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Cardin, Jessica A. and Marc F. Schmidt. Auditory responses in
multiple sensorimotor song system nuclei are co-modulated by be-
havioral state. J Neurophysiol 91: 2148-2163, 2004. First published
January 14, 2004; 10.1152/jn.00918.2003. Auditory responsivenessin
nucleus HVC, a high-order sensorimotor area of the avian song
system, is modulated by changes in behavioral state. Modulation is
not observed in the primary thalamo-recipient auditory area Field L,
the indirect source of auditory input to HVC. In this study, we show
that auditory responsiveness in nucleus interfacialis (NIf), the imme-
diate auditory afferent to HVC, is modulated by behaviora state.
While auditory responsiveness is generaly greater in NIf during
wakefulness and in HVC during sedation, simultaneous recordings
reveal a co-variation of auditory response magnitude. This co-varia-
tion is observed both in awake birds, where responses are spontane-
ously variable, and in sedated birds during manipulations of arousal
levels. Auditory responses in NIf and HVC, which are selective for
the bird’'s own song (BOS) during sedation, become predominantly
unselective during wakefulness. This loss of selectivity is accompa-
nied by adecreasein the similarity of NIf and HV C response patterns.
To explore the role of NIf in shaping HVC auditory responses, we
pharmacologically manipulated NIf while recording in HVC. Injec-
tion of the GABA, agonist muscimol into NIf eliminated most
spontaneous activity and all auditory responsesin theipsilateral HVC,
whileinjections of the GABA , antagonist bicuculline increased HVC
auditory responsiveness and selectivity. These findings indicate that
HVC is not the initial site of behavioral state—dependent modulation
in the song system. Together with the suppression of HVC auditory
responses by muscimol in NIf, these results suggest that NIf plays an
important role in the flow of auditory information to HVC.

INTRODUCTION

Sensory processing in the brain is significantly affected by
changes in behaviora state. In mammals, thalamic and cortical
sensory processing is different during wakefulness, sleep, and
anesthesia (Castro-Alamancos 2002; Coenen and Vendrik
1972; Livingstone and Hubel 1981; Morrow and Casey 1992;
Poggio and Mountcastle 1963; Steriade et al. 1969; Swadlow
and Weyand 1987). Sensory processing in the avian song
system is also profoundly affected by changes in behavioral
state (Cardin and Schmidt 2003b; Dave et al. 1998; Nick and
Konishi 2001; Rauske et a. 2003; Schmidt and Konishi 1998).
Behavioral state dynamically modulates both the strength and
tuning of auditory responses in nucleus HVC, a high-order
sensorimotor integration area of the song system (Cardin and
Schmidt 2003b). HV C population auditory responses are vari-
able and unselective during wakefulness but stable and highly
selective for the bird’ s own song (BOS) over all other auditory

stimuli during sedation. In addition, HV C auditory responsive-
ness is completely suppressed by arousal.

HVC is part of both the motor and anterior forebrain path-
ways of the song system and receives projections from the
ascending auditory pathway (see Fig. 1A). Field L, the primary
avian forebrain auditory area, is directly innervated by the
auditory thalamic nucleus Ovoidalis (Ov) and is tonotopically
organized (Zaretsky and Konishi 1976). Field L generaly
responds to many different complex stimuli (Grace et a. 2003;
Janata and Margoliash 1999; Lewicki and Arthur 1996; Lim
and Kim 1997) and is reciprocally connected with the caudal
lateral mesopallium (CLM), which sends projections to the
song system nucleus interfacialis (NIf) (Vates et al. 1996). NIf,
which projects directly to HVC, has been proposed as a major
source of auditory input to HV C (Janata and Margoliash 1999).

Unlike HVC, Field L does not demonstrate behavioral state—
dependent auditory responses (Cardin and Schmidt 2003b;
Schmidt and Konishi 1998). This suggests that the observed
changes in HVC activity may result from direct modulation
within HVC, modulation of auditory activity in an afferent
structure such as NIf, or simultaneous modulation in HV C and
NIf or other afferent structures. Previous studies have sug-
gested that HVC may be the initia site of modulation in this
pathway (Dave et al. 1998; Schmidt and Konishi 1998). How-
ever, immunohistochemical evidence suggests that NIf is a
candidate site of modulatory effects. Neuromodulatory inputs
to NIf from cholinergic (Ryan and Arnold 1981) and cat-
echolaminergic (Harding et a. 1998; Mello et al. 1998; Soha et
al. 1996) systems could play arole in regulating auditory input
to HVC.

In this study, we investigated the relationship between NIf
and HVC by recording simultaneously in both structures dur-
ing wakefulness and sedation. We present evidence that NIf
auditory responses are co-modulated with HV C responses by
changes in behavioral state. In addition, pharmacological ma
nipulationsin NIf lead to modulation of HV C auditory respon-
siveness. Some of these data have been previously presented in
abstract form (Cardin and Schmidt 2002).

METHODS
Animals

Adult male zebrafinches (Taeniopygia guttata) ranging from 120 to
500 days of age were obtained from our breeding colony and from a
local supplier. Birds were housed under constant 12:12 light:dark
conditions and given food and water ad libitum. All procedures
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described here were approved by an Institutional Animal Care and
Use Committee at the University of Pennsylvania.

Auditory stimuli

The song of each bird was recorded in a sound attenuation chamber
and digitized at 40 kHz with Goldwave (Goldwave, St. Johns, Can-
ada). For BOS stimuli, two song motifs were presented in normal
orientation so that the bird heard the motifs as he would when singing.
For reversed-BOS stimuli (REV), a two-motif segment was played
backward. Auditory stimuli were presented at 70-dB sound pressure
level (SPL) peak intensity. SPL measurements were made with A
weighting.

Chronic recordings

Electrodes and equipment were as described in detail by Cardin and
Schmidt (2003b) and Schmidt and Konishi (1998). Briefly, the bird
was anesthetized with 0.07 ml ketamine/xylazine (40 mg/kg ketamine
and 8 mg/kg xylazine, Phoenix Pharmaceuticals, St. Joseph, MO), and
nichrome wire electrodes (0.2—0.7 M) were implanted in HVC and
NIf. These low-impedance electrodes record multiunit activity from a
population of neurons. HVC and NIf were located in all experiments
by stereotaxic coordinates and by their distinctive, coordinated activ-
ity patterns (see Fig. 1B). Electrodes were secured in place with dental
cement and attached to a connector (Omnetics Connector, Minneap-
olis, MN) on the skull. A silver ground wire was inserted under the
skull and cemented in place.

Birds were allowed to recover for several days following surgery
before being placed in a recording chamber and connected to a
lightweight operational amplifier (Texas Instruments, Dallas, TX) and
a mercury commutator. Large multiunit neural signals were band-
passed between 500 Hz and 10 kHz and digitized at 20 kHz. The birds
remained connected for 3-5 days at a time and were kept on a
consistent light cycle throughout the experiments. They were handled
and disturbed as little as possible to observe normal variations in
behavior and arousal state.

During awake auditory trials, the birds were continuously observed
on a video monitor to ensure that their eyes were open and that they
were moving in the chamber. All awake auditory trials were con-
ducted with the lights on. Any trials on which a bird did any of the
following were discarded: vocalized, closed its eyes for =2 consec-
utive s, tucked its head under a wing, or crouched on the floor of the
cage without moving. Auditory experiments during wakefulness con-
sisted of 30—60 identical auditory stimulus trials. Each auditory
stimulustrial comprised 2 s of baseline recording followed by ~2 s of
auditory stimulus and 2 additional s of baseline recording. The time
interval between the end of onetrial and the beginning of the next was
varied during each experiment and ranged from 5 s to 3 min. An
auditory response was defined as the summed neural response to a set
of auditory trials.

For arousal experiments, the implanted birds were given an intra-
muscular injection of diazepam (Abbott Laboratories, North Chicago,
IL) and alowed to rest for 15-20 min. Under diazepam sedation,
HVC and NIf demonstrate robust, song-selective auditory responses.
As described in previous work (Cardin and Schmidt 2003b), this dose
of diazepam resulted in a state of mild sedation from which birds were
easily aroused. Arousal experiments consisted of a block of 30—60
identical BOS stimuli. The time interval between trials ranged from
5 sto 3 min. At the beginning of randomly selected trials, the bird was
aroused by a light touch to the chest feathers with a padded tool.

Acute recordings

Surgery procedures were as described in detail by Cardin and
Schmidt (2003b). A head post was cemented to the skull of each bird
during a short initial surgery under ketamine-xylazine anesthesia. On
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the day of an auditory experiment, the bird was given an intramuscul ar
injection of 7.5 mg/kg diazepam and 0.1 ml 5% dextrose (Abbott
Laboratories). The bird was secured in a stereotaxic apparatus by the
head post and received a small initial injection of 2% lidocaine
hydrochloride (Phoenix Pharmaceuticals) subcutaneously to the scalp.
To ensure normal audition and decrease discomfort, neither ear bars
nor a beak bar were used.

Windows were opened in the skull over HVC and NIf and small
incisions made in the durain each location, through which glass (5-20
MQ) electrodes were lowered. Sharp glass (World Precision Instru-
ments, New Haven, CT) electrodes were pulled on a Micropipette
Puller P-97 (Sutter Instrument, Novato, CA). Glass electrodes were
filled with isotonic saline. Once the electrodes were in place, a series
of auditory trials using the BOS and REV stimuli was run to confirm
song-selective HV C auditory responses.

Prior to the beginning of each acute recording experiment, we
assessed the effectiveness of an air puff to the chest in arousing the
bird as described in Cardin and Schmidt (2003b). A bird was consid-
ered aroused by the air puff if we observed behavioral indicators such
as the eyes opening for several seconds, feathers ruffling, and tail
movements. Behavioral indicators of arousal lasted 3-10 s. When the
air puff was confirmed to consistently arouse the bird, the stereotaxic
apparatus was moved into the sound-attenuating chamber, and the
door was closed.

Arousal experiments were composed of 30—60 identical auditory
stimulus trials. All auditory stimuli were examples of the bird's song
recorded in a sound attenuation chamber and digitized at 40 kHz. The
stimuli were played at 70 dB (SPL) through an HL S410 speaker (JBL,
Northridge, CA) in the sound chamber via a Crown D-45 Amplifier
(Crown International, Elkhart, IN). The time interval between trias
was varied during each experiment and ranged from 5 sto 3 min. A
set of 30 auditory trials usually spanned 10—18 min. On randomly
interleaved trials, the bird was aroused by a puff of air tothechest 1 s
before the onset of the auditory stimulus. Neural data from the acute
experiments was amplified and bandpassed between 500 Hz and 10
kHz and digitized at 20 kHz. Acquisition software was written in
Labview (National Instruments) by A. Leonardo.

Pharmacology

For pharmacology experiments, birds were lightly sedated with
diazepam and secured in the stereotaxic apparatus with a head post as
described above. Electrodes were placed in HVC and NIf, and a series
of auditory stimulus trials was run to confirm song-selective auditory
responses in both areas. The NIf electrode was replaced by a glass
pipette connected to a Hamilton syringe containing the drug solution.
A small amount of drug (0.2 ul) wasinjected into NIf over the course
of 2 min. We used either muscimol (8 mM in 0.9% saline, Sigma-
Aldrich, St. Louis, MO) or bicuculline methiodide (10 mM in 0.9%
saline, Sigma-Aldrich). After waiting for an additional 2 min, the
pipette was slowly removed. Several additional sets of auditory trials
were run to assess the HVC auditory response.

During al pharmacology experiments, the drug solution contained
10% biotinylated dextran amine (BDA; Molecular Probes, Eugene,
OR). The bird was killed immediately following the experiment, and
the tissue was fixed and cryoprotected. Staining for BDA allowed
confirmation of the location and approximate spread of the microin-
jection (see Fig. 12A). Data from experiments in which the staining
spread beyond the borders of NIf were discarded.

Histology

After chronically implanted birds had been recorded for 2-10 days,
they were deeply anesthetized with 0.1 ml 50 mg/ml Nembutal (Ab-
bott Laboratories) and transcardially perfused with 0.9% saline and
4% paraformaldehyde. Brains were cryoprotected in 30% sucrose and
sectioned at 50 wm on a freezing microtome. Electrode placement was
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confirmed using cresyl violet staining. For identification of microin-
jection sites, sectioned tissue was processed with an avidin-biotin-
horseradish peroxidase complex kit followed by a reaction with a
peroxidase substrate kit (Vector Laboratories, Burlingame, CA).

Data analysis

Data were analyzed as described in detail by Cardin and Schmidt
(2003b) using Matlab (The Mathworks, Natick, MA) routines written
by J. A. Cardin and M. F. Schmidt. Spike events in the multiunit data
from acute and chronic experiments were measured by using a peak-
detection algorithm. For each data set, the threshold was visualy
positioned at a point clearly above background noise but low enough
to detect all observed spike events. Peristimulus time histograms
(PSTHs) were calculated by binning spike events (bin size = 10 ms)
during each trial and summing the resulting raster plots over 15-30
auditory trials. Bin size did not affect the results of the data analysis
described below.

Auditory responses in awake birds were frequently observed to
involve changes in mean firing rate, changes in the temporal distri-
bution of spike events, or both (Cardin and Schmidt 2003b). We
therefore evaluated auditory responses based on both response
strength and variance measurements taken from PSTHs. The number
of spikesin each PSTH bin was defined as the bin total. Thuswe could
compare the set of bin totals from the stimulus period to the set of bin
totals from the baseline period. For each PSTH, we performed two
caculations: 1) an unpaired t-test comparing the set of bin totals
representing the BOS stimulus period to the set of bin totals repre-
senting a baseline period of equivalent duration and 2) an F test to
compare the variance of the sets of PSTH bin totals representing the
summed neural activity during the same stimulus and baseline peri-
ods. The recorded response was defined as a significant auditory
response if P < 0.01 for either of the above tests.

Index values

To quantitatively represent changesin both firing rate and temporal
distribution of spike events during auditory responses in awake and
sedated birds, we used a combination of response strength and vari-
ance measurements (see Cardin and Schmidt 2003b). Variance (V)
was measured as the variance of the set of PSTH bin totals resulting
from a set of auditory trials. The response strength index (RS, \pex)
for each auditory trial was calculated by dividing the difference
between mean BOS and baseline firing rates by their sum

RSINDE)( = (ﬁBOS - ﬁBASE)/(ﬁBOS + ﬁBASE)

FRgos is the mean firing rate during BOS stimulus presentation, and
FRga<e IS the mean firing rate during the preceding baseline period.
RS npex for each set of auditory trialsis shown as mean £+ SE. While
the RS,\pex Measure does not include an assessment of variance,
conclusions reached using a z-score method did not differ from those
presented here. The variance index (V,npex) for each set of auditory
trials was calculated as follows

Vinoex = (Veos — Vease)(Veos + Vease)

Vgos is the variance of the set of BOS bin totals, and Vga e is the
variance of the set of baseline bin totals.

Index values range from —1to 1. An RS, ypex OF V npex Vaue of
0 indicates no difference between the BOS response and baseline
activity. A positive RS \pex Value indicates a greater response during
the BOS presentations than during the baseline periods, while a
negative RS,y pex vaue indicates a smaller response during the BOS
stimulus presentations than during the baseline periods. Similarly, a
positive V,\pex Vaueindicates a greater variance of bin totals during
the stimulus period than during the baseline period, while a negative
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V noex Value indicates lower variance of bin totals during the stim-
ulus period than during the baseline period.

Response pattern

To compare HVC and NIf auditory responses to successive sets of
BOS stimuli at different times, the patterns of successive auditory
responses at a given recording site were compared in two ways. Each
auditory response was the summed neural activity during a set of
30-60 auditory trials. Each PSTH resulting from a set of auditory
trials was normalized by dividing al bin totals by the mean of the
baseline bin totals. To investigate the prevalence of variability of
awake auditory responses, we used the set of normalized bin totals
corresponding to the BOS stimulus period of the PSTH. The sets of
PSTH bin totals were compared with the corresponding bin totals
from the next response by a paired t-test.

To evaluate the similarity of successive auditory response patterns,
we performed linear correlation analyses of pairs of PSTHs normal-
ized as described above. Several pairs of responses were analyzed for
many birds. To avoid biasing the analysis toward birds whose auditory
responses were sampled most often, we computed mean r values for
each recording site in each bird before comparing data sets from
different behavioral states. All linear correlations were Pearson cor-
relations.

We evaluated the relationship between NIf and HVC auditory
responsiveness on two time scales. For the longer time scale of
variation from set to set of auditory trials over a day, we used index
values to represent the HV C and NIf auditory responses to each set of
auditory trials. Linear correlations were performed on the paired HVC
and NIf RS,\pex and V,ypex Measurements taken over the course of
the day for each bird.

For the short time scale of stimulus-evoked changes in HVC and
NIf firing rates during individual trials within a set, we assessed RS at
each recording site for al the auditory trialsin a set. RS is a simple
measure of the change in mean firing rate during the auditory stimulus
on each trial

RSgos = ﬁBos - ﬁBAS!—:

The relationship between HVC and NIf RS measurements was
tested by linear correlation. All linear correlations were Pearson
correlations.

Soontaneous activity

To assess spontaneous firing rates in NIf and HVC, we used
samples of neural activity recorded in the absence of auditory stimuli.
Thirty 2-s samples of spontaneous multiunit population activity were
taken from recordings of NIf and HV C activity from each bird during
each behavioral state. A mean firing rate was calculated for HVC and
NIf for each bird in units of spike counts/s. NIf and HV C firing rates
were compared across the population of birds by paired t-test. Mean
firing rates for the population of birds were calculated by finding the
mean firing rate for all NIf and all HVC samples.

Selectivity

The selectivity of awake auditory responses was measured only if
the auditory response to the BOS stimulus was significantly different
from baseline activity. We did not observe any instances of a signif-
icant response to the REV stimulus in the absence of aresponse to the
BOS stimulus. The selectivity of arecording site for BOS versus REV
stimuli was measured using d’ values (Green and Swets 1966; Janata
and Margoliash 1999; Mooney 2000; Solis and Doupe 1997; Theunis-
sen and Doupe 1998). The d’ value comparing the response to BOS
stimuli relative to REV stimuli was calculated as follows

MAY 2004 « WWW.jn.org

Downloaded from www.physiology.org/journal/jn at Washington Univ (128.252.067.066) on February 25, 2019.



BEHAVIORAL STATE MODULATES AUDITORY RESPONSIVENESS

4 = 2(RSs0s — RSze)
\/(U'éos + ohey)

RSs0s is the mean response strength to a set of BOS auditory
stimuli and was calculated as described above. RSgg,, is the mean
response strength to the corresponding set of REV stimuli. 03,5 and

o2ey represent the variance of RS;og and RSk, respectively. A d’
value of 0.5 or greater was used as the criterion for a response
selective for BOS over REV stimuli (Solis and Doupe 1997). Popu-
lation d’ values are shown as mean = SE.

RESULTS

We assessed the relationship between the auditory response
properties of the song system nuclei HVC and NIf during

A

NIf

HVC

BOS

500 ms

B
N"*HM e

HVC 4
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wakefulness and sedation. Using carefully controlled acute and
chronic recording paradigms, we tested the hypothesis that
auditory responses in NIf and HVC are co-modulated by
arousal. Finaly, we used in vivo pharmacological manipula
tions to determine whether changes in NIf neural activity lead
to modulation of HVC auditory responsiveness.

Characterization of NIf auditory responses in awake birds

To investigate the relationship between NIf and HV C during
wakefulness, we recorded simultaneous multiunit activity from
ipsilateral NIf-HVC pairs in 23 chronicaly implanted birds.
Electrode locations were verified in three ways, as shown in the
examples from one chronically implanted bird in Fig. 1, B-D.
First, NIf and HVC were identified by their coordinated bursts

Ll

NIf

HVC

Fic. 1. Song system schematic and criteria for confirming NIf location. A: schematic diagram of the 3 major song system
pathways. motor, anterior forebrain, and ascending auditory. HVC (used as proper name), which is part of both the anterior
forebrain pathway and the vocal motor pathway, receives auditory input indirectly from Field L via NIf. The anterior forebrain
pathway includes HVC, Area X, DLM, LMAN, and RA. The motor pathway includes NIf, HVC, and RA. Area X, song-related
region of the basal ganglia; DLM, medial portion of the dorsal lateral nucleus of the anterior thalamus; NIf, nucleus interfacialis
of the nidopallium; LMAN, lateral portion of the magnocellular nucleus of the anterior nidopallium; RA, robust nucleus of the
arcopallium; Resp, respiratory areas of the brain stem; Syrinx, avian vocal organ. B: typica coordination of bursting activity at
chronically implanted NIf and HV C electrodes in alightly sedated bird (ZF160). Traces show simultaneously recorded spontaneous
multiunit activity in both structures. The expanded section shows a portion of the top trace in more detail. C: premotor NIf and
HVC activity in the same bird while singing several introductory notes and 4 song motifs. D: histology from the same bird showing
the chronic electrode track to NIf. Arrowheads indicate borders of NIf. Dorsal surface is at the top and posterior is to the right.
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of activity during sedation, as observed by Janata and Margo-
liash (1999). Figure 1B shows an example of spontaneous
multiunit activity recorded simultaneously from chronically
implanted electrodes in an ipsilateral NIf-HVC pair during
light sedation. Second, as observed previously (McCasland
1987), both NIf and HVC demonstrated robust premotor ac-
tivity during song. Figure 1C shows premotor activity in NIf
and HV C during vocal production of several introductory notes
and four complete song motifs. Finally, electrode location
was confirmed by cresyl violet histology. An example of a
chronic electrode track to NIf is shown in Fig. 1D. This
study only includes data from recording sites confirmed by
all three criteria

We observed that neurons in both NIf and HVC can
demonstrate auditory responses to the BOS stimulus during
wakefulness. Each bird was presented with 1-12 sets of
BOS stimuli over the course of 1-4 days. In total, 85 sets of
auditory stimuli were presented to 23 chronically implanted
birds during wakefulness. We measured multiunit neural
responses to each set of BOS stimulus trials to assess
whether they were significantly different from baseline ac-
tivity on the basis of response strength, variance, or both
(see meTHODS). Using this method, 96.5% (82/85) of the sets
of auditory trials generated significant auditory responsesin
HVC, and 98.8% (84/85) of the sets generated significant
auditory responses in the ipsilateral NIf. All birds (23/23)
demonstrated at least one significant awake auditory re-
sponse in both HVC and NIf.

While the prevalence of awake auditory responses in HVC
and NIf was similar, the distribution of response characteristics
was quite different. In both our previous (Cardin and Schmidt
2003b) and current experiments, many HVC auditory re-
sponses involved not an increase in mean firing rate but a
change in the temporal distribution of spike events. However,
auditory responses recorded simultaneously in NIf predomi-
nantly involved a change in mean firing rate (Fig. 2). To
quantify the distribution of these response characteristics, we
used only the auditory responses previously determined to be
significantly different from baseline activity, as described
above. We found that 17.1% (14/82) of the HVC auditory
responses were significant for response strength alone (RS
only), 57.3% (47/82) were significant for response strength and

1001 C—1RS only
75- Em RS &V
V only

% of Auditory Responses
] (4]
t.lll (=]

(=]
1

HVC NIf

FiG. 2. NIf and HVC awake auditory responses demonstrate different char-
acteristics. Awake auditory responses could be identified as significant on the
basis of response strength alone (RS only), response strength and variance (RS
and V), or variance aone (V only). Eighty-five sets of stimuli were presented
to 23 hirdsin total and resulted in 84 significant auditory responses in NIf and
82 significant responses in HVC. In HVC, 17% (14/82) of the auditory
responses fell into the RS aone category, 57.3% (47/82) into the RS and V
category, and 25.6% (21/82) into the VV alone category. In contrast, 90%
(76/84) of the NIf responses fell into the RS and V category, 7.1% (6/84) into
the RS aone category, and only 2.3% (2/84) into the VV aone category.
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variance (RS and V), and 25.6% (21/82) were significant for
variance aone (V only; Fig. 2, left). In contrast, most NIf
auditory responses fell into the RS and V category: 90.6%
(76/84) were significant for both response strength and vari-
ance, while 7.1% (6/84) were significant for response strength
alone, and only 2.3% (2/84) were significant for variance alone
(Fig. 2, right). Thus NIf auditory responses amost aways
involved a change in both mean firing rate and temporal
distribution of spike events, while one-fourth of the HVC
responses involved only a change in the temporal distribution
of spike events.

NIf auditory responses are variable during wakefulness

Our previous work has indicated that HVC auditory re-
sponses vary during wakefulness. Because HV C receives a
strong input from NIf, this modulation of HVC activity may
reflect varying auditory responsiveness in NIf. To compare
the stability of NIf and HVC auditory responses in awake
birds, we presented 20 chronically implanted birds with
2-12 sets of 30 identical BOS stimuli at different times on
a single day. The mean interval between the end of one set
of auditory stimuli and the beginning of the next set was
73.6 = 31.2 min. While we observed auditory responses in
both HVC and NIf in awake birds, auditory responses in
both nuclei varied greatly over time. Figure 3A shows an
example of simultaneous recordings in an ipsilateral HVC
and NIf pair during two awake auditory trial sets separated
by 10 min. At thefirst time point (Ieft panels), both NIf (top)
and HVC (bottom) demonstrated robust, if different, audi-
tory responses to 30 presentations of the BOS stimulus.
However, at the second time point (right panels), the audi-
tory responses were greatly diminished in both nuclei.

We assessed the preval ence of this modulation by comparing
the response patterns of pairs of successive auditory responses
recorded at each multiunit electrode. An auditory response was
defined as the summed neural activity during a set of auditory
stimulus presentations. The PSTH of each auditory response
was normalized to the mean baseline activity, and successive
PSTHs were compared by paired t-test (see meTtHops). We
found that 18/20 birds demonstrated significant changes (P <
0.01; paired t-test) in NIf auditory response characteristics
within arelatively short period of time (5-180 min). Similarly,
17/20 birds demonstrated significant changes (P < 0.01; paired
t-test) in HV C auditory response characteristics. Thus both NIf
and HVC demonstrate modulation of auditory responsiveness
during wakefulness.

Next, we used linear correlation analyses to test the hypoth-
esis that the observed modulation in auditory responsivenessis
specific to wakefulness. Figure 3B shows mean correlation
coefficients for pairs of NIf and HVC auditory responses
during wakefulness and sedation. Only immediately successive
pairs of auditory responses recorded within a short interval
(5-180 min) were compared. In both NIf and HVC, pairs of
auditory responses were much less correlated in awake than in
sedated birds. The mean r value for pairs of NIf auditory
responses was 0.39 * 0.03 during wakefulness (n = 49 com-
parisons in 20 birds) and 0.71 = 0.04 during sedation (n = 7
comparisons in 6 hirds; P < 0.01; Mann-Whitney U test; Fig.
3B, left). Similarly, the mean r value for pairs of successive
awake HV C auditory responses (0.33 = 0.03; n = 49 compar-
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Fic. 3. Variable awake auditory responses in NIf and HVC. A: 2 sats of simultaneoudy recorded multiunit population auditory
responses were recorded in an ipsilateral NIf-HVC pair in an awake bird (ZF169). NIf activity is shown in top panels and corresponding
HVC activity is shown in bottom panels. Time interval between the 2 sets of auditory trials was 10 min. While both recording sites
demonstrated robust auditory responses to the 1st set of bird's own song (BOS) stimuli (left panels), responses to the 2nd set of BOS
stimuli (right panels) were greatly diminished at both recording sites. Note also that the NIf response in the top left panel demonstrates
agreater degree of auditory responsiveness and a different response pattern than the smultaneoudly recorded HV C response. Top section:
raster plot of auditory trials. Middle section: peristimulus time histograms (PSTHS) resulting from the sum of raster plotsin units of spike
events per bin (bin size = 10 ms). Trace is an example of multiunit activity during 1 auditory tria. Bottom section: amplitude waveform
of auditory stimulus. B: NIf and HVC auditory response patterns are variable during wakefulness and stable during sedation. Linear
correlation analyses were used to compare pairs of immediately successive multiunit auditory responses recorded at each electrode site.
Pairs of successive NIf auditory responses (left) were less similar during wakefulness (open bars) than during sedation (black bars). Mean
NIf correlation coefficient during wakefulness (n = 49 comparisons in 20 birds) was significantly smaller than during sedation (n = 7
comparisons in 6 birds, P < 0.01; Mann-Whitney U test). Likewise, the smultaneoudy recorded pairs of successive awake HVC
responses (right) were less similar during wakefulness (n = 49 comparisons in 20 birds) than during sedation (n = 7 comparisonsin 6
birds, P < 0.01; Mann-Whitney U test).

isonsin 20 birds) was significantly smaller than that for sedated
HVC responses (0.71 = 0.05; n = 7 comparisons in 6 birds;
P < 0.01; Mann-Whitney U test; Fig. 3B,right). The mean
interval between awake responses was 48.2 = 16.3 min, while
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the mean interval between sedated responses was 41.6 + 4.9
min. These results indicate that the observed modulation of
auditory responses in both NIf and HVC is predominantly
restricted to the state of wakefulness.
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Co-variation of auditory responses in NIf and HVC during
wakefulness

The above data indicate that both NIf and HVC responses
vary in awake hirds. To evaluate the relationship between
awake auditory responses in NIf and HVC, we compared NIf
and HVC auditory responses from individual birds over two
ranges of time intervals: 1) long intervals, from set to set of
auditory trials during the day, and 2) short intervals, over the
course of the 30 auditory trials within a set. We calculated
index values to quantitatively represent the response strength
(RS;npex) and variance (V,ypex) properties of neura re-
sponses to each set of auditory trials. Index values represent all
possible auditory responsiveness measurements within a range
of —1 to 1 (see metHoDps). Only data from birds with six or
more awake auditory trial sets on the same day (n = 4 birds)
were used. The mean interval between sets of awake auditory
trials was 31.5 = 10.4 min.

The examplein Fig. 4 illustrates the observed co-variation of
NIf and HVC auditory responsiveness over 1 day. Figure 4
shows NIf and HVC RS ypex and V,ypex data from one bird
during 11 sets of awake auditory trials in 1 day. Auditory
responsiveness values in NIf and HVC were highly correlated
(P < 0.01) over the day. The correlation coefficients for NIf
and HVC RS \pex (Fig. 4A) and V,ypex (Fig. 4B) valueswere
0.84 and 0.90, respectively (Pearson linear correlation). Anal-
ysis of auditory responses from all four birds showed that, in
each bird, both NIf and HVC RS \pex vaues (r = 0.74 +
0.07) and V| \ypex Values (r = 0.78 = 0.07) were significantly
correlated over the course of 1 day (P < 0.01). Taken together,
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FIG. 4. NIf and HVC auditory responses co-vary over time. Simultaneous
multiunit auditory responses in an ipsilateral NIf-HVC pair in 1 chronically
implanted bird (ZF170) during wakefulness on a single day. The bird was
presented with 30 identical BOS stimulus trials at 11 times during the day. o,
NIf auditory response measurements, ®, HVC auditory response measure-
ments. A: NIf and HVC RS, pex Values co-varied over theday (r = 0.84; P <
0.01; linear correlation). B: similarly, NIf and HVC V,pex Vvalues co-varied
over the day (r = 0.90, P < 0.01; linear correlation). Dotted lines, baseline
activity levels.
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these resultsindicate that awake auditory responsivenessin NIf
and HV C co-varies over the relatively long time scale of 1 day.

To explore the trial-to-trial relationship between neural ac-
tivity in NIf and HVC, we calculated RS, a simple measure of
the stimulus-evoked change in mean firing rate during each
auditory trial in a set (see merHops). We performed linear
correlation analyses of NIf and HVC RS values for each set of
awake auditory trials (n = 85 setsin 23 birds; data not shown).
In 72.9% (62/85) of the sets of awake auditory trials, NIf and
HVC RS values co-varied significantly (r = 0.62 = 0.18; P <
0.01; Pearson linear correlation). In all 23 birds, there was at
least one auditory trial set in which NIf and HVC response
strength values were significantly correlated on this shorter
time scale.

Behavioral state alters the relationship between neural
activity in NIf and HVC

HVC auditory responses are modulated by changes in be-
havioral state (Cardin and Schmidt 2003b; Nick and Konishi
2001; Rauske et al. 2003; Schmidt and Konishi 1998). We
therefore explored the impact of behavioral state on the rela-
tionship between spontaneous and evoked neura activity in
NIf and HVC. To quantify spontaneous firing rates in NIf and
HVC during wakefulness, we measured mean multiunit firing
rate in the absence of auditory stimuli in 23 awake chronically
implanted birds (see meTHops). A subset of 14 birds was then
sedated, and multiunit spontaneous activity was again mea-
sured. Figure 5A shows examples of spontaneous firing ratesin
NIf and HVC during wakefulness (top) and light sedation in
one bird (bottom). During wakefulness, NIf demonstrated a
higher level of population activity than HVC. During sedation
in the same bird, spontaneous activity in NIf and HVC exhib-
ited coordinated bursting activity, as shown previously by
Janata and Margoliash (1999). The graphs to the right show
mean multiunit NIf and HVC activity levels for the entire
group of birds during wakefulness and sedation. Mean spon-
taneous multiunit NIf firing rates in awake birds (142.5 + 26.8
spike events/s) were significantly higher than during sedation
(27.5 = 6.8 spike events's; P < 0.01; n = 14 birds; paired
t-test). In contrast, there was no significant difference between
mean multiunit HVC firing rates in awake (18.2 = 4.0 spike
events/s) and sedated (16.9 *+ 4.2 spike events/s) birds, despite
the change from bursting to tonic activity (NS; n = 14 birds;
paired t-test). Thus while the overall level of activity in HVC
did not change with behavioral state, multiunit firing rates in
NIf were significantly greater during wakefulness than during
sedation.

To assess whether the relationship between NIf and HVC
auditory responsiveness also changes with behavioral state,
awake and sedated auditory responses recorded from chroni-
cally implanted birds were compared. Figure 5B shows NIf and
HV C auditory responsiveness during wakefulness and sedation
for 85 sets of auditory trials in 23 birds. In awake birds, both
NIf RSpex (l€ft) and V \pex (right) values were usually
greater than the simultaneously recorded HVC values, as
shown by the large number of points below the solid unity line
in each graph (P < 0.01; 2-tailed Wilcoxon signed-rank test).
These results are well illustrated by the example shown in Fig.
3A (left panels), where both NIf and HVC demonstrate audi-
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FIG. 5. Relationship between activity in NIf and
HV C changes with behavioral state. A: spontaneous
multiunit activity in NIf and HVC was quite differ-
ent during wakefulness and sedation. Boxed exam-
ples show 1-s traces of simultaneously recorded
spontaneous multiunit activity in NIf and HVCin 1
chronically implanted bird (ZF88) during wakeful-
ness and sedation. During wakefulness, NIf showed
a high rate of spontaneous activity (80.9 = 14.9
spike events/s), while HVC showed a significantly
(P < 0.01) lower mean firing rate (21.8 = 5.9 spike
events/s). Graph on right shows mean spontaneous
firing rates across the population of 23 birds. During
sedation, NIf (26.1 + 6.8 spike events/s) and HVC
(25.9 £ 9.5 spike events/s) showed coordinated
bursting activity, illustrated by the boxed example
from the same chronically implanted bird (ZF88).
Graph on right shows mean firing rate for all se-
dated birds (n = 14). Mean NIf spontaneous multi-
unit firing rates were significantly higher during
wakefulness than during sedation (P < 0.01; paired
t-test). Mean spontaneous multiunit firing rates in
HVC were not affected by behaviora state (NS;
paired t-test). B: response strength (RS \pex) and
variance measurements (V,\pex) for simulta
neously recorded NIf and HVC auditory responses
to sets of BOS stimuli during wakefulness (n = 85
sets of BOS stimuli in 23 birds). During wakeful-
ness, NIf RS,\pex Was larger than the correspond-
ing HVC RS, \pex (I€ft), indicated by the proportion
of points below the unity line (P < 0.01; 2-tailed
Wilcoxon signed-rank test). Similarly, NIf V,\pex
during wakefulness was aso larger than the corre-
sponding HVC V,\pex (right; P < 0.01; 2-tailed
Wilcoxon signed-rank test). These results indicate
greater auditory responsiveness in NIf than in HVC
during wakefulness. C: in a subset of the birds (n =
14), auditory responsiveness was assessed during
both wakefulness and sedation. While NIf auditory
responsiveness, as measured by RS \pex (I€ft) and
V noex (right) values, was greater than that in HVC
during wakefulness (RS ypex: P < 0.01; V,npex:
P < 0.01; paired t-test), HVC auditory responsive-
ness was greater during sedation (RSypex: P <
0.01; V npex: P < 0.01; paired t-test). o, sedation;
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tory responses but the NIf response is greater than the simul-
taneously recorded HVC response.

A subset (n = 14) of the chronically implanted birds was
lightly sedated after completion of the awake auditory trials.
During sedation, the relationship between NIf and HVC re-
sponses was atered. Figure 5C shows mean NIf and HVC
RS/ npex @nd V npex values for awake and sedated auditory
responses. NIf RS,\pex and V ypex Values were significantly
greater than HV C values during wakefulness (P < 0.01; paired
t-test). However, during sedation, this relationship was re-
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versed, and HVC RSypex and V,\pex vaues were greater
than NIf values (P < 0.01; paired t-test). These data suggest
that the relationship between auditory responsiveness in NIf
and HVC is greatly atered by changes in behaviora state.

Auditory response patterns in NIf and HVC are more similar
during sedation than during wakefulness

While the degree of auditory responsivenessin NIf and HVC
co-varied during wakefulness, the specific patterns of simulta-
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neously recorded NIf and HVC auditory responses could still
be quite different, as shown by the examplein Fig. 3A (Ieft). To
investigate the effect of behavioral state on the relationship
between NIf and HV C response patterns, we compared simul-
taneously recorded auditory response PSTHs from NIf and
HVC by linear correlation (see metHops). Figure 6A shows
examples of simultaneous NIf and HVC auditory response
PSTHsin one bird during wakefulness and sedation. While the
awake response patterns are quite different (r = 0.21), with
peaks at different time points, the sedated response patterns are
more similar (r = 0.63; Pearson linear correlation). Analysis of
data from all birds demonstrated that the mean correlation
coefficient for pairs of simultaneous NIf and HVC responses
was significantly smaller during wakefulness (r = 0.31 = 0.03;
n = 85 comparisons in 23 birds) than during sedation (r =
0.62 = 0.05; n = 22 comparisons in 14 birds, P < 0.01;
Mann-Whitney U test; Fig. 6B). These results suggest that
during sedation, both auditory responsiveness, as measured by
index values, and response patterns are similar in NIf and
HVC. In contrast, while overall NIf and HV C auditory respon-
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FIG. 6. Auditory response patterns in NIf and HVC are less similar during
wakefulness than during sedation. A: examples of PSTHs recorded from an
ipsilateral NIf and HVC pair in 1 bird (ZF160) during wakefulness (left) and
sedation (right). For purposes of illustration, these PSTHs are shown with abin
size of 50 ms. During wakefulness, the NIf and HV C auditory responses were
quite different (r = 0.21; NS; Pearson linear correlation). During light sedation
immediately thereafter, auditory responses at the same recording sites became
more similar (r = 0.63; P < 0.01; linear correlation). Dashed lines represent
mean baseline activity. Bottom trace: amplitude waveform of the BOS stim-
ulus. B: cumulative data for simultaneous NIf and HVC auditory responses
during wakefulness (open bar) and sedation (black bar). Mean correlation
coefficient for simultaneous NIf and HV C auditory responses during wakeful-
ness (n = 85 comparisons in 23 birds; r = 0.31 = 0.03) was significantly
smaller than during sedation (n = 22 comparisons in 14 birds;, r = 0.62 =
0.05; P < 0.01; Mann-Whitney U test).
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siveness values co-vary during wakefulness, the patterns of
simultaneous awake auditory responses in NIf and HV C differ
significantly.

Auditory tuning in NIf is altered by behavioral state

We have observed that multiunit activity in HVC is highly
selective for the BOS stimulus during sedation but unselective
during wakefulness (Cardin and Schmidt 2003b). Because NIf
has been proposed as a main auditory input to HVC, we
predicted that NIf would not demonstrate song selectivity
during wakefulness. To test this hypothesis, we presented 51
sets of randomly intermixed BOS and REV stimuli to 23
chronically implanted awake birds. Song selectivity was as-
sessed by calculating d’ values, ad’ of >0.5 was considered
selective for BOS over REV, while a value of less than —0.5
was considered selective for REV over BOS (see METHODS).
Figure 7A shows an example of awake auditory responses in
NIf to interleaved presentations of BOS and REV stimuli. In
this bird, the NIf responses to the BOS (left) and REV (right)
stimuli were quite similar (d" = 0.09). Figure 7B (left) shows
NIf d’ values plotted against HV C d’ values for each of the 51
BOS-REV comparisons. While we observed some (n = 14/51)
auditory responses with NIf or HVC d’ >0.5 in awake birds,
mean d’ measurements for NIf (0.11 = 0.06) and HVC (0.22 =
0.05) in awake hirds revesaled that both structures were pre-
dominantly unselective. NIf d’ values during wakefulness were
significantly smaller than those from HVC (P < 0.01; paired
t-test). During sedation, both NIf and HVC demonstrated sig-
nificant song selectivity for the BOS stimulus. Mean sedated
NIf d" was 0.87 = 0.16, while mean sedated HVC d' was
2.89 = 0.45 (n = 12 comparisonsin 12 birds; P < 0.01; paired
t-test; Fig. 7B, right). Thus both NIf and HVC demonstrate
song selectivity during sedation but not during wakefulness.
These results indicate that behavioral state profoundly affects
the fundamental characteristics of auditory processing through-
out this ascending auditory pathway.

NIf auditory responses are suppressed by arousal

Our observations of co-variation of NIf and HVC auditory
activity in awake birds suggest that auditory activity in NIf,
like that in HVC, may be modulated by behaviora state. To
explore this hypothesis, we used an acute recording paradigm
in which we recorded simultaneously from ipsilateral NIf and
HVC pairs while repeatedly changing the bird’s behaviora
state. All recording sites in both NIf and HVC demonstrated a
song-selective response to the BOS stimulus prior to the be-
ginning of the arousal experiments (data not shown). In these
experiments, lightly sedated birds were intermittently aroused
by an air puff on randomly selected auditory trials (see METH-
obs). Using this arousal paradigm, we recorded from 13 pairs
of NIf and HVC multiunit recording sitesin nine birds. All of
the NIf and HVC recording sites (13/13) showed a significant
suppression of auditory responsiveness following arousal. Fig-
ure 8 shows data from a typical NIf-HVC arousal experiment.
During resting trials (left panels), both NIf (top) and HVC
(bottom) demonstrated robust responses to the BOS stimulus.
In contrast, auditory responses in both NIf and HVC were
completely suppressed by arousal on randomly intermixed
trials (right panels).
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FIG. 7. NIf auditory responses during wakefulness are
not song selective. Interleaved BOS and reversed-BOS
(REV) stimuli were presented to awake birds. Selectivity
was measured by calculating d’ values;, ad’ of —0.5 or
less was defined as selective for REV over BOS and a d’
of 0.5 or more was defined as selective for BOS over
REV. A: typical NIf responses to interleaved BOS and
REV stimuli in 1 bird (ZF80), showing the lack of selec-
tivity for either stimulus. The d' value for this pair of
responses was 0.09. Each PSTH shows the summed neu-
ral activity in units of spike counts per bin (bin size = 10
ms). B: cumulative selectivity data for awake and lightly
sedated chronically implanted birds. In each panel, NIf d’
values are plotted against the simultaneously recorded
HVC d’ values. While we observed a few responses with
d’ > 0.5 during wakefulness (left), both NIf (d" = 0.11 =
0.06) and HVC (d" = 0.22 = 0.05) were generaly un-
selective. In contrast, both NIf and HVC showed signif-
icant BOS selectivity during sedation (right), athough
NIf (d" = 0.87 = 0.16) was significantly less selective
than HVC (d’ = 2.89 = 0.45; n = 12 sets of stimuli in 12
birds, P < 0.01; paired t-test).
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Figure 9 shows cumulative data from al 13 paired NIf and
HVC recording sites. RS \pex @d V| \pex Vaues were cacu-
lated for the resting and aroused trials at each recording sSite.
Figure 9A shows the index vaues from NIf and HVC for the
experiment shown in the previous figure (Fig. 8). RS \pex and
V noex Values in both NIf and HVC tended to be large and
positive during resting trials and small during arousal trials (Fig.
9B). Mean NIf RS\ pex Was 0.44 + 0.03 during resting tridls and
—0.24 = 0.05 during arousal trids (P < 0.01; paired t-test; Fig.
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9C, top). Similarly, mean HVC RS\ pex during resting trials was
0.39 *= 0.03 and during arousa trials was —0.20 = 0.05 (P <
0.01; paired t-test; Fig. 9D, top). Mean NIf V, pex Was 0.62 +
0.04 during resting trials and —0.33 = 0.08 during arousd trids
(P < 0.01; paired t-test; Fig. 9C, bottom). Likewise, mean HVC
V npex during resting trials was 0.67 =+ 0.04 and during arousal
trillswas —0.26 + 0.06 (P < 0.01; paired t-test; Fig. 9D, bottom).
These results indicate a rapid and consistent suppression of both
NIf and HV C auditory responsiveness by arousal.

Aroused

FIG. 8. Suppression of NIf auditory responsive-
ness by arousal. Representative data from 1 acute
recording experiment showing arousal-mediated
suppression of NIf and HVC auditory responses.
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BOS stimulus trials were presented to a lightly se-
dated bird while recording multiunit activity from
an ipsilateral NIf-HVC pair. On randomly inter-
mixed trials, the bird was aroused by a puff of air to
the chest 1 s before the onset of the auditory stim-
ulus. The 2 types of trials were separated for anal-
ysis. During resting trias (left), there were robust
auditory responses to the BOS stimulus in both NIf
(top) and HVC (bottom). However, arousal (right)
completely eliminated the auditory responses in
both nuclei. Each PSTH shows the summed neura
activity in units of spike counts per bin. Timing of
the air puff is indicated by the arrowheads.
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FIG. 9. Quantification of arousal effects on NIf and HVC auditory respon-
siveness. Data from all acute recording arousal experiments. A: plot of
RS npex @nd V ypex Measurements from NIf (circles) and HVC (squares)
during the experiment shown in Fig. 8. o, data from resting trials; @, data from
arousal trials. B: data from all 13 acute recording arousal experiments. Again,
data from NIf recordings are represented by circles and simultaneously re-
corded data from the ipsilateral HV C are represented by squares. C: both mean
NIf RS npex ad mean NIf V pex Were significantly smaller in the aroused
state than in the resting state (P < 0.01; paired t-test). Open bars, data from
resting trials; black bars, datafrom arousal trials. D: similarly, both mean HVC
RS npex @nd mean HVC V pex Were significantly smaller during arousal
trials than during resting trials (P < 0.01; paired t-test).
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In addition to evaluating the effects of behavioral state on
overall NIf and HVC auditory responsiveness, we aso as-
sessed the co-modulation of NIf and HV C auditory activity on
atrial-by-trial basis throughout the arousal experiments. RS, a
simple measure of the stimulus-evoked change in mean firing
rate, was calculated for NIf and HVC during each trial of an
arousal experiment. Linear correlation analysis was used to
measure the degree of co-variation between NIf and HVC RS
values. Figure 10 shows RS datafrom NIf and HV C during one
arousal experiment, which was comprised of a randomly in-
termixed set of 30 resting and 30 arousal BOS stimulus trials
(data from this experiment are also shown in Figs. 8 and 9A).
NIf and HV C RS vaues are shown for each auditory trial in the
set. The dotted line represents baseline activity levels. NIf and
HVC RS vaues were highly correlated throughout the exper-
iment (r = 0.97; P < 0.01). Anaysis of al 13 NIf-HVC
arousal experiments demonstrated a consistently high degree of
correlation between NIf and HVC RS values from trial to trial
(meanr = 0.83 = 0.10; P < 0.01).

To compare further the effects of behavioral state manipu-
lations on NIf and HV C auditory responses, we recorded from
chronically implanted birds using an arousal paradigm similar
to that described above (see meTHoDSs). In all experiments (8/8
birds), the auditory responses recorded in both NIf and HVC
during resting trials were completely suppressed by arousal.
Figure 11A shows resting and arousal datafrom all birds. Mean

J. A. CARDIN AND M. F. SCHMIDT

NIf RS npex Was 0.34 = 0.05 during resting trials and 0.05 +
0.01 during arousal trials (P < 0.01; paired t-test; Fig. 11B,
top). Similarly, mean HVC RS \pex Was 0.42 + 0.08 during
resting trialsand —0.01 = 0.02 during arousal trials (P < 0.01,;
paired t-test; Fig. 11C, top). Mean NIf V,ypex Was 0.58 = 0.05
during resting trials and 0.16 = 0.04 during arousal trials (P <
0.01; paired t-test) (Fig. 11C, bottom). Likewise, mean HVC
V npex Was 0.73 = 0.08 during resting trials and —0.04 =
0.09 during arousal trials (P < 0.01; paired t-test; Fig. 11C,
bottom). These results, like those from the acute recordings
described above, demonstrate a significant co-modulation of
NIf and HVC auditory responses by arousal.

In addition to effects on auditory processing, arousal also
altered spontaneous activity in both NIf and HVC (n = 8
birds). Mean spontaneous activity levels in NIf were signifi-
cantly higher during periods of arousal (60.1 = 14.4 spike
events/s) than during periods of rest (27.9 + 6.8 spike events/s;
P < 0.01; paired t-test). In contrast, mean spontaneous activity
levelsin HVC were significantly lower during arousal (12.9 +
3.1 spike events/s) than during resting (20.2 = 5.4 spike
events/s) periods (P < 0.01; paired t-test). As the results from
awake and sedated birds, these data indicate that spontaneous
activity in NIf and HVC is modulated by behavioral state.

Neural activity in NIf affects HVC auditory responsiveness

Taken together, the preceding results from both awake and
sedated experiments indicate that the observed modulation of
HVC auditory responses is correlated with changes in NIf
auditory responsiveness. However, little is known about the
relationship between neural activity in NIf and HVC. We
recorded HV C auditory responsesin lightly sedated birds while
pharmacologically manipulating neural activity in the ipsilat-
era NIf. Inall pharmacology experiments, the injected solution
included BDA. Experiments in which BDA staining extended
beyond NIf were excluded. An example of a BDA-labeled
injection site is depicted in Fig. 12A, left. As shown by com-
parison to the cresyl violet staining of the same section of
tissue (right), the injection site was restricted within the bor-
ders of NIf.
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FiIG. 10. Stimulus-evoked neurd activity in NIf and HV C co-varies during
modulation of behavioral state. RS measurements were used to quantify the
change in mean firing rate in NIf and HVC evoked by the BOS stimulus. NIf
and HVC RS values were measured for every trial during an acute recording
experiment. The bird was aroused by an air puff on randomly interleaved trials.
Shown here are the RS values for NIf and HV C auditory responses during the
experiment shown in Figs. 8 and 9A. o, NIf data; @, simultaneously recorded
data from the ipsilateral HVC. NIf and HVC RS values co-varied significantly
throughout the experiment (r = 0.97; P < 0.01; Pearson linear correlation).
Dashed line, baseline activity levels.
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Fic. 11. Arousa modulates NIf auditory responsiveness in chronicaly
implanted birds. For these experiments, an arousal paradigm similar to that
described above was used to modulate the behavioral state of chronically
implanted hirds. Birds were aroused on randomly selected BOS stimulustrials.
A: data from al NIf-HVC arousal experiments on chronically implanted birds
(n = 8 bhirds); data from NIf are shown as circles while simultaneously
recorded data from the ipsilateral HV C are shown as squares. Resting trials are
shown as open symbols and arousal trials as filled symbols. B: during arousal
experiments, both mean NIf RS, pex ad mean NIf V \pex Were significantly
reduced by arousal (P < 0.01; paired t-test). C: both mean HVC RS pex and
mean HVC V ypex Were significantly reduced by arousal (P < 0.01; paired
t-test).

Wefirst assessed the effects of suppressing activity in NIf on
auditory responsiveness in HVC. For these experiments, we
recorded multiunit activity in HVC while injecting muscimol,
a GABA, receptor agonist, to the ipsilateral NIf (n = 5
NIf-HVC pairs in 4 birds). Figure 12B shows data from a
typical experiment. During baseline recording, there was a
robust HV C auditory response to the BOS stimulus (Fig. 12B,
left). Immediately following a small injection (0.2 ul) of mus-
cimol (8 mM in 0.9% saline) to the ipsilateral NIf, the entire
HVC auditory response, and indeed most spontaneous HVC
activity, was eliminated (Fig. 12B, right). In al experiments
(5/5), muscimoal injection to NIf completely eliminated all
ipsilateral HVC auditory responses (Fig. 12C). Mean HVC
RS npex Was 0.38 £ 0.04 before muscimol and 0.05 = 0.03
after muscimol injection to NIf (P < 0.01; paired t-test; Fig.
12C, left). Mean HVC V,pex before muscimol was 0.64 =
0.1 and after muscimol to NIf was —0.09 = 0.16 (P < 0.01;
paired t-test; Fig. 12C, right). After 15-40 min of recovery,
both mean HVC RS\pex (0.34 = 0.03) and mean HVC
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V noex (0.44 £ 0.09) returned to preinjection levels. Injection
of muscimol to NIf also had a suppressive effect on spontane-
ous activity in HVC. While spontaneous HVC activity was
robust prior to drug injection (33.7 = 9.9 spike events/s), it was
significantly lower following muscimol treatment (5.12 = 3.9
spike events/s; P < 0.01; paired t-test).

The above results suggest that HV C auditory responsiveness
depends on neural activity in NIf. To further test this hypoth-
esis, we injected bicuculline, a GABA, receptor antagonist,
into NIf while recording from the ipsilateral HVC (n = 4
NIf-HVC pairsin 4 birds). Injection of asmall (0.2 wl) amount
of bicuculline (10 mM in 0.9% sdine) to NIf caused an
increased auditory response to the BOS stimulus in the ipsi-
lateral HV C. Figure 13A shows data from atypical experiment.
During baseline recording, an HVC auditory response to the
BOS stimulus was recorded (Fig. 13A, left). After alow dose
of bicuculline was injected to the ipsilateral NIf, the HVC
auditory response was increased (Fig. 13A, right), and an
additional PSTH peak appeared in response to the initial por-
tion of the auditory stimulus (arrow). In all experiments (4/4),
bicuculline injection to NIf increased the ipsilateral HVc au-
ditory response (Fig. 13B). Mean HVC RS\ pex before bicu-
culline was 0.27 + 0.03 and after bicuculline injection to NIf
was 0.41 + 0.01 (P < 0.01; paired t-test; Fig. 13B, left). Mean
HVC V,\pex before bicuculline was 0.50 = 0.06 and after
bicuculline to NIf was 0.75 *= 0.04 (P < 0.01; paired t-test;
Fig. 13B, right). After 30—50 min of recovery, both mean HVC
RS /npex (0.33 £ 0.02) and mean HVC V,ypex (0.61 = 0.05)
returned to preinjection levels.

In contrast to muscimol, bicuculline injection did not cause
a significant change in spontaneous HV C activity. Mean spon-
taneous firing rates prior to drug injection (27.9 * 7.2 spike
events/s) were similar to those following bicuculline (27.2 +
6.7 spike events/s). However, bicuculline injection to NIf did
significantly alter HV C song selectivity. Mean HVC d’ during
baseline recordings was 0.89 = 0.10 and following bicuculline
injection to NIf was 1.4 = 0.21 (n = 4; P < 0.05; paired t-test).
Linear correlation analysis revealed a change in HV C auditory
response patterns after bicuculline administration to NIf (n =
4;r = 0.39 = 0.15).

As a control, we injected saline alone into NIf and recorded
from the ipsilateral HV C. Injections of small amounts of 0.9%
sdline (0.2 wl) had no effect on HVC auditory responsiveness
(n = 4 NIf-HVC pairsin 4 birds). Mean HVC RS,\pex during
the baseline period was 0.56 = 0.04 and after saline was
0.53 = 0.06 (NS; paired t-test). After 15-30 min of recovery,
mean HVC RS, \pex Was 0.51 = 0.05. Similarly, mean HVC
V npex during the baseline period was 0.82 + 0.03 and after
saline was 0.76 = 0.06 (NS; paired t-test). After recovery,
mean HVC V ypex Was 0.77 = 0.06. Thus the injection of
vehicle alone to NIf does not affect auditory responses in the
ipsilateral HVC.

An increase in GABAergic activation in NIf thus leads to a
profound suppression of auditory responsivenessin HVC, sug-
gesting that NIf inputs are necessary for the expression of HVC
auditory responses. The reduction of spontaneous activity in
HV C after muscimol to NIf indicates that input from NIf plays
an important role in determining spontaneous HVC activity
under sedation. In contrast, decreasing GABAergic activity in
NIf leads to an increase in HV C auditory responsivenessin the
absence of any change in spontaneous neura activity. These
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FIG. 12. Muscimol injection to NIf eliminates
spontaneous activity and auditory responses in
HVC. For these experiments, birds were lightly
sedated and secured in the stereotaxic apparatus.
Following a series of baseline auditory stimulus
trials, a small dose of muscimol was injected into
NIf and further auditory stimuli were presented. A:
example of a drug injection site in NIf labeled
with biotinylated dextran amine (BDA; left). BDA
staining is restricted within the borders of NIf, as
shown by comparison with the cresyl violet stain-
ing of the same section of tissue (right). Dorsal
surfaceis at the top and posterior isto theright. B:
example of acute recordings from HV C before and
after injection of muscimol into NIf. During the
baseline recordings (left), HVC showed a robust
auditory response to the BOS stimulus. Injection
of muscimol (0.2 wl 8 mM muscimol in 0.9%
sdline) to the ipsilateral NIf caused a suppression
of auditory responsiveness and most spontaneous
activity in HVC (right). C: cumulative data from
al muscimol experiments (n = 5 NIf-HVC pairs
in 4 birds). Open bars, baseline recordings; black

¥ "‘*"" ""l bars, recordings immediately after muscimol;
1sec hatched bars, recordings after recovery. Both
C 050 0.75- mean HVC RS \pex and mean HVC V ypex Were
T significantly reduced following muscimol injec-
x - o 20 tion to NIf (P < 0.01; paired t-test) and recovered
& % 0501 T to baseline levels after 15-40 min.
g 0.25 9 7
4 . > 025
7
0.00 i o 0.00
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data support arole for NIf in providing auditory input to HVC
and suggest that modulation of NIf activity is one possible
mechanism by which HVC auditory responsiveness may be
regulated.

DISCUSSION

In this study, we investigated the relationship between sen-
sory processing in NIf and HVC during wakefulness and
sedation. We recorded simultaneous multiunit NIf and HVC
population auditory responses in a large number of awake
birds. Like HVC, NIf demonstrated a significant degree of
variation in auditory responsiveness during wakefulness. NIf
and HVC auditory responsiveness co-varied over both short
and long intervals in awake birds. NIf auditory responsiveness
was robustly modulated by changes in the bird’s behavioral
state and completely suppressed by arousal. While both NIf
and HV C were song-selective during sedation, both structures
were predominantly unselective in awake birds. Finaly, phar-
macological manipulations of neural activity in NIf caused
dramatic changes in HVC spontaneous and auditory activity.

J Neurophysiol - voL 91

Our results suggest that HV C is not theinitia site of behavioral
state—dependent modulation in the ascending auditory path-
way. We propose that either HVC is indirectly atered by
modulation arising in NIf or earlier afferent structures or NIf
and HVC are co-modulated by external inputs. Alternatively,
the observed changes in HVC auditory responsiveness might
result from a combination of modulation in NIf feeding for-
ward to HVC and additional modulatory effects within HVC
itself.

NIf input is necessary for spontaneous and auditory activity
in HVC

A previous study by Janata and Margoliash (1999) charac-
terized the properties of NIf neurons in urethane-anesthetized
birds. They found that NIf responded preferentially to the BOS
stimulus but was not as song selective as HVC in the same
birds. They also observed correlated firing patterns in NIf and
HVC. In our experiments, we observed similar characteristics
in sedated birds. Coincident bursting in NIf and HV C might be
caused by NIf driving HV C activity. Alternatively, both struc-
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FIG. 13. Bicuculline injection to NIf increases
auditory responsiveness in HVC. Neura record-
ings were made from HV C of lightly sedated birds
before and after injection of small amounts of
bicucullineto NIf. A: example of multiunit record-
ings in HVC before and after injection of a small
dose of bicuculline to NIf (0.2 ul 10 mM bicucul-
line in 0.9% saline). During the baseline record-
ings (left), there was a large HVC auditory re-
sponse to the BOS stimulus. Following a small
injection of bicucullineto the ipsilateral NIf, HVC
auditory responsiveness was increased (right). In
addition, a new peak emerged in the PSTH (ar-
* row). B: cumulative data from all bicuculline ex-
periments (n = 4 NIf-HVC pairsin 4 birds). Open
bars, baseline recordings, black bars, recordings
immediately after bicuculline; hatched bars, re-
cordings after recovery. Both mean HVC RS\ pex
and mean HVC V,pex Were significantly in-
creased by bicuculline to NIf (P < 0.01; paired
t-test) and recovered after 30—50 min.

1 sec

_

tures might be driven by a common input such as Uva. In the
latter case, NIf might provide a depolarizing offset to HVC
neurons, allowing input from another source to drive HVC
bursting. The almost complete loss of spontaneous HVC ac-
tivity following injection of muscimol to NIf suggests that NIf
inputs are necessary for spontaneous HVC activity under se-
dation. In contrast, levels of spontaneous activity in NIf during
wakefulness are greatly increased, and NIf and HVC activity
does not display any obvious degree of coordination.
Because NIf provides the strongest known anatomical input
to HVC from any auditory structure (Fortune and Margoliash
1995; Nottebohm et al. 1982), it has been proposed as a major
source of auditory input to HV C (Janata and Margoliash 1999).
However, Field L projects to the HV C shelf region into which
some HVC dendrites extend, suggesting a second possible
route for auditory input to reach HV C (Fortune and Margoliash
1995; Kelley and Nottebohm 1979). Preliminary data have
suggested that injections of GABA, lidocaine, or muscimol
into NIf, but not Field L, affect the spontaneous and evoked
activity of the ipsilateral HVC (Boco and Margoliash 2001;
Fee et al. 2002). Likewise, we found in this study that injecting
small doses of the GABA , receptor agonist muscimol into NIf
eliminated al auditory HVC activity. In addition, small injec-
tions of the GABA , receptor antagonist bicuculline into NIf
led to an increase in HV C auditory responsiveness. Together,
these results suggest that NIf is a major source of auditory
input to HVC. While it is possible that NIf inputs simply
provide a depolarizing offset that allows another auditory input
to drive HVC, it seems unlikely that the main auditory input to
HVC comes from another source. Uva, the thalamic structure
that projects to both NIf and HVC, does not demonstrate
auditory responses (Wild 1994). MMAN, another forebrain
structure that projects to HVC, demonstrates longer auditory
response latencies than those observed in HVC (Vates et a.
1997). Findly, inputs to HVC from Field L are sparse and
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primarily contact the shelf region around HVC (Fortune and
Margoliash 1995; Kelley and Nottebohm 1979). If NIf is
indeed a main avenue by which auditory input reaches HVC,
even fine-grained changes in NIf auditory activity could have
a profound impact on song system auditory processing. Such
precise regulation of auditory feedback to the main song sys-
tem might play arole in song learning and the maintenance of
adult song.

Behavioral state dependence of the NIf-HVC relationship

We observed that both spontaneous and evoked activity in
NIf and HVC was atered by changes in behaviora state.
During sedation, multiunit recordings in HVC exhibited
greater auditory responsiveness than those in NIf but similar
response patterns to the BOS stimulus. The relationship be-
tween NIf and HV C auditory responses was greatly changed by
behavioral state. While NIf and HVC auditory responses co-
varied in awake birds, NIf auditory responsiveness was higher
than that in HVC. In addition, NIf and HV C response patterns
were less similar in awake than in sedated birds. These results
suggest that NIf inputs may have less impact on HV C activity
during wakefulness than during sedation. Alternatively, NIf
and HVC may be strongly driven by a shared input during
sedation, but less so during wakefulness. Consistent with the
idea of a behavioral state—dependent functional relationship
between NIf and HV C, we observed consistent coordination of
sedated NIf and HVC auditory activity, but found significant
trial-by-trial correlation of NIf and HVC response strength in
only 73% of the auditory trial sets in awake birds.

Auditory tuning in NIf was also greatly altered by changes
in the bird’s behavioral state. Multiunit recording sites in NIf
demonstrated only a few instances of song selectivity during
wakefulness but consistently strong selectivity for the BOS
stimulus during sedation. Consistent with our previous exper-
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iments (Cardin and Schmidt 2003b), multiunit recordings in
HVC were largely unselective during wakefulness and showed
robust BOS-selective responses during sedation. In a previous
study, a subclass of HV C interneurons was shown to be song-
selective during wakefulness (Rauske et al. 2003). Differences
between those results and this study are most likely due to the
fact that our recordings represent multiunit activity of a broad
population of neurons, rather than single-unit recordings of a
specific subpopulation. During sedation, HVC was signifi-
cantly more song-selective than NIf. Interestingly, injection of
bicuculline into NIf increased song selectivity in the ipsilateral
HVC. Littleis known about the underlying neural dynamics of
NIf and theimpact of NIf synapsesin HVC. However, it seems
likely that, as observed in HVC by Rosen and Mooney (2003),
the expression of song selectivity in NIf neurons is precisely
tuned by a very complex series of inhibitory and excitatory
interactions. Disruption of these interactions could lead to
altered song selectivity in NIf, which would then affect song
selectivity in HVC.

These results support the idea of a hierarchical emergence of
song selectivity along the ascending auditory pathway (Grace
et al. 2003; Janata and Margoliash 1999; Lewicki and Arthur
1996), where NIf inputs provide some, but not all, of the
selectivity demonstrated by HVC. The lack of song selectivity
in both NIf and HVC during wakefulness suggests that these
structures may be tuned to respond to a greater range of
auditory stimuli during wakefulness than during sedation or
sleep. This broadening of tuning may be consistent with arole
for these high-order sensorimotor areas in general perception
of complex auditory stimuli in awake birds.

NIf as a site of modulatory input

Several previous studies have found that auditory processing
in the avian song system is modulated by the bird’s behavioral
state. Auditory responses in HVC are robust during sleep
(Dave and Margoliash 2000; Rauske et al. 2003; Schmidt and
Konishi 1998), sedation (Cardin and Schmidt 2003a,b), and
anesthesia (Doupe 1997; Schmidt and Konishi 1998; Theunis-
sen and Doupe 1998). HV C auditory responses are generally
less robust in awake than in sedated birds (Cardin and Schmidt
2003b; Nick and Konishi 2001; Rauske et a. 2003; Schmidt
and Konishi 1998) and are suppressed by arousal (Cardin and
Schmidt 2003b). Auditory responsesin Field L, which receives
direct auditory thalamic input, are not affected by behavioral
state (Cardin and Schmidt 2003b; Schmidt and Konishi 1998).

HVC is one potential site of direct modulatory effects.
Studies in mammalian systems have indicated that the norad-
renergic and cholinergic systems play roles in mediating the
behavioral state—dependent modulation of sensory processing
(for review, see McCormick 1992; McCormick and Bal 1997).
Preliminary experiments have indicated that injection of nor-
epinephrine to HVC disrupts auditory responses in RA (Dave
et al. 1998) and that stimulation of cholinergic afferents affects
the auditory responses of HV C neurons (Shea and Margoliash
2003). While HVC is thus a possible site of behavioral state—
dependent modulation, the results of this study indicate that
auditory responsiveness in NIf, an immediate afferent to HVC,
is also robustly regulated by the bird's behavioral state. The
pharmacol ogical manipulations described here suggest that NIf
does indeed provide auditory input to HVC. Together, these

J. A. CARDIN AND M. F. SCHMIDT

results suggest that even though some modulation likely occurs
within HVC, NIf is an additional target of behavioral state—
dependent modulation.

The results of this study do not provide conclusive evidence
that NIf, rather than another afferent structure, istheinitial site
of behavioral state—dependent modulation. However, immuno-
histochemical results indicate that NIf is a strong candidate for
asite of direct modulation of song system auditory processing.
Ryan and Arnold (1981) found evidence of acetylcholinester-
ase in NIf, suggesting a possible cholinergic innervation. In
addition, fibersin NIf stain strongly for tyrosine hydroxylasein
adult birds, indicating a catecholaminergic input (Soha et a.
1996). Méello et al. (1998) observed dopamine B-hydroxylase
staining in NIf, suggesting that the input may be noradrenergic.
NIf is thus a potential site of neuromodulatory action. While
there is currently little evidence about the source of these
inputs, preliminary data from our laboratory suggest that nor-
adrenergic manipulations in NIf ater both spontaneous and
stimulus-evoked activity in HVC (Cardin and Schmidt 2003a).
More extensive pharmacological manipulations may help to
elucidate the mechanisms of behavioral state—dependent mod-
ulation of sensory processing in this ascending sensorimotor
pathway.

Asasite of state-dependent modulation, NIf could provide a
powerful avenue for regulation of auditory input to the rest of
the song system. Auditory feedback to the song system is
necessary for both song learning in juvenile birds (Konishi
1965; Price 1979) and song maintenance in adult birds (Brai-
nard and Doupe 2001; Leonardo and Konishi 1999; Nordeen
and Nordeen 1992). NIf is an auditory (Janata and Margoliash
1999), motor (McCasland 1987), and possibly, somatosensory
(Wild 1994) structure and a source of auditory input to HVC.
Because HVC contains neurons that project to the motor and
anterior forebrain pathways, modulation of neural activity in
NIf has the potential to directly affect auditory input to the rest
of the song system.
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