
The Journal of Neuroscience, September 1992, 12(g): 37003715 

Anatomy and Physiology of Multipolar Cells in the Rat Inferior 
Collicular Cortex Using the in vitro Brain Slice Technique 
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Coronal brain slices from 21-50-d-old hooded rats were used 
to characterize intracellular responses of cells in both the 
external and dorsal cortices of the inferior colliculus (IC). 
These cells could generate both sodium and calcium spikes. 
Depending on current amplitude, depolarizing current pulses 
could elicit either phasic or tonic firing patterns, with spike 
frequency adaptation. Spiking also occurred at the offset of 
a hyperpolarizing pulse. These patterns were due primarily 
to the activation of calcium conductances. Stimulation of the 
commissural pathway connecting the left and right IC pro- 
duced a short-latency monosynaptic IPSP followed by an 
EPSP(s) and a late polysynaptic IPSP(s). Non-NMDA gluta- 
mate antagonists eliminated or reduced the amplitude of the 
EPSP and the late portion of the inhibition, while both IPSPs 
were blocked by GABA, antagonists. As described previ- 
ously in guinea pig (Smith, 1988) and rat (Pierson et al., 
1989), a large NMDA-mediated depolarizing event (parox- 
ysmal depolarizing shift, or PDS) could be elicited by shock- 
ing the commissure of the IC in the presence of picrotoxin 
or bicuculline, NMDA, 4-aminopyridine, or in 0 Mg*+ Ringer’s. 
The picrotoxin-induced PDS was significantly reduced or 
abolished in Ringer’s containing aminophosphonovalerate. 
Cells displaying the responses described were labeled with 
neurobiotin. Those labeled are medium-sized multipolar cells. 
Their dendrites are usually spiny and can extend superfi- 
cially up to the cortical surface. Their thin axons give rise to 
collaterals that branch profusely within the cortex. The main 
axons project laterally along the circumference of the IC or 
medially into the commissure separating the collicular hemi- 
spheres. 

The inferior colliculus (IC) is the principal component of the 
auditory midbrain and serves as a major integrative center with- 
in the auditory CNS. In the rat, parcellation schemes have sub- 
divided this area based on cyto- and fibroachitectonic features 
(Faye-Lund and Osen, 1985) and to some extent on the afferent 
and efferent connections of certain regions (Ryugo, 1977; Hash- 

Received Feb. 25, 1992; revised Apr. 16, 1992; accepted Apr. 21, 1992. 
This work was generously supported by a FIRST grant from NIH (NS26285). 

I thank Lewis Haberly for the data collection and analysis software and the use 
of his setup to do preliminary experiments, John Harting for donating lab space, 
and Inge Siggelkow, Joan Meister, Jo Ann Ekleberry, Carol Dizack, and Terry 
Stewart for their technical assistance. Thanks also to Gail Robertson, Matt Banks, 
Philip Joris, and the anonymous reviewers for their useful comments on the 
manuscript. 

Correspondence should be addressed to Philip H. Smith, Department of Anat- 
omy, 51H Bardeen Labs, University of Wisconsin at Madison, Madison, WI 
53706. 
Copyright 0 1992 Society for Neuroscience 0270-6474/92/123700-16$05.00/O 

ikawa, 1983; Druga and Syka, 1984; Tokunaga et al., 1984; 
Faye-Lund, 1985, 1986; LeDoux et al., 1985, 1987, 1990a; Ta- 
naka et al., 1985; Coleman and Clcrici, 1987; Olazabal and 
Moore, 1989; Saldana, 1990; Vetter and Saldana, 1990; Herbert 
et al., 199 1). Based on Golgi, Nissl, and a combined cell-myelin 
method, Faye-Lund and Osen (1985) partitioned the rat IC into 
a core region, known as the central nucleus (ICC), and a shell 
or cortex region that surrounds the ICC. 

One notion that has evolved is that the ICC and IC cortex 
function within two different pathways. The ICC is part of the 
lemniscal or tonotopic pathway. In this pathway, frequencies 
represented along the length of the cochlear partition are mapped 
in a precise fashion onto auditory nuclei, and the projection of 
fibers from one nucleus onto the next, up the auditory pathway, 
maintains this tonotopic configuration. This system is believed 
to be of importance in the processing of spatial and spectral 
information. 

In contrast to the ICC, the cortices of the IC function within 
the extralemniscal or diffuse system. These regions of the col- 
liculus have been implicated as a vital component of the cir- 
cuitry involved in the initiation of both genetically transmitted 
and ethanol withdrawal-induced reflexive audiogenic seizures 
(see Frye et al., 1983, 1986; Browning, 1986), the visceral/emo- 
tional responses to acoustic stimuli (LeDoux et al., 1985, 1986, 
1988, 1990a,b; Iwada et al., 1986a,b), and the reflexive orienting 
responses of the pinnae, eye, head, and body evoked by sound 
(see Aitkin, 1985). The cortex is a laminated structure consisting 
of three layers and may be divided into an external cortex (EC), 
which wraps around the ICC laterally, ventrally, rostrally, and 
ventrocaudally, and a dorsal cortex (DC) situated dorsocaudally 
and dorsomedially to the ICC. As the name “extralemniscal” 
implies, the primary inputs to the IC cortex are not direct pro- 
jections from the tonotopically arranged nuclei of the brainstem 
via the lateral lemniscus (LL). Rather, auditory inputs are more 
indirect, arising from cells in the ICC and contralateral cortex 
of the IC (Tokunaga et al., 1984; Coleman and Clerici, 1987) 
and from auditory cerebral cortical areas AI, AII, and AAF 
(Faye-Lund, 1985, 1986; Coleman and Clerici, 1987; Games 
and Winer, 1988; Herbert et al., 199 1). In addition, certain areas 
of the IC cortex receive inputs from regions not directly asso- 
ciated with auditory function. In particular, somatosensory in- 
puts to the external nucleus from nuclei cuneatus and gracilus 
as well as the spinal nucleus ofthe trigeminal have been reported. 
Inputs from the deep superior colliculus, parabrachial nucleus, 
and substantia nigra pars lateralis have also been noted (To- 
kunaga et al., 1984; Coleman and Clerici, 1987; Olazabel and 
Moore, 1989) as well as direct projections from the globis pal- 
lidus (Yasui et al., 1990) and the posterior hypothalamus (In- 
agaki et al., 1990). 
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In vivo physiology from the rat IC is confined primarily to 
cells located in the ICC (Clopton and Winfield, 1973; Reale and 
Glaser, 1975; Clopton and Silverman, 1977; Silverman and 
Clopton, 1977; Farley et al., 1982; Moller and Rees, 1986; Fain- 
gold et al., 1989; Poon et al., 1990, 199 l), and reports of re- 
sponses from IC cortical cells are typically anecdotal in nature. 
Responses from IC cortical cells in other species are described 
as sluggish, easily habituated, and broadly tuned to auditory 
stimuli (see Aitkin, 1985). In some cases, cells in the EC would 
also or exclusively respond to somatosensory stimulation in a 
similar fashion. Besides a preliminary report from this lab (Smith, 
1986), only one report of recordings from cells in the IC slice 
has appeared (Pierson et al., 1989). In these experiments, re- 
sponses to current injection were not described and the shock 
stimulation used to evoke synaptic potentials was applied to the 
immediate vicinity of the cell so the potential source of the 
synaptic input was unknown. In addition, morphology of the 
cells was not described. In order to elucidate the circuitry of the 
IC cortex, I have begun to characterize cells in this region in 
terms of their basic response properties, the transmitters used 
at their inputs, and the morphological features of the soma, 
dendritic tree, and local axon collateral systems. 

Materials and Methods 
Tissue preparation. Brain slices were prepared in two ways. In both 
cases, hooded rats (Harlan Sprague-Dawley) from 21 to 50 d old were 
used. In the first procedure, rats were anesthetized with ether and de- 
capitated. A transverse cut was made through the brain immediately 
rostra1 to the superior colliculus, and the caudal half of the brain was 
removed and immersed in cold, oxygenated Ringer’s, A second trans- 
verse cut was made in the removed block approximately half way along 
the rostrocaudal extent of the cerebellum, and the region caudal to this 
was discarded. The remaining portion of the block was mounted with 
Super Glue, colliculus end up, in a chamber and immersed with cold, 
oxygenated Ringers. Slices, 400 pm thick, were then cut using a series 
1000 Vibratome. The first few slices containing the superior colliculus 
and underlying midbrain tegmentum were discarded. Subsequent slices, 
containing the inferior colliculus, were carefully placed in individual 
vials containing continuously oxygenated Ringer’s at room temperature. 

In the second procedure, rats were anesthetized to an areflexive state 
with either sodium pentobarbital(40 mg/kg, i.p.) or chloral hydrate (42 
mg’100 gm body weight, i.p.). The animal was then perfused intracar- 
dially with cold, oxygenated Ringer’s solution where NaCl had been 
replaced with sucrose (Aghajanian and Rasmussen, 1989). The animals 
were then decapitated, and 400 pm slices were taken in the same fashion 
as described in the first procedure with the exception that the saline 
used during the dissection and vibratoming was the modified form. 

The appropriate slice was transferred to a recording chamber, mod- 
ified from the dual subchamber design of Nicoll and Alger ( 198 1 ), where 
the slice was sandwiched between two layers of nylon mesh for double- 
sided perfusion. “Appropriate” slices were determined by the following 
criteria. Typically, three to four 400 pm slices, in the coronal plane, 
would encompass the entire inferior colliculus. The most rostra1 slice 
would usually include some of the caudal aspect of the superior colliculus 
as well and was not used. In the caudalmost slice, the right and left IC 
were usually not connected by a commissure (CoIC), being separated 
by the subarachnoid space and folia of the cerebellum. Because the 
commissure is a major source of stimulated synaptic input, this slice 
was typically not used. The middle two slices were usually of sufficient 
thickness to include some of the commissural fibers, the dorsal and/or 
the external cortices, and some of the lateral lemniscal fibers and the 
central nucleus. One or both of these middle slices was typically used. 
Oxygenated Ringer’s perfusing through the chamber was gradually raised 
from room temperature to 33-34°C and the temperature monitored 
with a thermocouple probe (Fluke Instruments). The slice was perfused 
at a rate of 2.5 ml/min with a bathing medium that consisted of the 
following (in mM): NaCl, 124; KCl, 5; KH,PO,, 1.2; CaCl,, 2.4; MgSO,, 
1.3; NaHCO,, 26; and glucose, 10; saturated with 95% O,, 5% CO,; pH 
7.4. In some experiments, where 0 Mg2+ Ringer’s was used, sodium 

sulfate was substituted for magnesium sulfate. Calcium-free saline was 
made by replacing Caz+ with Mgz+. 

Recording and data collection. The results reported here were obtained 
from recordings from 53 cells in 39 slices taken from 32 rats. Twenty- 
six of these cells were recorded from with electrodes filled with neu- 
robiotin and were subsequently injected and recovered. Intracellular 
recordings were made using a Neurodata dual-channel intracellular re- 
cording amplifier. Microelectrodes were pulled on a Flaming-Brown 
P87 micropipette puller and filled with either 4 M potassium acetate or 
a 2% solution of biocytin (Sigma Chemical) or neurobiotin (Vector Labs) 
in 2 M potassium acetate buffered to pH 7.4 with acetic acid. Electrode 
impedances ranged from 110 to 150 MQ. 

Typically, one set of bipolar stimulating electrodes made from in- 
sulated tungsten microelectrodes (tip impedance, 5 MQ; tips spaced 200 
pm apart) was placed in the fibers of the lateral lemniscus (LL) just 
ventral to their entry into the IC. A second set was placed in the fibers 
of the commissure of the IC (CoIC), at the midline or on the opposite 
side relative to the location of the LL stimulating clcctrodes and the 
intracellular electrode. Shock stimuli were typically 100 bsec in duration. 

Intracellular current and voltage records were digitized and the two 
channels sampled by a Compaq Deskpro 386s or Northgate 486 using 
software developed here. Data were either analyzed on line or stored 
on optical disk (IBM 3363) for later analysis. Current-voltage plots were 
generated using software developed here. Typically, the averaged mem- 
brane potential was measured 130-I 80 msec after the onset of 200 msec 
current pulses of different amplitudes and polarity. The deflection of 
the membrane potential relative to the. resting potential was plotted 
versus the amount of current injected. The input resistance of the cell 
was taken to be the slope of the linear regression line drawn through 
these points. 

Histology. Following recording and injection of biocytin or neuro- 
biotin, the slice was carefully removed from the recording chamber and 
fixed in fresh 4% paraformaldehyde. The slice was then cryoprotected, 
by passage through a series of glycerol-sucrose solutions, and 60 pm 
frozen sections collected and washed in 0.1 M phosphate buffer, pH 
7.4. The sections were then incubated for 20 min in 0.5% H,O, in 
phosphate buffer, rinsed in phosphate-buffered saline, and then incu- 
bated overnight in the avidin-biotin-HRP complex (ABC Kit, Vector 
Labs). The following day, the sections were rinsed in phosphate buffer 
and the HRP reacted using the diaminobenzidine (DABknickeUcobalt 
intensification method (Adams, 1981) and then mounted, counters- 
tained with cresyl violet, and coverslipped. Following recordings using 
KAc-filled electrodes, the shaft of the electrode was pushed through the 
slice recording site, creating a small hole. The slice was then fixed and 
cryoprotected, sectioned, mounted, counterstained with cresyl violet, 
and coverslipped. The location of the hole indicating the recording site 
was noted relative to the boundaries of the inferior colliculus. 

Two-dimensional drawings of injected cells were made using a camera 
lucida attached to a Zeiss microscope. The location of the cell body 
relative to the divisions of the rat inferior colliculus was determined 
using the descriptions of Faye-Lund and Osen (1985). 

Results 
Physiology 
Intrinsic properties. The cells of the IC cortex that will be re- 
ported on here had similar physiological properties. Others, not 
described in this article, showed different synaptic and spike 
response. 

These cells typically had resting potential around -60 mV 
(range, - 53 to -79 mV, mean, -62.7 mV) and steady state 
input resistances ranging from 3 1 to 113 MO (mean, 58.5 MQ). 
Often, at some level of depolarization above rest, a “hump” 
developed at the onset of the deflection and the transient Z-V 
curve, derived from this region displayed an expansive nonlin- 
earity (Fig. lA,B). This hump appeared to result from the ac- 
tivation of a calcium conductance. In three cells tested, when 
sodium spikes were blocked with TTX and potassium conduc- 
tances depressed with tetraethylammonium (TEA), the hump 
was still apparent in normal saline (Fig. 1 Z?, top panel, asterisk). 
I f  calcium was then removed from the bath, depolarizing pulses 
no longer elicited the hump even at higher levels of depolariza- 



Current 

OnA- 

0 

Injected Current hA) 

B 

E i rest 9 

-61 mV 
- t 

v  - 

100 msec 

I 1 pM TTX, 2 mM TEA 

D 

I pM TTX, 2 mM TEA, 0 Ca” 

Figure 1. Intrinsic membrane features. A, Voltage deflections of the cell membrane (F’o’oltage) in response to the 200 msec current pulses (Current). 
Areas in the top traces enclosed by the lines indicate the portions of the data that were averaged to derive the two Z-V plots seen below. The Z-V 
plot derived from measurements at the onset of the response is represented by the open circles, and during the sustained portion, by the triangles. 
EM, the averaged voltage over the areas of the voltage traces enclosed by the lines. B, Ca*+ dependence of initial nonlinearity. Upper truces, Responses 
to five depolarizing current pulses in saline containing TTX/TEA to show the onset of the hump (asterisk) at a level above the resting potential. 
Lower traces, Responses of the same cell to five depolarizing pulses in 0 Ca2+ saline containing TTX/TEA. C, Spike response of another cell to 
200 msec depolarizing current pulses of increasing intensity to illustrate the transient response at lower current levels (top two traces) and the 
sustained response at higher levels (lower trace). D, Offset depolarization and spiking after hyperpolarizing pulses of increasing amplitude (bottom 
to top). Calibrations in A apply to A and B, calibrations in C apply to C and D. 
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Figure 2. Caz+-dependent features. A, Transient firing behavior to a depolarizing current pulse and rebound depolarization (asterisk) at the offset 
of a hyperpolarizing current pulse. B, Response of the same cell to the same-amplitude hyperpolarizing current pulse and a smaller-amplitude 
depolarizing pulse in 0 Ca2+ saline. C, Action potentials seen in A and B on a different time scale to illustrate the difference in the afterhyperpolarization 
and the slight increase in action potential duration in 0 CaZ+. DC level of the 0 Cu ++ trace has been shifted slightly upward for clarity. D-G, 
Calcium spikes. D, Initial portion of the responses to 3-200 msec current pulse of increasing amplitude, with the highest-amplitude pulse generating 
three sodium spikes. E, Initial portion of the responses of the same cell to six current pulses of increasing intensity after the cell was bathed in 
TTX/TEA, showing not only the hump at the onset of the third and fourth pulses (asterisk) but a Ca*+ spike at the highest level (arrow). F, Responses 
to six current pulses in saline where Ca*+ was replaced with Mg2+, showing disappearance of the onset hump and the Ca2+ spike. G. Response to 
five current pulses after return to normal saline containing TTX and TEA. Calibrations in A apply to A and B, calibrations in F apply to C-G. 

tion (Fig. lB, bottom panel). This effect was reversible. Sodium potential, were biphasic with a fast and a slow component (Fig. 
action potentials were typically overshooting (mean amplitude, 1 C). Spontaneous sodium spike activity, in the absence of shock 
63 mV above the level of depolarization required to elicit a stimulation, was rarely observed. 
spike), and the afterhyperpolarizations, following each action It was often possible to initiate transient firing at the onset of 
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Figure 3. Commissural inputs. A. Synaptic response to the same am- 
plitude shock stimulation (sa. shock artifact) of the CoIC at the cell’s 
resting potential (E, = -66 mV) and with the cell artificially polarized 
above and below rest. B, Synaptic response of the same cell to pro- 
gressively increasing shock strengths (bottom to top) applied to the com- 
missural connection. Voltage calibration in B applies to A and B. 

low-amplitude depolarization (Fig. lC, top panels). With in- 
creased levels of current, it was possible to elicit a sustained 
response for the duration of the pulse although spike rate ad- 
aptation was clearly evident (Fig. lC, bottom panel). In addi- 
tion, the cells would often show a pronounced offset response 
or rebound excitation (Fig. 1 D) at the offset of a hyperpolarizing 
pulse of sufficient amplitude, where the membrane potential 
would overshoot the resting potential, sometimes for durations 
of 50-100 msec, and could elicit one to five spikes. 

Cells were bathed in 0 Ca2+ saline to test whether the calcium- 
dependent “hump,” seen at the onset of a subthreshold pulse, 
could account for any of these observed response features. In 
five cases tested, the “hump” and the tendency to fire transiently 
at the onset of a small amplitude depolarization were signifi- 
cantly reduced, as was the depolarization elicited at the offset 
of a hyperpolarizing pulse (Fig. 2AJ). In addition, the config- 
uration of the spike afterhyperpolarization was altered, and spike 
frequency adaptation, seen at higher levels of depolarization, 
was significantly reduced (Fig. 2A-C). The change in the con- 
figuration of the afterhyperpolarization and loss of adaptation 
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Figure 4. Glutaminergic nature of the EPSP. A, Synaptic response to 
CoIC stimulation with the cell membrane potential polarized to different 
levels with respect to the resting potential (E,J. sa, shock artifact. B: 
Upper trace, Normal synaptic response of the cell shown in A. Second 
truce, Synaptic response to the same shock stimulation after bath ap- 
plication of DNQX showing the total absence of the EPSP (even at 
higher shock strength) and later IPSPs. Lower three truces, Onset of 
recovery of the EPSP and late IPSPs 20 min after return to normal 
saline. Calibration in B applies to A and B. 

indicated the presence of a calcium-activated potassium com- 
ponent. These cells could also generate Ca2+ spikes (Fig. 2D- 
@. In three of four cases tested, under bath conditions where 
sodium spikes were blocked (TTX/TEA), depolarizing the cell 
could generate a long slow spike (Fig. 2E, arrow) that was re- 
versibly eliminated in saline with no calcium (Fig. 2F,G). 

Synaptic responses. When recording from these cells in the 
absence of any shock stimulation to potential sources of synaptic 
input, spontaneous synaptic events were rarely seen. 

Stimulation of the CoIC, which connects the two sides of the 
IC and provides the major axonal input to this area, elicited a 
characteristic IPSP/EPSP/IPSP sequence of synaptic events. At 
the typical resting potential of the cell, IPSPs were almost always 
difficult to distinguish or were depolarizing presumably because 
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the reversal potential of the mediating ion was close to the cell’s 
resting potential. It was therefore necessary to change the cell’s 
membrane potential, with respect to the resting potential, to 
distinguish IPSPs from EPSPs (Fig. 3A). Pharmacological ex- 
periments indicate that the IPSP can be divided into early direct 
and late polysynaptic components for reasons that will be de- 
scribed below. CoIC stimulation of sufficient magnitude usually 
generated an IPSP with an onset occurring around 1.5 msec 
after the shock (mean, 1.56 msec; range, 0.9-4 msec). Inhibitory 
events typically persisted for 25-35 msec (measured from the 
shock artifact to the point where the membrane potential re- 
turned to prestimulus DC levels; mean, 3 1 msec; range, 12.7- 
50 msec). The inhibition often showed a lower threshold to 
shock stimulation (Fig. 3B). At higher shock strengths, the onset 
of the inhibition was quickly followed by an EPSP, or multiple 
EPSPs. At rest, the EPSP was rarely suprathreshold even at high 
shock strengths. The latency of the EPSP was difficult to discern 
because it occurred during the preceding IPSP. However, the 
first indication of a positive-going potential was usually initiated 
around 4 msec after the shock (mean, 3.9 msec; range, 2. l-l 1 
msec). The duration of EPSP was also hard to distinguish be- 
cause it was surrounded by inhibitory currents and could vary 
considerably with stimulus intensity. If the cell was depolarized, 
the EPSP would usually be of sufficient magnitude and duration 
to generate a single spike. Occasionally, at higher shock strengths, 
the duration of the EPSP(s) was sufficient to evoke multiple 
action potentials. 

Responses to shock stimulation of other potential sources of 
input to the cortex were not as consistent. A second major input 
pathway to the IC is the LL, but in most of the cells tested, 
stimulation of the LL elicited no synaptic events or events of 
minimal amplitude. When seen, synaptic potentials could be of 
either sign and usually occurred at much higher shock strengths 
with much longer and more variable latency from trial to trial. 
There did appear to be a tendency for cells situated more lat- 
erally, in the EC, to be more likely to show synaptic input from 
LL stimulation. 

In most cases tested (16 of 20) shock stimulation of the ICC 
generated short-latency synaptic events, but as with the LL- 
induced events, these were quite variable from cell to cell. In 
contrast to stimulation of the CoIC and LL, such stimulation 
may directly activate not only axons but cell bodies in the vi- 
cinity of the stimulating electrode, which could explain such 
variability. 

Pharmacology. Bath application of antagonists was used to 
determine the nature of the excitatory neurotransmitter used in 
the system activated by the stimulation of the CoIC. In six cases 
tested, the specific non-NMDA receptor antagonists 6,7-dini- 
troquinoxahne-2,3-dione (DNQX) (Fig. 4A,B) or 6-cyano-7- 
dinitroquinoxaline-2,3-dione (CNQX) (not shown) completely 
eliminated the EPSP. In five cases tested, kynurenic acid, a 
relatively nonspecific glutamate antagonist, significantly re- 
duced the amplitude of the EPSP (not shown). Not only was 
the excitatory input eliminated, but the later component of the 
inhibitory input also disappeared, leaving the early portion in- 
tact (Fig. 4B). The loss of the EPSP indicates that it is generated 
by activation of non-NMDA-type glutamate receptors. The loss 
of the late inhibitory events indicates that the glutaminergic 
input, driven by electrical stimulation of the CoIC, excites not 
only this cell, but inhibitory intemeurons that provide the late 
inhibition to the impaled cell as well. The early inhibition pre- 
sumably remains because it is a direct input. 
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Figure 5. GABAergic nature of the IPSPs. A, Synaptic response to 
CoIC stimulation at resting potential (&,, lower truce). Depolarizing 
the cell (upper truce) reveals the early IPSP and makes the EPSP su- 
prathreshold (AP). B, Synaptic response of the same cell to the same 
shock strength after bath application of bicuculline shows a complete 
block of inhibition, reveals the EPSP, and generates a large suprathresh- 
old PDS. C’, Synaptic response to the same shock stimulation after 
addition of APV shows a maintenance of the EPSP but a block of the 
PDS. D, Recovery of the PDS after removal of APV from the bath. E, 
Shock-induced PDS on different time and voltage scales. Calibration in 
A applies to A-D. 

I also sought to determine the transmitter responsible for the 
inhibitory synaptic events. In five cases tested, the glycine an- 
tagonist strychnine (1 PM) had no apparent effect on the IPSPs. 
In contrast, in 15 cases, the GABA, receptor antagonist bicu- 
culline or picrotoxin blocked the described inhibitory events 
elicited by stimulation of the CoIC (Fig. 5A,B), exposing the 



3706 Smith * Multipolar Cells in the Inferior Collicular Cortex 

Figure 6. Other evidence for NMDA 
receptors. A, Synaptic response to CoIC 
stimulation with cell polarized to dif- 
ferent DC levels. B, Response of the 
same cell to CoIC stimulation when 
bathed in Ringer’s containing no mag- 
nesium. C, Same record as in B on dif- 
ferent time and voltage scales. D, Syn- 
aptic response ofthe same cell, with the 
membrane depolarized, at a shock level 
below the threshold for the PDS, to re- 
veal the intact IPSP/EPSP/IPSP se- 
quence. E, Response of another cell to 
CoIC stimulation during bath applica- 
tion of NMDA. F, Same record as in E 
on different time and intensity scales. 
su, shock artifact. Calibration in D ap- 
plies to A, B, D, and E, calibration in 
F applies to C and F. 
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EPSP. In the presence of a GABA antagonist, CoIC stimulation 
would also generate very large suprathreshold membrane de- 
polarizations (Fig. 5B,D) lasting up to 400 msec (Fig. 5E). These 
potentials strongly resemble the synaptically generated parox- 
ysmal depolarizing shifts (PDSs) that have been described in 
the cortex and hippocampus when GABA inhibition has been 
compromised (Schwartzkroin and Prince, 1980; Gutnick et al., 
1982). 

The PDS responses are due to the activation of NMDA re- 
ceptors. In five cases tested, addition of the selective NMDA 
receptor antagonist aminophosphonovalerate (APV) to the bath, 
subsequent to addition of a GABA antagonist, caused CoIC- 
generated PDS activity to diminish (Fig. 5c) while not signifi- 
cantly affecting the early excitatory event. This experiment in- 
dicates that, if GABA inhibition is compromised, stimulation 
of the CoIC acts to generate paroxysmal depolarizations through 
an NMDA-mediated process. The persistence of the early EPSP, 
in APV, also reinforces the notion that this synaptic event is 
glutaminergic but not mediated by NMDA receptors. 

Other methods of NMDA receptor activation also elicited 
PDS activity in response to commissural stimulation. In six 
cases tested, removal of magnesium ions, known to block NMDA 
receptors in a voltage-dependent fashion (Coan and Collin- 
gridge, 1985), caused the cell to respond to CoIC shock stim- 
ulation with a PDS (Fig. 6A-C). This was despite the fact that 
the GABA inhibition was still intact (Fig. 60). In addition, direct 

bath application of NMDA alone facilitated a PDS-like event 
in three cases (Fig. 6E,fl. It was also possible to evoke PDS 
behavior using the potassium channel antagonist 4-aminopyr- 
idine (4-AP). In four cases tested, application of 1-2 mM 4-AP 
dramatically increased observed spontaneous synaptic events 
and blocked the early component of the spike afterhyperpolar- 
ization (Fig. 7A-fi. Shock stimulation ofthe CoIC in 4-AP could 
elicit a PDS or cause prolonged repetitive firing (Fig. 7G,H). 

Under the conditions described above, where PDS activity 
could be elicited by stimulation of the commissural connection, 
it was also possible to elicit a similar response from stimulation 
of the ICC (Fig. 8s0. In contrast, it was rarely (2 of 12 cases 
tested) possible (Fig. 8A-C) to elicit such a PDS by stimulation 
of the LL. PDS activity was never observed in records from 
cells under “normal” slice conditions. Tetanic stimulation (up 
to 250 Hz) of the described inputs or stimulation of synaptic 
inputs while the cell was depolarized was also unable to elicit 
abnormal behavior under normal conditions. 

Anatomy 

The injected cells were located in the dorsal, cortical aspect of 
the colliculus. In the more rostra1 slices (see Materials and Meth- 
ods), where the EC completely occupies the dorsal IC surface, 
cells were always in the dorsal half of the cortex. In more caudal 
slices, where the DC occupies the medial aspect and EC the 
lateral aspect of the dorsal IC surface, cells were either in the 
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-ba loo msec 

1 20 mV 

Figure 7. Action of 4-AP on cell re- 
sponse. A, Suprathreshold response of 
a cell to a 200 msec depolarizing current 
pulse. B, Initial 50 msec ofthe response 
shown in A. Asterisk indicates early 
postspike afterhyperpolarization. C, 
Response of the same cell to a 200 msec 
pulse of the same duration and ampli- 
tude as in A during bath application of 
4-AP. D. Initial 50 msec ofthe response 
shown in C. E, Response of a second 
cell to the same 200 msec pulse during 
bath application of 4-AP. F, Initial 50 
msec of the response shown in E. G, 
Repetitive firing of the first cell to shock 
stimulation of the CoIC while in 4-AP. 
H, PDS response of the second cell to 
stimulation of the CoIC during 4-AP 
application. Lower trace in E represents 
the timing of the current pulse eliciting 
the responses in A, C, and E. Lower 
trace in F represents the timing of the 
current pulse eliciting the responses in 
B, D, and F. sa, shock artifact. Voltage 
calibration in H applies to all traces. 
Time calibration in A applies to A, C, 
and E, time calibration in B applies to 
B, D, and F; time calibration in H ap- 
plies to G and H. 

DC or in that portion of the EC immediately adjacent to the also Fig. 13) sending branches into all three cortical layers. 
DC. The cell somata varied in size from 10 x 11 to 18 x 26 Branches invading layer 1 would often extend to the very surface 
Km and were all situated 100-300 Km from the tectal surface, of the cortex. In the coronal plane, the dendritic fields of these 
corresponding to deep layer 1, layer 2, and superficial layer 3 cells could vary considerably in extent, ranging from a few hun- 
of the cortex as defined by Faye-Lund and Osen (1985). dred microns to over 800 pm in diameter. The dendrites were 

The dendritic trees were typically multipolar (Figs. 9, 10; see typically moderately or sparsely spiny, but in three cases the 
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Figure 8. Other synaptic inputs. A, 
Synaptic response to shock stimulation 
of the CoIC (upper trace) and LL (lower 
trace) while the cell was depolarized 
slightly to elucidate IPSPs. B, Synaptic 
response of the same cell 5 min after 
bath application of picrotoxin to the 
same shock stimuli as in A. C, PDS 
response to the same shock stimuli 20 
min after addition of picrotoxin. 0, 
Synaptic response of another cell to 
shock stimulation of the CoIC (upper 
trace), the ICC (middle trace), and the 
LL (lower trace) while the cell was de- 
polarized slightly. E, Synaptic response 
of the same cell to the same stimuli 5 
min after bath application of picrotox- 
in. F, Synaptic response 15 min after 
bath application of picrotoxin. sa, shock 
artifact. Calibration in C applies to all 
traces. 

C 

E 
res t 1 

Normal 

dendritic tree was almost aspinous. Because these cells were well 
filled with the neurobiotin tracer, it is not likely that this vari- 
ation is a result of inadequate filling. The axon always arose 
from the cell body or a proximal dendrite. Despite the fact that 
slice thickness limits the amount of axon that can be recovered, 
the axon of many of the cells could be followed for considerable 
distances. Typically the axon would give off numerous collat- 
erals that would branch extensively in all layers of the cortex 
(Figs. 1 l-l 3). These branches appeared to innervate regions of 
the cortex in close proximity to the cell of origin as well as 
cortical areas some distance away. Typically, only a few or none 
of the collaterals would venture outside the boundaries ofcortex, 
into the ICC. When it could be distinguished, the main axon 
often headed laterally around the perimeter ofthe cortex, toward 
the brachium, which contains fibers connecting the IC and other 
auditory centers including the medial geniculate nucleus. Four 

E AI. 
LL 

rest s 

of the injected cells had axons that instead projected medially 
into the CoIC (Fig. 11) but could only be followed a short 
distance after crossing the midline before being cut off at the 
top or bottom of the slice. 

Discussion 
Summary of results 
In this article, I describe some of the physiological, pharma- 
cological, and anatomical characteristics of a group of cells in 
the DC and the dorsal portion of the EC of the IC. The cells 
described in this article usually responded to depolarizing cur- 
rent pulses of increasing intensity with phasic spiking and then, 
as level increased, tonic spiking that showed rate adaptation. 
An offset response could also be elicited at the end of a hyper- 
polarizing pulse. The temporal aspects of this spiking behavior 
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was largely dependent on activation of calcium conductances. 
Under appropriate conditions, these cells could also show cal- 
cium spikes. Stimulation of the CoIC generated a consistent 
IPSP/EPSP/IPSP sequence. Stimulation of the LL usually elic- 
ited no synaptic response or a small-amplitude response with a 
longer latency. The sign, amplitude, and latency of the response 
were inconsistent from cell to cell. Stimulation of the ICC would 
often elicit a synaptic response but not in a consistent sequence. 

Pharmacological experiments indicated that all shock-in- 
duced EPSPs are glutaminergic and use non-NMDA receptors 
under normal conditions. Longer EPSPs activated multisy- 
naptically could be non-glutaminergic, but they must be driven 
by glutamate inputs from the CoIC because they were shut off 
in CNQX or DNQX. Shock-induced inhibition appears to be 
GABAergic and may be both direct and indirect. The late in- 
hibition disappears in CNQX or DNQX and is thus probably 
taminergic axonal input from the CoIC. 

Blocking GABA, with picrotoxin or bicuculline activates 
NMDA receptors, causing subsequent commissural stimulation 
to generate PDS behavior. Electrical stimulation of the ICC can 
also generate PDS activity, while stimulation of the LL rarely 
does. Shock-induced PDS activity in 0 Mg2+ saline and in saline 
containing NMDA is further evidence that the PDS is elicited 
by activation of NMDA receptors. 4-AP also can evoke PDS 
behaviors, but it has not been determined whether this is be- 
cause of activation of NMDA receptors. 

Anatomically, the cells reported here are restricted to a narrow 

Figure 9. Camera lucida drawing of a 
neurobiotin-injected multipolar cell 
body and dendritic tree. Only the initial 
portion of the axon (a) is illustrated. 
Dotted line on cell body indicates the 
course of axon, behind the cell body, 
from its point of origin at the left side. 

range of depths below the surface of the DC and dorsal reaches 
of the EC, adjacent to the DC. Their multipolar dendritic trees 
are moderately to sparsely spiny and traverse all layers of the 
cortex. Their axons generate numerous collaterals that primarily 
innervate the cortex, while their primary axon heads either 
around the outskirts of the colliculus toward the brachium or 
into the commissure. 

Inputs to the IC cortex-the CoIC 

What are the possible sources of the axons within the CoIC that 
might generate the observed shock-induced synaptic events? A 
variety of studies have utilized retrograde and anterograde tracer 
methods to determine the sites that project to the DC and EC 
of the IC. Unfortunately, descriptions of the course of the axons 
into the cortical regions are usually not provided. Two regions 
are known to use the CoIC to innervate the collicular cortex. 
Cells in the ICC, DC, and EC of the opposite IC are probably 
one of the major sources of axons that cross the midline to 
innervate both the contralateral DC and EC (Druga and Syka, 
1984; Tokunaga et al., 1984; Faye-Lund and Osen, 1985; Cole- 
man and Clerici, 1987). Similar methods have shown that layer 
V pyramidal cells of the primary auditory and surrounding ce- 
rebral cortical areas have a strong collicular input (Syka et al., 
1980; Druga and Syka, 1984; Land et al., 1984; LeDoux et al., 
1985; Coleman and Clerici, 1987; Games and Winer, 1988; 
Roger and Arnault, 1989; Herbert et al., 199 1). Axons of these 
cells enter the ipsilateral IC via the brachium and synapse pri- 
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Figure 10. Camera lucida drawing of another neurobiotin-injected multipolar cell body and dendritic tree. Only the initial portion of the axon 
(a) is illustrated. 

marily in the ipsilateral collicular cortex. Some of these fibers 
continue through the CoIC and terminate in the contralateral 
DC. Studies in the cat showed these corticocollicular terminals 
to be of the type I variety and potentially glutaminergic (Rockel 
and Jones, 1973; Adams and Wenthold, 1979). 

Inputs to IC cortex-LL and ICC 
Anatomical evidence indicates that there is only a scant direct 
projection of lower auditory brainstem structures onto the col- 
licular cortex, especially to the DC and more dorsally situated 
regions of the EC where the cells described here were located 
(Druga and Syka, 1984; Coleman and Clerici, 1987). EC and 
DC regions receive minor inputs from the contralateral dorsal 
and ventral cochlear nucleus and ipsilateral dorsal nucleus of 

the LL. In addition, the ventral nucleus of the LL and superior 
paraolivary nucleus send a small projection to DC. Thus, it is 
not surprising that electrical stimulation of the LL rarely evoked 
rapid synaptic events in intracellular records. 

Small gross injections indicate that both the DC and EC re- 
ceive an input from the ICC on the same side. Occasionally, 
one set of stimulating electrodes was moved into the ICC, but 
a consistent set of electrically evoked synaptic events was not 
evoked from this region. This is probably not unexpected given 
that electrical stimulation here would activate not only cells 
within the ICC but axons heading to the cortex from other 
sources through this area. Experiments are now underway in 
which cells, and not axons of passage, are directly activated via 
drop application of glutamate or glutamate analogs: such studies 
should help to clarify the inputs from the ICC. 
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Figure 11. Camera lucida drawing of the same cell seen in Figure 9 showing the axonal (a) branching pattern, the cell body, and proximal dendrites. 
Distal dendrites are not shown to more clearly illustrate the axon collaterals. Inset, Camera lucida drawing showing the location of the cell (usterisk) 
in the EC. A, cerebellar aqueduct; BZC, brachium of the IC, PAG, periaqueductal gray. 

Activation of NMDA receptors and the PDS phenomenon 
The results presented here clearly demonstrate that the acti- 
vation of a specific input to the collicular cortex is capable of 
eliciting large depolarizing events in cells when GABA, inhi- 
bition is reduced and/or NMDA receptors are activated. A sim- 
ilar PDS behavior may also be elicited in 0 Mg*+ saline and 
normal saline containing 4-AP, circumstances predicted to fa- 
cilitate activation of NMDA receptors and increase membrane 
excitability. PDSs have been described as the cellular hallmark 
of focal epileptogenesis (Prince, 1985) which, when they occur 
synchronously in a population of cells, generate the EEG ab- 
normality known as the interictal spike. It is interesting to note 
that a number of studies have implicated the cortex of the IC 
as a potential site for audiogenic (sound-evoked) epileptic sei- 
zure initiation (see Wada et al., 1970; Ward, 197 1; Henry et al., 
1972; Laird and Huxtable, 1978; Willott and Lu, 1980; Mc- 
Gown et al., 1984, 1987; Browning, 1986). It is also interesting 
to note that the seizure susceptibility appears to be strongly 
linked to the integrity of GABAergic neurotransmission and the 
action of NMDA receptors in the IC, in audiogenic seizure- 
prone states induced either (1) genetically as in the genetically 
epilepsy prone rat (GEPR), (2) through alcohol withdrawal, or 
(3) through intracollicular bicuculline or NMDA infusion (Du- 
plisse et al., 1974; Frye et al., 1983, 1986; Faingold et al., 1986; 

Millan et al., 1986; Meldrum et al., 1988; Browning et al., 1989). 
Some evidence exists that damage in the cochlea of the GEPR 
may be the underlying abnormality that ultimately leads to sei- 
zure susceptibility (Penny et al., 1986). This argument is 
strengthened by the observation of Pierson and Swann (1988) 
that normal rats can be made permanently seizure susceptible 
by administration of the cochleotoxic antibiotic kanamycin at 
a precise stage of development. How a cochlear abnormality 
might induce a collicular abnormality capable of seizure initi- 
ation poses intriguing developmental questions. 

It has long been emphasized, in interpreting experimentation 
on cortical and hippocampal models of epilepsy (see Ayala et 
al., 1973) that an actual seizure event does not occur until 
interictal spikes occur so closely together that they appear to 
“merge” while at the same time the underlying PDS becomes 
much more prolonged. In the experiments described here, re- 
cording from cells in IC cortex of hooded rat older than 21 d 
of age, and in a similar preparation using the guinea pig IC 
(Smith, 1986), PDS durations greater than 400 msec have never 
been observed. In contrast, Pierson and Swann (1988) show 
much more prolonged, ictal-like excitatory events in IC cortex 
cells in slices when GABA, inhibition was blocked in ways 
similar to those described here. The slices in this report were 
taken from rats of an unspecified variety from 13-l 5 d of age. 
Likewise, my recordings from cells in IC slices taken from GEPRs 
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Figure 12. Camera lucida drawing of the same cell seen in Figure 10 with the axonal branching pattern included (a, axon). Inset, Camera lucida 
drawing of the section containing the cell body of this cell. The cell soma location is indicated by the asterisk. BZC, brachium of the IC, ZV, fourth 
ventricle; PVG, periventricular gray; Re, recess. 

(GEPR9s; P. H. Smith, unpublished observations) older than 
20 d of age can show substantially prolonged, ictal-like events 
when GABA, inhibition was blocked or NMDA receptors ac- 
tivated. Perhaps a mechanism that is present in very young 
animals, which facilitates ictal-like events, is downregulated as 
normal animals mature but not as the GEPR matures. 

It is intriguing that one of the most striking anatomical fea- 
tures of these cells is the large number of axon collaterals they 
display. Their tendency to remain largely confined to the cortex 
region of the colliculus indicates that a large amount of inter- 
action is going on between cells in the area. Certainly, a signif- 
icant degree of excitatory synaptic coupling among members of 
a neuronal population can be an essential feature in the devel- 
opment of the giant synaptic PDS behavior seen within cortical 
structures under seizure-prone conditions (Prince, 1985). The 
use of such complex interconnections under normal conditions 

is more difficult to discern but might be elucidated by recording 
from two cortical cells simultaneously with separate electrodes, 
to determine the sign, strength, and frequency of interaction. 

It is still unclear how abnormal activity in the IC cortex might 
escape the colliculus to initiate a motor output manifested as a 
convulsion. Lesions of auditory structures rostra1 to the IC fail 
to prevent convulsions, indicating that descending collicular 
pathways may carry the requisite convulsive output (see Brown- 
ing, 1986). Lesions of the substantia nigra have been shown to 
reduce audiogenic seizure intensity significantly, but there are 
no known projections from IC cortex to this structure. Rather, 
cells in substantia nigra pars lateralis project to the IC cortex 
(Olazabal and Moore, 1989). It is presumably the loss of this 
primarily GABAergic input to the colliculus that can alter the 
activity in the audiogenic seizure pathway out of the IC. GA- 
BAergic nigral input from pars reticulata to the superior collic- 
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Figure 13. Right, Camera lucida drawing of another neurobiotin-labeled cell body, dendritic tree, and axon (a). Left, Camera lucida drawing 
showing the location of the cell (asterisk) in a transition region between the DC and EC. A, cerebral aqueduct; BIG, brachium of the IC, PAG, 
periaqueductal gray. 

ulus has been shown to have anticonvulsant effects in a number 
of seizure models (Iadarola and Gale, 1982; Dean and Gale, 
1989). Some IC cortical cells project to deep layers of the su- 
perior colliculus (Tokunaga et al., 1984; Coleman and Clerici, 
1987) and may be involved in the circuit mediating the appro- 
priate orientation of head, eyes, and pinna movements (see 
Aitkin, 1985). Lesion and stimulation studies of the deep su- 
perior colliculus indicate that IC output generating the major 
components of the seizure behavior probably does not use this 
route (Wada et al., 1970; McCown et al., 1984; Browning et al., 
1985; Browning, 1986). Other cells in the IC cortex form a 
“descending” projection to the pons and medulla, and it is in- 
teresting to note that bilateral lesions of a region of the pons 
called nucleus reticularis pontis oralis (RPO) significantly at- 
tenuates audiogenic convulsions (Browning et al., 1985). This 

would seem to implicate this descending pathway in seizure 
initiation; however, RPO is not the pontine region where col- 
liculopontine fibers terminate (Bume et al., 1981; Faye-Lund, 
1986). Descending IC inputs to the medulla terminate primarily 
in periolivary nuclei, where they may act on olivocochlear cells 
that innervate the cochlea and/or the cochlear nucleus (Faye- 
Lund, 1986; Vetter and Saldana, 1990). Activation of such con- 
nections would presumably not evoke a gross motor response. 
Thus, the seizure output pathway remains obscure. The main 
axon of some of the cells I have injected headed into the CoIC 
for the contralateral IC. The majority headed laterally along the 
edge of the cortex, parallel to the surface, but could not be 
followed into the brachium or the LL, so it could not be deter- 
mined whether they were components of the ascending or de- 
scending collicular output. 
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Activation of NMDA receptors and a simple learning circuit 

NMDA receptors have also been implicated in the phenomenon 
of long-term potentiation (LTP), a process that may underlie 
some forms of learning and memory (see Nicoll et al., 1988). 
In their investigations of the classical conditioning of emotional 
responses to auditory stimuli, LeDoux and his colleagues have 
shown that cells in the collicular cortex are involved in this 
emotional learning circuit (LeDoux et al., 1985, 1986, 1987, 
1988, 1990a,b; Iwada et al., 1986a,b). It has been proposed that 
the learning that takes place in this paradigm may occur in the 
amygdala or medial geniculate, where LTP has been demon- 
strated (Ryugo and Weinberger, 1976; Gerren and Weinberger, 
1983; Clugnet and LeDoux, 1989). The presence of NMDA 
receptors in the IC cortex that has been demonstrated here may 
also be utilized in this simple learned behavior. 

Many interesting and potentially important and answerable 
questions have arisen from this study. For example, (1) what 
are the response properties of similar cells in brain slices taken 
from the GEPR rat? Preliminary results suggest intriguing dif- 
ferences. (2) Do all cells projecting to a given efferent termination 
site of the cortex share similar properties? One method that 
might determine this would be by injection of a retrograde label, 
such as rhodamine beads (Katz, 1987) into a target region of 
IC cortex. Subsequent recordings from rhodamine-labeled cells 
in IC slices of these animals would help to determine if a par- 
ticular population of cells displayed unique response features 
such as PDS behavior. (3) Do dual intracellular recordings from 
two cells in the cortex reveal a high degree of excitatory or 
inhibitory interconnection? (4) Do other cells in other regions 
of the colliculus, for example the ICC, display unique features? 
(4) Given their involvement in the conditioned fear circuit and 
the presence of NMDA receptors, can cells in the cortex display 
associative-style LTP when multiple inputs are stimulated in 
the appropriate temporal sequence? 
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