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In vitro electrophysiology of neurons in subnuclei of
rat inferior colliculus
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Abstract

We compared membrane and synaptic properties of neurons in the three major subdivisions of inferior colliculus (IC), central
nucleus (ICc, N = 18), external cortex (ICx, N = 38), and dorsal cortex (ICd, N =31) of slices from rat IC, using intracellular neuronal
recording. Three types of responses occurred in each IC subdivision in response to depolarizing currents: on-type (N = 20), rapidly-
adapting (N =11), and sustained firing (N = 56), which was most common. The on-type neurons have lower input resistances and
shorter time constants, with wider and lower amplitude action potentials (APs) than sustained neurons. A calcium-mediated ‘hump’
was often evoked by depolarizing current pulses in ICd neurons (11 of 28), was infrequent in ICx, but was absent in ICc. ICx and ICc
neurons often exhibited spontaneous repetitive spike firing, lower repetitive AP firing thresholds, and faster repetitive spike firing
than ICd neurons. Calcium-mediated fast after-hyperpolarizations and spike frequency adaptation were regularly seen in IC.
Neurons in ICx and ICd, but not ICc, had synaptic responses to stimulation of the collicular commissure (ColC). In ICx, large
epileptiform depolarizing events were often elicited by strong electrical stimulation of ColC, which was not normally seen in ICd.
These results indicate that ICx neurons exhibit a greater degree of synaptic excitability than neurons in ICc or ICd, which may

contribute to the proposed role of ICx in pathological IC hyperexcitability.

© 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The inferior colliculus (IC) is critical for processing
auditory information in the mammalian nervous sys-
tem. Most ascending and descending auditory pathways
synapse in the IC. The anatomic subdivisions of the IC
in the rat and other mammalian species consist of the
central nucleus (ICc), external cortex (ICx), and dorsal
cortex (ICd) (Faye-Lund and Osen, 1985; Oliver and
Shneiderman, 1991). The ICc is part of the lemniscal
(tonotopic) pathway, and is believed to be important in
processing and coding auditory information for hear-
ing. The IC cortices surround the ICc and are consid-
ered a part of the extralemniscal auditory system. In
contrast to ICc, the primary inputs to the IC cortices
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are not directly from the auditory brainstem nuclei, but
from cells in the ICc (ipsilateral and contralateral), IC
cortices (contralateral), and auditory cerebral cortical
areas (Faye-Lund and Osen, 1985; Faye-Lund, 1986;
Games and Winer, 1988; Tokunaga et al., 1984; Smith,
1992; Saldana and Merchan, 1992). The IC cortices
also receive inputs from regions not directly associated
with auditory function (Coleman and Clerici, 1987;
Oliver and Shneiderman, 1991). The IC cortices are
involved in processing auditory information physiolog-
ically, for the reflexive orienting responses evoked by
acoustic stimulation (Caird, 1991), and pathophysiolog-
ically, for genetically-inherited and ethanol withdrawal-
induced audiogenic seizures (Ribak et al., 1994; Ribak
and Morin, 1995; Chakravarty and Faingold, 1997,
1998). Each IC subnucleus may have a distinctly differ-
ent function in normal and pathological processing of
acoustic information.
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Differences in the electrophysiological properties of
neurons in the IC subnuclei may contribute to normal
and abnormal auditory processing. Intracellular record-
ing techniques allow for careful observation of neuronal
membrane-related phenomena (Li et al., 1993, 1994;
Pierson et al., 1989; Smith, 1992; Wagner, 1994,
1996; Yamauchi et al., 1989), but few studies using
this technique have compared the specific IC subnuclei.
Many important aspects of ICc and IC cortex neuronal
physiology are still not clear. In the present study, we
characterized IC neurons in the three major subdivi-
sions electrophysiologically and compared some of the
basic membrane and synaptic properties of neurons in
different IC subregions. We found subregion-specific
differences in physiological responsiveness. These differ-
ences could be useful in understanding the normal
mechanisms of auditory stimulus coding and informa-
tion processing on a cellular level and may also be
valuable for understanding cellular mechanisms under-
lying pathological dysfunctions involving the IC.

2. Materials and methods

Intracellular recordings were made from IC neurons
in brain slices of Sprague-Dawley rats. Adult male rats
weighing 250400 g (11-20 weeks of age) were obtained
from Harlan Sprague Dawley, Inc. The methods were
similar to those published previously (Li et al., 1994).
Briefly, rats were deeply anesthetized with halothane
and decapitated. The brain was quickly removed and
immersed in cold, oxygenated artificial rat cerebrospinal
fluid (ACSF). Transverse cuts were made immediately
rostral to the superior colliculus and in the midportion
of the cerebellum. A block containing the IC was
mounted with cyanoacrylate glue, cerebellum end up,
and sliced in 400 um thick coronal sections using a
vibrating tissue slicer. The same type of slice was used
for recording from all three subdivisions of IC. The
slices used were chosen from an area close to the
most caudal portion of the IC commissure. This area
includes some commissural fibers, dorsal and external
cortices, some lateral lemniscal fibers, and central nu-
cleus (Paxinos and Watson, 1982) (Fig. 1). Slices were
kept in an incubation chamber at room temperature for
at least 30 min prior to transfer to an interface-type
recording chamber at 35°C. The chamber was continu-
ally gassed with a warm humidified 95% O5/5% COs
mixture. In the incubation and recording chambers sli-
ces were bathed in ACSF with the composition (in mM)
NacCl 117.4, KCI 2.0, MgSO, 1.4, CaCl, 2.5, KHyPO,
1.0, NaHCOj3 26.2, glucose 11.0, and ascorbic acid 1.0
(Rice and Cammack, 1991). Sucrose was substituted for
NaCl for the first 30 min of incubation in order to
enhance slice viability (Aghajanian and Rasmussen,
1989). The incubation solution was also used for experi-

Fig. 1. Inferior colliculus slice. Shown on the right is a photograph
of a transverse slice of the IC, and on the left a diagram of this
slice. The IC central nucleus (ICc), external cortex (ICx), dorsal cor-
tex (ICd), and commissure (ColC) are visible in the living slice.
Other landmarks include the lateral lemniscus (LL), periaqueductal
gray (PAG), and aqueduct of Sylvius (AS). The location of our bi-
polar stimulating electrode in the ColC is indicated (circled °s’). The
cross-hatched areas in the diagram are the approximate areas from
which we recorded.

ments in which the effect of reduced sodium concentra-
tion was tested. The ACSF was continually bubbled
with 95% 05/5% COs. In the experimental chamber,
slices were held at the atmosphere-fluid interface and
perfused at a rate of 1.5 ml/min.

The locations of IC subdivisions were determined
visually according to the atlas of Paxinos and Watson
(1982) and descriptions of Faye-Lund and Osen (1985).
Neurons with resting membrane potentials more nega-
tive than —50 mV, slope input resistance greater than
20 MQ, and action potentials (APs) peaking at positive
membrane potentials were accepted for analysis. A bi-
polar stimulating electrode (Rhodes Electronics, Wood-
land Hills, CA) was placed in the fibers of the commis-
sure of IC (ColC) at the midline. Electrical stimuli were
0.1-ms duration constant-voltage square waves.

Intracellular recording electrodes were pulled from
1.0-mm outer diameter glass pipettes on a Brown/Flam-
ing P87 micropipette puller (Sutter Instrument Co., San
Rafael, CA), and filled with 4.0 M potassium acetate.
Electrode impedances ranged from 80 to 110 MQ. In-
tracellular potentials were recorded with an Axoclamp
2A preamplifier (Axon Instruments, Foster City, CA),
low-pass filtered at 3-10 kHz, and digitized for storage
on a microcomputer, or displayed on a storage oscillo-
scope and photographed. Bridge balance was carefully
monitored and adjusted when necessary. The intracel-
lular electrodes passed + 1.0 nA of current without sig-
nificant rectification. Capacity compensation was ad-
justed to just below the maximum obtainable without
oscillation. The pClamp series of programs (Axon In-
struments) was used for data acquisition and off-line
analysis of digitized data. Photographic data were
measured by hand. Data from neurons were grouped
and compared using Student’s f-test, two-factor AN-
OVA, or %? on incidences. Differences were considered
significant if P <0.05. Drugs were applied by bath per-
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fusion. The drugs used were bicuculline methiodide, a
v-aminobutyric acid (GABA,) receptor antagonist,
N-methyl-p-aspartic acid, an NMDA receptor agonist,
cobalt chloride, an inorganic voltage-sensitive calcium
channel antagonist, and nimodipine, an organic calcium
channel antagonist. Drugs were dissolved in ACSF ex-
cept for nimodipine which was dissolved in ACSF with
0.01% ethanol. Nimodipine was shielded from light dur-
ing its preparation and use. All chemicals were obtained
from Sigma, St. Louis, MO.

The passive electrical properties of IC neurons were
studied by injecting a series of hyperpolarizing and de-
polarizing current pulses (100 ms duration) into neu-
rons at resting membrane potential. Current-voltage
(I-V) curves were then generated by plotting the
steady-state voltage response of the neuron to injected
current. I-V curves were linear from approximately 5—
10 mV more positive to 3040 mV more negative than
resting membrane potential in neurons from all three
regions, allowing the calculation of neuronal passive
membrane resistance from the slope of its I-V curve.
The neuronal membrane charging time constant was
measured by fitting a single exponential curve to the
initial 50 ms of the neuronal response to a small hyper-
polarizing current pulse.

Single APs were elicited with brief depolarizing cur-
rent pulses of 2-5 ms duration. Repetitive firing was
studied with 100-ms depolarizing pulses. The firing pat-
tern during long, steady depolarizations was studied by
‘manually’ injecting depolarizing current using a control
on the Axoclamp 2A front panel.

The care and use of animals in this study were ap-
proved by the Laboratory Animal Care and Use Com-
mittee of Southern Illinois University School of Medi-
cine and the National Institutes of Health.

3. Results

Intracellular recordings were made from 87 neurons
in rat transverse IC slices. Thirty-one neurons from the
ICd subdivision, 18 neurons from the ICc subdivision
and 38 neurons from the ICx subdivision were studied.

3.1. Neuron electrophysiological types

Neurons from each region were classified according
to the discharge response patterns seen with large (+1.0
nA, 100 ms duration) depolarizing intracellular current
pulses. Three response types were observed: on-type
(Fig. 2A, top), rapidly-adapting (Fig. 2A, middle),
and sustained (Fig. 2A, bottom). Twenty cells re-
sponded with only a single on-type spike (9 of 31
from ICd, 2 of 18 from ICc, 9 of 38 from ICx neurons),
even if the current intensities were far above the AP
threshold (the maximum current used was +1.5 nA).

A B1 normal
on-type medium
I  _oemA 040A
B2
) reduced
adapting sodium

0.4 nA

e 041A

. B3
sustained reduced
sodium
- =4 ‘“/7 - 0.4nA
———— 04nA
B4
normal
40mv medium
20 ms

—_———————— 04nA

Fig. 2. Cell types of IC based on repetitive firing properties. A:
Neurons from the three subdivisions of IC can be classified into
three types based on their responses to depolarizing current (100 ms
duration current pulses, cell at resting membrane potential). On-type
cells (top) lack a fast after-hyperpolarization (AHP). Rapidly adapt-
ing cells (middle) have a fast AHP (*) and cease firing during the
current pulse. Sustained type cells continue firing throughout the
current pulse. Some neurons have spontaneous action potential
(AP) firing at resting membrane potential (¥**). A medium-duration
AHP (***) was seen in some neurons, but most neurons lacked it.
B: In normal medium this neuron had a sustained firing pattern
(B1). Perfusing sodium-reduced solution transformed its firing pat-
tern first into a rapidly adapting pattern (B2, 5 min in reduced so-
dium) and then into an on-type responding pattern (B3, 8 min in
reduced sodium). The sustained firing response reappeared after re-
turn to normal ACSF (B4, 15 min after return to normal medium).
The duration and intensity of the current stimulus is given below
each membrane voltage response. Resting membrane potentials: on-
type (—60 mV), adapting (—60 mV), sustained (=70 mV), B (—65
mV).

Eleven neurons had an adapting type of response. With
low current intensities only an on-type spike occurred,
but if sufficiently depolarized, additional APs occurred,
with a gradual increase in the interspike interval and
cessation of firing within the first 50 ms (spike fre-
quency adaptation; 3 of 31 from ICd, 2 of 18 from
ICc, 6 of 38 from ICx neurons). Adapting neurons
were clearly distinguishable from sustained type neu-
rons by their gradual increase in interspike intervals
during the pulse, and they fired no APs in the final 50
ms of the pulse, even with the largest current intensities
tested. Fifty-six neurons responded with sustained AP
firing throughout the 100-ms current pulse (19 of 31
from ICd, 14 of 18 from ICc, 23 of 38 from ICx neu-
rons). One neuron, illustrated in Fig. 3C2, responded
with an on/off/on/off pattern. It was classified as a sus-
tained type neuron because firing did not cease in the
final 50 ms, and with larger current intensities it fired in
a sustained manner without pausing.

Although there was a trend toward less frequent oc-
currence of on-type responses in ICc, the incidences of
these different responses in the subnuclei were not sig-
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Fig. 3. Calcium dependence of the initial depolarization (hump) dur-
ing depolarizing pulse injection. A: This neuron showed a hump at
the onset of a depolarizing stimulus (Al). The hump was abolished
when calcium was omitted from the solution (A2). B: This neuron
did not have a hump in normal ACSF (B1), but a hump appeared
if sodium APs were blocked by low sodium solution (B2). C-D: In
another cell, a hump was recorded with subthreshold stimuli (C1).
With larger stimuli AP firing occurred (C2). Although pauses oc-
curred, spike firing did not cease during the final 50 ms of the stim-
ulus, and this cell was classified as a sustained type neuron. The
hump was abolished by addition of CoCl, (D1). The fast AHP and
spike frequency adaptation were significantly reduced (D2) by
CoCly, and the cell’s response transformed into a typical sustained
type of firing pattern. Resting membrane potentials: Al, A2 (—60
mV), Bl, B2 (=65 mV), C, D (—78 mV).

nificantly different (x> P=0.10). The on-type and sus-
tained type neuronal responses showed significant dif-
ferences in several basic membrane properties (Table 1).
Except for resting membrane potential, the membrane
properties of rapidly adapting type cells were intermedi-
ate, and somewhat more similar to those of the sus-
tained firing type. All three cellular types sometimes
displayed anode-break spike firing and spontaneous
APs at the resting membrane potential.

These different discharge patterns appeared partially
to be due to the activation of a sodium conductance. In
the two cells tested, substituting a reduced-sodium sol-
ution for the normal ACSF turned a sustained-type
response into a rapidly adapting or an on-type response
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(Fig. 2B1-B4). This effect reversed after returning the
neurons to normal ACSF.

3.2. Membrane properties

Resting membrane potential, slope resistance, and
charging time constant for the three different cell types
were measured and compared between the three IC
subdivisions. The membrane properties of on-type and
rapidly adapting type cells were not statistically differ-
ent in any of three regions, but there were significant
region-specific differences in the membrane properties
of the sustained-type neurons. Table 2 shows some dif-
ferences in the basic membrane properties of sustained
response neurons, which were the most numerous cell
type in all three subdivisions of IC (64% of all neurons).
The average slope input resistance, measured from the
I-V curve in the linear segment close to resting mem-
brane potential, was significantly higher in sustained-
type neurons from ICx as compared to ICc neurons,
but there was no statistical difference when compared
to ICd neurons (Table 2). The membrane charging time
constants were relatively short (3-7 ms) in sustained-
type IC neurons. The mean time constant of ICd sus-
tained-type neurons was longer than that for ICx or
ICc neurons.

3.3. Calcium-mediated potentials

With square-wave intracellular current injections
subthreshold for AP firing, a slow depolarization or
‘hump’ was occasionally observed. This hump (Fig.
3A1,C1) was commonly seen in ICd neurons (11 of
28), but was not seen in ICc neurons (0 of 17,
P <0.05). Few ICx neurons exhibited this feature (5
of 36). The hump was abolished (2 neurons) in ACSF
with no added calcium (Fig. 3A2,A2) and by cobalt
(CoCly, 2 ICd neurons, Fig. 3C1,D1), but not by nimo-
dipine (2 uM, in two ICd neurons, data not shown).
Taken together, these data support a major role of a
calcium conductance in the generation of this response
feature. In three neurons that did not have the hump in
normal ACSF, a hump appeared after treatment with

Table 1
Membrane properties of three cell types in inferior colliculus

On-type Sustained Adapting

Mean S.D. n Mean S.D. n Mean S.D. n
RMP (mV) —64 11 20 —65 9.6 56 —67 9 11
IR (MQ)* 44 29 17 60 27 49 50 35 11
TC (ms)* 1.7 1.1 13 5.0 3.0 48 34 3.8 8
AP (mV)* 56 15 18 65 16 50 60 9.6 10
AP (ms)* 0.97 0.45 18 0.48 0.20 45 0.88 0.50 10

RMP, resting membrane potential; IR, input resistance; TC, time constant; AP, action potential amplitude in mV or duration in ms. Asterisk (*)
indicates significant difference between on-type and sustained-type responses (P < 0.025 using ¢-test). n indicates the number of neurons in which

this measurement was determined.
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Table 2
Comparison of membrane properties of neurons in three subdivisions of inferior colliculus

ICc 1Cd ICx Statistics

Mean S.D. n Mean S.D. n Mean S.D. n P cx/cd/dx
RMP (mV) —62 8 14 —67 10 19 —64 10 23 ns
IR (MQ) 41 2.4 10 56 31 18 68 26 22 + * ns ns
TC (ms) 3.5 2.2 10 7 4.3 16 4.4 2.8 22 + ns + +
AP (mV) 65 11 10 69 16 18 62 15 22 ns
AP (ms) 0.37 0.2 10 0.42 0.15 14 0.66 0.18 21 + * ns *
Threshold (mV) 10 9 3 31 11 6 21 9 8 + ns + +
‘Hump’ 0% (0/17) 39% (11/28) 14% (5/36)

Spontaneous AP 22% (4/18) 0% (0/31)

42% (16/38)

The first five measures are for sustained-type neurons only, while the last three measures are for all neurons in the subnucleus. Threshold is for
action potential firing in mV depolarized from RMP; ‘Hump’, percentage of neurons having a calcium-mediated hump; Spontaneous AP,
percentage of neurons having spontaneous action potential firing at RMP; column P indicates overall statistical significance using one-factor
ANOVA; S.D., sample standard deviation; n, number of neurons tested; ns, not statistically significant. If the ANOVA was significant, 7-tests
compared ICc to ICd (indicated by cd), ICc to ICx (cx), and ICd to ICx (dx). + indicates P <0.05, * indicates P <0.01.

sodium-reduced ACSF (Fig. 3B1,B2).

Adapting type neurons displayed prominent spike
frequency adaptation (Fig. 2A, middle). Spike fre-
quency adaptation was reduced by addition of CoCl,
in two adapting type ICd neurons (not shown). In one
sustained neuron that displayed a calcium-mediated
hump (Fig. 3C1), the firing pattern at low stimulus in-
tensity was changed from an irregular on/off/on/off pat-
tern in normal medium to a more regular firing pattern
in CoCly (Fig. 3C2,D2).

3.4. Action potentials

Single APs were evoked from IC neurons at their
resting membrane potential with depolarizing current
pulses (2-5 ms duration). AP height and width at
half-height were measured from resting membrane po-
tential to spike peak. AP amplitudes were similar in the
three regions. Mean AP width was significantly greater
in ICx than in ICc or ICd (Table 2). A fast after-hyper-
polarization (AHP) was observed in most neurons of
the three IC subdivisions. Only about 10% of neurons
lacked a fast AHP, and these were often on-type neu-
rons (7 of 20; Fig. 2A, top). A medium-duration AHP
was detected in 20% of IC neurons. The medium-dura-
tion AHP usually lasted less than 100 ms (Fig. 2A,
bottom). In two neurons tested, the fast AHP was re-
duced in the presence of cobalt chloride (Fig. 3C2,D2).
IC neurons often showed pronounced anode-break ex-
citation. The depolarization following anode break
(—1.0 nA currents for 100 ms) lasted from 50 to 100
ms, and sometimes elicited several spikes. Anode-break
spike firing occurred significantly more often in ICx
neurons (18 of 36) than in the other subnuclei (3 of
29 ICd neurons; 3 of 17 ICc neurons; x> P<0.001).
Spontaneous AP firing was seen significantly more
often in ICx neurons (16 of 38) than in ICc (4 of 18),
and it was never seen in ICd neurons (0 of 31; y?
P <0.001, Table 2).

3.5. Repetitive firing in sustained type neurons

The tendency of sustained-type IC neurons to fire
repetitive APs with brief stimuli was assessed by inject-
ing 100-ms duration depolarizing current steps into the
neuron at resting membrane potential. Sixteen current
strengths in 0.1-nA intervals from +0.1 to +1.5 nA were
injected, and the number of APs elicited was counted
(Fig. 4). Sustained type neurons were more numerous
than other types in all three subnuclei, and had some-
what different firing frequency vs. current relationships
(f-I curves) in different subnuclei. ICx and ICc neurons
had a significantly greater rate of firing for the same
strength of current injection compared to ICd
(P<0.01, Fig. 4).

3.6. Response to prolonged depolarization
In addition to investigating neuronal responses to
30+
O ICd

@ ICc
D ICx

number of spikes
— — [\ N
o 5 5 3 @

(=]
1

-5 T T T T T T T 1
0 02 04 06 08 1 12 14 16

nanoamperes

Fig. 4. Mean spike firing frequency vs. current relationship (f-I
curves). For any given current intensity, the sustained type cells in
ICx and ICc fired more rapidly than ICd neurons (P <0.01, 2-way
split-plot ANOVA). Bars indicate standard error of the mean.
N=141Cd, 7 ICc, 18 ICx.
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Fig. 5. Consistent differences between ICd, ICc, and ICx responses were seen with stimulation of synaptic pathways. A: In ICd neurons stimu-
lation of the ColC elicited a single AP followed by a rapid return to resting potential or a prolonged depolarization. B: In ICx, stimulation of
ColC elicited a single AP followed by a prolonged depolarization. In ICc, stimulation of the ColC did not elicit a response. C: Synaptic re-
sponse to the same strength of stimulation of the ColC at the cell’s resting potential (—74 mV) and with it held positive to resting potential
with steady current injection. At resting potential an IPSP is difficult to detect, but an IPSP/EPSP/IPSP sequence is made clear by depolariza-
tion. In general, membrane depolarization allowed demonstration of this sequence of synaptic potentials in every IC subdivision. The dotted
line indicates resting membrane potential. D: In another cell, both phases of the IPSP (top trace, in normal ACSF) evoked in an ICd neuron
by ColC stimulation were blocked by bicuculline (bottom trace, in bic 20 uM with 50 uM APS5). Resting membrane potentials: A (=70 mV),

B (—60 mV), C (=74 mV), D (=67 mV).

brief stimuli, we determined their response to sustained
depolarization. We recorded the threshold for AP firing
(Table 2) with steady depolarizing current injection.
The cells studied had no spontaneous APs at resting
membrane potential. In all subnuclei, if the membrane
potential was held slightly negative to the AP threshold,
synaptic stimulation usually induced repetitive AP fir-
ing. Regular firing of APs was observed when the mem-
brane potential was depolarized to the AP threshold
without synaptic stimulation. Upon further depolariza-
tion, the frequency of spike firing increased. The thresh-
old for sustained AP firing ranged from 10 to 30 mV
depolarized from the resting membrane potential. On
average, the threshold for sustained AP firing was sig-
nificantly closer to the resting membrane potential in
ICx and ICc than in ICd (P <0.05).

3.7. Single synaptic responses

We studied the responses of neurons to stimulation
of the ColC. The ColC connects the two IC hemi-
spheres. The ICx and ICd regions receive inputs from
the ColC, which is formed mainly by fibers crossing the
midline from the opposite ICc. Stimulation of the ColC
did not elicit a response in ICc (N=0 of 6 neurons
studied). ColC stimulation did elicit responses in ICx
and ICd. When responses were studied at resting mem-
brane potential, most cells had only an excitatory post-
synaptic potential (EPSP) at low stimulus intensities,
and at higher stimulus intensities fired an AP (Fig.

SA,B). This pattern was seen in 10 of 17 ICd neurons
and in 11 of 14 ICx neurons studied. In some of these
neurons an inhibitory postsynaptic potential (IPSP)
would become apparent at high stimulus intensities,
but in most cells the EPSP merely became larger and
longer in duration. Prolonged EPSPs were most appar-
ent in ICx neurons (Fig. 5B).

When studied at resting membrane potential, only a
minority of neurons in ICd and ICx had a detectable
IPSP with ColC stimulation. These neurons had an
IPSP/EPSP/IPSP sequence. However, even neurons
that had only an EPSP at resting membrane potential
would show the same IPSP/EPSP/IPSP sequence if the
cell’s membrane was held depolarized by steady current
injection (Fig. 5C). This pattern was seen in § of the 11
cells tested in this way, with the other 3 of 11 showing
only an EPSP even at the most depolarized potentials.
Both components of the IPSP were blocked with bicu-
culline (Fig. 5D, N=6 neurons tested). The complex
EPSP and IPSP sequences involved in IC neuronal re-
sponses to sound have been examined recently (Smith,
1992; Covey et al., 1996; Pedemonte et al., 1997).

3.8. Epileptiform synaptic responses

In ICd neurons, a single suprathreshold stimulation
of ColC induced only a single AP, even at the maxi-
mum stimulus intensity used (15 V). In contrast, ICx
neurons often exhibited epileptiform discharges (Fig.
6A,B). If the stimulation strength was sufficient (= 1.5
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A C | ICdcell + bicuculine F  ICdcell
commissural stimulation commissural stimulation
ICx neuron
commissural stimulation
20 V
20 mv
B 40 mv Iﬂ ms
20 ms
30V
1 30V +NMDA
I 12V 20 Vv

Fig. 6. Epileptiform responses in external cortex neurons. A, B: In ICx neurons synaptic stimulation of the ColC caused epileptiform burst re-
sponses. C-E: Epileptiform burst discharges are demonstrated for an ICd neuron perfused with bicuculline (30 uM). The neuron’s response to
stimulation of ColC is shown at three different current intensities. Epileptiform responses were never seen in ICd neurons except after applica-
tion of bicuculline (N=6) or NMDA (N=4). F-H: This ICd neuron’s response to commissural stimulation was an EPSP (F) or EPSP and AP
(G) with larger stimuli. After application of NMDA (H), even small stimuli produced a prolonged depolarization and AP firing. Arrows indi-
cate the time of the synaptic stimulation. The stimulation strength in nA is noted. Resting membrane potentials: A, B (=70 mV); C, D, E

(=65 mV); F, G (—65 mV); H (—60 mV).

mA, 0.1 ms was used), ColC stimulation caused a pro-
longed membrane depolarization and an epileptiform
discharge. This was seen in 43% of ICx neurons (6 of
14 cells studied). The latency to the onset of the depo-
larization was variable, and often occurred after an ini-
tial fast EPSP. The depolarization lasted 100-200 ms
and elicited intense AP firing. In other IC neurons lack-
ing this epileptiform activity, similar patterns could be
produced, but only after bath perfusion of bicuculline
(Fig. 6C-E) or NMDA (Fig. 6F-H) (Li et al., 1994).

ICc neurons did not respond to ColC stimulation,
but synaptic responses could be evoked by lateral lem-
niscus stimulation in preliminary studies. No ICc neu-
rons exhibited epileptiform responses.

4. Discussion
4.1. Cell types

Neurons in the three IC subnuclei can be classified as
on-type, rapidly adapting or sustained-type cells on the
basis of their electrical response properties. The three
types have different responses to depolarizing current
pulses, and on-type neurons have significantly different
membrane properties compared to sustained neurons,
including membrane input resistance, membrane time
constant, and AP width (Table 1). Neurons with an
onset response to sound have been found in IC in
vivo (Condon et al., 1996; Le Beau et al., 1996; Pal-
ombi and Caspary, 1996), and this response pattern has
been suggested to be involved in temporal processing of
sound, functioning as coincidence detectors and to en-
code the onset of sounds. Neurons with an on-type
response to intracellular current stimulation have been

found previously in IC neurons in vitro (Wagner, 1994).
In contrast, sustained-type neurons of the IC may in-
tegrate features of auditory stimuli without emphasis on
temporal acuity. In Wagner’s study of mouse ICc neu-
rons, all three electrophysiological types had a multi-
polar morphology (Wagner, 1994). The mechanisms
that underlie the on-type response after injecting depol-
arizing current are unclear, but may be related to volt-
age-sensitive sodium channel function, since cells with
sustained responses became on-responders in sodium-
reduced solution. In on-type neurons, sodium channels
may be closed or inactivated rapidly after injecting de-
polarizing current.

The properties of the ICd neurons (sustained-type)
we studied correspond closely to neurons described by
Smith (1992) as having a multipolar shape. Our record-
ings were made from the area which Faye-Lund and
Osen (1985) identified as layer three of ICd, and as
layer two and three of ICx. They report that ICd and
ICx neuronal morphology in the rat is relatively homo-
geneous, and it is likely that the neurons we studied in
IC cortex have a multipolar shape. The rat ICc was
described as containing two cell types, disc and multi-
polar shaped cells, with the latter being larger (Faye-
Lund and Osen, 1985). More recently, on the basis of
extensive three dimensional reconstructions, Malmierca
et al. (1995) have suggested that cell types in ICc are
somewhat more homogeneous than the terms ‘disc’ and
‘multipolar’ suggest and proposed a new classification
of “flat’ and ‘less flat’ neurons. Taken together, the mor-
phological data suggest that the cellular populations in
each subnucleus may be relatively homogeneous. How-
ever, the rat neurons impaled in our experiments may
be larger on the average than the mouse neurons pre-
viously examined (Wagner, 1994), since the ICc neurons
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we studied have smaller input resistances but similar
time constants. These two differences in intrinsic mem-
brane properties observed in the present study from
those described by Wagner may be due to the different
animal species employed in the two studies.

4.2. Membrane properties

Several significant differences between the three sub-
divisions in sustained-type neuronal responses suggest
that ICx is the most easily excited area of IC. The
differences are of two general kinds: alterations in
membrane properties and differences in synaptic trans-
mission. Differences in membrane properties include
different membrane input resistances, time constants,
repetitive AP firing (f-I curves), spontaneous AP firing,
threshold for regular AP firing with steady depolarizing
current injection, and frequency of occurrence of calci-
um-mediated potentials (Table 2). The underlying cause
of these differences has not yet been established, but
they may indicate differences in neuronal shape, size,
or membrane excitability. The higher neuronal input
resistance in ICx neurons will increase their tendency
to fire APs during depolarizing current injections, by
increasing the voltage change produced by a given
amount of current. Spontaneous AP firing at resting
membrane potential was seen most often in ICx neu-
rons, less often in ICc, and was absent in ICd neurons.
The AP firing thresholds in ICx and ICc were signifi-
cantly closer to the resting membrane potential than in
ICd. Since there was no difference in resting membrane
potentials, this shift indicates that the spike thresholds
of ICc and ICx are lower than ICd. These may result in
the different shapes of the f-I curves (Fig. 4) recorded
from different regions. Taken together, these results
suggest that neurons from ICx have greater membrane
excitability than ICc, and ICd is the least excitable.

The movement of calcium is an important factor
influencing membrane and intracellular events. We
found a calcium-mediated depolarizing potential, or
‘hump’, in recordings from IC cortex neurons, which
was previously observed by Smith (1992). The hump
is less frequently seen in ICx neurons and not seen in
ICc neurons. Similar calcium-mediated depolarizing
‘humps’ have been found in other neuronal structures.
Disterhoft et al. (1993) reported that nimodipine block-
ade of the calcium-mediated hump in hippocampal sli-
ces enhanced neuronal firing and long-term potentia-
tion. There are at least four kinds of calcium channels
in neuronal membranes (Hille, 1992). Although we have
not done voltage-clamp recording of calcium currents,
the hump in IC neurons may involve N type calcium
channels because the depolarization is transient (sug-
gesting rapid inactivation), is not blocked by nimodi-
pine, and has a relatively high threshold (McCormick,
1990) (20-30 mV positive to resting membrane poten-

tial). Calcium influx can influence neuronal firing pat-
terns in at least two ways: by causing depolarization
through the direct effects of calcium currents, and/or
by causing hyperpolarization through activation of cal-
cium-dependent potassium currents (thereby increasing
interspike intervals) (Grillner et al., 1991; Manira et al.,
1994; McCormick, 1990). In our experiments, abolition
of the hump by addition of CoCl; significantly reduced
the fast AHP and spike frequency adaptation. These
changes suggest the presence of a calcium-activated po-
tassium conductance in these neurons. The relative lack
of an apparent hump in ICx and ICc may relate either
to lesser calcium channel activity, or to the fact that fast
sodium channel activation occurs before the hump is
apparent. Some of our results suggest the latter, since
omission of sodium from the bathing medium can un-
mask a hump in cells in which it was not apparent
previously (Fig. 3B). The presence of calcium-activated
potassium currents could in part account for the lower
firing frequency vs. current (f-I) curves in ICd com-
pared to ICc and ICx, and the greater tendency for
the latter structures to rapidly fire APs with steady cur-
rent depolarization. Since calcium is not the only factor
contributing to firing frequency, further experiments
would need to be done to resolve this question.

4.3. Synaptic properties and epileptiform activity

Each subdivision in the IC is known to have a spe-
cific combination of inputs and intrinsic connections
(Faye-Lund and Osen, 1985). Our results are limited
to responses arising from stimulation of ColC, but
show that neurons from the three IC subnuclei have
distinct synaptic response patterns (Fig. 5). ICx neurons
often have an epileptiform response, ICd neurons fire
only one AP, and ICc neurons do not respond. These
different responses may in part be a consequence of the
different input sources to the subdivisions. Commissural
inputs to ICc have been described, but in general the
ICc receives its major inputs via the lateral lemniscus,
including the dorsal nucleus of the lateral lemniscus,
which is inhibitory to IC neurons (Li and Kelly,
1992; Faingold et al., 1993a). This pathway uses
GABA as its neurotransmitter. In our experiments,
ICc neurons did not respond to ColC stimulation.
This could be due to sparse inputs of this pathway, or
to damage from the slicing procedure. ICd and ICx
both receive input from the ICc (Druga and Syka,
1984 ; Coleman and Clerici, 1987) ipsilaterally, and con-
tralaterally through the ColC. Since bicuculline can
eliminate both components of the biphasic IPSP seen
in IC neurons after ColC stimulation, the inhibition in
this pathway appears to be GABA, receptor-mediated
(Fig. 5D).

In in vitro brain slices from non-epileptic animals, a
prominent effect of pharmacological blockade of
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GABA, receptors by bicuculline is spontaneous and
evoked epileptiform bursting. This bursting activity is
thought to be like in vivo interictal spiking, a hallmark
of localization-related (focal) epilepsy (Prince, 1985).
We found that epileptiform bursting in normal 1Cd
neurons occurred with synaptic stimulation but only
after bath application of bicuculline or NMDA (Li et
al., 1994). Similar results were reported previously
(Pierson et al., 1989; Smith, 1992). ICc neurons did
not exhibit spontaneous or evoked epileptiform burst-
ing. Although ICx neurons did not have spontaneous
epileptiform bursting, they often had epileptiform
bursts evoked by synaptic stimulation. Unlike ICd,
bursting in ICx occurred without application of a con-
vulsant.

The IC is subject to pathological changes that may
play an important role in certain dysfunctions such as
audiogenic seizures (Chakravarty and Faingold, 1997)
and central tinnitus (Szczepaniak and Moeller, 1996;
Gerken, 1996). The ICc (Faingold et al., 1993b; Ribak
and Morin, 1995) and the IC cortices have each been
implicated as potential sites for audiogenic seizure ini-
tiation (Wada et al., 1970; McCown et al., 1984, 1987;
Browning, 1994; Kwon and Pierson, 1997). It has been
proposed that audiogenic seizure susceptibility is linked
to reduced efficacy of GABAergic neurotransmission
and to increased action of glutamate in the IC (Fain-
gold et al., 1986, 1993b; Browning et al., 1989; Fain-
gold and Boersma Anderson, 1991). Epileptiform re-
sponses in ICx neurons were observed in the present
study, and a previous study observed similar epilepti-
form responses in ICd neurons of genetically epilepsy-
prone rats, which were not seen in normal ICd neurons
(Li et al., 1994). Much more prolonged, ictal-like exci-
tatory events occurred in IC neurons when GABAj
inhibition was blocked. The ICx exhibited the highest
['*C]-2-deoxyglucose uptake among the three IC subdi-
visions after seizures induced by electrical stimulation at
the ICd-ICx border (McCown et al., 1991). Although
we found epileptiform events only in ICx, ICc neurons
also seem to have a tendency to repetitive firing (no
hump, lower firing threshold, presence of spontaneous
AP firing). The resistance of ICd neurons to epilepti-
form activity may be related to the denser GABAj,
receptor distribution that has been found in ICd by
receptor binding (Milbrandt et al., 1994). These differ-
ent features of the IC subnuclei may be especially im-
portant for the initiation and propagation of audiogenic
seizures. A precise balance in IC neurons between ex-
citation and inhibition is likely to be important in nor-
mal auditory function. Imbalance may lead to epilepti-
form firing patterns. Since GABA-mediated inhibition
is less effective in the genetically epilepsy-prone rat IC
and other brain sites than in non-epileptic rats (Fain-
gold et al., 1986; Faingold and Boersma Anderson,
1991; Evans et al., 1994; Gould et al., 1995), loss of

this inhibitory function may be critical to initiation of
audiogenic seizure susceptibility (Faingold and Boersma
Anderson, 1991).
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