
yond S, (23, 24) contribute to the inner 
mouth of the oore, while residues in the 5' 
region of S, cbntribute to the outer mouth 
(25). In IRKS, the pore seems to have a 
major contribution from the carboxyl ter- 
minus, with H5 as well as M, and M, 
havine smaller roles in K+ conduction and cz 


inward rectification. Although the pore of 
IRKS may also be made up of several seg- 
ments of the protein, our results call for a 
reassessment of the current folding model of -
IKK channels to account for their unique 
permeation and blocking properties. 
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Neural Tuning for Sound Duration: Role of 

Inhibitory Mechanisms in the Inferior Colliculus 


J. H. Casseday,* D. Ehrlich, E. Covey 
Duration is a biologically important feature of sound. Some neurons in the inferior colliculus 
of the big brown bat, Eptesicus fuscus, are tuned to sound duration, but it is unclear at what 
level the tuning originates or what neural mechanisms are responsible for it. The application 
of antagonists of the inhibitory neurotransmitters y-aminobutyric acid or glycine to neurons 
in the inferior colliculus eliminated duration tuning. Whole-cell patch-clamp recordings of 
synaptic currents suggested that inhibition produces a temporal frame within which ex- 
citation can occur. A model is proposed in which duration tuning arises when an early, 
sustained inhibitory input interacts with a delayed, transient excitatory input. 

T h e  duration of a sound is a signature of 
biological importance, particularly in 
speech or echolocation signals. The percep- 
tion of speech patterns, including the silent 
gaps between sounds, operates within time 
constraints in such a way that the same 
sounds are perceived differently, depending 
on their duration ( I ) .  The signals emitted 
by echolocating bats vary in-duration ac-
cording to the phase of hunting in which 
the bat is engaged. The big brown bat 
systematically varies the duration of its 
echolocation call during pursuit of flying 
prey; the longest signals (up to 20 ms) occur 
in the initial or "search" phase, and the 
shortest signals ( < I  to 2 ms) occur during 
the "approach" ~ h a s e  (2). The mechanism 
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for neural representation of sound duration 
is not simply one in which neurons respond 
throughout the sound, because most audi- 
tory neurons above the lower brainstem 
respond transiently (3). 

Although duration-tuned neurons are 
found in the inferior colliculus of bats (4), 
present evidence is not sufficient to rule out 
the possibility that duration tuning is gen- 
erated at an earlier stage. The inferior 
colliculus is an integration center that re- 
ceives the parallel inputs of auditory path- 
ways from the lower brainstem (5, 6). The 
prominence of inhibition in the inferior 
colliculus (7) suggests that duration tuning 
is controlled by neural inhibitory mecha- 
nisms. However, there has been no evi-
dence to suouort this idea. This reoort 

& .  

provides evidence that duration tuning is 

constructed. . in the inferior colliculus 
through the interaction of excitatory and 

847 



inhibitory inputs that are temporally offset 
from one another. 

We recorded from sinele neurons in the-
inferior colliculus and in the cochlear nu-
cleus of awake bit! brown bats (8). We- . , 
systematically varied sound duration in or-
der to determine whether a neuron re-
sponded more to some durations than to 
others. None of the 62 neurons sampled in 
the cochlear nucleus showed a preference 
for specific durations, but 45 of the 136 
neurons in the inferior colliculus did (Fig. 
1). Of these, 26 responded best to pure 
tones and 19 to frequency-modulated (FM) 
sweeps. When FM stimuli were presented, 
the FM depth was held constant; thus, 
when duration lengthened, the FM rate 
decreased. We cannot rule out the possibil-
ity that FM-sensitive neurons were tuned to 
FM rate rather than to FM duration. How-
ever. neurons that could be driven bv both 
pure tones and FM sweeps were tuned to 
longer durations for FM sweeps than for 
tones. This observation suggests that these 
neurons responded to the duration of their 
best excitatory frequency within the sweep. 
Further studies that systematically vary FM 
rate, depth, and duration would be neces-
sary to determine whether the response is to 
FM rate or to duration of a frequency 
component in the FM sounds. We include 
the data on these neurons (Fig. 1B) because 
they are tuned to one or more time-varying 
parameters of FM sounds, and this tuning is 
constructed in the inferior colliculus. 

The "best durationn-the duration to 
which a neuron res~ondedwith the maxi-
mum number of spikes-was usually within 
the range of durations found in echoloca-
tion sounds; the exceptionally long best 
durations were within the duration of com-
munication sounds (9). All duration-tuned 
neurons responded transiently with one or a 
few spikes. Multiple spikes per stimulus 
usually occurred only at the best duration. 
For.neurons tested at different sound inten-
sities, duration tuning shifted only slightly, 
usuallv to a shorter duration. All duration-
tuned neurons were located in the caudal 
half of the inferior colliculus. For neurons 
that responded to pure tones, the range of 
best frequencies was 23 to 64 kHz; they 
were not sharply tuned to frequency (6). 
The absence of duration-tuned neurons in 
the cochlear nucleus. toeether with the , -
observation that we have not found dura-
tion-tuned neurons in the nuclei of the 
lateral lemniscus or superior olives (10), 
support the idea that duration tuning is a 
property of the inferior colliculus. 

To investigate further, we applied antag-
onists of y-aminobutyric acid (GABA) or 
of glycine, two inhibitory transmitters used 
in the inferior colliculus (7). Twentv-one 

\ z 

duration-tuned cells were tested with block-
ers of GABA or glycine or both. The 

duration tuning of 16 of these cells was 
altered by the blockage of inhibition (I 1). 
Two examples are shown (Fig. 2). For both 
neurons, application of bicuculline, a 
GABA antagonist, eliminated duration 
tuning. Application of strychnine, a gly-
cine antagonist, almost completely elimi-
nated duration tuning; there was still a 
slightly stronger response to the control 
best duration. The fact that application of 
either antagonist eliminated or greatly re-
duced duration tuning suggests that both 
GABA- and glycine-containinginputs con-
tribute to this tuning. 

Preliminary observations made with 
whole-cell patch-clamp techniques (12) 
suggested that duration tuning is generated 
by the temporal dynamics of excitatory and 
inhibitory inputs to cells in the inferior 
colliculus. A cell's initial response to sound 
was always an outward current. For a cell 
tuned between 10 and 20 ms, at stimulus 
offset, there was a large inward current that 
was greatest for short sound durations (Fig. 
3). Because the space clamp was incom-
plete, the cell fired action potentials and 
frequently fired several spikes in response to 
the 10- and 20-ms tones. It was not ~ossible 
to tell whether the outward curreAt that 
followed the spikes was evoked by the 
,stimulus or was a consequence of the pre-

ceding depolarization. Recordings of re-
sponse to 40-ms stimuli at 10 dB above the 
threshold for evoked spikes (bottom trace) 
and at the threshold indicated that the 
initial outward current lasted no more than 
-12 ms (8 to 20 ms from stimulus onset), 
with a peak at -12 ms. The effects of 
varying stimulus duration suggested that the 
outward current was limited by excitatory 
input that arrived after 12 ms. 

These results suggest a model for the 
computation of sound duration. Inhibitory 
input arrives first and is sustained for the 
duration of the stimulus. At stimulus offset, 
there is a "rebound" from inhibition, which 
in itself is insufficient to produce a spike. 
Excitatory input is transient and it is de-
layed relative to the stimulus onset; in itself 
it is also insufficient to produce a spike. 
However, if the delayed excitation coin-
cides with the rebound from inhibition, a 
spike occurs. This coincidence will depend 
on the duration of the stimulus (13). For 
the cell illustrated (Fig. 3), the rebound 
from inhibition, measured from sound off-
set, starts at about 8 ms, peaks at 13 ms, 
and is over by 18 ms. We assume that the 
excitation has a constant latency of about 
15 ms, rises sharply to peak at 20 ms, and 
trails off gradually. At a sound duration of 5 
ms, the rebound peaks at 18 ms, which is 

A Pure tone B FM Fig. 1. Response rate 
(spikes per stimulus pre-I r i  j ( # / qdurationsented) asof sounda functionfor neu-of 

rons in the inferior collicu-
lus of E. fuscus. (A) Neu-

1 rons tuned to duration of 
fixed frequency tones. The 
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within the latency of the excitatory input 
but before the peak of that input. At a 
sound duration of 10 ms, the rebound peaks 
at 23 ms, largely overlapping the excitatory 
input and producing many spikes. At a 
sound duration of 40 ms, the rebound starts 
at 48 ms, very near the tail of the excitatory 
input. To construct tuning to longer or 
shorter sounds, longer or shorter delays in 
the excitatory input would be required. The 
range of latencies of neurons in the inferior 
colliculus of E. fuscus, 30 ms or more (14), 
is adequate for the delayed inputs. 

There are three important aspects of 

these results. First, in the same sense that 
there are auditory neurons tuned to specific 
ranges of frequency or sound location, there 
are neurons tuned to specific ranges of 
duration. As different cells have different 
sensitivities to frequency, different dura-
tion-tuned cells have different best dura-
tions. There is no peripheral representation 
of sound duration, such as place on the 
basilar membrane for sound frequency, 
place on the retina for visual space, or place 
on the skin for somatic space. Therefore, 
like tuning for sound location (15), tuning 
for duration is computed in the central 

Fig. 2. Response rate of two dura- 6.5 
tion-tuned neurons before and after 
application of antagonists to GABA 
and glycine. Open circles show 5.2 

spike counts before drug applica-
tion (Pre-drug);closed circles show 3.9
spike counts between and after 
drug applications (Recovery);open 
squares show spike count during 
bicuculline application (Bic.);open 
triangles show spike counts during 
strychnineapplication (Str.).The in-
set tables show current (in nanoam-
peres) used for iontophoresis and 
the spontaneous activity (spont.)in 
spikes per trial when no stimulus = 
was presented. (A) A neuron that U, 8 

responded best to a 1-ms tone be-
fore drug application. (9)A neuron 
that responded best to downward 6 

FM sweeps of 10 ms. The sponta-
neous rate of activity remained es-
sentially unchanged in both neu- 4 
rons with the application of either 
drug. 

2 

Flg. 3. Whole-cell patch-clamp re-
cordings from a duration-tuned 
neuron in the inferior colliculus.The 
recordings were made in voltage-
clamp mode so that the vertical 
axis is in picoamperes. On each 
trace, deflections above the hori-
zontal line represent outward cur-
rents, presumably reflecting inhibi-
tory input, and deflections below 
the line represent inward currents, 
presumably reflecting excitatory in-
put. The stimulus duration and the 
number of evoked spikes are indi-
cated under each trace. The traces 
are averages from eight stimulus 
presentations. Asterisks indicate 
that spikes have been truncated. 
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nervous system. The finding that different 
neurons have different best durations solves 
a problem that arises if we assume that 
sound duration is represented by duration of 
neural response. How is a brief stimulus 
distinguished from a long one, if all neurons 
respond to both the short and the long 
stimulus? The results presented here resolve 
this issue by giving a neural place represen-
tation of sound duration. Second, results 
show that the computation of duration 
occurs in the inferior colliculus, which sup-
ports the hypothesis that the inferior colli-
culus integrates and transforms input from 
multiple sources. Recent studies have 
shown that inhibitory mechanisms in the 
inferior colliculus sharpen tuning for sound 
frequency or location (16). This study 
shows that tuning for a basic parameter of 
sound--duration (17)-is computed in the 
inferior colliculus. Finally, results indicate 
that the neural machinery for computing 
sound duration consists of three parts: (i) 
Inhibition arrives first and is sustained for 
the duration of the stimulus. (ii) Excitation 
is transient and delayed with respect to the 
stimulus onset. (iii) Duration tuning is pro-
duced by the coincidence of rebound from 
inhibitory inputs with delayed excitatory 
inputs. 
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Differential Effects of Apolipoproteins E3 and E4 
on Neuronal Growth in Vitro 

B. P. Nathan, S. Bellosta, D. A. Sanan, K. H. Weisgraber, 
R. W. Mahley, R. E. Pitas* 

Apolipoprotein E4 (apoE4), one of the three common isoforms of apoE, has been impli-
cated in Alzheimer's disease. The effects of apoE on neuronal growth were determined in 
cultures of dorsal root ganglion neurons. In the presence of p-migrating very low density 
lipoproteins (p-VLDL), apoE3 increased neurite outgrowth, whereas apoE4 decreased 
outgrowth. The effects of apoE3 or apoE4 in the presence of p-VLDL were prevented by 
incubation with a monoclonalantibody to apoE or by reductive methylation of apoE, both 
of which block the ability of apoE to interact with lipoprotein receptors. The data suggest 
that receptor-mediatedbinding or internalization (or both) of apoE-enrichedp-VLDL leads .to isoform-specificdifferences in interactions with cellular proteins that affect neurite out-
growth. 

Apolipoprotein E (apoE) is a 34-kD pro-
tein that mediates the binding of lipopro-
teins to the low density lipoprotein (LDL) 
receptor and to the LDL receptor-related 
protein (LRP) (1, 2). In the nervous sys-
tem, apoE is synthesized and secreted pri-
marily by astrocytes (3, 4) and macrophages 
(5) .It is a major apolipoprotein in the brain 
(6) and in cerebrospinal fluid (7). Apart 
from its role in maintaining plasma choles-
terol homeostasis, apoE is thought to par-
ticipate in the mobilization and redistribu-
tion of lipids during normal development of 
the nervous system (4) and in the regener-
ation of peripheral nerves after injury (8). 
Three major isoforms of apoE (apoE2, 
apoE3, and apoE4) are products of three 
alleles ( ~ 2 ,~ 3 ,and ~ 4 ,respectively) at a 
single gene locus on chromosome 19 (9). 

The most common isoform is apoE3, which 
contains cysteine and arginine at positions 
112 and 158, respectively. Both positions 
contain cysteine in apoE2 and arginine in 
apoE4. 

The ~4 allele is specifically associated 
with both familial late-onset and sporadic 
Alzheimer's disease (AD), and the gene 
dose of ~4 is a major risk factor for the 
disease (10). Accumulated apoE is found in 
the senile plaques and neurofibrillary tan-
gles seen in postmortem examinations of 
the brains of AD patients (1 1). Alzheimer's 
disease patients who are homozygous for the 
~4 allele exhibit more highly developed 
senile plaques at autopsy than other AD 
patients (12). Thus, apoE4 may contribute 
to the pathogenesis of AD. Because neu-
ronal pathology is a characteristic of AD, 
we examined the effect of human a ~ o Eon 
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