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SUMMARY

The thalamic nucleus rotundus in birds relays visual information from the mesencephalic tectum to
the telencephalic ectostriatum. The present study examined the firing behaviors of rotundal cells in
response to depolarizing current injections in pigeon’s brain slices. Eighty-five cells examined could be
classified into five types according to their firing patterns. Type I cells (58.8%) evoked a spike, bursts or
regular spiking depending on current intensity. Type II cells (14.1%) produced a hump-like
depolarization that gave rise to a single spike at higher intensity. Type III cells (15.3%) fired a spike or
burst only at the onset of current injections. Type IV cells (8.3%) accelerated regular spiking as current
intensity increased. Type V cells (3.5%) produced spontaneous spikes that were eliminated by current at
higher intensity. The spiking patterns seem to be not correlated to the recording sites. Thirteen
neurobiotin-stained cells are multipolar neurons whose morphology is not related to firing patterns. The
functional significance of these firing patterns is discussed.
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INTRODUCTION

The visual system in nonmammals such as the pigeon is composed of the thalamofugal, tectofugal
and accessory optic pathways. The tectofugal pathway in birds, which is thought to be homologous to
the colliculo-pulvinar-cortical pathways in mammals, goes from the optic tectum to the ectostriatum via
the nucleus rotundus (nRt) (1,18), which receives input from tectal cells of layer 13 (3,11,12,17,22) and
projects to the ectostriatum (1,4). This main visual pathway in pigeons is involved in the analysis of

intensity, color, motion and patterns of visual stimuli (2,7,8,14). The nRt occupies a key position
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between the tectum and the ectostriatum so that revealing the physiological properties of rotundal cells
are necessary for the elucidation of visual information processing in the tectofugal pathway.

The nRt is divided into several distinct divisions, which are sensitive to luminance, color, motion or
looming stimuli, respectively (32,33). These physiological divisions are supported by subsequent lesion
studies (20). The nucleus is also differentially stained for acetylcholinesterase (24). On the other hand,
glutamate and y-aminobutyric acid (GABA) as transmitters and their receptor subtypes seem to be
homogeneously distributed throughout nRt (5,16). Excitatory and inhibitory actions of the nucleus of the
basal optic root on rotundal cells do not show any regional differences (31). However, little has been
known about the firing properties intrinsic to rotundal cells.

Previous studies have shown that there are two types of spiking patterns throughout nRt (15), and
that tectal cells projecting to nRt produce bursting and regular spiking patterns in response to
depolarizing current injections (23). Some recent studies have indicated that there exist at least five to
six firing patterns in the nucleus semilunaris, a component of the tectofugal pathway (29), as well as in
the nucleus lentiformis mesencephali and in the nucleus of the basal optic root in pigeons (27,28). It is
likely that the pigeon nRt may also possess a similar number of firing patterns in response to
intracellular current injections. Therefore, the present study was undertaken by using intracellular
recording and staining techniques to reveal the firing patterns intrinsic to rotundal neurons and whether
they are division-specific. This knowledge would help in our understanding the mechanisms of visual

information processing.

MATERIALS AND METHODS

Forty-four pigeons (Columba livia) were used following the guidelines established by the Society
for Neuroscience. Each pigeon was anesthetized with ketamine (40mg/100g body weight) and then
decapitated. Its brain was immediately removed from the skull, and washed in ice-cold artificial
cerebrospinal fluid (ACSF) containing (in mM) NaCl, 124; KCl, 5; CaCl,, 2; MgSQ,, 2; KH,PO,, 1.25;
NaHCO;, 26; glucose 10 (10), oxygenated with 95% O, plus 5% CO,. A brain block containing nRt was
glued on Vibroslice (Campden Instruments Ltd., UK) and coronally sectioned at 400um thickness. The
slices were transferred from a storage container into the recording chamber (BSC-HT, Medical System
Corp., USA) perfused with ACSF bubbled with 95% O, plus 5% CO, and then incubated at 35 +1 for
60 min before being recorded.

For intracellular recording and staining, a micropipette (0.5-1um tip diameter) filled with either 3
M potassium acetate or 2 M potassium acetate plus 2% neurobiotin (Vector Laboratories Inc., USA) was
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advanced into nRt in slices under microscopic control. Rotundal cells were impaled by applying brief
positive current pulses (4nA, 0.3s) and impalement was signaled by a sudden d.c. drop. Their firing
responses were examined by injecting depolarizing current pulses of 0.05-1.0nA and 300ms on.
Intracellular potentials or spikes were amplified (WPI Intra 767, USA), stored on magnetic tapes (RD-
135T Data Recorder, TEAC Corp., Japan), and then off-line analyzed with a computer.

In some experiments, neurobiotin was injected with positive current pulses of 1-4nA and 0.4-0.8s
on for 2-20 min. After 0.5-2 hrs survival, slices were removed from the recording chamber, fixed in 4%
paraformaldehyde and kept in a refrigerator overnight. They were then re-sectioned at 60um thickness.
The sections were histologically processed (19,21), and neurobiotin-stained cells photographed at
different depths of focus with a microscope. The morphology of rotundal cells was then scanned,
reconstructed and measured with computer software Adobe Photoshop.

RESULTS

Intracellular responses of 85 rotundal cells were examined to depolarizing current injections. Their
membrane potentials were 53 = 10mV (mean + S.D) ranging from —80 to —30 mV and recording depths
160 £ 70um throughout nRt. These cells could be classified into five types according to their firing

patterns in response to current injections:
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Fig. 1 Rotundal neurons respond to depolarizing current injections in five spiking patterns (I-V). I: Multi-phase
spiking cells. II: Single spiking cells. IIl: Frequency adaptation cells. IV: Regular spiking cells. V: Spiking
inactivation cells. Current intensities (nA) are shown in increasing magnitude (A-C) below the recording traces.
The resting potentials (mV) of these cells are indicated in the left column. Upward arrowheads point to electrical
artifacts at the onset of currents. Oblique arrow points to a hump-like depolarization. Scales: 20 mV, 100 ms.

Type I cells (multi-phase spiking, 58.8%) fired a single spike or burst consisting of 2-9 spikes
during threshold current (0.05-0.30nA). An additional group of spikes would occur at the middle or late
phase of higher current application (0.20-0.70nA). This intermittent firing was changed to regular firing
at a rate of 50-210 spikes/s when current intensity was increased to 0.50-1.00nA (Fig.1-I). These current
ranges overlapped because the ranges were different from cell to cell. Type II cells (single spiking,
14.1%) responded to threshold current (0.20-0.40nA) with a hump-like depolarization, which would
become a single spike at higher intensity (0.30-0.70nA). Further increase in intensity (0.50-1.00nA)
resulted in a single spike followed by a hump-like depolarization (Fig.1-II). Type III cells (frequency
adaptation, 15.3%) fired a single spike during threshold current (0.10-0.40nA). Higher intensity (0.30-
1.00nA) produced a burst containing 2-6 spikes at 50-120 spikes/s, followed by an adaptation period
without spiking activity (Fig.1-III). Type IV cells (regular spiking, 8.3%) responded with regular spikes
(10-46 spikes/s) to threshold current (0.10-0.30nA). Further increase in intensity (0.20-1.00nA) led to an
increase in firing rate to 30-140 spikes/s (Fig.1-IV). Type V cells (spiking inactivation, 3.5%)
spontaneously fired at 50-120 spikes/s, and these spikes were reduced in amplitude to small ones during
threshold current (0.10-0.30nA). They were further reduced in amplitude by increasing current intensity
and completely abolished when intensity was increased to 0.30-0.70nA (Fig.1-V).
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Fig.2  Photomicrographs (A, I-V) and computer-aided reconstruction drawings (B, I-V) of
electrophysiologically identified rotundal neurons. Drawings in (B) are reconstructed from several photographs of
a cell taken at different depths of focus. Sections I-V are not counterstained. Cells labeled with Roman numerals
I-V in (A) correspond to those with the same numerals in {(B). Arrows in (B-1, II) indicate dendritic varicosities.
Photo at the low-right comer (a) is a cross section (counterstained with cresyl violet) at the nRt level shows the
position of the type I neuron, whose photo is at the top-left, in the ventral nRt (horizontal arrow). Scale bars: 100
pm.

The recording sites of 85 cells were distributed throughout nRt, showing no apparent correlation
between the localization and physiological types of nRt cells examined. The morphological features of
13 rotundal cells (6 type L, 3 type 11, 1 type III, 2 type IV, and 1 type V cells) were demonstrated with
neurobiotin staining. All these were multipolar, radiating 4-8 primary dendrites that usually gave rise to
secondary dendnites with branches, but an axon was seldom observed. Numerous dendrites bore
varicosities, which are local enlargements in dendrites giving an appearance of beads. Fig. 2 shows the
photomicrographs and morphological reconstructions of some rotundal cells, which represent each of the

spiking patterns found in the present study.
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DISCUSSION

The firing patterns of a neuron in response to depolarizing current injections are intrinsic to the
neuron, because it is actually deprived of all external inputs from other neurons in vitro. The present
study finds three more types (III-V) of spiking patterns in nRt than the previous study (15). Type I cells
in both studies are characterized by multi-phase spiking. Though type II cells in the present study also
produce a hump-like depolarization as in the previous study, but they fire a large single spike when
higher intensity current is applied. All these discrepancies might be due to three facts: (a) slice
incubation temperature is higher here than that used before (35 vs. 30 ); (b) type II in the previous
study may result from lower slice vitality though it has also been reported in other species (25); and (c) a
sample here is twice that reported before (85 vs. 41 cells). Frequency adaptation (type III) and regular
spiking (type IV) cells are also found in the accessory optic nuclei (27,28), as well as in tectal cells
(10,23,25). Spiking inactivation (type V) cells are also found in the pigeon nucleus lentiformis
mesencephali (28). Generally speaking, various nuclei in the pigeon visual system produce similar
spiking patterns in response to current injections. Most of these spiking patterns also occur in some other
species (9,25). It is likely that several firing patterns might be fundamental and could be used for coding
various aspects of visual information depending on the afferent input and synaptic connections of
rotundal neurons.

Some fundamental firing patterns could be combined into a complex pattern. For example, multi-
phase spiking cells (type I) may be a combination of late-spiking, fast-spiking and frequency-adaptation
cells observed in the rat superior colliculus (25). Their spiking patterns could change from one to
another depending on the intensity of depolarizing currents. The firing patterns intrinsic to neurons may
be indicative of their physiological functions. For example, single spiking cells (type II) is recently
reported in the frog tectum and suggested to stem from ganglionic neurons, some of which probably
respond to diffuse light stimulation (9). Rapid cessation of firing activity might result from inactivation
of sodium-channels (25). Frequency adaptation cells (type III) fired a single or burst of spikes at the
onset of current application depending on intensity, suggesting that they might respond physiologically
to the onset of stimulus motion or light stimulation. Regular spiking mode (type IV) is most frequently
observed on in vivo and in vitro preparations because it can perform a linear summation of excitatory
responses (26), signaling the strength of stimulation. The proportion of spiking inactivation cells (type

V) in nRt is quite small, as in the pigeon nucleus lentiformis mesencephali (28).
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Though nRt in birds contains several anatomical (3,11,12) and physiological (6,20,32,33) divisions,
the present study does not show a division-specific distribution of the spiking patterns in nRt. This
apparently homogeneous distribution might be a bias due to a small sample of cells examined. However,
it is more likely that such firing patterns may be fundamental to a variety of neurons and their
interactions with visual inputs to different divisions result in the physiological divisions found in nRt. In
fact, any nRt neuron in vivo works in a neuronal network, which could be activated by visual inputs
from the tectum (3,11,12,17,22), the SP/IPS complex (3,30), the nucleus semilunaris (13), and/or the
nucleus of the basal optic root (31). To reveal the physiological interactions between intrinsic firing
patterns and external visual inputs, further studies would be needed by combining intracellular recording

and visual stimulation in animals.
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