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Summary 
The role of cortico-tectal pathways in auditory signal processing was studied in anesthetized rats by comparing the 
extracellular single unit activity in the inferior colliculus (IC) before and after functional ablation of the auditory cortex 
(AC) by tetrodotoxin (TTX). The responses of several IC neurons to sound stimuli were simultaneously recorded with a 
16-channel electrode probe introduced into the IC. Click-evoked middle latency responses (MLR) recorded from the 
AC were suppressed for several hours after TTX injection. During AC inactivation the firing rate of IC neurons 
increased (40 % of neurons), decreased (44 %) or did not change (16 %) in comparison with control conditions. In 
several IC neurons, TTX injection resulted in alterations in the shape of the rate-level functions. Response thresholds, 
tuning properties and the type of discharge pattern of IC neurons were not altered during AC inactivation. However, in 
one-third of the neurons, the initial part of the response was less altered than the later, sustained part. In two-thirds of 
neuronal pairs, functional decortication resulted in a change in the cross-correlation coefficient. The results reveal the 
complex changes that appear in IC neuronal activity after functional ablation of the ipsilateral auditory cortex. 
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Introduction 
 
 Efferent neuronal pathways have been 
documented in all sensory systems. In the auditory 
system, many descending fibers from the auditory cortex 
(AC) (arising mainly from pyramidal cells of layers V 
and VI) innervate the inferior colliculus (IC) and the 
medial geniculate body (MGB). In the rat, as in other 
animal species, the principal targets of descending 
cortical fibers in the IC were found to be the dorsal cortex 
(DCIC) and, to a lesser extent, the external cortex (ECIC) 
of the IC (Beyerl l978, Druga and Syka 1984a, 1984b, 

Faye-Lund 1985, Syka et al. 1988, Druga et al. 1997, 
Winer et al. 1998).  
 In previous experiments, Syka et al. (1988) 
studied the physiological manifestations of cortico-tectal 
innervation in the IC by investigating the depth profile of 
gross electrical responses in the IC evoked either by 
acoustic or electrical stimulation of the AC. Whereas 
acoustically evoked responses dominated in the central 
part of the IC, electrical stimulation of the AC produced 
responses mainly in the peripheral parts of the IC. Click-
evoked responses recorded in the peripheral parts of the 
IC were significantly suppressed by a preceding electrical 
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pulse to the AC. This finding is consistent with the 
projection of afferent fibers to the central IC nucleus and 
descending cortical fibers to the external and dorsal 
cortices of the IC.  
 Whereas the morphology of corticofugal 
pathways is well documented, their role in the processing 
of auditory signals has not been resolved. Studies carried 
out in the last 40 years using activation (electrical 
stimulation) or inactivation (cooling, drug application) of 
the AC demonstrated either inhibitory, excitatory or a 
combination of both influences on the neuronal activity in 
the tectum and thalamus (Bure�ová et al. 1964, Watanabe 
et al. 1966, Amato et al. 1969, Andersen et al. 1972, 
Orman and Humphrey 1981, Syka and Popelář 1984, Sun 
et al. 1989, Villa et al. 1991, Jen et al. 1998, Torterolo et 
al. 1998). Several experiments were performed in the bat 
studying the role of corticofugal fibers on subcortical 
specialized neurons related to the processing of biosonar 
signals such as frequency modulation-sensitive (FM) 
neurons (Yan and Suga 1996) and Doppler-shifted 
constant-frequency (DSCF) neurons (Zhang et al. 1997, 
Zhang and Suga 2000). These studies revealed that focal 
electrical stimulation of the AC facilitates the auditory 
responses of matched FM-FM IC neurons and sharpens 
their delay-tuning curves, whereas the responses of 
unmatched collicular FM-FM neurons are depressed and 
their delay-tuning curves are shifted away from the best 
delays of the electrically stimulated cortical FM-FM 
neurons. Such plasticity manifested by a shift in midbrain 
frequency tunings toward the characteristic frequencies of 
the electrically stimulated cortical neurons was also 
observed in mice (Yan and Ehret 2001, 2002). The results 
mentioned above suggest that cortical neurons selectively 
extract, adjust and improve auditory information encoded 
in the incoming signals to subcortical nuclei via the 
corticofugal system. Since descending fibers from the IC 
innervate the superior olivary complex and cochlear 
nucleus (Syka et al. 1988, Schofield and Cant 1999), 
corticofugal modulation ultimately influences the 
function of the outer hair cells in the cochlea via the 
olivocochlear bundle (Warr et al. 1986, Liberman and 
Brown 1986, Robertson and Gummer 1988, Warren and 
Liberman 1989).  
 In the present study, we explored the role of the 
cortico-tectal pathways in rats using the method of 
comparing a single unit activity in the IC recorded before 
and after functional ablation of the auditory cortex 
induced by a voltage-gated sodium channel blocker, 
tetrodotoxin (TTX). Previously, we described the effects 
of intracortical TTX application on click-evoked 
responses (IC-ER) and multiple unit activity recorded 

with implanted electrodes in the IC in rats (Nwabueze-
Ogbo et al. 2002). After inactivation of the AC, the 
IC-ER amplitude either increased or decreased and IC-ER 
wave latencies were prolonged, but the discharge pattern 
and response thresholds of multiple unit activity were not 
altered. However, we did not find any systematic changes 
in evoked responses or multiple unit activity related to 
CF or the place of recording within the IC. The aim of the 
present study was to investigate the effects of functional 
ablation of the AC on individual IC neurons recorded 
with a 16-channel electrode probe in anesthetized rats. 
This method enabled us to evaluate the changes in the 
activity of a small population of individual neurons 
recorded simultaneously from a restricted part of the IC 
and to analyze the mutual relationship between individual 
neurons by using a cross-correlation technique. 
 
Methods 
 
 Extracellular single unit activity in the IC was 
recorded in eleven adult rats (Long Evans strain) each 
weighing between 250 and 450 g.  
 
Surgery 
 In anesthetized animals (37.5 mg/kg of ketamine 
and 5 mg/kg of xylazine i.m.), two small holes (diameter 
5 mm) were made in the skull above the IC and AC, 
respectively. The stereotaxic coordinates of the center of 
the trephine openings were bregma �9 mm and 3 mm 
medio-lateral for the IC, and bregma �4.5 mm and 5 mm 
dorso-ventral for the AC (Paxinos and Watson 1996). The 
animal�s head was rigidly held in a stereotaxic apparatus 
by a U-shaped metallic holder, the base of which was 
fixed to the skull by two screws and acrylic resin. The 
holder enabled keeping the auditory meati open for free-
field acoustical stimulation. A rectal temperature of  
37-38 ºC was maintained by a DC-powered electric 
heating pad.  
 
Recording of single unit activity 
 Electrophysiological measurements were 
performed in a sound-attenuated anechoic room. 
Extracellular IC unit activity was recorded with a 
multichannel 16-electrode probe (obtained from the 
Center for Neural Communications Technology, 
University of Michigan). A silicon substrate (15 µm 
thickness) supported an array of 16 conductive tips 
inlayed with gold and iridium oxide for interfacing to the 
tissue, with a distance of 50 µm between the tips. 
Detailed information on the probe is available at 
www.engin.umich.edu/facility/cnct.  
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The signals from up to four electrode tips were 
simultaneously amplified using a custom-made four 
channel differential amplifier (gain 60 dB, filters 300 Hz 
- 3 kHz). The neuronal activity was processed with a 
CED 1401plus interface connected to a PC using CED 
Spike2 software (sampling frequency 20 kHz). The 
isolation of spikes of individual neurons from the signal 
by a template-matching method and the statistical 
processing of data were made off-line. The CED 
algorithm uses an adaptive system of template generation. 
Template shapes are computed from the signal averages 
of matching spikes, with a match deemed to occur if a 
sufficient number of a spike´s sample points differ from 
the corresponding template samples by less than a 
predefined amount. In our case the maximum percent 
amplitude change for match was set at 10 %, and the 
minimum percentage of points in a template was 60 %. 
One or two of the most prominent spike templates in each 
channel were further processed statistically. To ensure 
that identical neurons were evaluated before and after 
TTX injection, the templates generated from recordings 
before TTX injection were used for spike sorting in all 
consecutive recordings.  
 Rats were stimulated under free-field conditions 
from loudspeakers (Tesla ARN 5614 and Motorola KSN-
1005) placed 70 cm in front of the animal�s head. The 
acoustic system was calibrated with a B&K 4133 
microphone, placed in the position of the animal�s head 
and facing the speakers. Pure tone pips at the neuronal CF 
and broad-band noise (BBN) bursts (duration 100 ms, 
3 ms rise/fall times) generated by a Hewlett-Packard 
sound-wave generator (HP 33120A) and shaped with an 
electronic switch were used for stimulation at a repetition 
rate of 2 Hz.  
 Physiological inactivation of the AC was 
performed by injecting TTX into the auditory cortex. To 
cover the whole extent of the AC, three doses of 1 µl of 
TTX (10 ng/ µl each) were injected using a Hamilton 
syringe at three points forming an equilateral triangle 
(spacing: 1-2 mm apart) 1 mm below the pial surface of 
the AC. 
 
Experimental protocol 
 After inserting the electrode probe into the IC, 
the signal at individual electrode tips was checked, and 
the four electrodes displaying the largest spike amplitudes 
were connected to four individual inputs of the amplifier 
for further recording. To ensure the maximal stability for 
long-term recording, the electrode probe was fixed to the 
skull by acrylic resin. 
 At first, the characteristic frequency (CF) of 

neurons in each channel was determined (CF represents 
the tonal frequency at which the excitatory threshold of 
responses was lowest). In three experiments, the tuning 
properties of twelve single neurons were evaluated in 
more detail by constructing their tuning curves. During 
this procedure the intensity of the tonal stimulus was 
decreased in 5 or 1 dB steps, and the minimal threshold 
of a response at individual frequencies was determined. 
The responses of individual neurons to CF or BBN 
stimulation were recorded at several intensities in 10 dB 
steps. Each recording session lasted 15-20 min. To check 
signal variability, one control recording was repeated 
immediately before TTX injection. Neuronal activity was 
recorded before and at different periods after the injection 
of TTX into the AC, and post-stimulus time histograms 
(PSTHs) were constructed. 
 
Statistical analysis 
 The firing rate of IC neurons for a given 
stimulus intensity and frequency was defined as the total 
number of spikes in relation to the stimulus-on time 
(100 ms) minus the spontaneous activity (computed from 
a prestimulus period of 300 ms). A significant change in 
the firing rate was defined as either an increase or 
decrease in the discharge rate of more than 20 % from the 
pre-TTX injection level. The same criterion of a 20 % 
change was used to evaluate changes in the PSTH. 
 The correlation between two neurons was 
considered significant when the peak in a cross-
correlogram (CCG) exceeded 2 standard deviations 
(S.D.) of the correlation coefficient r above zero (i.e.  
r > 0.012, which is equivalent to p<0.01) or 4 SD (i.e.  
r > 0.024, which is equivalent to p<0.0001) (Eggermont 
1992). (1-ms bins in a 30-s-long record results in 30 000 
bins in the record and a S.D. equal to 0.006.) Two CCGs 
were considered significantly different when their peak 
values differed by more than 20 %.  
 
Control of the functional status of the AC 
 The functional status of the AC before and after 
TTX injection was monitored by recording the click-
evoked middle latency responses (MLR) with a ball 
electrode (teflon-coated platinum-iridium wire) fixed in 
the central part of the AC. The signal from the electrode 
was amplified by a DAM differential amplifier (gain 
60 dB, filters 10 Hz-1 kHz) and processed with an A/D 
converter of the TDT system using BioSig software.  
 
Histological control of the electrode localization 
 At the end of each experimental session, the 
electrode was advanced more deeply into the IC (to mark 
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more clearly the electrode track) and removed. The rat 
was sacrificed with an i.p. overdose of 100-200 mg/kg of 
pentobarbital (Pentobarbital, Spofa, 50 mg/ml) and 
perfused intracardially with 10 % formaldehyde. The 
brain was sectioned on a freezing MICROM microtome 
(slice thickness: 40 µm) and stained with cresyl violet. 

The positions of the IC electrodes were reconstructed 
from histological sections under a light microscope with 
the aid of a stereotaxic atlas of the rat brain (Paxinos and 
Watson 1996). Microscopic observation revealed that all 
the evaluated neurons were localized in the ECIC or 
DCIC.

 
 
 
Fig. 1. Examples of 
tuning curves of four IC 
neurons recorded in 
three animals before 
(filled symbols, full lines) 
and 30 minutes after 
(open symbols, 
interrupted lines) AC 
inactivation by TTX 
injection. Inserted 
schema represents the 
positions of the recording 
electrode tips. 
 
 
 

 
 
Results 
 
Effect of TTX application on MLR recorded from the 
auditory cortex 
 Two to ten minutes after TTX injection into the 
AC, the MLR waves almost entirely disappeared, 
whereas short-latency brainstem-evoked responses were 
evidently not altered after TTX injection. MLR recording 
performed at the end of the experimental session revealed 
that the MLR waves were still abolished in all cases.  
 
IC extracellular unit activity  
 In total, the activity of 50 neurons were recorded 
long enough to evaluate their activity before and 1-2 
hours after AC inactivation.  
 
Tuning curves 
 The tuning properties of twelve neurons 
recorded in three rats were evaluated before and after 
TTX injection into the AC. Figure 1 demonstrates 
examples of the tuning curves of four of these neurons 
and the position of the recording tips on the electrode 
array. After TTX injection into the AC, the shape of the 
tuning curves of all tested neurons was almost identical 

with that observed before AC inactivation. The small 
variations in response thresholds found at several isolated 
frequencies did not occur systematically.  
 
The firing rate and rate-level functions 
 The firing rate of IC neurons was evaluated from 
neuronal responses evoked by CF or BBN bursts. The 
rate-level functions (RLF) were constructed from firing 
rates evaluated at individual stimulus intensities before 
and after TTX injection into the AC. Twenty to thirty 
minutes after TTX injection, many IC neurons decreased 
or increased their spiking during stimulus presentation 
without changing the threshold of their responses. In 
neurons with a monotonic RLF (the number of spikes in 
the response increased monotonically with increasing 
stimulus intensity), the change in firing rate usually 
resulted in a change in the RLF slope preserving the 
monotonic character of the RLF curve (panels a and b in 
Fig. 2). The effect of AC inactivation on IC neurons with 
a saturated RLF appears to be represented by a shift of 
the saturation level while keeping the saturated character 
unchanged (Fig 2c, 34-6), although three of the IC 
neurons changed their RLF from the saturated to the 
monotonic type (Fig. 2d, 37-12). The case with the most 
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evident changes after TTX injection is demonstrated in 
Figure 2e (34-1) in the neuron with a non-monotonic 
RLF (the number of spikes reaches a maximal value, and 
the further increase of sound intensity reduces the level of 
activity by more than 50 % of the maximal value). In this 
neuron the functional ablation of the AC resulted in a 

change from a non-monotonic to a monotonic RLF. In 
both IC neurons with an inhibitory response to tonal 
stimulation, the character of the response was preserved 
after AC inactivation even though the spontaneous firing 
rate level slightly decreased (Fig. 2f, 38-6). 

 

 
Fig. 2. Examples of rate-level functions (RLF) evaluated in five animals before (filled symbols, full lines) and after 
(open symbols, dotted lines) AC inactivation by TTX injection. (a) and (b) monotonic RLFs, (c) and (d) saturated RLFs, 
(e) non-monotonic RLF and (f) RLF of a neuron showing inhibition of spontaneous activity. 
  

0 

20 

40 

60 

80 

spont. 40 50 60 70 80 

FR 43-C1 - cf 1.3 kHz

0 

5 

10 

15 

20 

spont. 30 40 50 60 70 80 

FR 422-D1 - cf 9.8 kHz

0 

50 

100 

150 

200 

250 

spont. 20 30 40 50 60 70 80 90 

FR 34_6 - cf 21.2 kHz

0

50

100 

150

200 

spont. 20 40 60 80 100 

FR 37_12 - cf 16 kHz

0 
10 
20 
30 
40 
50 
60 

spont. 20 40 60 80 100 

sp
ik

es
 / 

s
sp

ik
es

 / 
s

sp
ik

es
 / 

s

dB SPLdB SPL

FR 34_1 - cf 17.7 kHz

before 40 min TTX
spont. bef. spont. 40 min TTX

0 

10 

20 

30 

40 

50 

spont. 20 30 40 50 60 70 80 90 

FR 38_6 - cf 42 kHz

a b

c d

e f

Rate-level functions



620   Popelář et al.  Vol. 52 
 
 
 The scatter diagrams in Figure 3 represent the 
relative responses of individual IC neurons to CF (left) or 
BBN (right) stimulation as a function of their CF. The 
relative response was calculated for each neuron as an 
average of the ratios of postinjection and preinjection 
firing rates computed at individual stimulus intensities. 
During AC inactivation, the firing rate of IC neurons in 
response to either CF or BBN stimulation either increased 
(40 % of neurons), decreased (44 %), or did not change 
(16 %) by more than 20 % of the original firing rate. The 
data also demonstrate that low-frequency neurons have a 
tendency to depress their activity after AC inactivation, 

whereas high-frequency neurons tend to increase their 
firing rate post-injection. The effect of TTX injection into 
the AC on the firing rate of individual IC neurons was 
similar for CF and BBN stimulation, and the linear 
regression lines in both panels significantly deviate from 
the horizontal level (p<0.013 for CF and p<0.007 for 
BBN stimulation). However, in many cases, even 
neighboring IC neurons with the same CF displayed an 
opposite change in their firing rate. The firing rates of 
most IC neurons at least partly recovered toward 
preinjection levels during the period of 1-2 hours after 
TTX injection. 

 

Fig. 3. Scatter diagrams demonstrating the changes in the relative response to CF (squares) and BBN (triangles) 
stimulation after AC inactivation. “p” indicates the statistical significance value of the divergence of the linear 
regression line from the horizontal level. 
 
 
Spontaneous firing rate 
 In 46 IC neurons (92 %), AC functional ablation 
resulted in the same change (i.e. a decrease or an 
increase) in spontaneous activity as in evoked activity. In 
the remaining four IC units, the change in the 
spontaneous firing rate was different from that in the 
driven firing rate.  
 
Post-stimulus time histograms 
 The time pattern of neuronal activity during 
stimulus presentation was evaluated by constructing post-
stimulus time histograms (PSTHs). Even though the 
number of spikes in the responses of the majority of 
neurons changed after AC inactivation, the basic shape of 
the PSTHs was not significantly altered (example in 
Fig. 4, left panel). However, in 16 neurons out of 46 

(35 %), a more pronounced change in the firing rate 
occurred mainly in the later, sustained part of the PSTH 
(more than 25 ms after the stimulus onset), whereas the 
onset part of the PSTH was either not affected at all or 
changed insignificantly. Neurons with unequal changes in 
the onset and sustained parts of the PSTH were found in 
both peripheral IC subnuclei. In 14 neurons (out of 46) 
the sustained part of the PSTH was significantly reduced 
(middle panel in Fig. 4), whereas in two neurons, 
localized in the DCIC, the sustained part of the response 
was enhanced without changing the value of the onset 
peak (example in the right panel in Fig. 4). The opposite 
effect, i.e. changing the onset part of the PSTH without 
affecting the later part of the response, was not observed 
in any of the recorded neurons. 
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Fig. 4. Examples of PSTHs of responses in three neurons recorded before and after AC inactivation by TTX injection. 
Bottom – schema of the acoustical stimulus. 
 
 
Mutual relationship of IC neurons 
 In four rats, the responses to CF or BBN bursts 
of up to eight neurons recorded simultaneously from four 
electrode tips were distinguished, and their mutual 
relationship was evaluated by calculating cross-
correlograms (CCG). The CCG is defined as the time-
distributed number of spikes from neuron B related to the 
spikes of neuron A, placed at time zero. For more details 
see Perkel et al. (1967), Eggermont (1992), Kva�ňák et 
al. (2000).  

In the whole group of 48 IC neuronal pairs 
recorded from separate electrode tips, 80 % of them 
displayed a synchronization of their activity, which was 
manifested by a peak occurring a few milliseconds 
around zero time. The synchronization in 65 % of these 

neuronal pairs was weak (correlation coefficient r ranging 
from 0.012 to 0.024), in the remaining 35 % of pairs, the 
correlation was stronger (r > 0.024). Usually a high 
degree of synchronization was observed between neurons 
recorded from neighboring electrode tips (distance 
between them up to 150 µm) or between neurons with a 
similar CF. The most frequent types of CCG were 
characterized by a single narrow peak located 4-6 ms 
around zero time (47 % of neuronal pairs) or a sharp peak 
superposed on a wider pedestal (24 %). Such CCG types 
are thought to represent a common shared input of 
neurons. In eleven neuronal pairs out of 38 (i.e. 29 %), 
several peaks occurred in the CCG, indicating more 
complex connection assemblies.  
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Fig. 5. Examples of cross-correlograms (CCGs) calculated from recordings in four neuronal pairs (A – D) before and 
after AC inactivation by TTX injection. 
 
 
 Examples of individual CCGs calculated from 
recordings before and after temporal decortication are 
shown in Fig. 5. The strength of the correlation was not 
changed in 34 % of the evaluated neuronal pairs (Fig. 5, 
neuronal pair A). A significant decrease in the cross-

correlation value was present in 45 % of neuronal pairs. 
(Fig. 5, neuronal pairs B and C). In contrast, an originally 
small correlation became stronger after TTX injection in 
21 % of cases (Fig. 5, neuronal pair D). The type of 
changes in the CCG after TTX injection were not related 
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to the CF, neuronal position within the IC or type of 
firing rate changes (i.e. increase or decrease) of either or 
both neurons in a pair.  
 
Discussion 
 
 The present data document complex changes in 
the single unit activity recorded in the rat IC after 
functional ablation of the AC by TTX. In many neurons 
functional decortication resulted in a decrease or increase 
in their firing rate, changes in the shape of rate-intensity 
functions or changes in the strength of their mutual 
relationship without significantly altering their tuning 
properties. Even though these changes were small, they 
were related to the actual functional status of the AC and 
not to incidental fluctuation of neuronal activity within 
the IC. In our previous paper (Nwabueze-Ogbo et al. 
2002), we demonstrated that repeated TTX injections into 
the AC of the same animal with implanted electrodes 
resulted in almost identical, reproducible IC-ER 
amplitude changes.  
 TTX, which was used for reversible temporal 
inactivation of the AC in the present study, is a powerful 
sodium channel blocker. Zhuravin and Bure� (1991) have 
previously demonstrated that impulse transmission and 
conduction induced by TTX injection are blocked in a 
spherical volume of brain tissue about 3 mm in diameter 
and that this effect lasts at least 2 h and slowly decays 
over the subsequent 20 h. The effect of TTX injection on 
the function of the AC was confirmed by the 
disappearance of MLR, whereas short-latency responses 
originating from the brainstem were not significantly 
altered after TTX injection. 
 Physiological data about corticofugal effects on 
subcortical auditory neurons reported in the literature are 
not consistent and are, in many cases, controversial: the 
studies have demonstrated either excitation of the 
responses, inhibition or both. The depression of auditory 
responses in the inferior colliculus after cortical 
inactivation with muscimol (an agonist of GABA) was 
demonstrated in the bat by Zhang and Suga (1997). The 
results of Jen et al. (2001) obtained in the big brown bat, 
Eptesicus fuscus, demonstrate that the AC sends 
excitatory projections to the external nucleus of the IC. 
However, in the present study, both types of response 
changes (i.e. increase or decrease) were found in the 
ECIC after AC inactivation. Similar proportions of 
response changes in the rat IC during AC inactivation by 
spreading depression were demonstrated by Bure�ová et 
al. (1964). Out of 118 IC units, 40 % of the responses 

remained unchanged, 42 % were decreased, 15 % 
increased and in 3 % an inversion of the response type 
was found. Both effects, i.e. suppression and 
enhancement of neuronal activity after AC cooling, were 
found in the medial geniculate body in cats (Orman and 
Humphrey 1981, Villa et al. 1991), and analogous results 
were demonstrated in the visual system (Singer 1977).  
 The role of corticofugal fibers has been studied 
in experiments evaluating the effects of electrical 
stimulation of the AC on individual IC neurons (Syka and 
Popelář 1984, Sun et al. 1989, Torterolo et al. 1998). 
Syka and Popelář (1984) found that the majority of IC 
neurons (73 %) respond to electrical stimulation of the 
AC with a short excitatory burst with a latency range of 3 
to 15 ms, and 25 % of neurons react to AC electrical 
stimulation by inhibition of spontaneous or sound-evoked 
activity occurring 3 to 15 ms after the stimulus onset and 
lasting 30-300 ms. Both effects, i.e. excitation or 
inhibition of IC activity after cortical electrical 
stimulation, were demonstrated in the guinea pig by 
Torterolo et al. (1998). These authors found that 
contralateral cortical stimulation elicited mostly a 
decrease in the responses of IC neurons (in 23 %), 
whereas ipsilateral AC stimulation had mostly excitatory 
effect (34.8 %).  
 Changes in response magnitude can be related to 
the plasticity of frequency maps in mammalian auditory 
brain centers. Yan and Ehret (2001, 2002), using focal 
electrical stimulation of the AC in mice, demonstrated 
that collicular best frequencies are shifted toward the 
stimulated cortical best frequencies when the cortical and 
collicular frequencies are different. In addition, cortical 
stimulation elevates the collicular minimum thresholds 
and reduces both dynamic ranges and response 
magnitudes. If the cortical and collicular best frequencies 
are similar but the minimum thresholds are different, the 
collicular minimum thresholds are shifted toward the 
stimulated cortical thresholds, the dynamic ranges and 
response magnitudes may either increase or decrease in 
this scenario. These results suggest that the corticofugal 
adjustment has a centre-surround organization with 
regard to both cortical best frequencies and cortical 
minimum thresholds. The midbrain processing of sound 
components in the center of cortical feedback is largely 
enhanced while processing in the surround is suppressed. 
In our experiments, the entire AC was inactivated, and 
therefore the resulting changes in IC activity depended on 
the complex network in which the recorded neuron 
participates. 
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 In the present study, the more pronounced 
changes in the firing rate (increase or decrease) occurred 
mainly in the later part of the response (as reflected in the 
sustained part of the PSTH), whereas the onset part of the 
PSTH (duration of 15 ms) was either not affected or 
changed only slightly. More pronounced changes in the 
late phases of the response of IC neurons were also 
reported by Bure�ová et al. (1964) during cortical 
spreading depression. It is thought that the onset part of 
the PSTH represents incoming afferent activity from the 
subcollicular structures whereas the later, sustained part 
of the PSTH arises from the processing of neuronal 
activity within the IC. The IC neurons with unequal 
changes in the onset and sustained parts of the PSTH may 
represent those units that are directly influenced by 
descending pathways from the AC, whereas in the 
neurons with a decreased or increased firing rate during 
the whole period of stimulus presentation, the tonic 
modulatory cortical influence may prevail.  
 The complexity of the reaction of IC neurons to 
AC inactivation is in accordance with the complex 
biochemical profile of mediators within the IC. The 
morphological data of Fonnum et al. (1981) and 
Feliciano and Potashner (1995) have shown that cortico-
thalamic and cortico-tectal fibers are excitatory and 
glutamatergic. In the IC a large proportion of neurons are 
immunopositive for γ-aminobutyric acid (GABA) or its 
synthesizing enzyme, glutamic acid decarboxylase 
(GAD) (Roberts and Ribak 1987, Moore and Moore 
1987, Oliver et al. 1994, Fubara et al. 1996). Thus, the 
complex excitatory-inhibitory interactions in the IC can 
determine the type of RLF of individual IC neurons. In 
the present study all monotonic RLFs remained 
monotonic after AC inactivation with only an increased 
or decreased slope of the RLF curve. In one-third of the 
neurons with a saturated or non-monotonic RLF, AC 
inactivation resulted in an increase in the saturation level 
or in an RLF change from a saturated or non-monotonic 
type to a monotonic one. Several previous authors 
demonstrated that GABA plays an important role in 
determining the neuronal firing rate and thus shaping the 
RLFs. In experiments in which GABAergic system was 
blocked with bicuculline, an antagonist specific for 
GABAA receptors, the spontaneous and evoked activity in 
many units increased, the discharge pattern in many cases 
changed from a phasic to a tonic type and a pre-drug non-
monotonic RLF changed to a monotonic one (Yang et al. 
1992, Pollak and Park 1993, Le Beau et al. 1996, Jen and 
Feng 1999, Chen and Jen 2000, Wang et al. 2000). The 
occurrence of similar changes observed in the present 

study indicates that relatively short-lasting functional 
ablation of the AC may alter the distribution of GABA 
mediators in the IC. Yang et al. (1992) demonstrated in 
the IC of the mustached bat that iontophoretic application 
of bicuculline also broadened the tuning curves of 42 % 
of units sharply tuned to 60 kHz. The extent of change in 
most units varied with the sound level: tuning curves 
were least affected, or not affected at all, within 10 dB of 
threshold and showed progressively greater changes at 
higher sound levels. A broadening of tuning curves was 
not observed in the small sample of twelve units in our 
study, but we found changes in firing rate at higher sound 
intensities, resulting in a transformation of non-
monotonic rate-level functions into weakly non-
monotonic or monotonic ones. However, in addition to 
GABA, several other excitatory, inhibitory and 
neuroactive substances have been detected in the IC, such 
as glycine, acetylcholine, cholecystokinin, substance P, 
nitric oxide and others (Sanes et al. 1987, Glendenning 
and Baker 1988, Druga and Syka 1993, Wynne et al. 
1995). Thus, the resulting effect of AC inactivation 
depends on many factors, e.g. the distribution of 
individual receptors in a particular IC neuron, the 
distribution of synapses and transmitters, etc.  
 The corticofugal efferent system also consists of 
fibers descending to the medial olivary complex, either 
directly or via the inferior colliculus (Weedman and 
Ryugo 1996, Druga et al. 1997, Schofield and Cant 
1999). Previous physiological studies demonstrated that 
activation of the peripheral efferent system by electrical 
stimulation or contralateral acoustical stimulation 
suppresses neuronal activity in the auditory nerve and 
lower auditory nuclei (Desmedt 1962, Klinke et al. 1969). 
Based on these data we may tentatively assume that the 
suppression of neuronal activity in the IC after cortical 
ablation results from decreased neuronal afferent activity 
entering the IC from lower auditory nuclei.  
 The simultaneous recording of neural activity 
from up to four electrode tips of a 16-channel electrode 
array enabled us to monitor the effect of AC inactivation 
on the mutual relationship between adjacent IC neurons 
evaluated by the cross-correlation technique. To the best 
of our knowledge, no data are available in the literature 
showing the modification of the functional connection of 
individual neurons in the IC by AC inactivation. In our 
sample, 80 % of neuronal pairs displayed a 
synchronization of their activity before AC inactivation, 
which was manifested by a peak occurring a few 
milliseconds around zero time. Such a high degree of 
synchronization of neuronal activity in the IC is 
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comparable with results obtained in the medial geniculate 
body (Allon and Yeshurun 1985, Heierli et al. 1987, Villa 
et al. 1999, Kva�ňák et al. 2000). Most frequently, CCGs 
characterized by a single narrow peak located 4-6 ms 
around zero time or a sharp peak superposed on a wider 
pedestal were found. Such types of CCG are thought to 
represent a common shared input of neurons (Gerstein 
and Perkel 1972). Two-thirds (66 %) of neuronal pairs 
changed their correlation strength after TTX injection 
into the AC, either decreasing (45 %) or increasing (21 
%) the correlation coefficient. Similar results, i.e., a 
change in the synchronization of neuronal pairs after 
temporal inactivation of the AC by cooling, were 
observed in the spontaneous activity of neurons recorded 
in the MGB in rats, guinea pigs and cats (Villa et al. 
1999). In the present study, the changes in the mutual 
relationship of adjacent neurons in the absence of cortical 
activity can be considered as an example of fast temporal 
plasticity of the tectal circuitry. Such modulation of 
synchronization in neuronal pairs with a shared input 
during cortical inactivation can be caused by affecting a 
common source, such as local inhibitory interneurons or 
an extracollicular excitatory or inhibitory neuron. 
 The physiological role of descending cortico-
tectal pathways in signal processing in the auditory 
system has also been studied in behavioral experiments. 

However, studies performed in different animal species 
have yielded contradictory results. In the original studies, 
ablation of the AC in the cat, ferret and squirrel monkey 
resulted in severe sound localization inability, hearing 
loss, impairment of frequency discrimination and other 
hearing deficits (Neff 1968, Heffner and Heffner 1989, 
Jenkins and Merzenich 1984). In contrast to these data, 
studies in the rat revealed little impairment in sound 
localization (Kelly 1980) or temporal resolution indicated 
by gap detection threshold (Rybalko et al. 2001) and no 
obvious abnormality in conditioned autonomic responses 
to auditory stimuli following bilateral ablation of the AC 
(LeDoux et al. 1984). The relative lack of permanent 
behavioral deficits after lesions of the AC in the rat raises 
the question of the role of the auditory cortex for hearing 
function in this species. This problem should be resolved 
in future experiments. 
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