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Abstract—The neostriatum caudolaterale, in the chick also referred to as dorsocaudal neostriatal complex, is a polymodal
associative area in the forebrain of birds that is involved in sensorimotor integration and memory processes. We have
used whole-cell patch-clamp recordings in chick brain slices to characterize the principal cell types of the neostriatum
caudolaterale. Electrophysiological properties distinguished four classes of neurons. The morphological characteristics of
these classes were examined by intracellular injection of Lucifer Yellow. Type I neurons characteristically fired a brief
burst of action potentials. Morphologically, type I neurons had large somata and thick dendrites with many spines. Type
II neurons were characterized by a repetitive firing pattern with conspicuous frequency adaptation. Type II neurons also
had large somata and thick dendrites with many spines. There was no clear morphological distinction between type I and
type II neurons. Type III neurons showed high-frequency firing with little accommodation and a prominent time-depen-
dent inward rectification. They had thin, sparsely spiny dendrites and extensive local axonal arborizations. Electro-
physiological and morphological properties indicated them as being interneurons. Type IV neurons had a longer
action potential duration, a larger input resistance, and a longer membrane time constant than the other classes. Type
IV neurons had small somata and short dendrites with few spines. The long axon collaterals of neurons in all spiny cell
classes (types I, II, IV) followed similar patterns, suggesting that neurons from all these types can contribute to the
projections of the neostriatum caudolaterale to sensory, limbic and motor areas.

The electrophysiological and anatomical characterization of the major classes of neurons in the caudal forebrain of the
chick provides a framework for the investigation of sensorimotor integration and learning at the cellular level in

birds.

© 2002 IBRO. Published by Elsevier Science Ltd. All rights reserved.
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The neostriatum caudolaterale (NCL), in the chick also
referred to as dorsocaudal neostriatal complex (Metzger
et al., 1998), is a multimodal association area in the fore-
brain of birds (Leutgeb et al., 1996; Metzger et al., 1998,
Kroéner and Giintiirkiin, 1999). In the chick it has mainly
been studied as part of a network responsible for early
learning, specifically imprinting (Bock et al., 1997;
Metzger et al., 1998; Bock and Braun, 1999a,b), whereas
in the pigeon most work has focused on tasks which in
mammals invoke ‘frontal’ executive functions, e.g. work-
ing memory (Mogensen and Divac, 1982, 1993;
Gagliardo et al., 1996, 1997; Giintiirkiin, 1997; Kalt et
al., 1999), reversal learning (Hartmann and Giintiirkiin,
1998; Diekamp et al.,, 2000), response inhibition
(Giintiirktin, 1997; Aldavert-Vera et al., 1999), and spa-
tial orientation (Gagliardo and Divac, 1993). Anatomi-
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phate-buffered saline; RMP, resting membrane potential.

459

NSC 5345 11-3-02 Cyaan

cally, the NCL seems to be particularly well suited for
the association between external stimuli and the animal’s
behavior, as it integrates information from all modalities
and exerts influence over motor and limbic structures
(Metzger et al., 1998, in chicks; Leutgeb et al., 1996;
Kroéner and Gilntirkiin, 1999, in pigeons). In the
chick, the NCL has therefore been postulated to be a
polymodal associative part of the ‘imprinting pathway’,
in which the various sensory and emotional components
of natural imprinting objects are integrated during both
the learning process and memory recall (Braun et al.,
1999).

With regard to short-term memory and executive func-
tions recent electrophysiological studies have begun to
unravel the cellular mechanisms that underlie these func-
tions of the NCL. Single-unit recordings in awake
pigeons performing a delayed Go/No-Go task have dem-
onstrated the involvement of NCL neurons in response
inhibition and working memory (Kalt et al., 1999). The
maintenance of information ‘on-line’ during short inter-
vals is an essential component of working memory. In
standard delayed response tasks domestic chickens show
a similar performance as pigeons when short delays
(1.5 s) are used (Foster et al., 1995). However, this inter-
val can be drastically extended when social stimuli
instead of food reinforcement are used. Five-day-old
chicks accustomed to follow an imprinted object can
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remember it’s location over delay periods of up to 180 s
(Vallortigara et al., 1998).

Similar to the modules of mammalian cortex (Douglas
and Martin, 1992), the avian forebrain might be con-
structed from a relatively small number of canonical cir-
cuits, that are repeated in large quantities to achieve
parallel computing power. Thus, to further extend our
understanding of the functions of the NCL on a cellular
level, it is important to characterize its intrinsic neuronal
organization and the cell types that might be involved in
the processing of different aspects of information. In this
report, we have used in vitro whole-cell patch-clamp
recording in combination with intracellular staining to
characterize the principal cell types in the chick NCL
electrophysiologically and morphologically.

EXPERIMENTAL PROCEDURES
Preparation of slices and electrophysiological recording

Fertilized eggs were obtained from a commercial supplier
(Sorries Trockels, Mohnesee, Germany) and chicks (Gallus gal-
lus) were hatched and kept in small groups on a 12:12 h dark/
light cycle. All efforts were made to minimize both the suffering
and number of animals used. Treatment of the animals con-
formed to German guidelines and was approved by a review
committee of the State of North Rhine-Westphalia, Germany
(Az 23.8720-27.7). A total of 43 chicks (7-11 days post-hatch,
mean 9.1 days) were decapitated and the brains were transferred
to iced extracellular solution. Coronal slices (350 um) of the
caudal telencephalon were cut on a vibratome. Slices were incu-
bated in extracellular solution consisting of (in mM): 119 NaCl,
2.5 KCI, 1 NaH,POy, 26.2 NaHCOs, 10 p-glucose, 3.5 CaCl,,
and 1.3 MgCl,, saturated with 95% O,/5% CO,, pH 7.3. Slices
were allowed to recover for at least 1 h, before being transferred
to the recording chamber. Recordings were made at room tem-
perature (22-24°C) in a submerged slice chamber perfused with
extracellular solution.

Whole-cell patch-clamp recordings were obtained in the cau-
dolateral subventricular region of the forebrain (cf. Fig. 1),
using the blind-patch technique. In current-clamp experiments
recording electrodes (4-7 MQ resistance) were filled with an
intracellular solution consisting of (in mM): 135 K-gluconate,
20 KCI, 2 MgCl,, 10 HEPES, 0.1 EGTA, 4 Na,-ATP, and 0.5
Nay-GTP, and adjusted to pH 7.3 with KOH. In some record-
ings 3 mg/ml of the dipotassium salt Lucifer Yellow (LY;
Sigma, Deisenhofen, Germany) was added to the intracellular
solution and neurons were filled by diffusion during 30-90 min
of recording. Recordings were made using a HEKA
(Lambrecht, Pfalz, Germany) EPC-7 patch-clamp amplifier, fil-
tered at 3 kHz, and sampled at 20 kHz. The voltage drop across
the pipette (which was usually about 8-10 mV) could not be
bridge-balanced. Sampling was done with a Digidata 1200 inter-
face using pClamp 6.0 software (Axon Instruments, Foster City,
CA, USA), and data were stored on computer for off-line anal-
ysis with the CLAMPFIT module of pClamp. Input resistance
was determined from the voltage deflection induced by a hyper-
polarizing current pulse in the linear range of the current-volt-
age relation. Membrane time constants were calculated by fitting
a single exponential function to the voltage response to injec-
tions of hyperpolarizing currents in the linear range of the volt-
age response. The percentage sag that occurred in some neurons
in response to hyperpolarizing and depolarizing current pulses
was calculated as 100 X (Vimax— Vend)/ Vimax> where Viax was the
peak voltage deflection and Vnq the voltage at the end of the
current pulse. Resting membrane potentials (RMPs) were
assessed in current-clamp mode 3-5 min after establishing the
whole-cell configuration. Spike duration was measured at the

half-maximal amplitude from threshold, and the amplitude
and time-to-peak value for the afterhyperpolarization (AHP)
which followed the action potential were measured from the
equipotential point on the repolarizing phase.

Histological procedures

Following recording, slices were fixed in 4% paraformalde-
hyde and 0.2% glutaraldehyde in 0.12 M phosphate buffer
(4°C, pH 7.4) for about 15 h. They were then transferred to a
solution of 30% sucrose in phosphate buffer containing 0.9%
NaCl (phosphate-buffered saline (PBS); pH 7.4) and 0.01%
NaNj as a preservative. Slices were resectioned at 70 um on a
freezing microtome and collected in PBS. For immunobhisto-
chemistry of LY, endogenous peroxidases were blocked by pre-
incubating slices in 0.5% H,O,. Slices were washed in PBS and
floating sections were incubated overnight at 4°C in biotinylated
anti-LY from rabbit (Molecular Probes, Leiden, The Nether-
lands; 1:200 working dilution) in PBS containing 0.3% Triton
X-100 (Sigma). After washing, slices were incubated for 2 h in
the avidin-biotin complex (Vector Laboratories, Burlingame,
CA, USA; 1:100 in PBS with 0.3% Triton X-100). Washes in
PBS were followed by additional washes in 0.12 M acetate buff-
er (pH 6). Staining was achieved by the 3,3’-diaminobenzidine
technique  with  heavy-metal amplification by adding
HgN,NiOgS; (2.5 g/100 ml), NH4Cl and CoCl, (both 40 mg/
100 ml). After 20 min of preincubation the reaction was cata-
lyzed using 0.3% H,O,. Rinsing the tissue in acetate buffer and
PBS stopped the reaction. Slices were then mounted, dehydrated
and coverslipped.

Quantitative measures of cell morphology were made using a
Leica DMR (Leica, Wetzlar, Germany) and the analySIS soft-
ware package (Soft-Imaging Software, Miinster, Germany).
These analyses were limited to those cells in which the majority
of the dendritic arbor was preserved after resectioning. Den-
dritic length was measured at X25 or X50 magnification and
spines were counted at X125 magnification. Measurements
for the area covered by a neuron’s dendrites and the dendritic
field diameter were obtained by aligning images of all sections
and subsequently ‘connecting’ the tips of the dendrites. This
proved valid, especially as most neurons — with the exception
of few type IV neurons — had symmetrical dendritic fields. For
some cells camera lucida reconstructions were drawn using a
Leitz BioMed with a drawing tube at X 12.5 or X 50 magnifi-
cation.

Data analysis. Data are presented as means = S.E.M. Statis-
tical analyses were done using the SPSS 8.0 software package.
The differences among cell classes for the various parameters
were compared by analysis of variance (ANOVA) and the sta-
tistical significance of the differences (P <0.05) was examined
with a Scheffe test for multiple comparisons.

RESULTS

Stable whole-cell recordings were obtained from 136
cells in the NCL. Neurons were selected only if they
exhibited a RMP more negative than —55 mV and an
overshooting action potential. Neurons were classified
into four distinct types according to qualitative differen-
ces in their intrinsic firing properties and in the voltage
responses to hyperpolarizing current pulses. For 70 of
the neurons thus characterized basic morphological fea-
tures were analyzed after filling with LY. The two main
cell types (types I and II) could not be distinguished with
regard to their morphological characteristics. The distri-
bution of cell types did not vary throughout the NCL
(Fig. 1).
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Fig. 1. Distribution of 70 neurons in the chick NCL that were

characterized both electrophysiologically and morphologically.

Cells were classified according to their electrophysiological proper-
ties.

Type I neurons

Type I cells displayed a characteristic firing pattern
that consisted of a single action potential or a brief
burst of spikes. Type I cells represented 56 of the 136
cells characterized (41%).

Firing properties. Type I cells were marked with their
tendency to fire a single action potential or two to eight
clustered spikes at high frequency at the onset of depo-
larizing pulses (Fig. 2A). After the end of these ‘bursts’,
type I neurons typically did not fire further action poten-
tials during prolonged (1.1 s) depolarization. The num-
ber of action potentials in a burst and the instantaneous
spike frequency varied with regard to the current ampli-
tude injected (Fig. 2A, C). However, in the course of
other experiments spontaneous occurring all-or-none
bursts were found both in type I and type II neurons
(see below) when fast GABAergic inhibition was abol-
ished in the slice by adding picrotoxin (100 uM) to the
extracellular solution (data not shown). In these sponta-
neous bursts usually four to six spikes rode on a depolar-
izing envelope that was followed by an AHP of long
duration (tens to hundreds of ms).

In type I cells the threshold for firing an action poten-
tial occurred at relatively high depolarized potentials,
especially in relation to their negative RMP (Table 1).
Type I cells varied with respect to their behavior in the
subthreshold voltage range: in response to subthreshold
depolarizing current pulses the majority of type I cells
(38 of 56) showed prominent low-threshold potentials
that were not seen in the remaining neurons (cf.
Fig. 2A1, A2). Furthermore, most of the cells that
showed these transient ‘hump’-like depolarizing
responses also displayed a complex pattern of afterpo-
tentials that followed the first spikes. These consisted of
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an initial, fast AHP that was followed by an intercalated
depolarizing afterpotential and a late medium-duration
AHP (see Fig. 2A1). The remaining type I cells showed
only a monophasic AHP (cf. Fig. 2A2).

Membrane rectification. Type I cells had low appar-
ent input resistances and intermediate membrane time
constants (Table 1). In response to hyperpolarizing cur-
rent pulses that drove the membrane potential more neg-
ative than about —80 mV, all type I neurons showed a
pronounced fast-activated inward rectification resulting
in an upward bend in the current-voltage relation
(Fig. 2D). Most type I cells also showed membrane out-
ward rectification at the end of the current pulse, result-
ing in a downward bend in the /-V plot at depolarized
potentials (Fig. 2A).

Morphology. Of the 56 physiologically characterized
type I cells 30 were successfully recovered and morpho-
logically reconstructed. Single or burst firing neurons
had large round or fusiform somata (diameter 15-22
um; Table 2) and multipolar arranged dendrites. Den-
drites were usually long (dendritic field diameters 230—
328 um; Table 2) and displayed medium to high spine
densities (Figs. 2B, 7A, B and 8). The axon branched
near the soma and gave rise to thin collaterals that rami-
fied in a loose local plexus (Figs. 2B, 7A and 8). In
addition to these recurrent collaterals which displayed
numerous varicose-like swellings, often two to five longer
collaterals were observed that projected outside the NCL
(cf. Fig. 2B, insert). These axonal arborizations showed
less varicosities and followed one of three general direc-
tions: In most cases one to three collaterals moved ven-
trally within the plane of the slice to terminate within the
underlying archistriatum. Other collaterals traveled
through the NCL either dorsomedially, towards the
auditory subunit of the NCL, the neostriatum dorsale
(Nd), and possibly other sensory forebrain areas, or ven-
tromedially, in the direction of the basal ganglia (cf.
Metzger et al., 1998; Kroner and Giintiirkiin, 1999).
Ventromedially directed arborizations, however, could
be followed only over relatively short distances before
they left the sagittal plane of the slice.

Type II neurons

Type II cells were characterized by their repetitive fir-
ing pattern. They represented 49 of the 136 neurons
studied (36%).

Firing properties. Most characteristics of the first
action potential were similar to those found in type I
neurons (Table 1). In contrast to type I neurons, how-
ever, type II neurons had a significantly xmore depo-
larized RMP. More importantly, relatively small
somatically injected depolarizing current pulses readily
elicited tonic firing in type II cells. Two typical examples
of type II cells are shown in Fig. 3A. Current pulses that
depolarized type II cells just above threshold usually
evoked a single action potential that often had long
latencies. With larger depolarizing currents a pattern of
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Fig. 2. Intrinsic firing properties and membrane rectification of type I neurons. (A) Examples of voltage responses to hyper-
polarizing and depolarizing current pulses (—400-700 pA in Al and —300-800 pA in A2) in two neurons that showed rapid
adaptation of action potential firing. Type I cells typically responded with ‘bursts’ of action potentials to current pulses of
increasing intensity. Both cells show membrane inward rectification to relatively large hyperpolarizing currents and outward
rectification to depolarizing currents in the spike threshold range. The cell in Al displays a prominent subthreshold ‘hump’-
like potential and a depolarizing afterpotential following single spikes. The cell in A2 shows only monophasic AHPs of com-
paratively long duration. Note that there is also apparently less membrane rectification in this cell than in the cell shown in
Al. (B) Camera lucida reconstruction of a type I neuron. The soma and dendrites are drawn in black; the axon collaterals
are shown in gray. Scale bar=50 um. Insert: location of the same cell in the caudal neostriatum. Scale bar=500 pm.
(C) Relationship between the instantaneous spike frequency (as the inverse of inter-spike interval) and time for different
current amplitudes for the cell shown in Al. (D) Current-voltage relationship of the cell shown in A. Deviations of the
potential from the extrapolated ohmic responses close to resting potential reflect inward and outward rectification, respec-
tively.
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Fig. 3. Intrinsic firing properties and membrane rectification of type II neurons. (A) Examples of voltage responses to hyper-
polarizing and depolarizing current pulses (—300-700 pA) in two neurons that showed a phasic-tonic firing of action poten-
tials over long depolarizing current. The cell in Al displays fast inward rectification to hyperpolarizing current pulses. The
cell in A2 shows the same fast inward rectification and additionally a sag in the voltage response to relatively large hyper-
polarizing current pulses, resulting in a rebound overshoot at cessation of current pulses. See text for details. (B) Camera
lucida reconstruction of a type II neuron. The soma and dendrites are drawn in black, the local axon collaterals are shown
in gray. Scale bar=50 um. (C) Relationship between the instantaneous spike frequency and time for different current ampli-
tudes for the cell shown in A2. After a phasic response the spike frequency rapidly adapts to a steady-state tonic firing.
(D) Current-voltage relationship of the cell shown in A2. @, voltage response measured at the end of the current pulse;
A, voltage at the peak.
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phasic-tonic firing emerged in which a train of action
potentials followed a short burst. This train of action
potentials showed conspicuous frequency adaptation
(Fig. 3A, lower traces, and Fig. 3C), but the repetitive
firing pattern could be sustained at low frequencies
(between 5 and 15 Hz) over long depolarizing current
pulses (see also Fig. 4 for differences between type I
and II neurons). A comparatively negative action poten-
tial threshold (Table 1) facilitated this firing behavior. A
number of type II cells (29 of 49) showed the same se-
quence of afterpotentials following an action potential as
described for the subset of type I neurons above.

Membrane rectification. Among the four types iden-
tified, type II neurons had the lowest input resistance and
an intermediate membrane time constant (Table 1). Type
IT cells differed with regard to the existence of a hyper-
polarization-activated time-dependent inward rectifica-
tion: when hyperpolarizing current pulses were applied
to type II cells a fast-activated inward rectifying conduc-
tance appeared at membrane potentials more negative
than about —80 mV (Fig. 3A1). This inward rectification
resulted in a slight upward bend in the hyperpolarized
portion of the current-voltage plot when compared with
the extrapolated linear portion (Fig. 3D, voltage at
peak). In the majority of type II neurons (37 of 49) in
addition a small sag in the voltage response (3.1-8.1%
sag) could be seen at potentials more negative than —80
mV. This delayed inward rectifying conductance pushed
the membrane potential back towards resting values and
led to a rebound overshoot at the termination of hyper-
polarizing current pulses (Fig. 3A2). The amplitude of
the sag increased with more hyperpolarized membrane
potentials (Fig. 3D, voltage at end). These cells in addi-
tion seemed to possess the same fast-activated inward
rectification seen in the remaining type II neurons
(above) as their peak voltage responses exhibited inward
rectification over the same range of membrane potentials
as the time-dependent inward rectification (Fig. 3D). At
depolarizing voltage steps the membrane potential often
depolarized more than expected from the ohmic response
around resting potential, indicating the contribution of
an inward rectification in the voltage range close to spike
threshold. During long current pulses the membrane

Number of spikes

Type | I

900

a(rvv..

100 200 300
Current (pA)

Fig. 4. Differences in firing patterns between type I neurons and
type II neurons correlate with the sensitivity to current injection.
Relationship between somatically injected depolarizing current and
the number of evoked action potentials in type I (n=156) and type
I (n=49) neurons. Type II neurons (open symbols) require a
smaller amount of current to initiate action potential firing (rheo-
base) and are able to sustain firing during long depolarizing cur-
rent pulses (cf. Table 1). Type I neurons on the other hand show
complete firing arrest during prolonged depolarization. Data are
means £ S.E.M.

400 500 600 700 800

potential sagged back towards rest (4.8-19.4% sag)
resulting in a rebound undershoot at the termination of
the current pulse (Fig. 3A2).

Morphology. The morphology of 24 type II cells that
were successfully recovered closely resembled that of type
I cells (Figs. 3B, 6C, D and 7). They had large oblique
somata (diameter 16-23 um; Table 2) and long, thick
multipolar dendrites. The dendrites of type II neurons
had a similar number of branch points and displayed
an equally high number of spines as type 1 neurons
(Table 2). On average, the dendrites of type II cells
were slightly longer than those of any cell type and
they covered large areas (diameter of dendritic field
232-302 um; Table 2). The axons of type II neurons
often formed a radial axonal plexus in the vicinity of
the soma giving rise to several local ramifications as
well as long collaterals that projected to targets beyond
the borders of the NCL. As in type I cells most neurons

Table 1. Electrophysiological characteristics of classes of neurons in the NCL (means* S.E.M.)

Type 1 Type 11 Type 11 Type IV Significant differences®

(n=56) (n=49) (n=16) (n=15)
Resting potential (mV) —=76.7 (£0.6) —73.7(x0.7) —64.0(x1.2) —67.5(%x1.1) Type I>11>1II, IV
Input resistance (M) 186.1 (£11.5) 166.4 (+£8.3)  470.5 (+£24.5) 569.1 (£20.1) Type IV>II>1, II
Membrane time constant (ms) 45.7 (£2.1) 39.1 (£2.1) 31.2 (+£3.6) 93.0 (£7.7) Type IV>1, 11, 111
Spike threshold (mV) —309 (£0.5) —33.8(x0.5) —37.8(x0.8) —27.1(%£0.7) Type II>I1>1>1IV
Max. number of spikes 3.8 (204 9.8 (+£0.6) 43.6 (£4.1) 6.4 (£0.9) Type HI>11> I; type III >1V
(1.1 s depolarizing pulse)
Rheobase current (pA) 306.9 (£20.3) 225.0 (£13.1) 523 (%79 76.7 (£9.4) Type I >11>111, IV
Spike duration at half-amplitude (ms) 1.82 (£0.05) 1.70 (+0.06) 0.91 (£0.08) 223 (£0.1) Type IV>T1, II1>111
Rise time (10-90%; ms) 0.67 (£0.02) 0.59 (£0.02) 0.44 (£0.04) 1.11 (£0.1) Type IV>1, II; type I >111
Fall time (90-10%; ms) 1.49 (£0.04) 1.42 (£0.04) 0.93 (£0.07) 1.70 (£0.09)  Type IV>11>1II; type [ > III
Spike amplitude (mV) 582 (+1.4) 572 (£ 1.3) 494 (£2.8) 48.8 (£1.8) Type I, I >1II; type [ >1V
AHP amplitude (mV) —17.6 (£0.5) —18.0 (x0.5) —18.0(*1.0)0 —16.7 (x1.1)

2Significant differences indicated by the use of a Scheffe test for multiple comparisons after ANOVA (P <0.05).
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Fig. 5. Intrinsic firing properties and membrane rectification of a type III cell. (A) Voltage responses to hyperpolarizing and
depolarizing current pulses (—120-240 pA). There is a large sag in response to strong hyperpolarizing current pulses, which
results in a rebound overshoot that is large enough to trigger spikes. Small depolarizing currents elicit continuous firing at
comparatively high frequencies. (B) Camera lucida reconstruction of a type III neuron. Scale bar =50 um. (C) Relationship
between the instantaneous spike frequency and time for different current amplitudes for the cell shown in A. There is some
frequency adaptation after the first few spikes, but the cell maintains a high-frequency firing without further attenuation over
a long current pulse. (D) Current-voltage relationship of the cell shown in A. @, voltage response measured at the end of the
current pulse; A, voltage at the peak.

sent one to three descending collaterals towards the Type III neurons

archistriatum but also had additional arborizations that

seemed to travel ventromedially and dorsomedially (cf. The key features of type III neurons were the ability to
Fig. 7, insert), probably making numerous contacts with fire action potentials at a high frequency and a promi-
other cells within NCL on their way. nent sag in the response to hyperpolarizing current
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Fig. 6. Intrinsic firing properties and membrane rectification of a type IV cell. (A) Voltage responses to hyperpolarizing and

depolarizing current pulses (—180-360 pA). The cell shows large voltage responses to small hyperpolarizing current pulses

with relatively little inward rectification. Small depolarizing current pulses readily elicit short bursts of action potentials.

(B) Camera lucida reconstruction of a type IV neuron. The soma and dendrites are drawn in black, the axon collaterals are

shown in gray. Scale bar =50 um. (C) Relationship between the instantaneous spike frequency and time for different current

amplitudes for the cell shown in A. (D) Current-voltage relationship of the cell shown in A. The input resistance is high, and
the voltage response shows only little inward rectification to large current pulses.

pulses, as well as a short action potential duration. Type
IIT cells represented 16 of the 136 cells (12%) character-
ized.

Firing properties. In response to small suprathreshold
depolarizing current pulses all neurons designated as
type III responded with regular tonic firing that showed
only relatively little frequency adaptation (Fig. 5). Thus,
type I1I cells were able to initially fire action potentials at
frequencies of about 100 Hz. After several spikes the

firing rate usually accommodated to some degree, but
sustained firing over long depolarizing current pulses
continued at frequencies much higher than found in
any other cell class (Fig. 5C). These cells also showed
the most positive RMPs, while generally having the
most negative threshold for the initiation of an action
potential (Table 1). The duration of action potentials
in type III cells was by far the shortest among all classes,
which was also reflected by short rise and fall times
(Table 1). The action potential was followed by an
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Fig. 7. Morphological features of cell types in the NCL of the chick. (A-H) Photomicrographs of LY-filled neurons that
were classified according to their electrophysiological properties following somatic current injection (see text for details).
(A) Example of a neuron that responded to depolarizing current pulses with rapidly adapting bursts of action potentials
(type I). (B) Detail of a dendrite with numerous spines from another type I cell. (C) Example of a neuron that responded
with phasic-tonic firing of action potentials in response to depolarizing currents (type II). The arrow points to where the
axon leaves the cell body. (D) Detail of a type II cell showing a dendrite with numerous spines and part of an axon (top
left). (E) Example of a sparsely spineous type III cell. (F) Detail of the cell shown in E. In the center of the photomicrograph
is a dendrite; parallel to this run axon collaterals above and below. (G) Example of a cell that had high input resistance,
small action potentials of long duration and showed only little inward rectification to hyperpolarizing current pulses (type
IV). (H) Detail of the dendrites of another type IV cell. Scale bars =50 pm (A, C, E, G), and 20 um (B, D, F, H).

AHP that was large in amplitude compared to the rela-
tively small amplitude of the spike (Table 1).

Membrane rectification. Type III cells had compara-
tively high input resistances but short membrane time
constants (Table 1). In response to hyperpolarizing cur-

rent pulses (membrane potential more negative than —80
mV) a prominent sag in the voltage response (9-21.5%
sag) occurred that was followed by a rebound depolari-
zation at cessation of the current pulse. The time-depen-
dent inward rectification and the rebound overshoot
increased as the hyperpolarizing current pulses increased.
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In response to larger negative current pulses the rebound
depolarization could initiate action potentials (Fig. 5A).
Type III neurons also appear to possess an additional
fast-activated inward rectifier, as the peak voltage
responses exhibited inward rectification over the same
range of membrane potentials as the time-dependent
inward rectification (Fig. 5D).

Morphology. Type III cells (n=7) were characterized
by small fusiform somata (diameter 10-14 um; Table 2)
and thin, aspiny or sparsely spiny dendrites (Figs. 5B,
7E, F and 8). In fact, in three out of seven neurons
that were successfully reconstructed the dendrites were
so thin that they could not be clearly distinguished
from the extensive local axonal ramifications. The
remaining three cells had relatively few long multipolar
dendrites (diameter of dendritic field 227-267 pum). The
dendrites showed a low number of total branch points
and especially few higher order (=fourth branches)
branchings (Table 2). The axon appeared to have a
large number of varicosities, and arborized extensively
to form a dense plexus of terminals in the vicinity of
the soma (Figs. 7E and 8). Several long protruding
axon collaterals formed symmetrical round or oval axo-
nal fields with diameters of about 545-736 um. Axons of
type III neurons could never be followed beyond the
borders of the NCL.

Type IV neurons

The key features of type IV cells are a high input re-
sistance and long membrane time constant, as well as
long action potential duration. Of the 136 cells charac-
terized, 15 (11%) were found to belong to this class.

Firing properties. Among the classes identified here
type IV cells had an intermediate RMP and a high
spike threshold. Their bursting spike pattern resembled

that of type I cells (Fig. 6), but type IV neurons were
able to initially fire a larger number of action potentials
(Table 1). However, in response to large depolarizing
currents the ability of type IV neurons to fire repetitively
was markedly attenuated (Fig. 6C). A characteristic of
cells in this class was the long action potential duration,
which was also reflected in the significantly longest rise
and fall times (Table 1). Furthermore, the action poten-
tials of type IV cells showed a prominent progressive
spike broadening during repetitive firing. Type IV cells
had comparatively small monophasic AHPs (Table 1).

Membrane rectification. The key feature required for
type IV cells was a long membrane time constant (> 65
ms). They also had the highest input resistance (> 400
MQ) among all classes of cells (Table 1) and showed
steep current-voltage relationships (Fig. 6C). Only at
membrane potentials more negative than —95 mV in
most neurons a weak, fast-activated inward rectification
became evident (Fig. 6D). All type IV cells showed a
prominent membrane outward rectification at depolar-
ized potentials but no sag.

Morphology. Type IV cells (n=9) were characterized
by small, oblique somata (diameter 12-16.5 um; Table 2)
and multipolar dendrites that possessed few thin spines.
Usually, proximal dendrites were short and thin, but
sometimes two or three main dendrites were seen that
had thick stems but tapered considerably with distance
from the soma (Figs. 6B and 7G). In these instances the
usual spherical form of the dendritic field (diameter 180—
225 pm) was tilted by these dendrites. The dendritic tree
of type IV neurons showed relatively few branches and
covered the smallest area among the four cell types
(Table 2). Axonal arborizations of type IV cells were
not as extensive as in type I or type II cells, but projec-
tions followed the same pattern seen in the other classes
of spiny neurons. One to three main collaterals

Table 2. Morphological characteristics of classes of neurons in the NCL (means + S.E.M.)

Type I Type 11 Type 11T Type IV Significant differences®
(n=30/n=14)® (n=24/n=14)b (n=7m=3)° (n=9/m=9)°
Soma size (um?) 210.0 (£9) 2259 (1£9) 111.6 (£6) 137.0 (£12) Type I, I1 > type 111, IV
Total dendritic length (um) 5438 (£266) 6123 (£278) 2624 (£48) 2769 (£404) Type I, II>type I, IV
Area of dendritic 52386 (+£2469) 60436 (£3172) 45975 (£1608) 29250 (£2709) Type I, I1 > type IV
arborizations (um?)
Number of dendrites 6.05 (£0.34) 6.31 (£0.34) 4.0 (£0.57) 4.33 (£0.33) Type 11 >1V
Number of branch points  54.3 (+1.7) 55.0 (+£2.5) 26.2 (£1.8) 31.1 (£2.2) Type 1, II > type III, IV
Number of spines 1.46 (£0.29) 1.86 (£0.39) 0.1 (£0.1) 1.57 (£0.43) -
(n/10 um) initial segment
Second branching 5.61 (£0.54) 6.08 (£0.43) 1.30 (£0.38) 2.69 (£0.49) Type I, I1 > type 111, IV
Third branching 7.35 (£0.53) 7.55 (£0.47) 1.74 (£0.36) 2.69 (£0.60) Type I, II > type I, IV
Fourth branching 8.24 (+0.68) 8.02 (£0.57) 0.56 (£0.01) 2.75 (£0.56) Type I, I1 > type III, IV
Fifth and sixth branching  9.71 (£0.78) 9.07 (+£1.03) - 2.92 (£0.82) n.a.
Direction of axon ventrally, ventrally, locally ventrally,
dorsomedially, and  dorsomedially, and dorsomedially, and
ventromedially ventromedially ventromedially

4Significant differences indicated by the use of a Scheffe test for multiple comparisons after ANOVA (P <0.05).
"The first number denotes the total number of cells that were analyzed for each cell type, the second number is the number of cells in which
values for the distribution of spines across the dendritic tree were obtained. n.a.: not applicable since not enough cases for statistical com-

parison.
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Archistriatum

Fig. 8. Comparison of the dendritic morphology and the local axonal arborizations in the four cell types of NCL. Somata

and dendrites are drawn in green, axon collaterals in red. With regard to spine density and dendritic thickness the examples

shown here for the type I and type II neurons represent extremes of what appeared to be a continuum. Scale bars =50 um.

Insert: low power reconstruction of the same type II neuron showing its position in the NCL. In addition to recurrent local

arborizations most neurons from all spiny cell classes possessed one or several axon collaterals that left the NCL ventrally

towards the archistriatum, ventromedially, in the direction of the basal ganglia, and/or dorsomedially, possibly to provide
feedback to sensory and associative forebrain areas. Scale bar =500 pm.

descended ventrally in the direction of the archistriatum,
while other collaterals traveled dorsomedially and/or
ventromedially within the NCL.

DISCUSSION
We have shown the existence of at least four cell types

within the NCL of chicks based on their intrinsic electro-
physiological and morphological properties. In general,

there was a good correspondence of physiological and
morphological criteria, although the two main types of
projection neurons, types I and II, could not be differ-
entiated by morphological criteria.

Cell types
Type I. Type I neurons possess a depolarized action

potential threshold despite a relatively negative resting
potential, and a prominent outward rectification in
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response to depolarizing current pulses. These properties
indicate that strong, temporally or spatially integrated
excitatory inputs are necessary for type I neurons to
fire. If sufficiently depolarized, cells in this class prefer-
entially responded with bursts of action potentials. Func-
tionally, a neuron’s ability to fire bursts of action
potentials will probably enhance its integrative role
within a network and aide the plasticity of synaptic con-
nections: burst firing may increase the probability of
driving the post-synaptic cell beyond spike threshold
(Snider et al., 1998). The high-frequency firing of action
potentials during a burst is thus thought to amplify a
neural signal and to synchronize the activity in a popu-
lation of post-synaptic cells, both temporarily and spa-
tially (Snider et al., 1998; Williams and Stuart, 1999). In
a set of type I and type II neurons single action poten-
tials or bursts were followed by three distinct afterpoten-
tials, consisting of an initial fast, and a late slow
afterhyperpolarization, separated by an intercalated
depolarizing afterpotential. Depolarizing afterpotentials
appear to be related to a neuron’s ability to fire bursts
of action potentials (Chagnac-Amitai et al., 1990; Magee
and Carruth, 1999). In mammals, the expression of the
afterpotential and the emergence of a tripartite AHP
have been shown to depend on changes during post-
natal development, and similarly, burst firing does not
develop before the third post-natal week (Kasper et al.,
1994). In contrast, chicks are already well developed at
hatch; accordingly, we observed evoked bursts in record-
ings from very young animals (2 days post-hatch, data
not shown).

Type II.  An initial tonic firing and a relatively hyper-
polarized action potential threshold may indicate that
the firing of type II cells is readily elicited by weak exci-
tatory inputs. The phasic-tonic firing pattern elicited with
large depolarizing currents indicates that type II neurons
respond strongly but transiently to a brief input, yet
produce a sustained response to a prolonged input; a
pattern that favors the augmentation of synaptic connec-
tions (Thomson, 2000). Functionally, the ability to gen-
erate a tonic firing mode could also enable type II cells to
retain information of their input for a short time period.
Pharmacological blockade or lesions of the NCL in
pigeons cause specific impairments in a variety of delay
tasks (Mogensen and Divac, 1982, 1993; Gagliardo et
al,, 1996, 1997; Guntirkiin, 1997; Diekamp et al.,
2000; Giintiirkiin and Durstewitz, 2000). In these experi-
ments, the animal has to hold on-line specific informa-
tion provided during a previous cue period to perform a
correct response after the end of the delay. In mammals,
neurons in the prefrontal cortex show enhancement in
their firing rate during the delay (e.g. Funahashi et al.,
1989). The sustained delay activity of these neurons may
provide the animal with the ability to hold an internal
representation of relevant aspects of the external world
that are needed for the organization of subsequent
responses (Goldman-Rakic, 1996). Neurons with similar
delay activities to those recorded from rat or primate
prefrontal cortex have been observed in the pigeon’s
NCL during a delayed Go/No-Go task (Kalt et al.,

1999). The ability of type II neurons to sustain firing
over long periods of time makes them likely candidates
to participate in the maintenance of sustained delay
activity within the NCL.

The majority of type II neurons furthermore showed a
small transient sag in the voltage response to hyperpolar-
izing currents, which was never seen in type I or IV
neurons. This inward rectification is likely to be mediated
by a voltage- and time-dependent hyperpolarization-acti-
vated mixed cationic current called 7;, (Pape, 1996; see
also discussion of type III below). It has been shown that
neurons with a time-dependent-inward rectifier fire
action potentials preferentially to rhythmic (oscillatory)
inputs (Hutcheon et al., 1996). Recently, neurons have
been described in the dorsal forebrain of zebra finches,
which participate in the perception of song pattern, and
which share a number of firing properties and morpho-
logical features with the type II neurons in the present
study (Dutar et al., 1998; Kubota and Taniguchi, 1998;
Mooney, 2000). Thus, type II neurons may represent
members of a common class of spiny projection neurons
in the dorsal forebrain of birds that can respond prefer-
entially to input of a specific pattern.

Type III. The electrophysiological and morphologi-
cal characteristics of the type III cells resemble those of
GABA-containing inhibitory interneurons found in the
mammalian telencephalon (McCormick et al., 1985;
Kawaguchi, 1995; Gupta et al., 2000), i.e. little or no
accommodation of spike frequency, and beaded aspiny
dendrites. Type III cells are capable of sustained firing of
action potentials at a wide range of frequencies. They are
thus able to perform a very reliable input-output con-
version, retaining the temporal pattern of their synaptic
inputs. These firing characteristics are facilitated by the
short rise and fall times of the action potential (Table 1).
In addition, the relatively pronounced AHPs of type III
cells may also enable sustained high-frequency firing of
action potentials in that they reduce the accumulation of
depolarization-dependent Na* channel inactivation
(Hamill et al., 1991; Erisir et al., 1999). Large AHPs
will also reduce the influx of Ca2t into the cell, thus
diminishing the effects of Ca?*-activated K* channels,
which otherwise might lead to prolonged hyperpolariza-
tion and spike frequency adaptation (Storm, 1990).
Another prominent feature in type III cells is the exis-
tence of the strong inward rectifying current /;, that ini-
tiates slow depolarization if the membrane potential has
become negative. In central neurons of mammals 7, has
been implicated in the determination of the resting
potential and the generation of ‘pacemaker’ potentials.
It also serves to decrease the propagation of subthresh-
old voltage potentials in dendritic trees, thereby regu-
lating the integration of synaptic inputs (Magee, 1998,
1999). In mammalian cortex GABAergic interneurons
have long been recognized for controlling the spread of
activity (Chagnac-Amitai and Connors, 1989), and the
synchronization of adjacent projection neurons via inhib-
itory phasing (Cobb et al., 1995; Benardo, 1997), which
might impose a rhythm on the activity of the principal
neurons (Buzsaki and Chrobak, 1995). With respect to
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the extensive local axonal arborizations of type III neu-
rons these putative interneurons of the NCL appear to
be able to control a large number of adjacent spiny ‘prin-
cipal’ neurons. In summary, given their intrinsic electro-
physiological and morphological properties type III
neurons of the NCL are equipped to play a similarly
important role for signal integration as their mammalian
counterparts.

Type IV. Type 1V neurons are characterized by high
input resistances, long time constants and a long dura-
tion of action potentials. A high input resistance and
long membrane time constant could increase the magni-
tude and duration of a cell’s response to imposed synap-
tic currents. These electrophysiological properties most
likely result from the morphology of type IV neurons,
which possesses small somata, and short, sparsely spine-
ous dendrites with few branchings. This morphology
should render type IV neurons electrotonically compact,
and reduce cable attenuation of distal dendritic synaptic
inputs. This could compensate for the comparatively
small number of synaptic inputs that these neurons
receive. Similarly, the long duration of action potentials
seen in type IV neurons may serve to facilitate their out-
put: activity-dependent spike broadening due to a reduc-
tion in specific K currents has been correlated with
increased efficacy of synaptic transmission onto the
post-synaptic target cell (see Byrne and Kandel, 1996
for review). Similarly, the significantly longer action
potentials of developing neurons might result in an
enhancement of synaptic transmission onto their post-
synaptic cells. It should also be noted that a high input
resistance, long time constant and a long duration of
action potentials are also characteristics of developing
cortical neurons in mammals (McCormick and Prince,
1987; Kasper et al., 1994) and possibly birds (Kubota
and Taniguchi, 1998). It is thus also conceivable that
type IV neurons represent a class of late maturing neu-
rons.

Connectivity and sensorimotor integration

The pattern of axonal arborizations described for the
four cell types here may provide further insight into the
anatomical arrangements that underlie (a) the integration
of various sensory modalities within the NCL, and (b)
the control of motor and limbic areas via the NCL’s
descending projections, as they have been indicated
from the results of tracing studies in vivo (Metzger et
al.,, 1998; Kroner and Gintiirkiin, 1999). Overlap in
the termination areas of sensory afferents indicates that
in large areas of the NCL single neurons might receive

multimodal input. In agreement with this, single-unit
recordings in vivo show that neurons in the NCL of the
pigeon can encode aspects of a memory task across
modalities (Kalt et al., 1999). The present data indicate
that individual cells, or a few interconnected neurons,
can provide for stimulus comparison across most sensory
compartments of the NCL (cf. Metzger et al., 1998;
Kroéner and Guntiirkiin, 1999), either through their
extensive local axonal arborizations or the long collater-
als that span the whole mediolateral and/or dorsoventral
extent of the NCL. It must be noted, however, that the
determination of the rostrocaudal extent of these intra-
NCL connections remains a critical topic, which was
constrained by the thickness of the slices used here.
The long axon collaterals of NCL neurons of all types
showed similar projection patterns, thus suggesting that
they innervate common targets. The trajectories of these
efferents followed general patterns outlined in previous
tracing studies in vivo (Metzger et al., 1998; Kroner and
Guntirkiin, 1999). Individual projection neurons of the
NCL thus appear to provide feedback to sensory areas
and/or send parallel efferent copies to the limbic and
motor regions in the archistriatum and the basal ganglia,
respectively. The latter finding is also noteworthy with
regard to comparisons with the organization of the cau-
dal forebrain in other birds. Based on similarities in the
pattern of connections and the location in the dorsocau-
dal forebrain it has previously been suggested that the
Nd, the auditory subunit of the NCL, may be related to
the HVC (used as the proper name) of songbirds (Wild,
1994; Metzger et al., 1998; Kroner and Giintiirkin,
1999). The HVC is involved in the production of song
and gives rise to two pathways that terminate in a motor
nucleus of the archistriatum and the so called area X of
the basal ganglia (Nottebohm et al., 1982; Fortune and
Margoliash, 1995). In the HVC of zebra finches these
projections arise from two separate populations of neu-
rons which resemble type I and type II neurons of the
present study, respectively (Dutar et al., 1998; Kubota
and Taniguchi, 1998). However, as pointed out above,
our anatomical findings make it unlikely that a similar
distinction between cell types exists in the chick fore-
brain. These differences might reflect the specialization
of the HVC relevant for singing and the need to exert
control over specific aspects of singing-related motor
behavior. In summary, our findings provide a framework
for further study into sensorimotor integration and asso-
ciative learning in chicks and possibly other birds.
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