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ABSTRACT

Intracellular recordings from the dorsal cochlear nucleus have identified cells with both
simple and complex action potential waveforms. We investigated the hypothesis that cartwheel
cells are a specific cell type that generates complex action potentials, based on their analogous
anatomical, developmental, and biochemical similarities to cerebellar Purkinje cells, which are
known to discharge complex action potentials. Intracellular recordings were made from a brain
slice preparation of the guinea pig dorsal cochlear nucleus. A subpopulation of cells discharged a
series of two or three action potentials riding on a slow depolarization as an all-or-none event;
this discharge pattern is called a complex spike or burst. These cells also exhibited anodal break
bursts, anomalous rectification, subthreshold inward rectification, and frequent inhibitory
postsynaptic potentials (IPSPs). Seven complex-spiking cells were stained with intracellular
dyes and subsequently identified as cartwheel neurons. In contrast, six identified simple-
spiking cells recorded in concurrent experiments were pyramidal cells.

The cartwheel cell bodies reside in the lower part of layer 1 and the upper part of layer 2 of
the nucleus. The cells are characterized by spiny dendrites penetrating the molecular layer, a
lack of basal dendritic processes, and an axonal plexus invading layers 2 and 3, and the inner
regions of layer 1. The cartwheel cell axons made putative synaptic contacts at the light
microscopic level with pyramidal cells and small cells, including stellate cells, granule cells,
and other cartwheel cells in layers 1 and 2. The axonal plexus of individual cartwheel cells
suggests that they can inhibit cells receiving input from either the same or adjacent parallel
fibers and that this inhibition is distributed along the isofrequency contours of the

nucleus. © 1994 Wiley-Liss, Inc.

Key words: auditory system, hearing, electrophysiology, intracellular recording, dye staining

One of the distinguishing features of the dorsal cochlear
nucleus (DCN) is its diversity of cell types, the majority of
which are intrinsic neurons that create an intricate local
neuronal circuit. The most numerous interneuronal popula-
tions are the cartwheel cells and the granule cells; both of
these cell types are involved in circuits that terminate on
the principal neurons of the nucleus, the pyramidal cells.
The cartwheel cells are found in the molecular and granular
layers of the nucleus and share many anatomical and
immunocytochemical features with cerebellar Purkinje cells.
They are part of a cerebellar-like circuit located within the
cochlear nucleus and receive their main excitatory input
from parallel fibers arising from cochlear nucleus granule
cells. Cartwheel cells are immunoreactive for gamma-
aminobutyric acid (GABA; Wenthold et al., 1986; Peyret et
al., 1986; Kolston et al., 1992), glutamic acid decarboxylase
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(GAD; Mugnaini, 1985), glycine (Wenthold et al., 1987;
Kolston et al., 1992), the putative calcium binding protein
PEP-19 (Berrebi and Mugnaini, 1991), a subunit of the
metabotropic glutamate receptor (Petralia et al., 1993;
Wright et al., 1993), and cerebellin (Mugnaini and Morgan,
1987). Small neurons assumed to be cartwheel cells are
immunolabeled by antibodies to protein kinase C (Saito et
al., 1988), the inositol triphosphate receptor (Mignery et al.,
1989; Ryugo et al., 1992), and the peptide L7, each of which
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is also found in high concentration in Purkinje cells.
PEP-19 and L7 stain few other cell types in the brain and so
have been used as specific markers for cartwheel neurons
(Berrebi and Mugnaini, 1991) and as support for a common
developmental lineage of the two cell types (Berrebi et al.,
1990). Cartwheel neurons also share with Purkinje cells a
high dendritic spine density (Wouterlood and Mugnaini,
1984) and, at least in guinea pigs, a polar orientation of the
dendrites toward the ependymal surface (Hackney et al.,
1990).

On the other hand, cartwheel cells and Purkinje cells
exhibit some differentiating features. Each Purkinje cell
receives innervation from a climbing fiber, but climbing
fiber innervation of cartwheel cells has yet to be reported, in
spite of extensive anatomical study. Furthermore, cart-
wheel cells are immunocytochemically positive for glycine
as well as GABA (and GAD), suggesting that they may use
either or both amino acids as their neurotransmitter,
whereas Purkinje cells label only for GABA (GAD) and
appear to use GABA as their principal neurotransmitter.
Finally, a cyclic guanosine monophosphate (cGMP)-depen-
dent protein kinase found in abundance in Purkinje cells is
only weakly expressed by cartwheel cells (DeCamilli et al.,
1984).

Nevertheless, the morphological, biochemical, and devel-
opmental similarities between cartwheel neurons and Pur-
kinje cells suggest that these separate cell types may share
physiological characteristics through a developmentally
regulated expression of similar sets of ion channels. Com-
plex action potential bursts are characteristic of cerebellar
Purkinje cells and are, in part, generated by dendritic
calcium conductances (Llinas and Nicholson, 1971; Llinas
and Sugimori, 1980; Sugimori and Llinas, 1990; Ross et al.,
1990; Lev-Ram et al., 1992). In previous intracellular
studies of the DCN, a population of cells exhibiting complex
action potentials has been recorded in DCN slices (Hirsch
and Oertel, 1988; Manis, 1990) but these cells were not
morphologically identified. More recently, Zhang and Oer-
tel (1993a) reported on a population of complex spiking cells
in the young mouse that they identified as cartwheel cells.
In the present study, we investigated the hypothesis that
complex spiking cells in the guinea pig DCN are cartwheel
neurons. Preliminary results of these studies have been
reported in abstract form (Spirou et al., 1991; Manis et al.,
1993).

MATERIALS AND METHODS
Slice preparation

Slices from guinea pig brain were prepared as previously
described (Manis, 1990). Briefly, pigmented guinea pigs
weighing 200-700 g (>1 month old) were anesthetized
with pentobarbital (35 mg/kg) and decapitated, and the
brainstem was quickly removed. Brain slices 350 pm thick
were cut through the dorsal cochlear nucleus with an
oscillating tissue slicer. Slices were prepared either parallel
to the strial axis (see Manis, 1989) or orthogonal to this
plane, in the transstrial axis (Blackstad et al., 1984). The
latter plane is approximately parallel to the isofrequency
planes of the nucleus. The slices were incubated for 1-2
hours before transfer to the recording chamber. Slices were
prepared in a HEPES-buffered solution containing (in mM)
134 NaCl, 5 KCl, 1.25 KH,PO,, 10 glucose, 10 HEPES
buffer, 0.2 CaCl,, and 4.0 MgSO,, pH 7.35, and equilibrated
with 100% O, at 22°C. The incubation and recording
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medium contained (in mM) 130 NaCl, 3 KCl, 1.25 KH,PO,,
20 NaHCOj, 10 glucose, 2.5 CaCl,, and 1.3 MgSO,, pH
7.35-7.4, and was equilibrated with 95% 0,-5% CO, at
34°C.

Recordings

The recording system and data collection protocols have
been described previously (Manis, 1990). Intracellular re-
cordings were made with fine-tipped glass micropipets filled
with 3 M potassium acetate and 5 mM potassium chloride,
or 3 M potassium chloride, 40-80 M() resistance. In some
experiments, cells were marked for morphological identifi-
cation using one of three different dyes (see below): Lucifer
yellow CH, neurocytin, or horseradish peroxidase (HRP).
Lucifer yellow, neurocytin, and HRP-filled pipets had resis-
tances of 80-150 M(). Electrodes were advanced into the
DCN under visual control. One advantage of the guinea pig
DCN for this study is its highly laminar organization
(Berrebi and Mugnaini, 1991; Hackney et al., 1990), and the
concentration of cartwheel cells within the deeper part of
layer 1 and the upper part of layer 2. We used this
knowledge to optimize the probability of cartwheel cell
impalement during intracellular recordings by directing
our electrodes into the region where the cells are most
numerous. The boundary between these layers is clearly
visible in transilluminated slices as a difference in the light
scattering produced by different densities of myelinated
fibers in each layer.

Intracellular injections and histology

Lucifer yellow. Four percent Lucifer yellow CH (Sigma)
was dissolved in 0.25 M lithium chloride. Lucifer yellow was
injected into cells using 2 nA negative current pulses of 250
msec duration at a rate of 3 Hz. Each negative pulse was
followed by a 1 nA positive step for 83 msec. Three to six
hours later, the slice was immersed in 5% formalin with 5%
dextrose in a 0.15 M phosphate-buffered saline (PBS) for
fixation. After 24-48 hours, the slice was rinsed and
immersed in a drop of dimethyl sulfoxide on a coverslip
(Grace and Llinas, 1985), viewed using epifluorescent illu-
mination, and photographed. The slices were then rinsed in
PBS and stored in the dark in fixative. Up to 6 months later
(and, for one cell, 2 years later), the slices were embedded in
a gelatin-albumin solution hardened with glutaraldehyde,
and 50 um sections were cut on a vibratome. The sections
were collected in 50 mM Tris-buffered saline (TBS) and
placed in the primary antibody (Molecular Probes, Eugene,
OR; rabbit anti-Lucifer yellow) at a dilution of 1:500 in 1%
normal goat serum, 0.2% bovine serum albumin (BSA), 1%
Triton X-100 in 0.05 M TBS for 42 hours at 5°C on a
rotating shaker. The tissue was briefly rinsed in 50 mM
Tris buffer and incubated with goat anti-rabbit IgG conju-
gated to HRP (Vector Labs, Burlingame, CA), diluted 1:500
in the same diluent as used for the primary antibody, for 2
hours at room temperature. Tissue was washed in TBS,
incubated for 20 minutes in 0.025% diaminobenzidine
(DAB) in 0.1 M TBS (pH 7.6), reacted for 25 minutes in
fresh DAB solution with 0.002% H;0,, rinsed in TBS,
counterstained with 0.5% cresyl violet, dehydrated, and
coverslipped in Permount.

Neurocytin. Neurocytin (Vector Labs), 4%, was dis-
solved in 0.5 M KAc, 50 mM Tris, pH 7.4 (Horikawa and
Armstrong, 1988). The dye was injected into cells using 2
nA positive current pulses, 250 msec in duration, at 3 Hz
for 5-20 minutes. One to six hours after the injection, slices
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were immersed in a solution of 4% paraformaldehyde in 0.1
M phosphate buffer (pH 7.4) overnight at 5°C. Slices with
injected cells were embedded in gelatin-albumin, cut on a
Vibratome into 50 pm sections, rinsed in TBS, and incu-
bated for 4 hours in a standard ABC solution (Vector Labs).
Sections were rinsed again in TBS and reacted using DAB
and counterstained as described above.

Horseradish peroxidase. Electrodes contained a solu-
tion of 4% HRP (Sigma Type VI) in 0.5 M KCl, 50 mM Tris,
pH 7.6. HRP was injected into cells using 2—4 nA positive
current pulses, 250 msec in duration, at 3 Hz for 5-20
minutes. Three to six hours later, slices were immersed in a
solution of 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4) overnight at 5°C. Slices with injected cells were
embedded in gelatin-albumin, cut on a Vibratome into 50
wm sections, rinsed in TBS, and reacted using diaminoben-
zidine (DAB) and counterstained as described above.

Microscopic analysis

All seven stained cells exhibiting complex spikes, and five
of six cells exhibiting simple spikes were drawn and ana-
lyzed with the aid of a light microscope and drawing tube.
(The one cell that was not drawn exhibited apical and basal
dendrites typical of pyramidal cells, but the neurocytin
labeling was too faint to reconstruct the entire dendritic
arborization with confidence.) Cells were reconstructed at a
total magnification of x 1,000 (x40 oil-immersion objective,
NA 1.0) or X2,500 (x 100 oil-immersion objective, NA 1.25).
Individual neurons with their axonal and dendritic arboriza-
tion extended across multiple sections within a single slice
but were pieced together by matching the cut ends of
labeled processes on adjacent tissue surfaces. Labeled cells
were characterized with respect to the size, shape, and
location of their cell bodies; the presence or absence of basal
dendrites, amount of dendritic branching; and the nature of
dendritic spines. The cell bodies of counterstained neurons
that abutted axonal swellings were also drawn and identi-
fied on the basis of size, shape and location, shape and
position of their nuclei and cytoplasmic staining features
(see, e.g., Osen, 1969; Hackney et al., 1990). Pyramidal cells
were identified by their relatively large elongated cell body
with a central nucleus and clumped cytoplasmic Nissl
substance. Granule cells were identified by their small size
and relatively round nucleus with a single prominent
nucleolus and little cytoplasm. Stellate cells were identified
as small cells, of round or ovoid shape, with a relatively
large nucleus, prominent nucleolus, and the presence of
thin dendritic processes leaving the cell body. Cartwheel
cells were identified as medium-sized round cells, approxi-
mately 15 pm in diameter, with a centrally placed nucleus
and pale cytoplasm. Cartwheel cells have a distinct nuclear
indentation (see, e.g., Wouterlood and Mugnaini, 1984) that
was frequently visible and used as an identifying criterion.
The long axis diameter (mean = S.D.) of the cell body was
determined by measuring the longest dimension passing
through the nucleus, and the short axis diameter was
represented by the longest dimension passing through the
nucleus perpendicular to the long axis.

The populations of physiologically characterized and
stained cells were compared to populations of cartwheel and
pyramidal cells identified on the basis of cytologic criteria
(Hackney et al., 1990). Unlabeled cells were selected and
analyzed from the same tissue in which intracellularly
stained cells were recovered. Cartwheel cells from addi-
tional animals were also identified on the basis of their
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selective immunoreactivity against the inositol 1,4,5-
triphosphate receptor antibody (Ryugo et al., 1992) and
measured as described above.

RESULTS

Recordings were made from 29 complex spiking neurons
in the DCN. Seven complex spiking cells and six simple
spiking cells were successfully and unambiguously stained
with dyes for morphological evaluation. Twelve of the
complex spiking cells were recorded during a previous study
(Manis, 1990) but were not discussed in that report. One of
the Lucifer yellow-stained simple spiking cells from that
study was reacted with an antibody to Lucifer yellow to
permit a more detailed morphological analysis for the
present study; the other simple spiking cells were recorded
during the present experiments.

Physiology of complex spiking neurons

The complex action potential consisted of an initial fast
action potential followed within 10 msec by one or more
lower amplitude fast action potential(s) riding on a slow
depolarization followed by a long after-hyperpolarization
(Fig. 1). In most cells, the bursts occurred in an all-or-none
fashion whether appearing as spontaneous or evoked dis-
charges. However, in three of 29 cells, both bursts and
isolated single spikes were seen. When they occurred, single
spikes were followed by an after-depolarization—after-
hyperpolarization sequence that was distinct from the
characteristic two-component after-hyperpolarizations seen
in many simple spiking cells. Most of the complex spiking
cells were spontaneously active in the absence of any
holding current, so subsequent physiological characteriza-
tion of the cells was performed with sufficient holding
current to stop the spontaneous discharges. Three cells
required no holding current, 15 required less than —200
pA, and 11 required between —200 and —1,000 pA.

Typical responses to depolarizing current pulses deliv-
ered from rest are shown in Figure 2A (this cell had no
spontaneous activity). Small current pulses (<0.2 nA) give
rise to one or two isolated bursts. The membrane potential
slowly depolarizes during the current pulse before reaching
the threshold for the burst. Large pulses result in a regular
train of bursts, although, after the first burst, the response
usually consists of a single fast action potential riding on a
slow depolarization that is followed by a large after-
depolarization. Trains of bursts occur at a rate of 20-60 Hz.
Following the current pulses, particularly for pulses >0.5
nA, there is a prolonged hyperpolarization. The duration of
this after-hyperpolarization is longer in complex spiking
neurons than in simple spiking cells.

The responses to small hyperpolarizing current pulses
(< —0.4 nA) are characterized by approximately exponen-
tial charging trajectories (Fig. 2A, —0.9 nA), with a mean
time constant for —0.2 nA pulses of 9.4 + 5.3 msec. For
larger current steps, a voltage sag becomes evident (Fig. 2A,
solid arrowhead; —0.9 nA). A large anodal break response is
characteristic of the complex spiking cells (Fig. 2C, arrow).
This potential is often large enough to bring the cell to
threshold for a complex spike burst, particularly for large
current steps.

Current-voltage relationships at two times during the
current pulse are illustrated in Figure 2B for one represen-
tative complex spiking cell. At early times (squares, 15-25
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Fig. 1. Configuration of the spike burst. The complex spike burst
consists of a volley of fast action potentials (in this case 2) of decreasing
amplitude and separated by 2-10 msec. The action potentials ride on a
slow depolarization. The burst is followed by a prolonged hyperpolariza-
tion. This trace also shows spontaneous inhibitory postsynaptic poten-
tials (IPSPs; indicated by asterisks) during the after-hyperpolarization.
Cell: 130CT89C.

msec after step, corresponding to the maximum voltage
change), the current-voltage relationship is approximately
linear for small depolarizing and most hyperpolarizing
current injections. At later times (circles, 95 msec after the
beginning of the 100 msec step), most cells exhibit a time
and voltage-dependent sag during hyperpolarizing current
steps, as indicated by the deviation between the curves at
the two different times for larger hyperpolarizing current
steps. The sag in voltage appears as early as 15 msec into
the current injection. The sag appears to have a threshold
for activation 10-20 mV below rest, and is evident to some
extent in 12 of 21 complex spiking cells for which responses
to —1.0 nA current pulses were collected. An additional
time-dependent rectification is evident for small depolariz-
ing pulses ( < 0.1 nA) when the current-voltage relationship
is determined late during the current pulse (indicated by
arrowhead in Fig. 2B). This rectification appears for mem-
brane potentials just above rest and often can bring the cell
to threshold for burst generation during the current pulse,
even for pulses of approximately 0.1 nA.

The burst discharge rate (i.e., the rate of slow depolariza-
tions) was determined as a function of injection current.
The burst discharge rate increased approximately linearly
up to 0.5 nA (Fig. 2D; data shown are for four different
cells), then saturated at 40-80 Hz for larger currents. If
individual fast action potentials were counted, the dis-
charge rate would exhibit a steep initial slope but would
saturate at two to four times the bursting rate above 0.5 nA
because two to four identifiable fast action potentials occur
during each burst. Frequently, only an initial action poten-
tial could be clearly identified in the burst responses with
large current pulses. In these cases, the initial fast action
potential is followed by a slow depolarization without
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additional identifiable action potentials (see, e.g., Fig. 2A;
0.7 nA).

Simple spikes were evident in the spontaneous and
driven discharge of three of 29 complex spiking neurons.
Traces 1 and 2 in Figure 3A show the spontaneous activity
of one complex spiking cell that alternated between simple
spiking and complex spiking modes several times a minute.
Both the complex and simple spikes occurred at regular
intervals. The simple spikes differ from those of identified
pyramidal cells (Manis, 1990) in that they show a distinct
after-depolarization (indicated by the triangles) that sepa-
rates the rapid downstroke of the spike and a slow after-
hyperpolarization. Figure 3B, traces 1 and 2, shows the
discharge of two other cells in response to a small depolariz-
ing current pulse. The cells discharged both isolated action
potentials with an after-depolarization (indicated by tri-
angles) and complex spikes. Although these observations
were fairly rare in our sample, they suggest that these cells
may have more than one mode of discharge.

The complex spiking cells also frequently exhibited spon-
taneous IPSPs, as marked by asterisks in the traces of
Figures 1 and 2A. These IPSPs occurred with a high rate
and sometimes appeared as bursts of two to three events
that summated to produce a larger IPSP (Fig. 2A).

The amplitude of the fast action potentials within a burst
was graded. Action potential amplitudes are plotted in
Figure 4A as a function of the previous interspike interval
for data from one typical complex spiking cell. Spike
amplitudes were measured from discharges occurring spon-
taneously and from discharges resulting from small depolar-
izing current pulses. The spike amplitude decreases rapidly
for interspike intervals less than about 5 msec (Fig. 4A),
corresponding to spikes produced subsequent to the first
spike within a burst (first spikes are indicated by solid
circles, second spikes by open squares, and third spikes by
solid triangles). The inset shows the interspike interval
distribution for this cell; spikes preceded by an interval
greater than 15 msec (marked by arrow) were the first
spikes of a burst. The remainder of the spikes occurred
within bursts and were preceded by an interval less than 6
msec. The changes in spike amplitude (and shape) that
occur within a burst are probably due to accumulated
inactivation of sodium channels during the spike burst
because the membrane potential between spikes is much
less negative than between bursts. This idea is supported by
the analysis shown in Figure 4B. Here, it is evident that the
amplitude of a secondary or tertiary spike within a burst is
highly correlated with the minimum potential seen between
that spike and the preceding spike. The secondary and
tertiary spikes also have smaller rising and falling slopes
(Fig. 4C,D) and broader half-widths (not shown). These
measures all suggest that the properties of the first spike
and the subsequent spikes in a burst form a continuum.

The electrical properties of complex spiking cells are
summarized in Table 1. In comparison to a previous
analysis of simple spiking cells of the DCN from the same
laboratory (Manis, 1990), only two parameters were signifi-
cantly (P < 0.05, two-tailed t-test) different. The first spike
within a burst in complex spiking cells was asymmetrical
compared to first spikes of simple spiking cells, in that the
spike had a larger ratio between the rising and falling
slopes. The first action potential of the burst in the complex
spiking cells was also wider than the individual action
potentials of simple spiking cells, in part because of the
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Fig. 2. Responses of a complex spiking neuron to short current
pulses. A: Responses of a complex spiking cell to depolarizing and
hyperpolarizing current pulses. The membrane potential shows an
exponential charging trajectory in response to hyperpolarizing current
pulses, sometimes followed by a slight sag (evident in —0.9 nA trace,
arrowhead). Subthreshold depolarizations (0.06 nA) produce a slowly
rising response, in this case punctuated by a train of IPSPs, marked by
an asterisk. Depolarizing pulses produce either isolated bursts (0.2 nA)
or trains of bursts (0.7 nA). A prolonged hyperpolarization follows the
burst or burst train. B: Subthreshold current-voltage relationships for
complex spiking cell. Squares mark the current-voltage relationship
measured at 15-35 msec into the current pulse; circles mark the
relationship at 95 msec after the start of the current pulse. The upward

slower falling slope of the action potential in the complex
spiking cells.

Morphology

Seven complex spiking cells and six simple spiking cells
were unambiguously recovered following histologic process-
ing of the tissue slices. The peroxidase-DAB reaction prod-
uct obscured internal cytological features of the stained
cells, but other morphologic characteristics revealed a
somatic grouping consistent with the two distinct spiking
classes (Fig. 5). The complex spiking cells exhibited cell
bodies located in the deep part of layer 1 or the superficial
part of layer 2. Their oval somata had dimensions (open
circles, Fig. 5) whose values clustered within those of the
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deviation present for the late measurement of hyperpolarizing re-
sponses corresponds to an inward or anomalous rectification. For small
depolarizing pulses, there is a weak inward rectification, as indicated by
the upward turn of the curves for positive current (marked by open
arrow). C: Complex spiking cells fire anodal break bursts. Two traces
from one cell illustrating a burst (arrow, top trace) and a simple spike
(arrowhead, lower trace) evoked following hyperpolarizing current
steps of different amplitudes. D: Burst discharge rate vs. current
injection relationship. Results from four individual cells are superim-
posed. The discharge rate shows some saturation above 0.5 nA, with a
maximal rate for different cells between 40 and 80 Hz. A B: cell
130CT89C; C: cell 29DEC92K.

population of cartwheel cells identified by IP3; receptor
immunostaining (Ryugo et al., 1992; indicated by plus signs
in Fig. 5). In contrast, the stained simple spiking cells (solid
circles, Fig. 5) were located in the middle of layer 2 and had
an elongate shape whose somatic dimensions were distrib-
uted with those of pyramidal cells identified on the basis of
their appearance in Nissl-stained sections from slices (mul-
tiplication signs Fig. 5; see also Table 2).

Complex spiking cells. Complex spiking cells were
stained with Lucifer yellow CH (n = 2), neurocytin (n = 3),
and HRP (n = 2). All stained cells were recorded in slices
cut in the transstrial plane. The dendritic morphology of
these neurons was consistent with the previously estab-
lished criteria for cartwheel cells in the guinea pig (Hackney
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Fig.3. Simple spikes and bursts can occur together. A: Traces 1 and
2 show portions of an alternation between simple and complex spiking
patterns recorded from one cell. Note that, when the cell does not burst,
the spikes are followed by a distinct after-depolarization ( indicated by
inverted triangles). Cell 13JUNS9C. B: Traces 1 and 2 show mixed
firing modes in response to depolarizing current pulses in two other
cells in which both simple and complex spikes were produced. Cells
5APR91B and 2SEP88C.

et al., 1990; Berrebi and Mugnaini, 1991). There are no
basal dendrites, and the spiny, apical dendrites extend into
the molecular layer (Figs. 6, 7). The range of primary
dendrites per cell was three to six, with an average of 4.3 =
1.4, These dendrites branch rather infrequently, exhibiting
an average of 27 = 4.5 branch points per neuron. Along
their length, the dendrites are constant in diameter and
studded with small, short spines (Fig. 8A). At their tips, the
dendrites taper abruptly yet remain spiny (Fig. 8B).

The dendritic domains of each of these cells appears to be
flattened within the transstrial plane. Because all recovered
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cells were reconstructed from the middle three to four of
the seven to eight 50-um-thick histologic sections collected
from each slice, we are confident that this flatness is not an
artifact of the preparation. These results indicate that the
cartwheel cells have a maximum strial dimension of less
than 150 pm.

The entire axonal arborization was filled for three of the
cartwheel cells, and, in each case, the axon ramified exten-
sively within layers 2 and 3 and sent a few branches into the
deep part of layer 1 (Figs. 6, 7). The spatial distribution of
each axonal arborization extended well beyond the rostro-
caudal limits of the dendritic tree in the transstrial plane
but was flat and essentially coplanar with the dendrites. En
passant swellings are evident along the length of the axon,
and the tips are marked by terminal swellings (see, e.g., Fig.
9). These swellings, particularly the terminal ones, may
represent synaptic sites, but electron microscopic verifica-
tion has not yet been done. Most of the swellings are located
in neuropil, but many also abutted cell bodies revealed by
counterstaining with cresyl violet. All cell bodies (range
12-19 cells for each of the three cartwheel cells with a
complete axon analyzed) in close apposition to labeled
axonal swellings were identified using cytologic criteria (see
Materials and Methods) and drawn (Fig. 9). For each axon,
swellings were found in close proximity to pyramidal cells
(range two to four swellings), cartwheel cells (range five to
nine), stellate cells (range one to three), and granule cells
(range two to six).

Simple spiking cells. Simple spiking cells were stained
with Lucifer yellow CH (n = 2), neurocytin (n = 3), and
HRP (n = 1). These cells exhibited the typical appearance of
DCN pyramidal cells (Fig. 10). That is, they have elongated
cell bodies, prominent basal dendrites, and highly branched
apical dendrites with an average of 190.2 = 64.5 branch
points per neuron. The presence of dendritic spines varied
from cell to cell and, within a cell, from place to place. The
basal dendrites were typically smooth, although one cell
exhibited frequent spines along its main shafts (Fig. 8C),
with fewer spines toward their terminations. The shafts of
apical dendrites were smooth (Fig. 8D), but the terminal
dendritic branches tended to be more variable in appear-
ance. One characteristic feature along the dendritic shaft
was the presence of short branches, some resembling long
dendritic spines and others being irregularly varicose (Fig.
8E). These terminal branches were usually marked by an
angular swelling at their tips (Fig. 8F,G). One cell also
exhibited numerous spines along these terminal branches
(Fig. 8H). Axons were not recovered for any of the simple
spiking cells.

DISCUSSION
Identity of recorded cells

The electrical properties of neurons recorded from the
dorsal cochlear nucleus in the slice preparation fall into two
categories: simple spiking and complex spiking cells. Simple
spiking cells have been identified as pyramidal cells, tuber-
culoventral cells, molecular layer stellate cells, and giant
cells (Rhode et al., 1983; Smith and Rhode, 1985; Oertel
and Wu, 1989; Manis, 1990; Zhang and Oertel, 1993b,c).
Oertel and Wu (1989) also reported two cartwheel cells with
simple spikes, but see discussion in Zhang and Oertel
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Fig. 4. Spike amplitude and shape depend on the interspike interval
(ISI) and the order of a spike within a burst. For all panels, the solid
circles represent measurements made from the first spike within a
burst; open squares are measurements from secondary spikes, and solid
triangles are from tertiary spikes within a burst. A: Spike amplitude
decreases with interspike intervals less than 5 msec. Spikes with
previous interspike intervals greater than 50 msec are not plotted.
Inset: Interspike interval distribution for all spikes in this figure. The
interspike interval distribution is bimodal. Spikes with preceding
intervals greater than 15 msec (indicated by arrow) are the first spike

(1993b, p. 1,395). In contrast, complex spiking cells are
small, superficial neurons that emit spiny apical dendrites
into the molecular layer and have no basal dendrites. Cells
with this morphology have been identified as cartwheel
neurons (Lorente de N6, 1933, 1981; Brawer et al., 1974;
Kane, 1974; Wouterlood and Mugnaini, 1984; Hackney et
al., 1990; Berrebi and Mugnaini, 1991).

Because complex spiking cells are small, one concern is
that some of their properties may be either caused by or
altered by damage to the cell from the recording electrode.
Four lines of evidence suggest that damage, per se, is not
responsible for the complex spiking pattern. First, in some
cells, such spiking patterns could be recorded for periods of
up to 90 minutes, and, during this time, the discharge
properties of the cells did not change. Complex spiking cells
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267

400 .
2’
—_— .#-
e o'
g B ee®
%200 i uu qﬁ:n
! iy
2 100 ™
o %o
- guﬂ
0 s - Iub‘:’ 1 s 1 N | s J
20 30 40 50 60 70 80
Spike amplitude
D
-150 ~
-g. -100 ﬁ;.
L J.’
E 50 - quu:ﬁﬁu
z -
i i oo o °
0 L .l i 1 n 1 " | " 1 IR |
20 30 50 60 70 80

40
Spike Amplitude

within a burst. Subsequent spikes within the burst occur at intervals of
less than 6 msec. B: The amplitude of secondary and tertiary spikes is
inversely related to the amplitude of the prior after-hyperpolarization
(AHP). Minimum AHP was measured as the minimum absolute voltage
that occurred between the first and second spikes or between the second
and third spikes. Spike number within each burst coded as in A. C:
Maximum rising rate of voltage change (dv/dt, in mV/ms) is larger for
spikes of larger height, and is largest among first spikes. D: Maximum
falling rate of spike (in mV/msec) is larger for spikes of larger amplitude
and is largest among first spikes. Cell SNOVS8A.

TABLE 1. Electrical Characteristics of Complex Spiking Neurons'

Measure Value N
Vi (mV) =579 = 17.7 27
R;, (M1 31.1 £ 219 24
7 (msec) 94 53 23
First spike height (mV) 646 = 11.6 20
Spike half-width (msec) 1.012 = 0.504 20
Rise dv/dt (mV/msec) 230 = 65 20
Fall dv/dt (mV/msec) 94 = 27 20
Rise/fall 2.59 = 0.64 20

iCells included for analysis only if spike height >50 mV. The primary charging time

(1) was obtained from a simplex curve fit of an exponential function to the
transient decay phase (excluding the first 1.0-1.5 msec) of the response to hyperpolariz-
ing current pulses of —0.2 to —0.4 nA. Input resistances (R;,) were calculated from the
slope of current-voltage relationship just below rest, determined at the end of a 100 msec
pulse. Spike parameters were measured for the first spike within a burst for spontaneous
bursts or responses to small ( <0.2 nA) current pulses. Spike heights are measured from
baseline; rising and falling slopes are maximal slope values determined over the interval
occupied by the spike. Values are given as mean + standard deviation.
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Fig5. Scatter plot illustrating the grouping of complex spiking cells
(open circles) with identified cartwheel cells (plus signs) and simple
spiking cells (filled circles) with identified pyramidal cells (x). These
long/short axis data reveal cartwheel cell somata to be oval, in contrast

TABLE 2. Comparison of Cartwheel Cells and Pyramidal Cells

Cartwheel Pyramidal
Somatic shape Oval Elongate
Complex spiking n=17 et
Long axis 16.8 = 2.1 pum —_
Short axis 138 = 1.7 um —
Simple spiking -— n=6
Long axis —_ 47.1 = 13.0 um
Short axis — 17.0 = 5.6 pum
Cytologic identity n= 138 n=117
Long axis 185+ 22um 421+ 11.5um
Short axis 165.0 = 1.6 pm 17.0 = 3.6 um
Basal dendrites No Yes
Apical dendrites Yes Yes
Primary dendrites 43+ 17 4411
Branch points 270 45 190 = 145
Spines High density Variable
Shafts Spiny No spines
Terminal branches Spiny Some spines

never became simple spiking cells (and vice versa), even
when their responses deteriorated during the recording
session. Second, cells with spike doublets and triplets can be
recorded extracellularly in the slice (Manis, unpublished
observations; Waller and Godfrey, 1994) and in vivo (Spirou
et al., 1993; Table 1), suggesting that such discharge
patterns are not necessarily the consequence of a damaging
electrode penetration into the cell. Third, simple and
complex spiking cells can be differentiated according to
their responses to changes in extracellular potassium or
calcium or the application of adenosine, muscarine, and
barium (Waller and Godfrey, 1991; Chen et al., 1993;
Waller and Godfrey, 1994). Fourth, most complex spiking
cells exhibit pronounced anodal rebound responses, such as
would be generated by a low-threshold calcium conductance
(Llinds and Yarom, 1981; Carbone and Lux, 1984, Fox et
al., 1987). In contrast, simple spiking cells never exhibited
such a strong rebound response or any evidence for a

to the more elongate pyramidal cell somata. Although there is some
overlap between the two groups when data are combined for all nine
guinea pigs, there is a distinct separation between cell groups within
individual subjects.

low-threshold calcium conductance, even when conditions
were optimal for the demonstration of such a conductance
(Manis, 1990). We conclude that these two cell types have
fundamentally different responses to current injection re-
sulting from different complements of ionic conductances.

Physiological characteristics
of cartwheel neurons

The cartwheel cells are in many ways analogous to the
cerebellar Purkinje cell (Mugnaini and Morgan, 1987;
Berrebi and Mugnaini, 1991), so it is useful to compare the
membrane characteristics of Purkinje cells and cartwheel
cells. Both neuronal types discharge complex action poten-
tial bursts in response to depolarizing current (Purkinje
cells, Llinas and Sugimori, 1980; cartwheel cells, Zhang and
Qertel, 1993a; present study), exhibit anomalous rectifica-
tion for hyperpolarizing steps (Purkinje cells, Crepel and
Penit-Soria, 1986; cartwheel cells, present study), and show
inward rectification for small depolarizing steps from rest
(Purkinje cells, Llinas and Sugimori, 1980; cartwheel cells,
Hirsch and Oertel, 1988; present study).

However, several characteristics of the cells are quite
distinct. First, Purkinje cells fire simple spikes without
strong after-depolarizations during injection of small cur-
rents, whereas guinea pig cartwheel cells usually discharge
complex spikes at all current injection levels. When simple
spikes are seen in complex spiking cells, they are followed
by a characteristic after-depolarization (see, e.g., Figs. 2C,
bottom, and 3A). Second, Purkinje cells fire complex spikes
followed by a plateau potential for large current injections.
In contrast, plateau responses were seen rarely seen (one of
29 cells) in the present study. Third, mature Purkinje cells
do not fire anodal break bursts, whereas such bursts are
frequently seen in cartwheel neurons. It should be noted
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Fig. 6. Drawing tube reconstruction of a complex spiking cell
stained by intracellular injection of 4% neurocytin followed by avidin-
biotin and diaminobenzidine processing. The spiny dendrites are

that, in our recordings, few cells fired action potentials that
were not associated with an underlying burst depolariza-
tion, whereas the complex spiking cells recorded from
mouse brain slices by Hirsch and Oertel (1988) and Zhang
and Oertel (1993a) did show such simple spiking activity in
conjunction with bursts. In addition, the cartwheel cells
from mouse did not exhibit anodal break bursts (Zhang and

relatively unbranched, whereas the axon (arrow) is highly ramified
within layers I, I1, and III. The pial surface is toward the upper right,
indicated by the solid line. Transstrial section. Scale bar = 50 pm.

Oertel, 1993a), whereas this was a common feature of the
guinea pig cells.

The complex action potentials in cartwheel neurons may
be initiated by two different mechanisms. First, bursts are
readily generated at the end of a hyperpolarizing current
step, when the cell nominally is returned to the resting
potential. This response pattern suggests that a low-



270

P.B. MANIS ET AL.

Fig. 7. Drawing tube reconstruction of a complex spiking cell, stained by intracellular injection of 4%
HRP and diaminobenzidine processing. The appearance of this cell closely resembles that illustrated in
Figure 6. The axon is indicated by an arrow. Transstrial section. Scale bar = 50 pm.

threshold inward current that is inactivated at rest may
become deinactivated during the hyperpolarizing step and
so produce an anodal break depolarization (i.e., a low-
threshold spike mediated by a T-type calcium channel;
Llinas and Yarom, 1981). Because the cells fire only one
such anodal break burst, the underlying current must
inactivate rapidly at the resting potential. Interestingly,
low-threshold calcium currents and anodal break bursts
appear to be weak or absent in adult Purkinje cells (Llinas
and Sugimori, 1980; but see Crepel and Penit-Soria, 1986).
Second, additional conductances with higher thresholds are
apparently present because the trains of bursts are pro-
duced by depolarizing current injections. These bursts
occur at membrane potentials where a low-threshold conduc-
tance should be inactivated and, therefore, are most likely
produced by high-voltage noninactivating calcium channels
of the L, N, or P types (Fox et al., 1987; Regan, 1991).
Support for the involvement of calcium conductances in the
generation of bursting responses in the DCN has been
presented by Hirsch and Oertel (1988); it is likely that both

the anodal break bursts and the repetitive bursting in
response to larger depolarizations are generated by calcium
conductances, as in other neurons that show bursting
responses (Llinas, 1988). The overall shape of the spike
burst in these cells also resembles closely those of some
cortical pyramidal cells (McCormick et al., 1985; Mason and
Larkman, 1990).

The presence of these complex bursts, and their putative
(but likely) generation by calcium conductances, suggests
that the cellular calcium levels will be highly correlated
with the electrical activity of the cell. The existence in
cartwheel neurons of calcium binding proteins (e.g., PEP-
19; Berrebi and Mugnaini, 1991) as well as IP; receptors
(Mignery et al., 1989; Ryugo et al., 1992) that presumably
regulate release of calcium from intracellular stores sug-
gests that control of the intracellular calcium level in these
cells is important to their function. However, the role that
intracellular calcium plays in regulating the activity or
modulating the membrane function of these cells is pres-
ently not known.
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Fig. 8. Photomicrographs illustrating key features of labeled den-
drites. A: The dendritic shafts of cartwheel cells are always laden with
spines. B: The tips of cartwheel cell dendrites taper to a sharp point and
are also spiny. C: The basal dendritic shafts of pyramidal cells are
typically without spines, but one particular cell exhibited some spines.
D: Apical dendritic shafts of pyramidal cells are devoid of spines. D,E:

21

Short dendritic branches (arrow) commonly arise from shafts of
pyramidal cells; E—~G: The tips of the apical dendrites of pyramidal cells
are marked by irregular swellings, from which hair-like appendages
often emanate (arrowheads). H: Spiny terminal dendrites, although
rare, are shown from the same pyramidal cell illustrated in C. Scale
bar = 10 pm.
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Fig. 9. Drawing tube reconstruction of cresyl violet stained somata in apposition with labeled axonal
swellings of cartwheel cells. The three recovered axons all exhibited swellings associated with these four
classes of cells.
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Fig. 10. Drawing tube reconstruction of a simple spiking cell stained  biotin, and diaminobenzidine. All recovered simple spiking cells exhibit
by intracellular injection of 4% Lucifer yellow. Tissue was processed  the classic appearance of pyramidal neurons. Transstrial section. Scale
using anti-Lucifer yellow, biotinylated secondary antibody, avidin-  bar = 20 pm.

Morphology of cartwheel neurons cartwheel cells (also called globular cells by Lorente de N6,
The moyphology of complex spiking cells that were 1981) as revealed by Golgi staining methods in young adult

stained by intracellular injections and histologically recov- guinea pigs (Hackney at al., 1990) and in some young cats
ered in the present study matched the descriptions of (Lorente de N6, 1981, Figs. 6-12). The cell bodies reside in
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the lower part of layer 1 and upper part of layer 2 of the
DCN and give rise to several thick, highly spinous dendrites
that exhibit infrequent branching and mostly an apical
orientation. Spheroidal dendritic fields and dendrites that
turn back toward the cell body have been described for
kittens (Brawer et al., 1974; Kane, 1974), young mice
(20-29 days, Zhang and Oertel, 1993a; 45 days, Webster
and Trune, 1982), young adult rats (Wouterlood and Mug-
naini, 1984), and young rabbits (Disterhoft et al., 1980). In
instances where the cells are located closer to layer 2, the
apical dendrites appear straight and course toward the
ependymal surface of the nucleus, whereas, when the cells
are located in layer 1, the dendritic trees appear to be more
spheriodal. Thus, the differences in dendritic morphology
might represent a species variation influenced by the
laminar position of the cartwheel cell bodies. Another
difference is that, compared to most species studied in
previous reports, guinea pigs are precocious. They are born
with essentially adult brain metabolism (compared to rats;
Booth et al., 1980; Patel and Clark, 1980) and a functional
auditory system (compared to kittens; Romand, 1971; see
also Horner et al., 1987). Furthermore, an adult-like audi-
tory space map is present in the superior colliculus by
approximately 1 month of age (Withington-Wray et al,,
1990). The guinea pigs used in the present study were
between 1 and 3 months old, which, by these criteria, would
make them adult-like. Consequently, some of the character-
istics of dendritic morphology reported for other species of
younger or equivalent postnatal age could reflect ongoing
developmental processes rather than a more mature form
of the cells.

The dendrites of the cartwheel neurons were extensively
covered with spines in cells stained with Lucifer yellow and
HRP. Although clearly present, spines were difficult to
identify in the cells stained with neurocytin, suggesting
that the neurocytin could not readily diffuse into the spine
process. A similar difficulty with biocytin was reported by
Zhang and Oertel (1993a). However, the high spine density
in cells stained by all methods is consistent with previous
descriptions.

The cartwheel cells appear to contact several targets
within the DCN, including other cartwheel cells, pyramidal
cells, stellate cells, and granule cells. Evidence for cartwheel
cell projections to the first three of these has been clearly
demonstrated at the ultrastructural level by Berrebi and
Mugnaini (1991). However, Berrebi and Mugnaini (1991)
did not report contacts between cartwheel cells and granule
cells when using PEP-19 to stain the cartwheel cells in their
entirety. In their material, regions of the guinea pig DCN
containing “‘clumps” of granule cells were devoid of PEP-19
staining. However, it is possible that such contacts occur on
granule cells outside of these clumps. Because our identifi-
cation is only at the light microscopic level, it is possible
that the swellings that appear apposed to the granule cells
are in fact synapses on adjacent elements in the neuropil.
However, the potential contacts with granule cells would
represent a new circuit that is quite unlike that in the
cerebellum, in that the cartwheel cells could provide a direct
feedback inhibition of granule cell activity. Whether such
feedback might represent an on-beam inhibition (with
respect to a group of parallel fibers) or a type of spatial
lateral inhibition will depend on the relative distribution of
contacts with granule cells capable of providing input to a
given cartwheel cell vs. contacts with granule cells that
contribute parallel fibers running outside the dendritic field
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of the cartwheel cell. Our results suggest that both patterns
of inhibition could exist because the cartwheel cell axons
encompass a wider domain in the transstrial axis than their
dendritic trees. This axonal distribution is most consistent
with that shown for cell II in Berrebi and Mugnaini (1991,
Fig. 20A).

A striking feature of the three cells with complete axonal
arbors was the planarity of the axonal fields and the
coplanar alignment of the dendrites and axons. Both the
axonal and the dendritic planes appear to be closely aligned
parallel to the isofrequency sheets formed in the deep DCN
by the auditory nerve innervation. A similar organization of
the axon field was suggested on the basis of anisotropy of
PEP-19-stained cells (Berrebi and Mugnaini, 1991). This
organizational feature is surprising, because the main
excitatory input to the cartwheel cells comes from parallel
fibers that run orthogonal to the isofrequency planes;
presumably this input does not provide tonotopically orga-
nized inputs to cells with dendrites in the molecular layer.
Furthermore, deoxyglucose uptake studies (Nudo and Mas-
terton, 1984) have suggested that the molecular layer is not
tonotopically organized, because the entire strial extent of
the layer is labeled in response to tonal stimulation, whereas
there is a discrete tonotopic band in the deeper layers of the
nucleus.

The mapping of a nontonotopic organization onto the
tonotopic structure of the DCN may have some significant
functional consequences. First, the inhibition produced by
a single cartwheel cell will be limited to an isofrequency
contour by virtue of its flattened axonal arborization.
Consequently, only a small set of pyramidal cells will be
affected, because they too are highly anisotropic within the
isofrequency planes (Blackstad et al., 1984). Thus, the
cartwheel cell system maps its own nontonotopic and,
perhaps, even a nonauditory input onto a highly frequency-
specific region. Second, if cartwheel cells inhibit nearby
granule cells, the result will be to prevent the spread of
excitation along parallel fibers to other frequency regions.
This situation might be important if the granule cells in
layer 2 receive any acoustically tuned and tonotopically
organized input from the auditory nerve, local interneu-
rons, or descending auditory pathways. The net effect of
frequency-specific cartwheel cell inhibition would be sup-
pression of excitation of adjacent frequency domains as
mediated by granule cell parallel fibers. The curtailment of
such lateral excitation is similar, but not functionally
equivalent, to providing lateral inhibition. This pattern of
organization might not hold for the granule cell domains
outside of the DCN, however, because the cartwheel cell
axons do not project into those regions and, thus, cannot be
involved in a feedback circuit. Third, the molecular layer
itself has an implied tonotopic organization by virtue of the
planar dendritic arborizations of both the cartwheel cells
and the pyramidal cells. Precisely how these organizational
features of the DCN shape the functional properties of the
nucleus as a whole remain to be determined.
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