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Abstract

The inferior colliculus is a primary relay for the processing of auditoiey words
information in the brainstem. The inferior colliculus is also part of thelnferior colliculus
so-called brain aversion system as animals learn to switch off thctive avoidance
electrical stimulation of this structure. The purpose of the presentelective attention
study was to determine whether associative learning occurs between
aversion induced by electrical stimulation of the inferior colliculus
and visual and auditory warning stimuli. Rats implanted with elec-
trodes into the central nucleus of the inferior colliculus were placed
inside an open-field and thresholds for the escape response to electri-
cal stimulation of the inferior colliculus were determined. The rats
were then placed inside a shuttle-box and submitted to a two-way
avoidance paradigm. Electrical stimulation of the inferior colliculus at
the escape threshold (98.12 £ 6.15 (A, peak-to-peak) was used as
negative reinforcement and light or tone as the warning stimulus. Each
session consisted of 50 trials and was divided into two segments of 25
trials in order to determine the learning rate of the animals during the
sessions. The rats learned to avoid the inferior colliculus stimulation
when light was used as the warning stimulus (13.25 + 0.60 s and 8.63
+0.93 s for latencies and 12.5 + 2.04 and 19.62 + 1.65 for frequencies
in the first and second halves of the sessions, respectively, P<0.01 in
both cases). No significant changes in latencies (14.75 + 1.63 and
12.75 £+ 1.44 s) or frequencies of responses (8.75 + 1.20 and 11.25 +
1.13) were seen when tone was used as the warning stimulus (P>0.05
in both cases). Taken together, the present results suggest that rats
learn to avoid the inferior colliculus stimulation when light is used as
the warning stimulus. However, this learning process does not occur
when the neutral stimulus used is an acoustic one. Electrical stimula-
tion of the inferior colliculus may disturb the signal transmission of the
stimulus to be conditioned from the inferior colliculus to higher brain
structures such as amygdala.
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Introduction the question of whether this property holds
true regardless of the type of sensory stimu-
In addition to being an important relaylation (auditory or visual) used as the neutral
station for auditory information in the brain-stimulus. This approach may be important
stem, the inferior colliculus also plays anfor the understanding of the processing of
important role in the mediation of defensivesensory information of different modalities
behaviors together with the amygdala, meand for the assessment of basic mechanisms
dial hypothalamus, dorsal periaqueductadf selective attention (11). To examine this
gray matter and deep layers of the superigssue, we used a two-way active avoidance
colliculus (1,2). Evidence for the involve- procedure in which light or tone was used as
ment of the inferior colliculus in the elabora-a signal warning about the onset of electrical
tion of aversive states has been provided kstimulation of the inferior colliculus. Thus,
both immunohistochemical and behavioraglectrical stimulation of the inferior collicu-
data (3-5). C-fos immunoreactivity studiedus was the unconditioned stimulus paired
have shown that this structure is also labeledith the houselight or a tone as the warning
along with the amygdala, hypothalamus andtimulus.
dorsal periaqueductal gray matter following
either electrical or chemical stimulation ofMaterial and Methods
the latter structure or exposure of the ani-
mals to aversive environmental stimulatiomnimals
(3). Based on behavioral data, it has been
shown that electrical or chemical stimula- Twenty-four male Wistar rats weighing
tion of the inferior colliculus produces flight 250-300 g were housed in individual
behavior and other fear-like responses (4-6Plexiglas-walled cages under a 12:12 h dark/
Furthermore, microinjection of bicuculline, light cycle (lights on at 6:00 a.m.) at 23 +
a GABA-A antagonist, into the inferior col- 1°C, with free access to food and water
liculus produces a behavioral activation, tothroughout the experiment.
gether with autonomic responses, similar to
the defense reaction induced by electrical Gurgery
chemical stimulation of other sites in the
brain aversion system (7). It has been sug- The animals were anesthetized with so-
gested that a pathway through the inferiodium pentobarbital (45 mg/kg) and fixed
colliculus to the medial geniculate body isin a stereotaxic frame (David Kopf, Tujunga,
involved in tone conditioning and that theCA). A bipolar stainless steel electrode (Plas-
emotional processing depends upon afferemit Products MS 303/2, Roanoke, VA) was
information from this thalamic region to thestereotaxically implanted into the midbrain,
amygdala (8,9). aimed at the inferior colliculus. The elec-
Recent evidence obtained in our laboratrode was made of stainless steel wire, 160
tory has demonstrated that pairing visughm in diameter, insulated except at the cross-
stimulation and aversive electrical stimulassection of the tip. The upper incisor bar was
tion of the inferior colliculus (10) producesset at 3.3 mm below the interaural line, so
associative learning. Thus, the inferior colthat the skull was horizontal between bregma
liculus appears to be involved in linkingand lambda. The electrode was introduced
external stimuli and aversiveness at the braiwertically using the following coordinates
stem level. Since the inferior colliculus iswith the lambda serving as the reference for
primarily involved in the processing of audi-each plane: antero-posterior, -1.2 mm,;
tory information, the present study addresseahediolateral, 1.5 mm, and dorsoventral, 4.5
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mm (12). The electrode was fixed to thewere centered on the rear wall of each com-
skull by means of acrylic resin and thregpartment of the chamber elevated 12 cm
stainless steel screws. The electrode wifgom the floor. The light was turned on and
was connected to an amphenol socket at thudf noiselessly. The inferior colliculus stim-

end of a flexible electrical cable and used foulation was delivered by a protected wire

brain stimulation. lead that entered the conditioning chamber
through a 2-cm hole located in the top wall of
Apparatus and procedure the chamber. The rat was placed in the shuttle-

box and had its brain electrode connected to

One week after surgery, the rats werea flexible wire cable, allowing ample move-
placed in an open-field, which was a circulament inside the box. The cable, in turn, was
enclosure 60 cm in diameter and 50 cm highonnected to the stimulator by means of a
and allowed to habituate to the enclosure fanercury swivel mounted on the top of the
15 min. The brain was stimulated electriexperimental chamber. The brain stimula-
cally with a sine wave stimulator (13). Thetion was applied at a current intensity 5%
stimulation current was monitored by measbelow the escape threshold previously deter-
uring the voltage drop across a 1K resistamined in the open-field. The adequacy of
with an oscilloscope (Labo, Sdo Paulo, Brathis current intensity level for the escape
zil). Brain stimulation with alternating cur- response was chosen on the basis of previ-
rent (AC; 60 Hz) for 15 s was presented at 1ous studies from our laboratory (5,10).
min intervals with the current intensity in-  Fifteen minutes after the determination
creasing by steps of 5 YA (peak-to-peak) foof the aversive threshold the animals were
measurement of the aversive thresholdglaced inside the shuttle-box (10 lux at the
Alertness threshold was operationally defloor level) and left there for 30 min for
fined as the lowest intensity producing epihabituation to the experimental context be-
sodes of movement arrest longer than 6 &re the beginning of the session. During
Freezing threshold was defined as the lowestach conditioning trial, either a light (100
intensity producing immobility accompaniedlux at the floor level) or a tone stimulus was
by at least two autonomic reactions such aspplied to the cage (70 dB, 3000 Hz) for 20
urination, piloerection, defecation or exoph- followed by electrical stimulation (AC, 60
thalmus. Escape threshold was defined a4z, 10 s) delivered through the implanted
the lowest current intensity that producectlectrode. Two successive trials were sepa-
running (gallop) or jumping in two succes-rated by a random interval of 10to 50 s. Each
sive ascending series of electrical stimulaanimal was submitted to only 1 session. An
tion. Animals with an escape threshold abovndependent group of animals was submit-
200 pA (peak-to-peak) were excluded fromed to sham surgery and to the same proce-
the experiment. dure as the tone group except that brain

The active avoidance cage consisted of electrical stimulation was replaced with
shuttle-box comprising two compartmentgootshocks. Footshocks (0.6 mA, alternating
of 30 x 25 x 25 cm with a 2.5-cm high barriercurrent) were delivered through the test cage
between them and was equipped with 4 phdloor by a constant current generator with a
toelectric cells equally spaced on the backuilt-in scrambler (Albarsh Instruments
wall. This arrangement allowed the detecShocker, Porto Alegre, RS, Brazil). When-
tion of shuttle locomotion of the rat betweerever a rat passed from one compartment to
the two compartments. The grid floor conthe other during the warning stimulus (20 s)
sisted of stainless steel rods spaced 1.2 cinavoided the brain stimulation (avoidance
apart. A 28-V light bulb and a loudspeakeresponses); if it changed compartments dur-
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ing electrical stimulation of the brain (10 s)localize the positions of the electrode tips

then the stimulation was automatically teraccording to the Paxinos and Watson atlas

minated (escape responses). The latenci€k2).

and the number of avoidance and escape

responses were individually recorded. In orResults

der to estimate the occurrence of learning the

session was divided into two parts of 25 The electrode placements for the sub-

trials each (first and second halves). Assgects were mainly situated in the central

ciative learning was considered to occur whenucleus of the inferior colliculus, as shown

the number of avoidance responses was Figure 1.

higher than 60% of all possible responses in  Two-way ANOVA applied to the data

the second half of the session. confirmed previous findings showing sig-
A PC computer connected through amificant differences (F2,42 =32.27, P<0.001)

interface to the experimental chamber conin the intensity of electric current applied to

trolled the presentation and termination ofhe inferior colliculus, in the production of

the warning and unconditioned stimuli, alongalertness (47.81 + 2.54 (A, peak-to-peak)),

with all data collection. freezing (68.75 + 3.80 (A)), and escape re-
sponses (98.12 +6.15 (A)) (5,10). The groups
Statistical analysis (light or tone as a warning stimulus) did not

differ in relation to the thresholds recorded

Data are reported as mean + SEM. TwofF1,42 = 1.03, P>0.05). Therefore, there was
way ANOVA was applied to the three averno statistically significantinteraction between
sive thresholds - alertness, freezing and eaversive thresholds and warning stimulus (P
cape - recorded (factor 1) for the groups 0.80).
exposed to light or to a tone as the warning Two-way ANOVA for repeated meas-
stimulus (factor 2). Latencies for avoidanceures applied to latencies of avoidance re-
and escape responses and frequency of avogponses revealed that the performances of
ance responses in the present experimetite animals were significantly different de-
were also subjected to two-way analysis gpending on the segments of the sessions
variance. Factor 1 refers to the first andF2,21 = 42.01, P<0.001). This analysis did
second segments (25 trials each) of the seset reveal significant differences among
sions. Factor 2 corresponds to groups afroups when performance in the whole ses-
pairing conditions (light or tone plus brainsion was considered (F2,21 = 1.39, P>0.05).
stimulation as well as tone plus footshock)However, the interaction between groups
Factors found to be significant were testednd halves barely reached significance (F2,21

with Newman-Keuls comparisons. = 3.43, P = 0.05Post-hocNewman-Keuls
comparisons showed that the significance
Histology obtained was due to the differences in the

latencies of avoidance responses between
Upon completion of the experiment, ani-the two halves of the sessions for groups
mals were deeply anesthetized with sodiurtight + brain stimulation and tone + footshock
pentobarbital and perfused intracardially wit(P<0.05; Figure 2). The same analysis per-
saline followed by formalin solution (10%). formed on the number of avoidance responses
The brains were then removed and left foto warning stimuli revealed significant dif-
three days in the formalin solution. Seriaferences among the groups tested (F2,21 =
50-um brain sections were cut with a micro6.70, P<0.01) and between the two halves of
tome and stained with neutral red in order tthe sessions (F2,21 = 29.54, P<0.001). There



Aversion and the inferior colliculus

395

Figure 1 - Location of sites on

Bregma - 8.8 mm

Bregma - 9.3 mm AV

were no statistically significant interactionstrue for the pairing of tone to this stimtiéan.
between groups or segments of the sessions Escape responses always occurred when
(F2,41 = 2.41, P>0.05). Although all threethe animals did not respond over the 20-s
groups increased their performances duringeriod of the warning stimulus. When we
the sessions the avoidance curves showcansidered only these latencies of escape
poorer performance of tone + brain stimularesponses for the three groups tested, light +
tionin relation to the other groups (Figure 3)brain stimulation (5.50 + 0.64 s), tone +
Actually, the mean values of the number obrain stimulation (6.06 + 0.68 s) and tone +
avoidance responses in the second halvesfobtshock (4.25 + 0.73 s) ANOVA did not
the sessions for this latter group (11.2 * 1.1jeveal any statistically significant differences
did not reach the criterion of learning fixedamong them (F2,21 = 1.84, P>0.05).
at 60% of all possible responses as did the
two other groups, light + brain stimulation Discussion
(19.6 £ 1.6) and tone + footshock stimula-
tion (18.0 £ 1.7). Furthermore, only one out The present study provides additional
of eight animals reached this criterion in thevidence for the involvement of the inferior
tone + brain stimulation group while thiscolliculus in neural circuits subserving aver-
ratio was higher for the tone + footshocksive reactions. Electrical stimulation of the
stimulation (6 of eight rats) and light + braininferior colliculus shares many of the aver-
stimulation (7/8 animals) groups. sive properties of the stimulation of struc-
These data are consistent with the assetures classically considered as components
tion that pairings of 20-s illumination with of the brain aversion system, such as the
the houselight with inferior colliculus stimu- dorsal periaqueductal gray matter, deep lay-
lation caused significant avoidance responsess of the superior colliculus, medial hypo-
in the signaled avoidance learning paradigrthalamus and amygdala (4,14-16). This is
used in this study. The same does not holcbnsistent with the demonstration of ana-

cross-sections from the rat brain
atlas of Paxinos and Watson (12).
Figures represent the atlas coor-
dinates in millimeters posterior
Bregma - 8.3 mm to the bregma. Black circles indi-
cate the inferior colliculus sites
where electrical stimulation was
applied. aq = Aqueduct; CG =
central gray; DR = dorsal raphe

Y . nucleus; Cnf = cuneiform nu-
/ \ olel® cleus; ml = medial lemniscus;
/ S :.o. MnR = median raphe nucleus;

= fourth ventricle; RPn =

raphe pontis nucleus.
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Figure 2 - Latencies of avoidance
responses during the first and
second segments of two-way
active avoidance sessions for
rats submitted to conditioning
by pairing light or a tone with
brain stimulation and a tone with
footshock. Each session con-
sisted of 50 trials. The results
were pooled and divided into
two halves for analysis. Data are
reported as mean + SEM for N =
8 rats in each group. *P<0.05
compared to 1st segment
(Newman-Keuls comparisons).

Figure 3 - Number of avoidance
responses during the first and
second segments of two-way
active avoidance sessions for
rats submitted to conditioning
by pairing light or a tone with
brain stimulation and a tone with
footshock. Each session con-
sisted of 50 trials. The results
were pooled and divided into
two halves for analysis. Data are
reported as mean + SEM for N =
8 rats in each group. *P<0.05
compared to 1st segment
(Newman-Keuls comparisons).
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tomical connections between the inferiowarning stimulus in the signaled two-way
colliculus and these structures (17,18).  active avoidance paradigm used in this study.

The present results show that rats quicklifhe rats increased their rate of responding in
learn to make a shuttling response in order titne presence of light over a number of trials.
avoid or escape from electrical stimulationThis effect may not be attributed to reflexive
of the inferior colliculus. Thus, associativemotor responses, since it was not observed
learning occurs using aversive states induceghen the neutral stimulus was presented
by inferior colliculus stimulation as the un-alone, as demonstrated in a previous study
conditioned stimulus, and light stimulationfrom this laboratory (10). The pattern of
as the conditioned stimulus. So, the inferioresults obtained in the present experiments
colliculus stimulation functioned as nega-with light as a warning stimulus parallels
tive reinforcement and light stimulation as a&hose which use a conditioned stimulus paired

with stimulation of the dorsal periaqueduc-
tal gray (19,20). It is likely that the inferior
colliculus may be responsible for the elabo-
ration of aversion and fear-like responses,
together with other structures of the brain
aversion system, such as dorsal periaque-
ductal gray matter and amygdala. As a mat-
ter of fact, there are important connections
between the inferior colliculus and the dor-
sal periaqueductal gray matter (17). Further-
* more, recent findings from this laboratory
have shown that lesion of the central nucleus
of the amygdala attenuates, while lesion of
the basolateral complex enhances the aver-
sive consequences of the electrical stimula-
tion of the inferior colliculus (18).

In strong contrast to the association of
light and inferior colliculus stimulation,
acoustic stimulation paired with this stimu-
lation does not function as a cue for rats to
learn a shuttling response in order to avoid
this aversive stimulation. These negative re-
sults may not be attributed to rupture of the
tympanic membrane during stereotaxic sur-
gery or the tone parameters used in this
study. Supporting this statement, an inde-
pendent group of animals submitted to the
same procedure, except for the pairing of
tone with footshock, showed reliable learn-
ing rates comparable to those from typical
avoidance-escape procedures that utilize an
auditory stimulus paired with electric shock
o | as the unconditioned stimulus (21,22). One
possible explanation for these surprising re-
sults is that repeated electrical stimulation of

20
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the inferior colliculus leads to an increase omodulated during learning procedures (24,
its reactivity to tone presentation. As a mat25) supports this possibility. Interestingly,
ter of fact, local microinjections of low dosespairing tone with stimulation of the midbrain
of bicuculline into the inferior colliculus, tectum, in which several sites of stimulation
which mimic the effects of its electrical stim-were located in the superior colliculus, a relay
ulation (7), increase the responsiveness @br visual information, produces a strong con-
this structure to sound (23). In support of thiglitioning compared to a weak one when light
possibility it has been shown that repeatedas used as the conditioned stimulus (19).
stimulation of the inferior colliculus resulted  Taken together, the present results sug-
in modified sensitivity of its neural network gest that rats learn to avoid the inferior col-
and in a chronic susceptibility to spontaneliculus stimulation when light is used as the
ous seizures (1). This shortcoming couldvarning stimulus. Since this does not occur
lead to disturbances in the transmission oihen the neutral stimulus used is acoustic, it
the to-be conditioned stimulus to a higheis likely that electrical stimulation of the
brain level, such as the amygdala, with whiclnferior colliculus causes a disturbance in
the inferior colliculus has an anatomical andhe transmission of auditory signals to higher
functional relationship (18). Evidence show-brain structures, such as the amygdala, dis-
ing that the steps of sensory processing atarbing the conditioning process.
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