1998), this LTP was restricted to the

recurrent excitatory synapses. The LTP appears similar to mammalian neocortical long

term potentiation (LTP; Crair and Malenka, 1995; Kirkwood et al., 1995; Hensch et al.,

1998; Feldman, 2000), and was limited to the critical period for memorization of tutor

Song. In addition, we report a novel form of heterosynaptic depression at thalamic input

synapses to LMAN that was also restricted to younger animals. These forms of

developmentally restricted long-term plasticity, the first reported in the song system, are

well suited to contribute to the experience-dependent shaping of auditory responses in

LMAN and to the memorization of tutor song.
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MATERIALS & METHODS

Slice preparation and recording techniques. Parasagittal slices 400 pum in

thickness were prepared from the anterior forebrain of male zebra finches as previously

described (Boettiger and Doupe, 1998). All procedures were done in accordance with

protocols approved by the UCSF animal care and use committee. Two age groups were

used: ~3 weeks post-hatch (203; mean: 23 + 2d (sd); range: 18-26; n = 37), and ~9 weeks

post-hatch (‘60d”; mean: 62 + 3d (sd); range: 57-67; n = 10). Slices were transferred to a

recording chamber at room temperature, perfused at a rate of 2 ml/min with a solution

consisting of 134 mM NaCl, 3 mM KCl, 1.1 mM NaH2PO4, 1.3 mM MgSO4, 2.4 mM

CaCl2, 25.7 mM NaHCO3, and 12 mM dextrose, bubbled with 95% O2/5% CO2.

Intracellular electrode tips were filled with 2% Biocytin in 2 M potassium acetate (pH

7.2), and the remainder of the electrode was filled with 3 M potassium acetate. Chemicals

were obtained from Sigma or Fisher.

After at least one hour of recovery time, penetrations were made “blind” within

the readily visible borders of LMAN. Penetrations that met the following criteria were

maintained: i) resting membrane potential (VREst) < -50 mV, ii) input resistance (IR) 2

20 MQ, iii) threshold current to elicit an action potential * 1 na, iv) action potentials

overshot 0 mV. Input pathways were activated using monopolar current pulses (50-100

pusec). In each experiment, one stimulating electrode (FHC, Brunswick, ME) was placed

ventro-caudal to Area X, activating DLM axons, and a second was placed in the outflow

tract of LMAN, activating recurrent axon collaterals (Figure 4-1C). In order to examine

monosynaptic responses, we selected for analysis those excitatory post-synaptic

potentials (EPSPs) that showed a fixed latency with increasing current intensity and a
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stable amplitude in response to stimulation at 1 Hz. The current intensity was set for each

stimulating electrode to minimize response failures as well as polysynaptic EPSPs and

inhibitory post-synaptic potentials (IPSPs). During the baseline period, test stimuli were

delivered to each pathway (in alternation) at 0.05 Hz. During the pairing procedure, the

0.05 Hz stimulation rate was maintained for both inputs and a 100 ms depolarizing

current injection (~ 1 na) was paired 40 times with the LMANR input. This protocol was

chosen because similar protocols effectively elicit plasticity in other systems (Gustafsson

et al., 1987; Huang and Kandel, 1998; Buonomano, 1999), and it has the advantage of

physiological plausibility, mimicking natural bursting conditions in the nucleus. Test

stimuli were either single pulse or paired pulses at short intervals. Recordings were made

with an Axoclamp-2B amplifier (Axon Instruments, Foster City, CA) in “bridge” mode,

filtered at 3 kHz. The amplified signal was digitized at 10 kHz and analyzed off-line

using the DataWave Experimenter’s Workbench hardware & software package

(DataWave Technologies, Longmont, CO). Cell input resistance and TMEM were measured

from hyperpolarizing current injections (400 ms; 50-100 pA) made throughout the

duration of experiments. EPSP traces and cell input resistance were monitored on-line

throughout each experiment. Spike-lagging experiments (at 200) were interleaved with

spike-leading, APV, high frequency DLM stimulation, 30 min. no stimulation, and 60d

experiments over the course of these studies (and in some cases on the same day with

different slices).

Data analysis and statistics. Experiments were excluded from analysis if EPSP

slope values for both pathways did not exhibit 2 10 min stable baseline period, if the

cell’s input resistance changed by more than 15%, or if the stimulation artifacts
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noticeably changed size or shape. We also excluded cases where synaptic stimulation

elicited action potentials following the pairing procedure, due to our resulting inability to

measure EPSP slopes uncontaminated by spikes. These cases likely reflect substantial

potentiation of responses; thus our results may underestimate the true effect of our

protocol. To minimize the contribution of polysynaptic responses and voltage-gated

conductances, all analyses of synaptic strength were based on the slope of the initial

rising phase of the EPSP. In sweeps where slope measurements were contaminated by the

depolarization during the pairing procedure (all spike-leading experiments, and 5 spike

lagging experiments) the slope measurement during pairing was not included in the group

data time-course plots. PPRs were calculated as EPSP 2 + EPSP 1, using EPSP slopes,

when pairs of stimuli were delivered 50 ms apart. CV was calculated as the standard

deviation of the slope divided by the mean EPSP slope. For group data time-course plots,

each experiment was first normalized to the average value from the 10 min period

immediately preceding the pairing protocol (“baseline”), then aligned with respect to the

onset of the pairing protocol (t = 0), distributed into 3 min bins, and finally averaged

across all cells. Averaged values are given as mean + SEM. Raw data from the baseline

and test periods (t = 20-30 or 50-60 min, referred to in the Results as 30 min and 60 min

respectively) were compared statistically by paired t-test, except for comparisons across

age groups or drug conditions, when unpaired t-tests were performed on normalized data.

For analysis of covariance (ANCOVA), we compared the two age groups, with tir or

toLM as the dependent variable and ty■ eM as the independent variable. Criterion for

significance in all tests was p < 0.05.
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RESULTS

Using an anterior forebrain slice preparation from zebra finches early in sensory

learning (200) or at the end (603) of the critical period for sensory learning (Figure 4

1A), we made intracellular voltage recordings from LMAN principal neurons. We

recorded synaptic responses to stimulation of each of the two known excitatory inputs to

these cells: afferents from the medial portion of the dorsolateral thalamus (DLM) and

recurrent axon collateral inputs (LMANR; Figure 4-1C). The DLM synapses are

glutamatergic, primarily mediated by AMPA receptors, with a small NMDAR-mediated

component evident at the cell’s resting potential (VREst; Livingston and Mooney, 1997;

Boettiger and Doupe, 1998; Bottjer et al., 1998). The LMANR synapses, activated by

stimulating the LMAN outflow tract, are also glutamatergic, with a significantly greater

NMDAR-mediated component at VREst than the DLM synapses at 203 (Boettiger and

Doupe, 1998).

Pairing depolarization with LMAN recurrent collateral stimulation at 20d induces

two forms of lasting plasticity

In one set of experiments, we used slices from 200 birds, as this age falls within

the sensory phase of song learning, and precedes the onset of sensorimotor learning

(Immelmann, 1969; Eales, 1989; Figure 4-1A). We induced plasticity by delivering

postsynaptic depolarizing current in conjunction with LMANR stimulation (Figure 4-1D;

See Experimental Procedures for further detail). This pairing protocol produced a long

lasting increase of the LMANR EPSP slope (Figure 4-2). The mean LMANR EPSP slope

30 min. after pairing onset was increased by 19.4 + 4.7% relative to baseline (n = 11, p <
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0.02; Figure 4-2C), and when stable recordings could be maintained to 60 min. after

pairing, EPSP slopes were increased by 33.1 + 15.1% relative to baseline (n = 7, p <

0.02). The changes in the LMANR EPSP elicited by the pairing protocol depended on the

timing of the first spike elicited by the current injection relative to the onset of the EPSP

(Figure 4-3). When the first spike occurred after the LMANR EPSP onset (“spike lags”),

the LMANR pathway was potentiated (as in Figure 4-2). In contrast, when the first spike

in the burst preceded the EPSP onset (“spike leads”), potentiation did not occur and in

some cases the LMANR EPSP was depressed (Figure 4-3B). The pairing protocol

induced significantly less potentiation of LMANR responses in spike-leading vs. spike

lagging experiments (Figure 4-3B; n = 6, p < 0.006).

In the same cells in which LMANR pairing potentiated LMANR responses, the

responses to DLM inputs were depressed (Figures 4-2 and 4-4A). This heterosynaptic

depression of DLM responses, however, was not sensitive to the timing of the action

potential (AP) burst relative to the LMANR EPSP (spike-lagging vs. spike-leading, p >

0.75), suggesting that LMANR long-term potentiation (LTP) and DLM long-term

depression (LTD) were independently induced. Because the effect on the DLM pathway

of pairing AP bursts with the LMANR pathway did not depend on the relative burst

timing, we pooled DLM data from both spike-leading and spike-lagging experiments

(Figure 4-4A). The average depression of DLM EPSPs at 30 min after pairing was 17.2 +

5.2% relative to baseline (n = 17, p < 0.006). In cases where stable recordings were

maintained to 60 min after pairing, DLM EPSP slopes were decreased by 29.7 ± 9.9% (n

= 12; p < 0.03). To rule out that depression of the DLM responses might be simply due to

rundown, we performed two control experiments. First, we maintained recordings for 30
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min. while alternately stimulating the DLM and LMANR pathways at 0.05 Hz. In these

experiments, responses remained stable throughout the recording period (Figure 4-4B).

Second, to increase the likelihood of DLM fiber rundown, after a stable baseline period

we delivered 50 high frequency bursts (100 Hz, 40 ms duration) to the DLM pathway.

This manipulation did not significantly change the DLM response strength measured at

30 min (-1.5 + 3.6; p > 0.95) or 60 min (-2.8 + 7.1; p > 0.92) after high frequency

stimulation (n = 3; Figure 4-4C). The concurrently monitored LMANR pathway was also

unaffected in these experiments (30’: -1.9 +4.3, p > 0.29; 60’: 0.9 + 5.8, p > 0.29). These

data, coupled with the lack of plasticity induced by pairing depolarization with

stimulation of the DLM pathway (n = 6, p > 0. 28; data not shown), strengthen the

argument that the reduction of DLM responses induced by pairing with LMANR

stimulation is a heterosynaptically induced LTD rather than simply DLM fiber rundown.

To explore whether these plastic changes were presynaptic or postsynaptic in

origin, we examined the effect of our pairing protocol on two parameters traditionally

thought to reflect presynaptic release probability (Manabe et al., 1993): the coefficient of

variation of response strength (CV) and the paired-pulse ratio (PPR; see Experimental

Procedures). The degree of potentiation of LMANR responses was not significantly

correlated with a change in CV or PPR (r' = 0.13 and r* = 0.15, respectively). In contrast,

the magnitude of DLM depression was significantly correlated with increases in both CV

and PPR (r^ = 0.53, p < 0.02 and r* = 0.38, p < 0.05, respectively). These results further

highlight the independence of these two forms of plasticity, suggesting that the LMANR

LTP is due to increased postsynaptic sensitivity, while the heterosynaptic LTD of the

DLM responses is more likely due to decreased presynaptic release (Manabe et al.,
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1993).

LMANR potentiation is NMDAR-dependent

Given that LMANR LTP appeared to be Hebbian and to be postsynaptically

expressed at a synapse with a substantial NMDAR-mediated component (Boettiger and

Doupe, 1998), we tested whether LMANR LTP depends on NMDAR activation. The

presence of 100 puM DL-2-Amino-5-phosphonovaleric acid (APV) during pairing

completely prevented the increase in LMANR responses normally observed at 30 min

after pairing (-8.9 + 4.5%, n = 10; p > 0.06; Figure 4-5A). This reduction in the ability of

the pairing protocol to induce LTP when NMDARs were blocked was highly significant

(p → 0.001; Figure 4-5A, open circles). In 6 cells in which we could repeat the pairing in

control ACSF after washing out APV, a change of 13.4 + 3.1% (p < 0.04) was obtained,

whereas there was no significant change in the presence of APV (-12.3 + 7.3%, p > 0.12;

Figure 4-5B). These data confirmed that pairing induces significantly greater LTP in

control ACSF than in APV (p<0.03).

Again in contrast to LMANR LTP, the heterosynaptic LTD of DLM responses did

not appear to depend on NMDAR activation. A small but significant depression of DLM

responses at 30 min was still obtained by pairing in conjunction with LMANR stimulation

in the presence of APV (–7.3 + 3.8%, n = 10; p < 0.05). This was not significantly

different from pairing in control ACSF (p > 0.34).

Both forms of plasticity are restricted to the sensory critical period

The critical period for sensory learning ends at approximately 600 in zebra

finches. That is, tutor songs heard after this age are no longer incorporated into the BOS
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(Immelmann, 1969, Eales, 1985; Eales, 1987). Sensory learning not only declines with

age, but is also impaired by blocking NMDARs in LMAN during tutoring within the

critical period (Basham et al., 1996). While synaptic transmission in LMAN may well

have been impaired by this manipulation, thalamic input was likely to be largely spared,

due to its small NMDAR-mediated component (Livingston and Mooney, 1997; Boettiger

and Doupe, 1998; Bottjer et al., 1998). LMANR LTP, however, would have been

prevented by NMDAR blockade, and this could be one factor preventing the

incorporation of new tutor song information in this experiment. If so, a decrease in

LMANR LTP inducibility may also occur developmentally, contributing to the normal

closure of the sensory critical period.

To test this prediction, we paired postsynaptic bursts with LMANR synaptic

stimulation in slices from birds at ~60d of age. The effect of the induction protocol on

LMAN neurons’ synaptic inputs was strikingly different at this later age. The percentage

change in LMANR responses at 30 min after pairing was –14.1 + 4.9% relative to

baseline (p > 0.06, n = 10; Figure 4-6A). This represented a significant decrease in the

ability of the pairing protocol to induce LMANR LTP at 600 compared to that at 203 (p <

0.001; Figure 4-6B). Moreover, the mean percentage change in the DLM responses at

60d was 14.5 + 10.4% (p > 0.86; Figure 4-6B). This too reflected a significant decrease

between 200 and 60d in the efficacy of the pairing protocol to induce a heterosynaptic

LTD in the DLM pathway (p < 0.04; Figure 4-6B). Thus, depolarization paired with

LMANR stimulation no longer induces these two forms of plasticity in LMAN by the end

of the sensory acquisition phase of song learning. There was also a tendency for the same

protocol to induce depression rather than potentiation at the LMANR synapses, although
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this did not reach significance. While our results do not rule out the possibility that

potentiation of LMANR responses and depression of DLM responses can still be induced

in older birds by a more extreme protocol, they indicate that the threshold for induction

of this plasticity is substantially higher by the end of sensory learning.

LMANR LTP in 200 birds was induced by pairing EPSPs with bursts of

postsynaptic APs. Plasticity induced in a similar manner has been shown to depend on

the synergistic Ca" signal resulting from the postsynaptic conjunction of EPSPs with

backpropagating APs (Magee and Johnston, 1997). Thus, the reduced inducibility of

LMANR LTP at 60d could reflect a change in the ability of the protocol to raise

postsynaptic Ca". For example, if the LMANR EPSPs decay more quickly in 60d birds,

there may be less postsynaptic Ca" influx. To examine this possibility, we measured the

decay time constants (tip) of LMANR EPSPs (which appeared to be monosynaptic),

averaged from the baseline period of pairing experiments, and compared the two age

groups. We found that the tip at 200 was significantly longer (158 + 37 ms) than at 600

(69 + 15; p < 0.05), indicating that LMANR EPSPs decay more slowly at 20d than at 603.

However, EPSP decay time depends both on the decay of the underlying synaptic

currents, and the cell’s membrane time constant (TMEM). Thus, a component of TLR

shortening between 200 and 600 is likely due to decreased membrane capacitance of

LMAN cells caused by the dramatic reduction in surface area of these cells over this time

period (Nixdorf-Bergweiler et al., 1995b), which should result in a shortened membrane

time constant (Johnston and Wu, 1995). Indeed, ty■ em decreased nearly two-fold from 20

to 60d (55 + 4 vs. 25 + 5 ms; p < 0.001). However, an ANCOVA indicated that there is

an age-dependent decrease in ti R beyond that attributable to the age-dependent change in
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tMEM (p < 0.02; Materials and Methods). In the same cells, the decay time constant of

DLM EPSPs (tplM) showed a tendency to decrease from 20 to 600, that did not reach

significance (84 + 11 vs. 59 + 9; p > 0.1), and, according to an ANCOVA, could be

accounted for entirely by the developmental decrease in ty■ eM (p > 0.5). These results are

consistent with a developmental shortening of LMANR synaptic currents, and suggest

that LMANR synapses experience developmental changes between 200 and 603 that

could contribute to the regulation of synaptic plasticity at this synapse.
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DISCUSSION

The results presented here demonstrate that long-term synaptic plasticity can be

induced in a nucleus required for song learning by pairing recurrent collateral EPSPs

with postsynaptic bursts of APs. The induced plasticity consisted of an LTP of intrinsic

LMAN synapses, and a heterosynaptic LTD of thalamic input synapses. The LMANR

LTP was dependent on both NMDAR activation and the timing of the AP burst, while the

DLM LTD depended on neither. Both LMANR LTP and DLM LTD were limited

developmentally to the time when sensory learning is occurring, and thus each may be

playing a role in tutor song memorization.

Hebbian LTP at Recurrent Synapses

LMANR LTP is similar to previously described forms of cortical LTP in its

magnitude, rise time, NMDAR-dependence (Crair and Malenka, 1995; Kirkwood et al.,

1995; Hensch et al., 1998; Feldman, 2000), and developmental restriction (Crair and

Malenka, 1995; Kirkwood et al., 1995). These properties are consistent with the cortical

like cellular physiology of LMAN cells (Livingston and Mooney, 1997; Boettiger and

Doupe, 1998) and the frontal-cortex like connectivity of LMAN (Bottjer and Johnson,

1997). LMANR LTP also exhibits timing dependence, a computationally important

feature (Roberts, 1999; Song, et al., 2000) recently described in several systems (Bell et

al., 1997; Magee and Johnston, 1997; Markram et al., 1997; Bi and Poo, 1998; Debanne

et al., 1998; Zhang et al., 1998; Egger et al., 1999; Feldman, 2000). While the EPSP-AP

burst pairing used in the present study established the timing dependence of the LMANR

LTP, further experiments using a single AP should provide a more complete description
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of the timing rule for LMANR synapses. The importance of timing dependent plasticity in

a model of temporal pattern recognition (Gerstner et al., 1993) suggests that LMANR

LTP could contribute to the developmental emergence of LMAN neurons strongly

selective for particular temporal combinations of sound (Doupe, 1997). Consistent with

this hypothesis, selectivity of LMAN neurons for the temporal structure of song was

recently shown to depend in part on the intrinsic circuitry of LMAN (Rosen and Mooney,

2000). The restriction of NMDAR-dependent LTP in LMAN to the sensory learning

phase, combined with the necessity of NMDAR function in LMAN for tutor

memorization (Basham et al., 1996), also raises the possibility that Hebbian synaptic

plasticity of intrinsic connections is involved in the sensory learning of song. Our results

are consistent with the idea that excitatory feedback connections within a network may

be a key locus of synaptic plasticity (Hua et al., 1999). Moreover, the similarity of

LMAN plasticity to cortical plasticity in developing animals supports the idea that the

cellular mechanisms underlying experience-dependent developmental maturation may be

similar to those used during learning (Carew et al., 1998).

Developmental Restriction of LMANR LTP

A number of mechanisms may contribute to the developmental restriction of

plasticity in LMAN. EPSP-AP pairing induced plasticity depends on the generation of a

supralinear postsynaptic Ca" signal (Magee and Johnston, 1997). Thus, rendering this

plasticity sensitive to changes in voltage-dependent dendritic conductances that regulate

AP back-propagation, and to any changes in dendritic Ca" signaling. In some systems,

one factor thought to limit postsynaptic Ca" influx and thereby reduce experience
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dependent plasticity as animals age is a developmental shortening of NMDAR-mediated

currents (Carmignoto and Vicini, 1992; Hestrin, 1992; Crair and Malenka, 1995). The

results here show a shortening of LMANR EPSPs between 200 and 600, which appeared

partially attributable to shortened LMANR synaptic currents. Such current shortening

could reflect a decrease in the proportion of the NMDAR-mediated component at the

LMANR synapses, as seen in the song motor nucleus RA (Stark and Perkel, 1999), or a

decrease in the contribution of the NMDAR-2B subunit (NR2B; Monyer et al., 1992).

The latter possibility is supported by the developmental decline in NR2B expression in

LMAN (Basham, 1999). Alhough this change in NR2B expression could reflect both

LMANR and DLM synapses, our results suggesting the shortening of LMANR synaptic

currents, coupled with recent studies of the DLM synapses (Livingston et al., 2000), raise

the possibility that NR2B expression in LMAN primarily reflects the receptor

composition of the LMANR synapses. In the present study the use of sharp electrodes,

which favor the observation of long-term plasticity, precluded the direct measurement of

synaptic currents. Future developmental studies using the voltage clamp technique should

determine whether a change in the ratio of NMDA to AMPA currents occurs at LMANR

synapses. Measurements of current kinetics will be more difficult to interpret, however,

due to the reportedly poor space clamp attainable in LMAN neurons (Livingston and

Mooney, 1997), and the large developmental decrease in ty■ em that we describe here.

Finally, although it has been suggested that song learning does not require slow NMDAR

currents in LMAN, this conclusion was based on studies of only the DLM inputs to

LMAN (Livingston et al., 2000). The results here raise the alternate possibility that

slowly decaying currents at the recurrent collateral synapses of LMAN are found only
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during the sensory learning phase, and that they could be critical for learning (Tang et al.,

1999) by enabling LMANR LTP.

Heterosynaptic LTD of Thalamic Afferent Input

Although heterosynaptic DLM LTD can be induced by the same protocol as

LMANR LTP, it appears to be independent, as the LTD was not eliminated by APV nor

by shifting the relative timing of the current injection. The correlation of the depression

with increases in the PPR and CV suggests that the depression is due to decreased

probability of release. In this respect the heterosynaptic LTD in DLM is different from

the heterosynaptic LTD seen in the hippocampus, despite its similarity in magnitude

(Scanziani et al., 1996). Although the underlying mechanism is unresolved, we speculate

that the postsynaptic burst firing used in our induction protocol could cause both peptide

release and glutamate spillover from LMANR terminals, potentially acting on DLM

terminals to depress release. For example, calcitonin gene-related peptide (CGRP), a

peptide expressed in LMAN principle neurons (Bottjer et al., 1997), was recently shown

to act on presynaptic receptors, depressing release at the lamprey reticulospinal synapses

(Parker, 2000). Interestingly, presynaptic DLM activity appears to prevent the LTD when

this activity is correlated with the postsynaptic bursting. Future experiments to determine

the underlying mechanism should also explore the cause of its developmental restriction.

This restriction is consistent with DLM LTD playing a role in the synaptic pruning

believed to take place in the DLM afferent projection during the period of development

studied here (Johnson and Bottjer, 1992). Moreover, while this is the first reported
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heterosynaptic LTD at a thalamic input synapse, it may prove to be a general mechanism

for activity dependent synaptic competition.

Implications for Plasticity in LMAN During Sensory Learning

Our results demonstrate that, during the sensory critical period, pairing synaptic

activation with postsynaptic bursting induces a lasting potentiation at recurrent excitatory

synapses and a concomitant lasting depression in the thalamic input synapses in a

telencephalic structure. This plasticity could be useful for generating connectivity within

LMAN that predicts the temporal pattern of DLM afferent activity elicited by the tutor

song. That is, if different subsets of DLM afferents fire at different time points in

response to the sound of the tutor song, LMANR LTP would cause LMAN neurons

activated by DLM at one point in time to strengthen their connections onto LMAN

neurons activated by DLM at a subsequent time point (Figure 4-7). In contrast, because

of the spike timing dependence of LMANR LTP, the reciprocal LMANR connections

would weaken or remain static. Heterosynaptic DLM LTD would refine the projection of

DLM afferents, weakening connections that do not participate in driving LMAN neurons

to fire. These changes in synaptic strength over the course of sensory learning could

come to represent the temporal pattern of DLM afferent activation in response to tutor

song. Circuitry organized in this fashion would represent a memory of the tutor song,

reminiscent of a proposed model for sequence prediction in the hippocampus (Abbott and

Blum, 1996). During sensorimotor learning, such circuitry could then preferentially

reinforce motor sequences produced by the bird that sound adequately similar to the tutor

song (Troyer and Doupe, 2000). Our results indicate that circuitry in LMAN may be a
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A sensory phase

~21 d -60 d
-critical period

ends

sensorimotor phase

~ 30 d 90+ d
singing onset stable song

baseline pairing test

LMANs --—
A
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IX 10s alternation

DLM JS– N- \-

Figure 4-1 A, Timeline of song

learning. The sensory phase of learning

is restricted to a critical period, when

birds must hear and memorize a tutor

song. During sensorimotor learning,

birds listen to their own vocalizations

and gradually match them to the

memorized tutor song. B, Diagram of

song system. A parasagittal view of the

zebra finch brain showing the motor

pathway (hatched) and the anterior

forebrain pathway (black). The Field L.

complex (L; gray) is the source of

auditory input to the song system. C,

Schematic of recording set-up. Slices

were cut oblique to the parasagittal

plane. The DLM stimulating electrode

was placed below Area X to avoid

activating LMAN axons projecting to

Area X. The LMANR stimulating

electrode was placed in the LMAN outflow tract, thus activating recurrent axon

collaterals. D, Pairing protocol schematic. See Methods for more detail.
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Figure 4–2 LMANR stimulation paired with

depolarizing current injection induces lasting

LTP and heterosynaptic LTD in slices from

birds in the early phase of sensory learning.

A, An example of results in a cell from a 22d

male zebra finch. Experimental time-course

showing LMANR (*) and DLM (9) responses

and input resistance (IR; dashed line denotes

baseline mean). B. Averaged traces from the

cell in (A) during baseline (grey) and 60'

after pairing (black). Responses to

stimulation of each pathway and to −100 pA

current injection (inset; IR) are shown. C.

Summary data from 11 cells (n = 11 birds)

with concurrently recorded LMANR and

DLM responses. The slope of LMANR

responses at 30’ was significantly increased

(p → 0.02). DLM responses at 30° were

significantly depressed (p < 0.03).
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Figure 4–3 LMANR potentiation is dependent on the relative timing between the EPSP

onset and the peak of the first spike elicited by the current injection. A, Plot of percent

change of LMANR EPSP slope at 30° vs. spike timing relative to EPSP onset. Cross-hairs

denote mean + SEM for Spike lagging & spike leading data. B. Group data comparing

effect on LMANR EPSPs of spike-lagging (*, n = 11; Figure 4-2C) vs. spike-leading (°,

n = 6) pairing. The potentiation elicited by Spike-lagging pairing was significantly greater

than that induced by spike-leading pairing (p < 0.006).
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Figure 4-4 DLM LTD is not due to rundown. A, DLM data from LMANR pairing

experiments, merging spike-lagging (n = 11) and spike-leading (n = 6) cases. Responses

at 30° were significantly depressed (p < 0.006). B. Results from n = 3 experiments in

which cells were stimulated at baseline frequency (0.05 Hz) for 30 min and no plasticity

induction protocol was employed. This resulted in no change to either pathway. Note

error bars smaller than symbol are not visible. C, High Frequency stimulation of DLM

pathway without pairing protocol. Average of n = 3 experiments showing no significant

change to either pathway.
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Figure 4–5 Pairing-induced LMANR potentiation is dependent on NMDAR activation.

A, Summary plot of 10 experiments (n = 10 birds) in which REC pairing was carried out

in the presence of APV. LMANR APV data (o) overlaid with LMANR data from

experiments in normal ACSF ( ; Figure 4-2C). Pairing in APV completely blocked

potentiation of LMANR responses, possibly revealing a trend towards depression (-7.3 +

3.8%, p > 0.08). The ability of the pairing protocol to induce LTP was significantly

decreased by the presence of APV (p < 0.001). B. Group data from 6 cells where the

pairing protocol was repeated after APV was washed out of the recording chamber.

Again, the potentiation induced by pairing was reduced significantly in the presence of

APV (p<0.03).
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Figure 4-6 Neither LMANR LTP nor heterosynaptic DLM LTD were observed in slices

from 60d animals. A, Comparison of LMANR group data from 200 (6 : Figure 4-2C) and

60d (o) experiments. LMANR pairing had no significant effect at 603, yielding

significantly less LMANR potentiation at 603 vs. 206 (p < 0.001). B, LMANR pairing also

had no significant effect at 60d (o) on the DLM pathway, eliciting significantly less

heterosynaptic DLM depression than at 204 (6, p < 0.04; Figure 4-2C).
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LMAN
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-> learning

DLM |

Song A-> B-D- A -> B --> A -> B-->

Figure 4–7 A simple model depicting a possible role for LMAN plasticity in song

learning. During sensory learning, LMAN plasticity may establish a prediction within the

recurrent circuitry of the temporal pattern of DLM afferent activation elicited by tutor

song. A segment of tutor song “A” would elicit firing in a subset of DLM projection

neurons (left panel, shown in red), which in turn would activate a subset of LMAN

neurons (also in red), including their recurrent projections onto other LMAN neurons.

Those LMAN neurons (shown in blue + red) activated by collateral inputs and

simultaneously by DLM inputs responding to the next chunk of song “B” (middle panel,

shown in blue), would experience the conjunction required for LMANR LTP. Over the

course of sensory learning, the spike-timing dependent strengthening of LMANR synapses

would come to reflect the temporal pattern of DLM afferent activation by tutor song

(right panel). Moreover, DLM inputs not participating in driving particular LMAN

neurons to fire would weaken due to heterosynaptic LTD (dotted lines), thus refining the

DLM to LMAN projection.
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Future directions
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Understanding the cellular and synaptic manifestations of learning as well as the

mechanisms that regulate their occurrence remains one of the central issues of

neuroscience (Martin et al., 2000). One of the primary motivations for investigations of

the vocal control system of passerine songbirds is the potential of this system to

contribute to this understanding. In the last few decades, investigations of the song

system have yielded a rich understanding of song learning at the behavioral level, and of

the large-scale circuitry mediating this behavior (for recent reviews, see Bottjer and

Johnson, 1997; Ball and Hulse, 1998). This body of research points to key brain areas and

developmental times in which to pursue questions regarding how the brain expresses and

regulates learning at a more cellular level. The work presented in the previous three

chapters shed some light on these issues and, in the sections that follow, we detail further

experiments that are suggested by our results.

What is the critical role of LMAN in song learning?

Lesion studies have made it clear that the lateral portion of the magnocellular

nucleus of the anterior neostriatum (LMAN) must be intact in order for birds to imitate

the song of a tutor, but that it is not required to maintain song in adult zebra finches

(Bottjer, 1984; Sohrabji et al., 1990; Scharff and Nottebohm, 1991; Morrison and

Nottebohm, 1993). Since auditory feedback is also critical during learning, this suggested

that LMAN might transmit signals related to auditory feedback to the motor pathway

(Price, 1979; Burek et al., 1991). The demonstration that LMAN neurons exhibit

selective auditory responses for the bird’s own song (BOS) or tutor song supports this

hypothesis (Doupe and Konishi, 1991; Doupe, 1997; Solis and Doupe, 1997; Solis and

115



Doupe, 1999). The selective nature of these responses indicates that they result from

sensory learning. Thus, processes underlying sensory learning must take place in LMAN

and/or in areas upstream of LMAN.

The results of one study indicate that at least some of the processes required for

effective tutor imitation that occur during sensory learning take place in LMAN. That

study showed that blocking NMDA receptors (NMDARs) in LMAN during tutoring

prevented birds from making a good copy of the tutor song (Basham et al., 1996). This

manipulation could theoretically impair functions within LMAN circuitry, as well as

modify its output sufficiently to alter functions in LMAN’s targets. The results from slice

experiments detailed in Chapters 2-4 are consistent with both possibilities. Based on our

results, we postulate that the recurrent excitatory synapses in LMAN are a particularly

important site of NMDAR function during sensory learning. Below, we summarize the

evidence for this possibility, present a model for how LMAN circuitry may function

during sensory learning, and propose a series of experiments that test this model.

LMAN recurrent circuitry is a major site of NMDAR function

In addition to the results of Basham et al. (1996) described above, several other

studies have suggested a relationship between sensory learning and NMDARs in LMAN

(Aamodt et al., 1992; Carrillo and Doupe, 1995; Livingston et al., 1997; Basham et al.,

1999; White et al., 1999; Singh et al., 2000). Our studies uncovered four lines of evidence

suggesting that the recurrent excitatory (LMANR) inputs are a key site of NMDAR

function in LMAN during sensory learning. First, in -200 birds, LMANR EPSPs were

more sensitive to NMDAR antagonists than those of thalamic inputs (DLM). Second, in
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young birds, NMDARs play a significant role in generating substantial temporal

summation of LMANR responses, while they have no significant effect on the temporal

dynamics of DLM responses. Third, we found that isolating birds, which extends the

sensory critical period and delays the developmental decline in levels of the slow (2B)

subunit of the NMDAR in LMAN (Singh et al., 2000), delays the normal speeding up of

EPSPs with age at the LMANR synapses, but not at the DLM synapses. Finally, we

demonstrated an NMDAR-dependent form of LTP at LMANR synapses in 200 birds,

which was not seen in at the DLM inputs.

LMAN recurrent circuitry as a storage site for tutor song information

Under normal sensory learning conditions, we predict that LMANR LTP, and

DLM LTD, could be used to generate connectivity within LMAN that predicts the spatio

temporal pattern of DLM afferent activity elicited by the tutor song. LMANR LTP is

expected to cause LMAN neurons activated by DLM at a given time point to strengthen

their connections onto LMAN neurons activated at a subsequent time point, with the

reciprocal LMANR connections weakening or remaining static. Heterosynaptic DLM

LTD would refine the DLM afferent projection, weakening connections that do not

participate in driving LMAN neurons to fire. These changes in synaptic strength

generated during sensory learning could thus come to store a representation of tutor Song

in the recurrent connectivity of LMAN. This model predicts that after sensory learning

has taken place, tutor song selectivity is found in the LMANR inputs.

We hypothesize that the main effect blocking of NMDARs in LMAN during

tutoring is to decrease LMANR activity. This would have two known direct
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consequences: an attenuation of temporal summation, and an elimination of LMANR

LTP. Attenuating summation of LMANR responses would be expected to greatly reduce

the ability of the recurrent circuitry to amplify signals coming in from DLM, reducing

LMAN firing output, especially of the bursting type. Such a change in LMAN firing

behavior is likely to have consequences at the efferent targets of LMAN, the nuclei RA

and Area X, as well as within local LMAN circuitry. One particular effect in LMAN

would be a reduction in the bursting induced DLM LTD described in Chapter 4.

We further predict that, during sensorimotor learning, selective responses of

LMAN neurons for the bird’s own song (BOS) arise from BOS selective responses fed

forward from the nucleus HVc via the — — — — — — — — — — — — — --—n

o
- -

DLM afferent inputs. We expect LMAN # 1.5 • • •| 7 | ~ o

BOS responses to be facilitated in normal # 1 °-8 :- •- *-* * * *. ...? &
Tº |

- - - -
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birds when BOS evoked activity in 3 n=5 60d.
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-
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effect of DLM’s input. Such amplification -10 O 10 20 30
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could then perhaps lead to a selective
Figure 5-1. DLM stimulation paired with

- -
ostsynaptic bursts elicits potentiation in 600

strengthening of DLM afferent inputs. . . not 200 i■ . Upper plot:
Summary data from 200 birds. y-axis:

Indeed, in a set of preliminary experiments minutes; t = 0 at the onset of pairing. x-axis:
EPSP slope normalized to the baseline
average. Lower plot: Summary data from 60dwe observed a form of potentiation at

- -birds. Axes as in upper plot.
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DLM inputs when they are paired with postsynaptic bursting in 600 birds, which could

achieve such strengthening (Fig. 5-1). This plasticity was not observed in 200 birds,

suggesting that it appears only during sensorimotor learning.

Testing the model

A major question is whether listening to the tutor song is able to induce the kinds

of plasticity in LMAN that we see in vitro. This could be addressed by simultaneous

recordings in vivo from multiple LMAN neurons before, during and after tutoring. If

LMANR LTP takes place, correlations between LMAN neurons should be strengthened

after tutoring, according to the spike-timing dependence of LMANR LTP, as described

above. Similarly, based on our DLM LTD data, simultaneous recordings from DLM and

LMAN neurons in the same paradigm would be expected to show that correlations

between weakly correlated cells would get weaker, while strong correlations would be

maintained.

Although our model makes strong predictions regarding how selective responses

are made manifest in LMAN during learning, the relationship between song selectivity in

LMAN and song learning remains to be resolved. Preliminary results suggest that

impairing sensory learning can impair song selectivity, as song selective responses were

not detected in extracellular recordings from isolate birds (Maekawa, 1998), despite the

fact that these birds develop a song. Repeating this experiment using in vivo intracellular

recordings would be useful in determining whether subthreshold selective BOS responses

are present in LMAN of these birds. If not, it would be consistent with our model that

BOS selectivity cannot develop in LMAN without preexisting tutor-selective recurrent
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circuitry. Recordings in birds tutored during blockade of NMDARs in LMAN could also

potentially address the dependence of LMAN BOS selectivity on prior tutor selectivity,

as we predict that LMAN tutor selectivity would be reduced or absent in these birds.

Not only would a lack of tutor experience prevent a matching of tutor and BOS

evoked responses in LMAN, manipulations of the motor system could do so as well.

Birds that undergo vocal organ nerve transection are unable to produce a copy of the tutor

Song, despite experiencing normal sensory learning. Extracellular recordings from these

birds point to a link between selectivity and learning: these birds show weaker than

normal tutor and BOS selectivity at ~60d, and by adulthood show no auditory responses,

in spite of song-selective responses in Area X (Solis and Doupe, 1999, 2000). Our model

suggests this is due to the inability of the BOS evoked activity to match the prior tutor

evoked activity, which results in a failure to recruit the amplifying recurrent circuitry and

possibly strengthen BOS selective inputs. We predict, however, that intracellular

recordings from LMAN in these birds could reveal subthreshold selective tutor responses

arising from the LMANR inputs, and selective BOS responses fed forward to LMAN via

the DLM inputs. Local GABA application in LMAN was recently reported to be effective

at isolating extrinsic input responses (Rosen and Mooney, 2000), and could be used to

test this prediction. Finally, similar recordings made in birds that underwent normal

sensory learning, but were muted to prevent singing, would tell us whether tutor song

selectivity is present, as we predict it would be, in birds with no BOS experience.
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Do changes in LMAN circuitry that are prevented by isolation reflect or restrict

learning?

Our results provide the first evidence of synaptic and cellular physiological

properties that normally change developmentally but persist in birds whose sensory

critical period has been extended by isolation. While these data provide compelling

evidence that learning correlates with these properties, they do not discern whether

changes in these properties represent manifestations of learning, or whether they

represent changes that restrict further learning from taking place. In the former case,

reversing a change after learning would “erase” its contribution to learning, without

necessarily permitting new change. In the latter case, reversing a change after learning

would permit additional learning to take place, without necessarily erasing the learning

that has already occurred. Furthermore, if a particular change represents a manifestation

of learning, we would expect that if learning is prevented, this change would fail to ever

occur. In contrast, a change representing a restrictive mechanism would be expected to

eventually take place even when no learning happens, since the critical period eventually

closes even in the absence of song exposure. In addition, prematurely inducing a

regulatory change could be predicted to either precipitate immediate change in other

properties, or to freeze properties in an immutable immature form, in either case

preventing further learning. Aberrantly inducing a manifestation of learning, however,

may not affect other properties and may not exclude further learning from taking place.

Testing these possibilities behaviorally by physiological manipulations in vivo

may prove useful in determining the category of each learning-related change. Some of

these manipulations would be straightforward, for example using pharmacological means
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to either prematurely reduce or delay the reduction of DLM release probability. We could

likewise prematurely speed up NMDAR responses or reduce the action of voltage

dependent ion conductances using appropriate pharmacology. Using the slice preparation

will be essential for determining effective methods for these sorts of manipulations. Other

manipulations, which present a greater technical challenge, include using inducible

transient gene transfection (Hayashi et al., 2000) to alter the expression of proteins that

underlie the properties of interest. For example: particular NMDAR subunits, or ion

channels, or synaptic release components. It may also be enlightening to examine these

properties in birds whose learning process is different, i.e. those that re-enter a sensory

learning phase each year.

Determining acute effects on selectivity

The same techniques described above for determining the role of particular

physiological properties in learning can also be used to determine the cellular

mechanisms underlying song selective responses. This knowledge will then allow us to

manipulate those properties in vivo, acutely or chronically, in both juveniles and adults.

Such experiments may then be able to determine what effect the alteration of LMAN

auditory responses has on song learning and/or production.

In conclusion

The next few years should prove to be exciting ones in the field of songbird

neurobiology. Many recent results provide clear predictions that are readily testable with

experiments such as those detailed above which, although technically challenging, are
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imminently possible given present technology. Such experiments promise to expand our

comprehension of how nervous systems manifest learning at the cellular and synaptic

level, as well as illuminate mechanisms that naturally regulate their expression.
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