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This paper is concerned with the electrosensory lobe (ELL) of
mormyrid electric fish as examined in in vitro slices. Intracellular
recordings from morphologically identified cells and field po-
tential recordings were used to characterize the physiology and
pharmacology of ELL cells. Most intracellular recordings were
from the Purkinje-like interneurons that are known as medium
ganglion cells and from the two types of efferent neurons, large
ganglion and large fusiform cells. Stimulation of primary afferent
fibers elicits both excitatory and inhibitory effects in these cells,
with the excitatory effects being mediated by both the AMPA
and NMDA types of glutamate receptors and the inhibitory
effects being mediated by both GABAA and glycine receptors.

Parallel-fiber stimulation evokes an EPSP–IPSP sequence, with
the EPSPs being mediated by both AMPA and NMDA receptors
and the IPSPs being mediated by GABAA receptors only. The
parallel fiber-evoked EPSPs and IPSPs show marked paired-
pulse facilitation. A large and unusually broad spike is recorded
inside medium ganglion cells, and field potential responses
suggest that this spike is propagated into the apical dendrites.
The results provide essential information for understanding how
peripheral and central inputs are integrated in ELL.
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This paper is concerned with the mormyrid electrosensory lobe
(ELL), the first stage in the central processing of electrosensory
information in which all of the primary afferent fibers from
peripheral electroreceptors terminate. The mormyrid ELL and
similar cerebellum-like sensory structures in other fish receive
extensive descending input from other central structures in addi-
tion to the peripheral input, and the responses to these descend-
ing inputs depend on previous associations with peripheral inputs
(Bell, 1982; Bodznick, 1993; Montgomery and Bodznick, 1994;
Bastian, 1995; Bell et al., 1997a). Thus, the mormyrid ELL and
similar structures in other fish appear to be useful sites for
investigating the general issues of how descending input to a
sensory structure and synaptic plasticity affect the processing of
sensory information.

Understanding these processes in ELL requires knowledge of
its morphology, physiology, and pharmacology. Such knowledge
is often obtained most readily in the in vitro slice preparation in
which central tracts can be selectively stimulated and in which
pharmacological manipulations can be performed. An in vitro
slice preparation of the mormyrid ELL has therefore been devel-
oped, and the present paper describes what has been learned with
this preparation using field potential recordings and intracellular
recordings from morphologically identified cells. The morphology
of the cells that were examined physiologically in this study is

described elsewhere (V. Han, C. Bell, Y. Sugawara, and K. Grant,
unpublished observations). Two recent papers (Grant et al., 1996;
Meek et al., 1996) should be consulted for the necessary morpho-
logical background to the present study.

The goal of this paper was to determine the physiology and
pharmacology of synaptic responses to stimulation of parallel
fibers and primary afferents in different cell types, as well as some
of their intrinsic electrogenic properties. Most of the recordings
were from GABAergic Purkinje-like interneurons known as me-
dium ganglion cells and from the two types of ELL efferent cells,
large ganglion, and large fusiform cells (Meek et al., 1996; Grant
et al., 1996; Bell et al., 1997b), but some recordings were from
other cell types also. Parallel fibers are by far the most numerous
type of descending input to ELL and are of undoubted functional
importance. Pharmacological tools were used to determine the
types of transmitters and receptors that mediate the excitatory
and inhibitory synaptic responses.

MATERIALS AND METHODS
Recordings were made in an in vitro slice preparation of the ELL of
mormyrid fish of the species Gnathonemus petersii. A total of 60 fish were
used for these experiments, ranging in length from 9 to 14 cm.

Slice preparation. The fish were deeply anesthetized by immersion in a
cold aerated solution of tricaine methane sulfonate (MS-222) at a con-
centration of 100 mg/ l. The skull was opened, and the brain was irrigated
with ice-cold artificial CSF (ACSF; for composition, see below); while
the valvula was retracted laterally, a vertical cut was made in the trans-
verse plane immediately rostral to the ELL, the spinal cord was sectioned
immediately caudal to the ELL, and the caudal brainstem block contain-
ing the ELL was removed. The brainstem block was transferred to
ice-cold ACSF for 60 sec to harden it a little, and then the rostral cut
surface was glued to a microtome block with cyanoacrylate glue, with the
dorsal surface of the ELL facing the blade. A U-shaped wall of agar (4%
dissolved in ACSF) was glued behind the brainstem block on its ventral
side opposite the blade to provide support during slicing. Gelatin (16%
dissolved in ACSF at ;32°C) was poured between the agar wall and the
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ventral surface of the brain as well as over the surface of ELL to add
further support. We cut 300- to 400-mm-thick slices in the transverse
plane under ice-cold ACSF with a circular blade (Olfa) rotating in a
plane tilted ;10° from horizontal.

Slices were retrieved with a wide-bore pipette and transferred to a
holding bath where they were kept submerged at room temperature,
supported on small squares of Kodak lens paper that served to minimize
direct handling. The ACSF used up to this point was almost sodium-free
with sucrose replacing the NaCl to reduce excitotoxic shock caused by
the slicing (Aghajanian and Rasmussen, 1989). The composition of this
low-sodium ACSF was as follows (in mM): NaCl 0, KCl 2.0, KH2PO4
1.25, NaHCO3 24, CaCl2 2.6, MgSO4 z 7H20 1.6, glucose 20, and sucrose
213. The slices were kept in the holding bath in an ACSF solution
containing a 1:1 mixture of low-sodium ACSF and normal ACSF for 30
min and then maintained in normal ACSF. One or two slices were
transferred to an interface recording chamber. The composition of the
normal ACSF was as follows (in mM): NaCl 124, KCl 2.0, KH2PO4 1.25,
NaHCO3 24, CaCl2 2.6, MgSO4 z 7H20 1.6, and glucose 20. Both Na-free
and normal ACSF were bubbled with 95% O2 and 5% CO2 , pH 7.2–7.4
(osmolarity, ;290 mOsm). The slices were supported in the recording
chamber on several thicknesses of Kodak lens tissue and superfused with
normal ACSF. The slices in the interface chamber were at room tem-
perature (22–25°C) and perfused at a rate of 1–3 ml/min by gravity flow.

Recording. The different zones and layers of ELL could be distin-
guished in the slice with the aid of a dissecting microscope. Most
recordings were from the medial zone of ELL because of its large size,
but some were from the dorsolateral zone. No recordings were made in
the ventrolateral zone (Fig. 1). Most recordings were from the ganglion
layer of ELL (Fig. 1), because this layer has the highest density of the
larger ELL cells that are most likely to be recorded from successfully
and, because of a special interest in one of the cells of this layer, the
medium ganglion cell. The interest in the medium ganglion cell followed
from our interest in synaptic plasticity (Bell et al., 1997c) and our finding
early in the study that medium ganglion cells show such plasticity more
readily than other cell types (C. Bell, V. Han, Y. Sugawara, and K. Grant,
unpublished observations). A few recordings were taken from other
layers also.

Field potential recordings were made with pipettes filled with 2.0 M
NaCl having resistances of 4–10 MV. Intracellular recordings were made
with sharp glass micropipettes filled with 2 M potassium methyl sulfate
containing 2% biocytin (Molecular Probes, Eugene, OR; Sigma, St.
Louis, MO). Tip resistances were 150–200 MV. Biocytin was ejected for
intracellular labeling by applying tip-positive current pulses (0.5–1.5 nA;
500 msec on, 500 msec off) for 5–15 min passed between the recording
electrode and a silver–silver chloride reference electrode in the bath.
Histological methods for showing the morphology of injected cells are
described elsewhere (Bell et al., 1997a).

Most of the cells in the present paper were identified morphologically
by biocytin injection after physiological study. However, many of the
pharmacological tests were performed on cells that were not subse-
quently identified morphologically. Cells of the medium ganglion class
could nevertheless be distinguished by electrophysiological criteria alone
because of a distinctive large, broad action potential that is present only
in this cell type (Bell et al., 1997c; and see below). The pharmacological
results for medium ganglion cells that were morphologically identified
and for those that were only physiologically identified are, therefore,
discussed together. All other cell types in the ganglion and plexiform
layers fire exclusively large, narrow action potentials. The majority (79 of
110) of morphologically identified neurons that were not medium gan-
glion cells were large ganglion or large fusiform cells. We therefore infer
that the majority of morphologically nonidentified cells with large, nar-
row spikes were either large ganglion or large fusiform cells. The phar-
macological results from all neurons with large, narrow spikes were quite
similar. The pharmacological results for morphologically identified large
ganglion cells, morphologically identified large fusiform cells, and mor-
phologically unidentified cells with large, narrow spikes are discussed
together in the section on large ganglion and large fusiform cells.

Stimulation. Two types of stimulating electrodes were used: monopolar
tungsten electrodes (A-M Systems) and fine (0.12 mm) concentric bipolar
stainless steel electrodes (Fred Haer Inc.). The tungsten electrodes, as
obtained from the manufacturer, were insulated except at the tip. The
electrode tips were lightly scraped on a sharpening stone to remove
additional insulation and then plated with gold to reduce electrode
polarization. Stimulating current was delivered between a single such
electrode in the tissue (negative electrode) and a second similar elec-
trode or silver wire in the bath. These electrodes could be raised and
moved to activate different sites during an intracellular recording.

The more superficial layers of ELL, the molecular, ganglion, plexi-
form, and superficial granule layers, can be readily distinguished in the
living slice under the operating microscope, allowing for accurate placing
of stimulating and recording electrodes in these layers (for a description
of the different layers of ELL, see Meek et al., 1996). However, the
intermediate and deep fiber layers cannot be distinguished from each
other or from the lower border of the granule layer in the slice, and
stimulating electrodes could be placed only in the general region of these
deep layers.

Three stimulating electrodes were usually placed in the slice (Fig. 1),
one in the molecular layer near its outer margin (SM1), one in the middle
of the molecular layer (SM2), and one in the deep fiber or intermediate
layer (SD). The two electrodes in the molecular layer were used to
stimulate separate bundles of parallel fibers. Paired-pulse facilitation of
parallel fiber-evoked EPSPs at a 30 msec interstimulus delay was mea-
sured in seven cells. The facilitation was marked with stimulus pairs
SM1–SM1 (range, 27–108%; mean, 54%) or SM2–SM2 (range, 18–69%;

Figure 1. Diagram of transverse ELL
slice to show positions of recording and
stimulating electrodes. SM1 and SM2
are in the molecular layer. SD is in the
deeper layers (Intermediate and deep
fiber layers). DLZ, Dorsolateral zone
of ELL; EGp, eminentia granularis
posterior; fiber, deep fiber layer; gang,
ganglion layer; gr, granule layer; in-
term, intermediate layer; mol, molecu-
lar layer; MZ, medial zone of ELL;
plex, plexiform layer; and VLZ, ventro-
lateral zone of ELL.
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mean, 42%) but not with stimulus pairs SM1–SM2 (range, 27–13%;
mean, 21.3%) or SM2–SM1 (range, 215–3%; mean, 23.6%), indicating
that the two sites did indeed activate separate populations of parallel
fibers. Stimuli were constant current pulses with a duration of 0.1 msec
and amplitudes of 5–60 mA.

Pharmacology. Drugs were bath-applied at the following concentra-
tions (in mM): bicuculline, 30; 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX), 10–35; D-2-amino-5-phosphonopentanoate (AP-5), 35–70;
strychnine, 15; tetrodotoxin (TTX), 0.5–1.0; and cadmium, 100–200.
Calcium-free or magnesium-free ACSF was sometimes used and was
prepared by omitting CaCl2 or MgSO4 z 7H20, respectively, from the
above mixture.

Data analysis. Data were recorded on a digital tape recorder and on the
hard disk of a computer using the Axon Instruments (Foster City, CA)
Digidata 1200 interface and their Axotape software or the Labmaster
interface and Acquis 1 (Biological) software. Quantitative measurements
were made using Axon Instruments pClamp 6 or Acquis 1 software and
plotted using Microcal Origin.

Some of the medium ganglion cells in this study were also included in
a previous short report focusing on synaptic plasticity at the parallel fiber
to medium ganglion cell synapse (Bell et al., 1997c).

RESULTS
The first two sections of Results describe the field potential
responses to electrical stimulation of the deeper layers of ELL
and of the molecular layer. The subsequent sections describe the
intracellular responses of the different morphological cell types to
these same stimuli and to intracellularly injected current pulses.

Field potential responses to stimulation of the deep
layers (intermediate and deep fiber layers)
Low-intensity stimulation of the deep layers
Stimuli of 1–10 mA evoked responses that could be attributed to
activation of primary afferent fibers (Fig. 2A,B). The response
recorded in the granule layers to such a stimulus consisted of a
brief initial negative wave (Fig. 2Ae, n pre) followed by a longer
lasting negative wave (Fig. 2Ae, n post). The initial negative wave
(n pre) was also present, and larger, in the intermediate layer, but
the second negative wave (n post) was confined to the granule
layers (Fig. 2Ad,Ae). Primary afferent fibers pass through the
deep fiber and intermediate layers to terminate in the granule
layers and do not extend into the plexiform layer (Bell and
Russell, 1978). The spatial distribution of the field potentials
therefore suggests that the initial negative wave is caused by
impulses in the presynaptic primary afferents and that the second
negative wave is attributable to the postsynaptic responses to this
afferent volley in granule layer cells. The low threshold of the
response is consistent with this interpretation because primary
afferent fibers have larger diameters than other fibers in the deep
layers and would be expected to have a low threshold. The first
component was refractory to the second of two identical stimuli
for only 2 or 3 msec, whereas most of the second component was
refractory for ;10 msec and was reduced for ;50 msec (some of
the refractoriness of the second component is probably caused by
postsynaptic inhibition; see below). These refractory periods of
the two components are also consistent with the first component
being an axonal volley and the second component a postsynaptic
response.

Other types of fibers besides primary afferents are present in
the deep layers including: efferent axons of large ganglion and
large fusiform cells, commissural fibers passing to and from the
contralateral side, interzonal fibers between the medial and dor-
solateral zones, corollary discharge conveying fibers from the
juxtalobar nucleus, and deeply terminating fibers from the pre-
eminential nucleus (Bell and Szabo 1986). These other fiber types
are either unmyelinated or of much smaller diameter than the

large myelinated primary afferent fibers and thus, likely to have a
higher threshold. In addition, the laminar patterns of origin or
termination for these other fiber types are different from those of
primary afferent fibers, and their stimulation would be expected
to yield a different spatial distribution of field potentials from
what was observed. Finally, although precise fiber counts have not
been made, the total number of primary afferent fibers is proba-
bly larger than that of any other fiber type. For all these reasons
then, weak stimulation of the deeper layers probably primarily
activates afferent fibers.

A small negative wave was also present in the plexiform layer
that was slightly delayed with respect to the postsynaptic negative
wave in the granule layer (Fig. 2Ac, arrow). The axons of some
granule cells are known to terminate in the plexiform layer (C.
Bell, unpublished observations), and this negativity could be
attributable to postsynaptic responses in the plexiform layer that
are caused by granule cells activated by afferent stimulation.
Small positive waves are present in the ganglion layer and in the
deepest part of the molecular layer, but most of the molecular
layer does not show any response to weak stimulation of the deep
layers of ELL. The overall distribution of the field potential
responses shows that the effects of direct afferent input from the
periphery are largely confined to ELL layers below the molecular
layer.

Responses in the granule layer showed all-or-none, step-like
changes in amplitude as stimulus intensity was gradually in-
creased above threshold (Fig. 2B). Both the initial “n pre” and
later “n post” waves showed these step-like changes. The phe-
nomenon was observed in 10 different slices, and the number of
steps ranged between four and seven. Single mormyromast affer-
ent fibers have dense terminal arbors in the granule layer with
many boutons per fiber (Bell et al., 1989). Each step-like increase
was probably caused by recruitment by the stimulus of an addi-
tional primary afferent fiber, suggesting that the terminal fields of
four to seven such fibers overlap within a small region of the ELL
granule layer.

Pharmacological analysis of the response to low-intensity stim-
ulation indicates important features of initial processing in ELL
and provides further evidence that the second component is
postsynaptic (Fig. 2C). Addition of the GABAA receptor antag-
onist bicuculline to the normal ACSF perfusing the slice caused
a large increase in the amplitude and duration of the postsynaptic
component (n 5 8 slices; Fig. 2Cb), indicating that the afferent
input has a strong inhibitory effect in addition to its initial exci-
tatory effect. The latency of the bicuculline-induced change indi-
cated that the GABA release evoked by the presynaptic volley has
a latency of only 1 msec from the peak of the presynaptic volley.
Subsequent addition of both the AMPA receptor antagonist
CNQX (n 5 4 slices; Fig. 2Cc) and the NMDA antagonist AP-5
(n 5 4 slices; Fig. 2Cd) caused reductions in the postsynaptic
response, indicating that both types of glutamate receptors are
involved in the granule layer response to afferent input. Replace-
ment of the above drugs by the calcium channel antagonist cad-
mium (200 mM) resulted in only a small additional reduction in
the postsynaptic component (Fig. 2Ce; n 5 4 slices). A prominent
postsynaptic component was also observed in ACSF with zero
calcium in which the calcium was replaced with an equimolar
concentration of magnesium (n 5 4 slices; data not shown). Note
that the presynaptic component shown in Figure 2C was not
affected by any of these manipulations but was blocked, along
with the postsynaptic component, by the addition of TTX (n 5 6
slices; Fig. 2Cf).
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Figure 2. Field potential responses to weak stimulation of deeper layers. A, Responses recorded in different layers of ELL. In c, the arrow points to a
small negative wave that may reflect excitation in the plexiform layer. In e, n pre is probably caused by a presynaptic volley in primary afferent fibers,
and n post is probably caused by a postsynaptic response in cells of the granule layer. Amplitude calibration for traces a–e is shown below trace e.
Amplitude calibration for trace f is shown below trace f. s gr, Superficial granule layer; d gr, deep granule layer. In this figure and in other similar figures,
the recording site for each trace is indicated by the location of a filled circle on the associated diagram of ELL layers that is connected to the trace by
a straight dashed line. B, All-or-none changes in response amplitude to deep layer stimulus of continuously increasing intensity. C, Pharmacology of
granule layer response to weak stimulation of the deep layers. All recordings were made at the same site in response to the same stimulus. All are averages
of 15 sweeps. The dotted lines show the trace preceding the indicated pharmacological effect. Note that the postsynaptic component changes but that the
presynaptic does not, indicating that the afferent input volley is not affected by the drugs. a, Predrug control; b, effect of bicuculline (bic; 35 mM), note
early onset; c, effect of bicuculline plus CNQX (30 mM), note early onset; d, effect of bicuculline, CNQX, and AP-5 (30 mM), note later onset of AP-5
effect; e, cadmium (200 mM), note that postsynaptic response remains prominent. D, Effect of high-frequency stimulation on presynaptic and postsynaptic
components; five stimuli at 200 Hz. Single arrow points to prominent postsynaptic component that is only present after the first stimulus. Double arrows
point to slowly rising negativity that may reflect an electrical EPSP.
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The presence of a large postsynaptic response when excitatory
transmission is blocked by glutamate receptor antagonists or by
blocking transmitter release (with cadmium or in the presence of
zero calcium) suggests that the response is partially mediated by
electrical synapses. An electrical synapse should follow high fre-
quencies of stimulation close to the following frequency of the
presynaptic volley, which in this case is ;300 Hz. However, only
a small portion of the postsynaptic response appears to follow
such high frequencies, and most of the response fails to follow
.100 Hz. This is illustrated by the responses to a brief 200 Hz
train of stimuli recorded under cadmium shown in Figure 2, in
which only the first stimulus evokes a prominent postsynaptic
wave (single arrow). Later stimuli of the train evoke a negativity
that arises from the presynaptic volley and is only distinguished
from it by a slower rate of rise and longer duration (double
arrows). The small, slow-rising negativity could be attributable to
electrically evoked EPSPs (see Discussion), and the larger com-
ponent, which does not follow high frequencies, could reflect
voltage-sensitive responses such as spikes in the postsynaptic
cells. The presumed postsynaptic spikes are probably sodium
spikes because the response is still present in zero calcium and
after calcium channels are blocked by cadmium (Fig. 2Ce).

High-intensity stimulation
In contrast to the lack of molecular layer responses to weak
stimulation in the deeper layers, higher-intensity stimulation
(20–50 mA) evoked prominent negative-going waves in the mo-
lecular layer (Fig. 3). The threshold for these waves was two to
three times higher than the intensity at which the granule layer
response described above reached saturation. Two negative-going
waves were observed, an early one labeled “ne” in Figure 3 and a
slightly later one labeled “nl.” The shortest latencies for these
waves were recorded in the deep molecular layer ;1 msec to the
onset of ne and 2 msec to the onset of nl, and progressively longer
latencies were obtained as the recording site was moved outwards
toward the peripheral edge of the molecular layer.

In three slices, stimulus sites in the granule, plexiform, gan-
glion, and molecular layers just external to the ganglion layer were
also tested. Stimulation at these sites evoked the same negative-
going waves in the molecular layer but at lower stimulus intensi-
ties than those necessary for stimulus sites in the deeper layers.
The lowest threshold was for stimuli in the deep molecular layer
just external to the ganglion layer, suggesting an initiation site in
this region. Thus, the negative-going field potentials evoked in the
molecular layer in response to deep layer stimulation are probably
attributable to action potential invasion of the apical dendritic
trees of medium ganglion, large ganglion, and large fusiform cells
whose basal dendrites or axonal processes were either stimulated
directly or activated by excitatory synaptic input from granule
cells (see Discussion).

Field potential responses to stimulation of the
molecular layer
The principal components of the molecular layer include the
apical dendrites of cells with somas in the ganglion layer and
below, and the parallel fibers that cross the apical dendrites
orthogonally. Three waves, n1, n2, and n3, were recorded in
response to a molecular layer stimulus when the recording elec-
trode was at the same height in the molecular layer as the stimulus
as the stimulus electrode, i.e., on the same “beam” of parallel
fibers but at some distance laterally (Fig. 4). Several features
indicate that n1 is caused by the parallel fiber volley evoked by the

stimulus and that n2 is caused by a local excitatory postsynaptic
response to the parallel fiber input in the molecular layer den-
drites: (1) n1 had a short latency of ,1 msec, was restricted to
approximately the same molecular layer height as the stimulating
electrode, and had a short refractory period of 2–4 msec when
tested with two identical stimuli; (2) n2 had a latency of 2–4 msec,
which is similar to that of intracellularly recorded EPSPs (see
below), was also restricted to approximately the same molecular
layer height as the stimulating electrode, and had a refractory
period of 5–10 msec; (3) n2 showed paired-pulse facilitation when
two identical stimuli were delivered at intervals of 15–300 msec
with the largest amount of facilitation occurring at intervals of
;30 msec (see Fig. 7a,b); (4) n1 was unaffected by recording in
calcium-free ACSF or in the presence of glutamate receptor
antagonists (see below), whereas n2 was markedly reduced under
these conditions (see Fig. 7d; n 5 8 and n 5 20 for recordings in
calcium-free ACSF and with glutamate antagonists, respectively).
The n1 wave did disappear, however, in the presence of TTX
(n 5 3; see below).

Figure 3. Field potential responses to strong stimulation of deeper layers.
ne and nl indicate early and late negative waves. Dotted lines indicate the
changes in latency of these waves between sites in the deep molecular
layer and sites in the superficial molecular layer.
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A positive wave is recorded in the inner molecular layer and
below in response to the same molecular layer stimulus (Fig. 4d,
double arrows). The onset latency of the positive wave is about the
same as that of n2, and the wave must be caused, in part, by the
deeper layers acting as a current source for the sink caused by
synaptic excitation in the outer molecular layer.

There is an additional afferent input to the molecular layer,
besides the parallel fibers, that arises from nucleus preeminentia-
lis, but activation of this input could not explain the field potential
recordings described above. Nucleus preeminentialis is a large
feedback nucleus located just anterior to ELL that projects back
both directly and indirectly to ELL (Bell and Szabo 1986). The
fibers to ELL traverse the molecular layer obliquely from the
preeminential electrosensory tract, which is located between ELL
and the eminentia granularis posterior (EGp; Fig. 1). The fibers
terminate in a narrow band in the deep molecular layer just
external to the ganglion layer. Activation of these fibers by stim-
ulation of nucleus preeminentialis results in a large, short-latency
negative wave in the deep molecular layer reflecting a current
sink and a small, positive wave in the outer molecular layer
reflecting a current source. These potentials are clearly quite
different from the n1 and n2 waves that are evoked by parallel-
fiber stimulation and are restricted to the same level of the
molecular layer as the activated beam of parallel fibers.

The latency of the n1 wave as a function of distance from the
stimulating electrode provides an estimate of conduction velocity
in the parallel fibers of ELL (Fig. 5). Such estimates were made
in six different slices, and the measured velocities were found to
range between 0.5 and 0.8 M/sec. Surprisingly, these velocities are

somewhat higher than the 0.3–0.5 M/sec velocities measured in the
mammalian cerebellum (Eccles et al., 1967).

The third component of the response to parallel-fiber stimula-
tion, n3, (Figs. 4, 6, 7) appears to be caused by an active response
in the dendrites of postsynaptic cells. Unlike the n1 and n2
components, the n3 component is present throughout the molec-
ular layer after a parallel-fiber stimulus in the superficial molec-
ular layer (Figs. 4, 6A). Indeed, the n3 component is larger and
occurs earlier in the deep molecular layer than in the superficial
molecular layer. The n3 component shows marked paired-pulse
facilitation, as illustrated in Figure 6A, in which the larger size
and shorter latency of this component in the deep molecular layer
is apparent. The shorter latency and larger size in the deep
molecular layer suggest that the cellular activity responsible for
the n3 component is initiated near the soma and is then propa-
gated back into the apical dendrites.

The n3 component is similar to the second of the two molecular
layer negative waves that are evoked by strong stimulation in the
deep layers of ELL, as described above (Fig. 3, nl). The waves are
similar in their amplitude, their duration, and in their propaga-
tion from deeper to more superficial levels of the molecular layer.
In fact, the two waves appear to have a common origin in that
evoking a negative wave by stimulation in the deep layers blocks
the subsequent occurrence of the n3 response to parallel-fiber
stimulation (n 5 4 slices; Fig. 6B). Our hypothesis is that these
waves are caused by dendritic spikes that are initiated in the
somas or the proximal apical dendrites of medium ganglion cells,
large ganglion cells, and large fusiform cells and propagated into
the distal apical dendrites (see Discussion).

Pharmacology
Synaptic responses evoked by parallel-fiber stimulation appear to
be mediated by glutamate receptors of both the AMPA and
NMDA type. Replacing the normal ACSF with magnesium-free
ACSF results in the addition of later components to the response,
indicating the presence of NMDA receptors that are normally
blocked in the presence of magnesium (Fig. 7b). Addition of the
AMPA receptor antagonist CNQX (20 mM) reduces the early
components of the response, and subsequent addition of the
NMDA receptor blocker AP-5 (40 mM) eliminates the late com-
ponents of the response (Fig. 7c,d; all in magnesium-free ACSF).
These observations indicate that an early component of the
synaptic response is mediated by glutamate receptors of the
AMPA type, and a later component is mediated by glutamate
receptors of the NMDA type. Similar results were obtained in 20
different slices.

As expected, the n1 response was not affected by the presence
of the glutamate receptor antagonists. Surprisingly, however, a
significant short-latency component of the n2 response remained
after addition of the antagonists (Fig. 7d). This n2 component is
still present when chemical synaptic transmission is blocked with
calcium-free ACSF (n 5 8 slices) or 100 mM cadmium (n 5 10
slices), suggesting that it is a presynaptic rather than a postsyn-
aptic event. Both the n1 wave and the small n2 component
disappear in the presence of TTX (5 mM). Similar small, nonsyn-
aptic n2 components have been observed in parallel fiber-evoked
field potentials in the mammalian cerebellum after destruction of
Purkinje cells (Ito and Kano, 1982) or blockade of AMPA glu-
tamate receptors (Salin et al., 1996), and the suggestion has been
made that they are caused by some type of prolonged depolariz-
ing afterpotential in the parallel fibers.

Figure 4. Depth series showing field potential responses to stimulation in
superficial molecular layer. Asterisk (*) at right indicates location of
stimulating electrode in the molecular layer. See Results for explanations
of n1, n2, and n3.
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Medium ganglion cells
A total of 64 medium ganglion cells were morphologically iden-
tified after intracellular recording and labeling (membrane po-
tentials 250 to 280 mV; mean, 263 mV; SEM, 1.3 mV). The
morphology of the basal dendrites and axonal arbors was suffi-
ciently clear to identify 16 of these as type 1 medium ganglion
cells (MG1) and 20 as type 2 medium ganglion cells (MG2; for
morphological descriptions of the two types of medium ganglion

cells, see Meek et al., 1996) (Han, Bell, Sugawara, and Grant,
unpublished observations).

Intrinsic electrophysiological properties of medium
ganglion cells
The present in vitro study strongly supports the conclusion of a
previous in vivo study (Bell et al., 1997b) that medium ganglion
cells are characterized by the presence of large, broad spikes of

Figure 5. Field potentials in response to molecular layer stimulus recorded along the parallel-fiber beam with measurement of conduction velocity. A,
Diagram showing location of stimulating and recording electrodes. Numbers refer to recording sites for the traces shown in B. B, Recorded traces. Dotted
line indicates latency shift of n1 potential along the parallel-fiber beam. C, Graph showing changes in latency of the n1 peak as a function of distance
from recording site 1. Numbers refer to the recording sites shown in A and B. Additional points recorded in the same series between these numbered
sites are also indicated. The line shows the best linear fit to all these points and indicates the conduction velocity.

Figure 6. Field potentials illustrating the n3 response to molecular layer stimulation. A, Depth series of responses to molecular layer stimulation showing
marked facilitation of the n3 response to the second of two identical stimuli. Note the large n3 peak to the second stimulus. The dotted line drawn through
the peaks shows the changes in latency from deep to superficial sites in the molecular layer. The asterisk (*) indicates the level of the stimulus in the
molecular layer. B, Block of the n3 response to molecular layer stimulus by an immediately preceding strong stimulus to the deep layers. Recordings in
the molecular layer. Top trace, Response to deep layer stimulus alone showing nl response like that illustrated in Figure 3. Middle trace, Response to
molecular layer stimulus alone showing prominent n3 response. Bottom trace, Block of n3 response by preceding deep layer stimulus.
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40–60 mV in amplitude (mean, 54 mV; SEM, 2.0 mV) and 8–15
msec in duration. Sixty-three of the 64 morphologically identified
medium ganglion cells showed the large, broad spikes (Figs. 8,
9B,C, 10A), and none of the other cell types recorded in the
present study showed such spikes.

Most medium ganglion cells also showed a small, narrow spike
(5–15 mV in amplitude, 1–2 msec in duration; Figs. 8, 9B,D, 10A)
that fired independently of the large, broad spike and had a lower
threshold than the broad spike to intracellular (Fig. 8) or synaptic
(Fig. 9D) stimulation. When both spikes were present, the thresh-
old of the small spikes to intracellular stimulation was lower than
that of the large, broad spike (40–80% of the broad spike thresh-
old as measured in eight cells). The broad spike most often arose
from a small, narrow spike that became more tightly fused with
the broad spike at higher intensities. A second inflection was also
often observed on the rising phase of the broad spike (Figs. 8, 9B,
arrows), reflecting the presence of a third type of spike, a me-
dium, broad spike (10–30 mV in amplitude and 5–8 msec in
duration) that could occasionally occur in isolation (Figs. 8, 9B).
All three types of spikes are blocked by TTX but not by cadmium
and are, therefore, sodium spikes (Bell et al., 1997c).

The voltage responses of medium ganglion cells to depolarizing
intracellular current pulses that were below threshold for spikes

were either flat or showed only very small deflections or “humps.”
This is in contrast to large ganglion and large fusiform cells,
which often showed marked deflections and even oscillations to
depolarizing current pulses that were below threshold for action
potentials (see below and Fig. 12A).

Responses of medium ganglion cells to stimulation in
the deep layers
Weak stimuli at intensities that evoked negative field potentials
restricted to the plexiform layer and below (exciting mainly pri-
mary afferent fibers) evoked both IPSPs and EPSPs in medium
ganglion cells. The IPSPs predominated. Thirty-two medium
ganglion cells were tested with such stimuli and, of these, 15 cells
showed only IPSPs, 3 showed only EPSPs, and 2 showed both
IPSPs and EPSPs. In the two cells that showed both IPSPs and
EPSPs, the IPSPs were elicited at one stimulation site in the
deeper layers, and the EPSPs were elicited at another site that was
;100 mm lateral to the first site (Fig. 9A). The IPSPs in two of the
cells showed step-like, all-or-none changes in amplitude with
gradual changes in stimulus intensity, suggesting the activation of
single afferent fibers or interneurons.

The GABAA receptor antagonist bicuculline (30 mM) was
added to the bath during recording from nine of the medium
ganglion cells showing IPSPs in response to deep layer stimula-
tion. The IPSPs in three of these cells were completely blocked by
bicuculline, as indicated in Figure 9D in which bicuculline is
shown to block the IPSP to deep stimulation (SD) as well as the
IPSP to molecular layer stimulation (SM). The IPSPs in the
remaining six cells were only reduced in duration and amplitude

Figure 7. Effects of Mg 21-free ACSF, CNQX, and AP-5 on molecular
layer responses to molecular layer stimulation. Two identical stimuli were
delivered 20 msec apart. Recovery trace in e was recorded 15 min after
return to normal ACSF and removal of CNQX and AP-5. The response
in this trace showed only partial recovery because the CNQX was prob-
ably not entirely washed out of the slice. The “recovery” response thus
resembles the response obtained with CNQX alone in the bath.

Figure 8. Responses of medium ganglion cells to hyperpolarizing and
depolarizing current pulses. The lowest intensity depolarizing current
pulse does not evoke a response. A slight increase in current strength
evokes a small spike ( s) in one sweep and no response in the other. A
further increase evokes a small spike followed by a medium, broad spike
(mb) in one sweep and a small spike, a medium, broad spike, and a
delayed large, broad spike ( b) in the other. Finally, the highest intensity
pulse evokes a small spike followed by a large, broad spike with an
inflection on its rising phase (arrow) at the amplitude and delay of the
medium, broad spike. Only small spikes are evoked at the off of the
hyperpolarizing pulses.
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or unaffected by the bicuculline. The glycine receptor antagonist
strychnine (15 mM) was added to the bath during recording from
three of the six cells with IPSPs resistant to bicuculline and in
each case caused the complete disappearance of the IPSPs. Sim-
ilar effects of bicuculline and strychnine are shown for a large
ganglion cell (see Fig. 13A,B). Thus, inhibitory processes medi-
ated by both GABAA and glycine receptors appear to be present
in the ELL circuitry between primary afferents and medium
ganglion cells. Long-latency, long-duration GABAB-type re-
sponses were not observed.

Substitution of magnesium-free ACSF for normal ACSF had
clear effects on synaptic responses to deep stimulation, indicating
the presence of excitatory synapses with the NMDA type of
glutamate receptors in the deep layers of ELL (as was also
indicated by the pharmacological analysis of granule layer field
potentials described previously). In four cells, EPSPs were
present in magnesium-free ACSF with bicuculline (30 mM) that
were not present with bicuculline alone. In four cells, substitution
of magnesium-free ACSF alone resulted in the appearance of
long-duration (60 msec) IPSPs in addition to the short-duration
(15 msec) IPSPs that were present in normal ACSF. Addition of
AP-5 (35 mM) to the bath caused the disappearance of the IPSPs
in one of these cells.

More intense stimulation in the deep layers evoked short-
latency spikes in medium ganglion cells (Fig. 9B). Small, narrow
spikes (evoked in 7 of 32 cells tested with deep stimuli), medium,
broad, and large, broad spikes (evoked in 10 of the 32 tested cells)

could be evoked by stimulation at the same sites from which
synaptic potentials were evoked by weak stimulation or by stim-
ulation at adjacent sites. The onset latencies of the small spikes
were 0.5–1 msec, and the onset latencies of the medium, broad
spikes were 0.5–2 msec. The large, broad spikes arose from the
small or medium, broad spikes and had latencies to the peak of
2–4 msec. The short latencies suggest that the cells are activated
by direct stimulation of axons or basal dendrites, although the
participation of some synaptic excitation cannot be excluded,
particularly for the broad spikes.

Responses of medium ganglion cells to
parallel-fiber stimulation
Parallel-fiber stimulation evoked either an EPSP (45 of 63 cells
tested) or an EPSP–IPSP sequence in medium ganglion cells (17
of 63 cells tested). EPSP and IPSP here simply mean the presence
of, respectively, depolarizing and hyperpolarizing synaptic poten-
tials at the resting membrane potential. Testing at depolarized
membrane potentials or in the presence of bicuculline was not
done for all cells but probably would have shown that an EPSP–
IPSP sequence was the most common synaptic response. The
EPSPs had latencies of 1.5–4 msec and durations of 15–60 msec.
The latency of the EPSP corresponded to the latency of the n2
component of the parallel fiber-evoked field potential. The IPSPs
lasted ;20 msec and could be large enough to almost obscure the
EPSP that preceded them (responses to SM in Figs. 9D, 10B).
The EPSPs and IPSPs were graded with stimulus intensity, and

Figure 9. Responses of medium ganglion cells
to deep layer and molecular layer stimulation.
A, Weak stimulation evokes a brief IPSP at one
deep layer site (SD1) and an EPSP at the other
(SD2). B, In another cell, deep layer stimuli
evoke small, narrow spikes, a medium, broad
spike, and three large, broad spikes. Arrow
points to inflection on one of the large broad
spikes that is probably caused by an underlying
medium, broad spike. C, EPSP responses to
parallel-fiber stimuli. EPSPs evoke broad spikes
in two of the traces. D, Effect of bicuculline on
IPSPs evoked by molecular layer (SM ) and
deep layer (SD) stimuli. Both IPSPs disappear
under bicuculline. The blocking of the IPSP to
SM reveals the presence of an EPSP that evokes
a small spike.
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the larger EPSPs could evoke small or large, broad spikes (Figs.
9C, 10A). The threshold of the small spikes was usually lower
than that of the large, broad spikes, in accord with the results
described above for intracellular current injection.

Both the EPSPs and IPSPs evoked by parallel-fiber stimulation
showed paired-pulse facilitation (Figs. 10, 11), and a second EPSP
often evoked spikes when the first did not (Fig. 10A). The paired-
pulse facilitation lasted for 100–300 msec (Fig. 11C) and was
comparable in magnitude and duration to the paired-pulse facil-
itation described above for the parallel fiber-evoked field poten-
tials. The EPSP is assumed to be a monosynaptic response to
parallel-fiber activation, and the paired-pulse facilitation of the
EPSP probably reflects a presynaptic process in the parallel-fiber
terminal (Zucker, 1989). The parallel fiber-evoked IPSPs are
probably disynaptic responses, however, because of parallel-fiber
activation of inhibitory stellate cells or of other medium ganglion
cells. Both stellate and medium ganglion cells are GABAergic
and contact medium ganglion cells (Meek et al., 1996). The
observed facilitation of IPSPs could be attributable to facilitation
at the excitatory synapse between parallel fibers and these inhib-
itory cells.

The excitatory effect of parallel fibers on medium ganglion cells
appears to be mediated by glutamate and by postsynaptic recep-
tors of both the AMPA and NMDA type, a finding that is
consistent with the field potential results described previously.
The effects of CNQX and AP-5 were tested in nine medium
ganglion cells, five of which were tested in the presence of normal
ACSF (Fig. 11) and four in the presence of magnesium-free
ACSF. CNQX (20 mM) alone caused a 20–60% reduction in the
size of the parallel fiber-evoked EPSP in seven of these cells but

had little effect in two cells. The further addition of AP-5 (40 mM)
caused the complete disappearance of the EPSP in eight cells and
the nearly complete disappearance of the EPSP in one cell. All
these tests of glutamate receptor antagonists were done in the
presence of bicuculline.

The IPSPs evoked by parallel fibers are clearly mediated by
receptors of the GABAA type because the IPSPs were completely
eliminated by bicuculline (n 5 15; Fig. 9D). Thus, there was no
indication of a role for glycine or for GABAB receptors in the
inhibition evoked by parallel-fiber stimulation. The latency of the
parallel fiber-evoked IPSP was short enough to reduce the am-
plitude of the EPSP, as illustrated in Figure 10, A and B, in which
the addition of bicuculline to the bath resulted in an increase in
both the amplitude and duration of the excitatory synaptic
response.

Differences between MG1 and MG2 cells
No clear physiological differences could be established between
these two cell types. There was, however, some indication that
excitation by deep stimulation was more likely in MG2 cells than
in MG1 cells. Thus, of eight morphologically identified MG2 cells
that showed a synaptic response to deep stimulation, one cell
showed an EPSP only, two cells showed EPSPs and IPSPs, and
five cells showed IPSPs only. On the other hand, all six of the
MG1 cells with a synaptic response showed only IPSPs. The
greater amount of excitation in MG2 cells is consistent with a
hypothesis (Han, Bell, Sugawara, and Grant, unpublished obser-
vations), based on basal dendrite morphology, that MG2 cells are
excited by afferent input from the center of their receptive fields

Figure 10. Paired-pulse facilitation of medium ganglion cells in response to molecular layer stimuli. A, Paired-pulse facilitation of EPSPs. Second EPSP
evokes broad spikes on some sweeps. B, Paired-pulse facilitation of both EPSPs and IPSPs in same cell. The EPSP is indicated by the initial small positive
deflection after the shock artifact, C, Graph of magnitude of paired-pulse facilitation as function of interpulse interval. Inset shows example of responses
on which the graph was based. Note the faster rise time as well as the larger amplitude of the second response.

6018 J. Neurosci., August 1, 1998, 18(15):6009–6025 Grant et al. • Physiology and Pharmacology of Mormyrid ELL



(E cells) whereas MG2 cells are inhibited (I cells), but further
work will be necessary to confirm this difference (see Discussion).

Large ganglion and large fusiform cells
A total of 40 large ganglion cells (membrane potentials 250 to
280 mV; mean, 267; SEM, 2.2 mV) and 39 large fusiform cells
(membrane potentials, 250 to 280 mV; mean, 263 mV; SEM,
2.0 mV) were recorded intracellularly and morphologically iden-
tified. These two types of large efferent cells are quite distinct
from each other morphologically, with somas and basal dendrites
in different layers of ELL (Grant et al., 1996). Moreover, in vivo
experiments showed that they respond differently to electrosen-
sory stimuli; large ganglion cells are inhibited in the center of
their receptive fields, and large fusiform cells are excited (Bell et
al., 1997b). Nevertheless, only minimal physiological differences
between these two cells were observed in our in vitro recordings,
and the results for the two cell types are presented together.

All of the large ganglion and large fusiform cells showed only
one type of spike, a large, narrow spike that ranged in amplitude
between 25 and 70 mV (mean, 52 mV; SEM, 3.4 mV) for the large

ganglion cells and between 30 and 70 mV (mean, 54 mV; SEM,
2.7 mV) for the large fusiform cells. None of these cells showed
the large, broad spikes characteristic of medium ganglion cells.
The narrow spikes were followed by prominent afterhyperpolar-
izations lasting 4–6 msec. As expected, the large, narrow spikes,
like the spikes of the medium ganglion cells, were blocked by
TTX (5 mM; n 5 7) and are, therefore, sodium spikes.

Depolarizing intracellular current pulses that were below
threshold for a spike evoked a “hump-like” depolarizing potential
of 4–5 msec in duration in many large ganglion and large fusiform
cells (Fig. 12A, arrow). This depolarizing potential increased in
amplitude as the strength of the intracellular current increased,
giving rise to a spike at the highest level (Fig. 12A, arrowhead).

Responses to stimulation in the deep layers
Weak stimuli at intensities that probably activated primary affer-
ent fibers evoked both IPSPs and EPSPs in large ganglion and
large fusiform cells (Figs. 12B–D, 13A,B). Higher-intensity stim-
ulation often evoked short-latency (,0.5 msec) antidromic spikes
(Fig. 12C, bottom traces) in both cell types (12 of the 39 large
ganglion cells and 18 of the 33 large fusiform cells tested with
deep stimulation).

Stimulation in the deep layers evoked IPSPs much more fre-
quently than EPSPs in both large ganglion and large fusiform
cells. Thus, 34 IPSPs, but only 6 EPSPs, were observed in the 34
morphologically identified large ganglion cells that were tested
with deep layer stimuli, and 30 IPSPs, but only 6 EPSPs, were
observed in the 33 large fusiform cells that were tested with such
stimuli. The prominence of IPSPs in large fusiform cells was
surprising, given the in vivo finding that large fusiform cells are
excited in the center of their receptive fields (see Discussion).

Stimulation at different sites in the deep layers could evoke
different synaptic responses in the same cell. Thus, weak stimu-
lation at one site could evoke an EPSP, and stimulation at another
site could evoke an IPSP (Fig. 12B). Similarly, stimulation at
threshold could evoke a short-duration IPSP at one site but a
long-duration IPSP at another site (Fig. 12D). Changes in stim-
ulus intensity also sometimes caused a change in the synaptic
response, from an IPSP to an EPSP or to an IPSP–EPSP se-
quence, for example.

The EPSPs and IPSPs were generally graded in amplitude with
stimulus intensity, although abrupt, all-or-none changes in ampli-
tude were also sometimes observed with both EPSPs and IPSPs,
suggesting activation of a single afferent fiber or interneuron. The
maximum amplitudes of the IPSPs could be as large as 12 mV,
but the EPSPs were generally ,2 mV in the absence of pharma-
cological blockade of inhibition (see below). The IPSPs ranged in
duration from 15 to 80 msec and, in some cases, appeared to have
both an early and a late component (Figs. 12C,D).

Pharmacological studies indicated that the IPSPs evoked by
deep stimulation in large ganglion and large fusiform cells, like
those of medium ganglion cells, are mediated by both GABAA

and glycine receptors. Thus, the GABAA blocker bicuculline (35
mM) by itself blocked the IPSPs to deep stimulation in only 5 of
the 15 cells tested. The IPSPs that remained under bicuculline in
these 10 cells had short latencies and short durations (Fig. 13A).
The further addition of strychnine (15 mM), a glycine receptor
blocker, to the bath completely blocked the remaining IPSPs in
all 10 of these cells (Fig. 13A). Most interestingly, complete block
of the IPSPs by bicuculline or by a combination of bicuculline and
strychnine revealed the presence of short-latency EPSPs (n 5 6)
that could be quite prominent (Fig. 13B) and that would not have

Figure 11. Pharmacology of parallel fiber-evoked synaptic responses in
medium ganglion cells. Effects of bicuculline, CNQX, and AP-5.
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been noticed in the absence of the inhibition blockers. Long-
latency, long-duration IPSPs indicative of GABAB-mediated re-
sponses were not observed.

Substitution of magnesium-free ACSF for normal ACSF also
revealed the presence of EPSPs to deep stimulation, indicating
the involvement of glutamate receptors of the NMDA type in
excitatory responses to deep stimulation. Thus, EPSPs were
present either in isolation or in combination with IPSPs in all of
the cells tested with deep stimulation in the presence of
magnesium-free ACSF (n 5 5), but were visible in only 19% of
the cells tested in normal ACSF (n 5 64), as described above.
Two of the cells recorded in magnesium-free ACSF were further
tested with CNQX and AP-5. Addition of CNQX caused a slight
reduction of EPSP amplitude in one cell and had little effect in the
other, whereas the further addition of AP-5 blocked both EPSPs
completely. Magnesium-free ACSF plus bicuculline was substi-
tuted for normal ACSF plus bicuculline in an additional six cells,
and in five of these cells the substitution resulted in marked
enhancement of the EPSPs or the appearance of new and large
EPSPs after the initial IPSPs that remained after bicuculline.

Responses to parallel-fiber stimulation
Single-shock parallel-fiber stimuli evoked either an EPSP only
(45%, 34 of 75), an EPSP–IPSP sequence (48%, 36 of 75), or an
IPSP only (7%, 5 of 75) in the 75 large ganglion and large
fusiform cells tested with such stimuli. IPSPs to parallel-fiber
stimuli were clearly more common in large ganglion and large
fusiform cells than in medium ganglion cells in which most cells
responded with an EPSP only. As described previously, only 27%
of the medium ganglion cells (n 5 62) responded with an EPSP–
IPSP sequence, and no cells responded with an IPSP alone.
IPSPs appeared to be not only more frequent but also larger in
large ganglion and large fusiform cells than in medium ganglion
cells, although this difference was not examined quantitatively.
IPSPs appeared to be more common in large fusiform cells than
in large ganglion cells. Thus, 65% of the large fusiform cells (n 5
34) showed either an EPSP–IPSP sequence or an IPSP, whereas
only 46% of the large ganglion cells (n 5 41) showed EPSP–IPSP
sequence or an IPSP.

Both the excitatory and inhibitory components of the parallel-
fiber response showed paired-pulse facilitation (Figs. 12E, 13C)

Figure 12. Responses of large ganglion and large fusiform cells to intracellular current pulses, stimulation of the deep layers, and stimulation of the
molecular layer. A, Responses to intracellular current pulses. Currents that are subthreshold for the spike evoke a graded depolarizing potential at the
onset of the current pulse (arrow). This potential may be responsible for the inflection (arrowhead) on the rising phase of the spike evoked by a
suprathreshold current pulse. B, EPSPs and IPSPs evoked in the same cell by stimulation at two different sites in the deep layers. Stimulation of SD1
evokes an EPSP, and stimulation of SD2 evokes an IPSP. C, IPSP evoked by weak stimulation of deep layer and antidromic spike evoked by stronger
stimulation at the same site. Top traces show response to weak stimulation. Bottom traces show responses to stronger stimulation at threshold for
antidromic spike. D, IPSPs with different shapes evoked by stimulation at different deep layer sites. E, Paired-pulse facilitation of both the EPSP and IPSP
evoked by parallel-fiber stimuli.

6020 J. Neurosci., August 1, 1998, 18(15):6009–6025 Grant et al. • Physiology and Pharmacology of Mormyrid ELL



with a time course similar to that described previously for me-
dium ganglion cells.

The inhibition evoked by parallel-fiber stimulation in cells with
large, narrow spikes, like that in medium ganglion cells, was
consistently and entirely blocked by bicuculline (Fig. 13C). The
parallel fiber-evoked IPSPs were completely blocked in all 11 of
the tested cells. Thus, the parallel fiber-evoked IPSPs in large
ganglion and large fusiform cells, like those in medium ganglion
cells, appear to be mediated by GABAA receptors, and there is as
yet no indication of mediation by GABAB receptors or by glycine.

The parallel fiber-evoked EPSPs in these cells appear to be
mediated by glutamate receptors of both the AMPA and NMDA
type, as described previously for medium ganglion cells. In five
narrow-spike cells in which bicuculline was present to block the
IPSPs, the addition of CNQX (20 mM) to the bath either blocked

the parallel-fiber EPSP (three cells) or reduced it (two cells), and
in the latter two cells, the addition of AP-5 (40 mM) completely
blocked the EPSPs. In another cell, AP-5 alone caused a small
reduction in the EPSP, and the addition of CNQX resulted in the
nearly complete elimination of the EPSP (Fig. 13C). An addi-
tional five cells were examined in magnesium-free ACSF or
magnesium-free ACSF plus bicuculline. The addition of AP-5
caused a greater reduction in the EPSPs of these cells than the
addition of CNQX. In all 11 cells the EPSP was either completely
or almost completely eliminated by CNQX and AP-5 together.

Thick, smooth dendrite cells
Fifteen cells of this type were recorded intracellularly and mor-
phologically identified. Membrane potentials ranged from 257 to
273 mV (mean, 261; SEM, 6.3). Stimulation of the deep layers

Figure 13. Pharmacology of synaptic responses of large ganglion and large fusiform cells. A, Effect of bicuculline and strychnine on IPSPs evoked by
deep layer stimulation. B, EPSP to deep layer stimulation revealed by blocking of IPSPs with bicuculline and strychnine. C, Effects of bicuculline, AP-5,
CNQX, and calcium-free media on parallel fiber-evoked IPSPs and EPSPs.
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most commonly evoked brief (10–15 msec) IPSPs (Fig. 14A,
right). Of the 14 cells tested for responses to deep stimulation, 7
showed an IPSP, 2 an IPSP–EPSP sequence, and 2 an EPSP.
Higher intensity stimulation evoked short-latency antidromic
spikes (Fig. 14A, right) in 5 of the 14 tested cells (range, 30–50
mV; mean, 40; SEM, 4.5). The axons of these thick, smooth
dendrite cells branch extensively in the deep granule and inter-
mediate layers (Han, Bell, Sugawara, and Grant, unpublished
observations) and were probably activated by such stimuli.
Parallel-fiber stimuli evoked almost exclusively EPSPs in these
cells (Fig. 14A, lef t). Fourteen of the 15 cells tested showed an
EPSP only and only one cell showed an EPSP–IPSP sequence.
These cells have apical dendrites in the lower half of the molec-
ular layer that would be contacted by the activated parallel fibers.

Small fusiform cells
Nine cells of this type were recorded intracellularly and morpho-
logically identified. Membrane potentials ranged from 250 to
272 mV (mean, 260; SEM, 3.5). These cells were unique among
the ELL cells studied here in that stimulation of the deep layers
evoked mainly EPSPs rather than IPSPs (Fig. 14B, right). All nine
of the cells were tested with deep stimuli. Six cells showed EPSPs
only, one showed an EPSP to one site and an IPSP to another site,
and none showed IPSPs only. The EPSPs had a short latency and
could be caused by direct primary afferent innervation of these
cells because the cell bodies and basal dendrites of these small
fusiform cells are in the region of afferent termination. Higher
intensity stimulation evoked antidromic spikes in six cells (Fig.
14B, right). The axons of these small fusiform cells, like the thick,
smooth dendrite cells, ramify in the deep granule and interme-
diate layers in which they could have been activated by the deep

layer stimuli (V. Han, unpublished observations). The spikes in
these cells were generally smaller than the spikes in other cell
types ranging between 10 and 65 mV (mean, 30; SEM, 5.3). Most
electrode penetrations in these experiments were in the ganglion
or plexiform layers (see Materials and Methods) in which the
small fusiform cell has only an apical dendrite, the soma being
located 100 mm away in the intermediate layer. Thus, most
recordings were probably taken from the apical dendrite and the
smaller spike size could be caused by the electrotonic distance
from the soma. Parallel-fiber stimuli evoked an EPSP only in six
cells (Fig. 14B, lef t) and an EPSP–IPSP sequence in one cell.

Primary afferent fibers
Two primary afferent fibers were recorded intracellularly in the
granule layer and identified morphologically. Both of these fibers
responded to stimulation of the deep layers with a short-latency
spike presumed to result from direct activation of the fiber (Fig.
15, response to SD). The spikes had pronounced depolarizing
afterpotentials lasting 6–8 msec, just like the spikes recorded near
the terminals of mormyromast primary afferents in vivo (Bell,
1990), and a second spike could arise from this depolarizing
afterpotential. Synaptic potentials could be evoked in these fibers
as was also observed in vivo. Thus, stimulation of the parallel
fibers in the molecular layer evoked an EPSP in one fiber (Fig. 15,
response to SM), and stimulation of the deep layers, at an inten-
sity below the threshold for the spike, evoked an EPSP in the
other fiber (data not shown). Mormyromast afferent fibers are
known to make electrical synapses with some granule cells (Bell
et al., 1989; Meek et al., 1994). The synaptic potentials observed
in the afferent recordings of this study as well as those observed
in in vivo recordings (Bell, 1990) are probably caused by synaptic

Figure 14. Responses of thick, smooth dendrite and small fusiform cells to molecular and deep layer stimuli. A, Thick, smooth dendrite cell. Molecular
layer stimuli evoke an EPSP (lef t). Deep layer stimuli evoke an IPSP at low intensity and an antidromic spike at higher intensity. The antidromic spike
has a pronounced afterhyperpolarization (ahp). Top, High-gain traces; bottom, low-gain traces. B, Small fusiform cell. Molecular layer stimuli evoke an
EPSP (lef t). Deep layer stimuli evoke an EPSP at low intensity and an antidromic spike at higher intensity. The antidromic spike has a pronounced
afterhyperpolarization (ahp). Top, High-gain traces; bottom, low-gain traces.
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inputs to postsynaptic cells on which the afferents terminate and
not to synaptic inputs onto the afferents themselves. The synaptic
potentials in the postsynaptic cells are observed inside the affer-
ent fibers through the electrical connections of the electrical
synapses. Thus, the synaptic potentials recorded in primary af-
ferent fibers in response to molecular layer stimulation could be
evoked indirectly via cells such as the thick, smooth dendrite cell
or the small fusiform cell, both of which have dendrites in the
molecular layer and axonal terminals in the granule layer where
they may contact the granule cells on which primary afferent
fibers also terminate. Termination of other afferent fibers on the
same granule cells that receive input from the recorded fiber
could explain the EPSP evoked by deep layer stimulation, as
suggested in a previous study (Bell, 1990).

DISCUSSION
Initial processing of afferent information in the
granule layer
The dramatic increase in the postsynaptic component of the field
potential response to afferent stimulation after adding bicuculline
(Fig. 2Ca) indicates prominent, short-latency inhibition at the
first stages of sensory processing, and the continued presence of
a large postsynaptic component after blocking chemical transmis-
sion suggests electrical transmission from afferent fibers to ELL
cells. Both features have morphological correlates. Primary affer-
ent fibers form mixed electrical–chemical synapses on granule
cells, and these same cells are also contacted by large terminals
that contain flattened vesicles immunoreactive for GABA (Bell et
al., 1989; Meek et al., 1994).

Previous physiological studies also support the presence of
electrical synapses and short-latency inhibition. As described
above, intra-axonal recordings from mormyromast afferent fibers
show a variety of synaptic potentials that are best explained by
synaptic inputs to postsynaptic cells as observed through electri-
cal synapses (Bell, 1990). Moreover, one of these synaptic poten-
tials is a prominent IPSP that is evoked by stimulating electrore-
ceptors on the skin near the electroreceptor giving rise to the
recorded fiber.

Dendritic spikes and their propagation in medium
ganglion cells
The relatively large amplitudes of the medium and large, broad
spikes indicate that they originate electrotonically close to the
recording site. Because the recordings were probably taken from
the somatic or dendritic regions of the cells rather than from the
thin unmyelinated axon, the medium and large, broad spikes
probably originate from the soma or dendrites. The small, narrow
spike is probably an axon or initial segment spike that does not
always invade the somatodendritic region and is conducted only
passively to the recording site. The lower threshold of the small,
narrow spike is consistent with this interpretation because record-
ings from several different kinds of central cells have shown that
axon spikes have a lower threshold than somatic or dendritic
spikes, even when the injected or synaptic current is in the soma
or dendrites (Stuart et al., 1997).

The n3 negative wave evoked by parallel-fiber stimuli and the
later negative wave (nl) evoked by deep layer stimulation shared
a number of properties, including amplitude, duration, initiation
in the ganglion layer or deep molecular layer, and propagation
toward the external surface of the molecular layer. These shared
properties and the interaction between the two waves indicate a
common origin. Our hypothesis is that both waves are caused by
broad spikes in medium ganglion cells that are initiated in the
soma or at the base of the apical dendrites and actively propa-
gated out these dendrites toward the external surface of ELL.

This hypothesis is supported by parallels between the two
negative field potentials and intracellularly recorded broad
spikes. The latencies of the broad spikes in response to molecular
and deep layer stimuli are similar to the latencies of the n3 and nl
waves, respectively. In addition, the paired-pulse facilitation of
the intracellularly recorded EPSPs evoked by molecular layer
stimuli often resulted in the occurrence of a broad spike to the
second EPSP (Fig. 10A), and this could explain the marked
facilitation of the n3 wave in field potential responses to the same
stimuli (Fig. 6A).

This explanation of the n3 and nl waves is consistent with the
morphological fact that apical dendrites of medium ganglion cells
are the major vertically oriented element in the ELL molecular
layer. The number of apical dendrites of medium ganglion cells is
10–20 times greater than the combined total for large ganglion and
large fusiform cells (Meek et al., 1996). A vertically propagating
extracellular field potential can only be mediated by cellular ele-
ments that are also vertically oriented (Hubbard et al., 1969). A
smaller negative-going wave, ne, preceded the larger and later
negative wave, nl, in response to strong, deep layer stimuli and was
also propagated toward the external surface of ELL (Fig. 3).
Propagation of dendritic action potentials in the apical dendrites of
large ganglion and large fusiform could explain this earlier wave.

TTX-sensitive dendritic action potentials that propagate out
the dendrites are present in a number of different central neurons,
including pyramidal cells of the gymnotid ELL (Turner et al.,

Figure 15. Responses of primary afferent fiber to molecular and deep
layer stimuli. Molecular layer stimuli evoke an EPSP (lef t). A near-
threshold deep layer stimuli evokes spikes in some traces. The spikes have
a pronounced afterdepolarization that evokes a second spike in one trace.
Top, High-gain traces; bottom, low-gain traces.
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1994), pyramidal cells of the mammalian cerebral cortex (Regehr
et al., 1993; Stuart and Sakmann, 1994) and hippocampus (Sprus-
ton et al., 1995), and mammalian substantia nigra neurons
(Hausser et al., 1995). Such spikes convey information into the
dendrites about spikes in the axon or soma. In both the hippocam-
pus (Magee and Johnston, 1997) and cerebral cortex (Markram et
al., 1997), the spikes were shown to have a role in associative
synaptic plasticity of the Hebbian (Hebb, 1949) type. These latter
findings are consistent with previous findings in the mormyrid
ELL showing that the broad spike is necessary for anti-Hebbian
associative synaptic plasticity at the parallel fiber to medium
ganglion cell synapse (Bell et al., 1993; C. Bell, V. Han, Y.
Sugawara, and K. Grant, unpublished data). The breadth of the
broad spike could have functional significance in allowing
voltage-sensitive calcium channels to remain open longer, or in
relieving the voltage block of NMDA channels for a longer period
of time.

Pharmacological results and comparison with findings
in other cerebellum-like structures
The finding that responsiveness to parallel-fiber stimuli is medi-
ated by glutamate receptors of both the AMPA and NMDA type
has also been found in other cerebellum-like sensory structures,
including the gymnotid ELL (Bastian, 1993; N. J. Berman and L.
Maler, personal communication) and the mammalian dorsal co-
chlear nucleus (Manis and Molitor, 1996). Berman et al. (1997)
also found that responses to the direct input from nucleus pre-
eminentialis to ELL cells are mediated by both types of gluta-
mate receptors. Only AMPA responsiveness to parallel-fiber
stimulation is found in the adult cerebellum, however (Kano et
al., 1988; Konnerth et al., 1990). Ligand-binding studies in the
molecular layer of the gymnotid ELL (Maler and Monaghan,
1991) and immunocytochemical studies in the molecular layer of
the dorsal cochlear nucleus (Kirkwood et al., 1995) also show
both types of glutamate receptors. Finally, in situ hybridization
shows a high level of expression of the NMDAR1 subunit in
pyramidal cells of the gymnotid ELL (Bottai et al., 1997).

Disynaptic IPSPs evoked by parallel-fiber stimulation in me-
dium ganglion, large ganglion, and large fusiform cells were
consistently and completely blocked by bicuculline, indicating
that they are mediated by GABAA receptors and not by glycine.
The cells responsible for the parallel fiber-evoked inhibition are
probably stellate cells of the molecular layer and medium gan-
glion cells, both of which are known to be GABAergic and to
have the appropriate connections (Meek et al., 1996). Similarly,
parallel fiber-evoked IPSPs in the gymnotid ELL (Berman and
Maler, personal communication) and in the cerebellum (Ito,
1984) are also completely blocked by bicuculline. In contrast,
parallel-fiber stimulation in the dorsal cochlear nucleus evokes
IPSPs that are mediated by both GABAA and glycine receptors
(Golding and Oertel, 1996).

IPSPs evoked by deep layer stimulation in medium ganglion,
large ganglion, and large fusiform cells were mediated by both
GABAA receptors and by glycine, as indicated by blockade with
bicuculline and strychnine, respectively. Inhibition mediated by
both GABAA and glycine receptors also appears to be present in
the deeper layers of the dorsal cochlear nucleus (Golding and
Oertel, 1996) and in the granule layer of the cerebellum (Otterson
et al., 1988). GABAA but not glycine responsiveness is present in
the deeper layers of the gymnotid ELL (Berman and Maler,
personal communication).

Excitatory effects of afferent input to the deeper layers of the

mormyrid ELL were shown to be mediated by both AMPA and
NMDA receptors. Morphological studies suggest the presence of
both types of receptors in the deeper layers of the gymnotid ELL
(Maler and Monaghan, 1991; Bottai et al., 1997) and dorsal
cochlear nucleus (Petralia et al., 1996), but physiological studies
of the two types of glutamate receptors in the deeper layers of
these structures have not been published. Both AMPA and
NMDA responsiveness are present in cerebellar granule cells
(Silver et al., 1992).

Predominance of IPSPs in response to deep
layer stimulation
EPSPs were evoked in medium ganglion, large ganglion, and large
fusiform cells by weak stimulation of the deep layers, but IPSPs
clearly predominated. Predominance of IPSP responses was ex-
pected in large ganglion cells because in vivo experiments showed
that these cells are inhibited by electrosensory stimuli in the
centers of their receptive fields (Bell et al., 1997b). IPSPs to deep
layer stimulation were not expected in large fusiform cells, how-
ever, because the same in vivo studies showed that these cells are
excited by electrosensory stimuli in the centers of their receptive
fields. More EPSPs were also expected in type 2 medium ganglion
cells, because morphological findings suggested that these cells
are excited in the centers of their receptive fields (Han, Bell,
Sugawara, and Grant, unpublished observations). Three explana-
tions may be suggested for the unexpected predominance of
inhibition in large fusiform cells and MG2 medium ganglion cells:

(1) Strong and rapid inhibition at the earliest stages could
obscure excitatory responses to afferent stimuli in the slice. This
study showed that primary afferent input evokes a powerful and
short-latency inhibition in the granule layer of ELL. Stimulation
of afferent fibers in vitro is unselective compared with stimulation
of electroreceptors in vivo and probably activates as much inhi-
bition as excitation. Furthermore, domination of inhibitory over
excitatory effects of deep layer stimulation was shown by the
intracellular recordings in which large EPSPs, which had not been
visible before, were revealed after the addition of inhibitory
antagonists (Fig. 13B).

(2) Responsiveness to afferent input is partly mediated by
NMDA receptors, and these receptors may be less strongly acti-
vated in the slice. EPSPs were significantly more common in
response to deep stimulation when magnesium-free ACSF was
substituted for normal ACSF, and EPSPs recorded under these
conditions or in the presence of bicuculline were blocked by the
NMDA antagonist AP-5. Most of our recordings were made in
normal ACSF (without bicuculline and without AP-5), and
NMDA receptors were probably not as effective under these
conditions.

(3)Lack of facilitatory electric organ corollary discharge input in
the slice preparation. Excitatory responses to electrosensory stim-
uli in large fusiform cells recorded in vivo are strongly facilitated
when the stimuli are delivered at short delays after the electrical
organ discharge motor command. This facilitation seems to be
attributable to an excitatory corollary discharge-driven input to the
interneurons that mediate the electrosensory responses of the large
fusiform cells (Bell et al., 1997b), and such an input to granule layer
neurons with the right latency for mediating the facilitation can be
observed in recordings from primary afferent fibers, as described
above (Bell, 1990). No corollary discharge signal is present in the
slice, of course, and the interneurons responsible for the elec-
trosensory excitation of large fusiform cells might therefore be
deprived of critical excitatory input.
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In general, the deeper layers of ELL are only poorly under-
stood. Some cells of the deeper layers evoked EPSPs in the cells
studied here and in vivo (Bell et al., 1997b), and others evoked
IPSPs. Some IPSPs were of short duration, whereas others were
of long duration, and some were blocked by bicuculline whereas
others were blocked by strychnine. Clearly, much remains to be
learned about the morphology, connectivity, and pharmacology
of cell types in the deep layers of ELL.

In summary, this study has provided an overview of synaptic
responses and intrinsic electrical properties of identified cells in
the mormyrid ELL. Inhibitory processes have been identified at
the first stage of processing in which afferents contact granule
cells, at the next stage in which the granule cells inhibit the
Purkinje-like medium ganglion and efferent cells, and in the
effects of parallel-fiber activation on these cells. Differences in the
functional roles of these different levels of inhibition will be a
worthy subject for future investigation. Finally, the presence of
NMDA and AMPA receptors at parallel-fiber synapses and the
likelihood of propagated dendritic spikes in molecular layer den-
drites are results with important implications for an understand-
ing of the anti-Hebbian plasticity that has been identified at these
synapses.
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