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Frequency-specific cellular changes
in the auditory system during acquisition and
reversal of discriminative conditioning
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The possibility that learning induces frequency-specific changes at different levels of the audi-
tory system was investigated by recording multiunit activity at the level of the auditory cortex,
the magnocellular medial geniculate, and the dorsal cochlear nucleus. Chronically implanted
rats were submitted to frequency discrimination (CS+/CS—) and reversal training while they
were engaged in a leverpressing for food task. The conditioned suppression response indicated
the acquisition of the discrimination and its reversal at the behavioral level. Off-line test ses-
sions, during which different frequencies were tested, were conducted before conditioning, after
acquisition of the initial discrimination, and after its reversal. They showed that frequency-specific
changes occurred during the initial discrimination at the level of the auditory cortex, the medial
geniculate, and, to a lesser extent, the dorsal cochlear nucleus. After acquisition of the reversal,
frequency-specific changes, in relation to the new reinforcement rule, were also detected at the
cortical and thalamic level but not at the cochlear nucleus level. These results indicate that
frequency-specific changes can occur during conditioning at different levels of the CS auditory
pathway and suggest that interactions between these different levels must be studied to under-

stand modifications of information processing during learning.

Since the pioneering work of Buchwald, Halas, and
Schramm (1966), many groups have reported that pair-
ing an acoustic conditioned stimulus (CS) with an uncon-
ditioned stimulus (US) induces modifications of the sen-
sory responses elicited by the CS in certain structures of
the auditory system. The work of Olds, Disterhoft, Segal,
Kornblith, and Hirsh (1972), Gabriel, Saltwick, and
Miller (1975), Oleson, Ashe, and Weinberger (1975),
Ryugo and Weinberger (1978), Disterhoft and Stuart
(1976, 1977), and Birt and Olds (1981) has demonstrated
the associative nature of these changes. The main problem
of these results is that the changes occurring in sensory
systems do not appear to be very different from the cel-
lular conditioning occurring in many non-sensory struc-
tures of the brain. In fact, two explanations can be postu-
lated for the occurrence of changes in sensory structures:
(1) These changes have no more specificity than any cellu-
lar change occurring in other structures, thus raising the
possibility that these sensory modifications are only a pas-
sive consequence of the associative changes that take place
in more integrative structures. (2) These changes reflect
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learning-induced modifications in the sensory encoding.
In other words, the encoding of the physical dimensions
of the CS (e.g., the frequency, the intensity, or the direc-
tion) is affected by learning. The data obtained by Diamond
and Weinberger (1986, 1989), Bakin, Condon, and Wein-
berger (1988) bring strong arguments in favor of the lat-
ter hypothesis. The shifts of tuning curves that they ob-
served after conditioning in the auditory cortex suggest
that changes in tonal frequency processing take place in
areas AIl and VE. Since almost all the cortical neurons
showed such changes, these researchers have proposed
that learning induced a reorganization of the cortical
tonotopy. They supposed that this phenomenon is possi-
ble by convergence, at the cortical level, of stable audi-
tory information coming from the ventral MG (vMG) and
of learning-induced changes coming from the medial MG
(mMG; see Weinberger et al., 1990, for review). Im-
plicitly, this interpretation supposes that the conditioned
changes occurring at the subcortical level do not have the
same degree of selectivity as do those observed at the cor-
tical level. As an example, the changes observed in the
mMG could contribute to the cortical plasticity, but selec-
tive shifts of tuning curves are not supposed to occur at
the thalamic level.

However, many studies have reported conditioned
changes at different subcortical levels: in the mMG (Birt
& Olds, 1981; Disterhoft & Stuart, 1976; Gabriel et al.,
1975; Olds et al., 1972; Ryugo & Weinberger, 1978),
in some subdivisions of the inferior colliculus (Disterhoft
& Stuart, 1977), and even in the dorsal cochlear nucleus
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(DCN; Buchwald et al., 1966; Halas, Bearlsey, & Sandlie,
1970; Oleson et al., 1975). Thus, the question can be
raised as to whether or not the shifts of tuning curves ob-
served by Weinberger and his colleagues are really a
characteristic of the cortex, or whether or not such
changes can be detected in subcortical structures. The
ideal experiment to answer this question requires record-
ing tuning curves simultaneously at different levels of the
auditory pathway in order to determine in which struc-
tures shifts of tuning occur after conditioning. Such an
experiment seems technically infeasible at this time, since
this type of study is already quite difficult when only one
structure is monitored. To address the question of the
specificity of the changes occurring at different levels of
the auditory system, a more simple approach is to test
the multiunit changes detected at different levels in a
generalization gradient (i.e., test responses to different
frequencies, including the CS). No such attempt has been
conducted in previous studies showing conditioned multi-
unit changes in the auditory system. The main problem
of this approach is that the CS frequency is the same across
animals and sites, even though the responses to this fre-
quency may be very different at the different sites. To
control for this, we decided to test the selectivity of con-
ditioned changes in a generalization gradient during both
a frequency discrimination and its reversal between a rein-
forced conditioned stimulus (CS+) and a nonreinforced
stimulus (CS—). In addition, the frequencies used as CS+
and CS— were counterbalanced between animals. The
idea of this design was that, if frequency-selective changes
can be detected in a gradient generalization after both ac-
quisition and the reversal of a discrimination indepen-
dently of the frequency used as CS+ and CS—, we can
attribute these changes to learning and not to bias com-
ing from the choice of the CS frequency.

Thus, in the present experiment, we compared the selec-
tivity of the conditioned changes occurring in the same
animals at the level of the auditory cortex (AC), the magno-
cellular medial geniculate (mMG), and the dorsal cochlear
nucleus (DCN); we have tested this selectivity during dis-
crimination and discrimination reversal. The conditioned
suppression of leverpressing for food was used as a be-
havioral measure of learning during the acquisition of the
initial discrimination and its reversal. Test sessions, dur-
ing which generalization gradients were examined, were
conducted off-line (without animal barpressing) in order
to minimize the possible contamination of recordings by
movements and masking noises. These test sessions took
place after 40 discrimination trials so that we could com-
pare our results with those of Weinberger and his col-
leagues, who have observed frequency-specific modifi-
cations of tuning curves in the AC after about 40 trials.

METHOD

Subjects

The subjects were 6 male Sprague-Dawley rats, weighing 290
t0 330 g at the time of surgery. The electrodes were stereotaxically
implanted while the animals were under deep anesthesia (pento-

barbital, SO0 mg/kg). After surgery, the animals were placed in in-
dividual cages under a natural dark:light cycle. At least 1 week of
recovery was allowed before the start of the experiment.

Electrodes Implantation

The implantation and recording procedures were the same as those
used in a previous study (Edeline, Dutrieux, & Neuenschwander-
El Massioui, 1988). Briefly, two electrodes (62-um-diameter
Nichrome wires sharpened under microscope control, 250-900 kQ
at 150 Hz) were inserted into a stainless steel microtube (200 pm
internal diameter) whose noninsulated extremity was used for
differential recording. The electrodes connected to three miniature
sockets were slowly lowered independently for each brain area. The
stereotaxic coordinates were derived from the Paxinos and Watson
(1982) atlas. For each structure, the final adjustment of the elec-
trodes was made to obtain the strongest responses to probe tones
delivered via the hollow ear bars. A small silver sphere, inserted
between the dura and the parietal bone, was used as a reference.
This reference and the multichannel sockets were fixed to the skull
with dental acrylic cement. During 3 days after surgery, the animal
received an injection of antibiotics (Terramycine, 45 mg/kg). After
at least 1 week of recovery, each animal was progressively reduced
to 85% of its individual ad-lib body weight.

Apparatus

The experimental cage (23 X23 X47 cm) was placed in a sound-
attenuating chamber, where an exhaust fan provided a background
noise of 40 dB. The chamber was equipped with a 2-W light at the
top of the left wall and a loudspeaker (Siare, 6 cm in diameter, band-
pass 20-20000 Hz) on the rear wall. The four pure tone frequen-
cies used in this study were generated by four different oscillators
adjusted individually under oscilloscope control. For each frequency
(1, 4, 10, 14 kHz), the intensity was adjusted to obtain 75 dB spl
at the center of the cage (approximately at the height of the animal’s
head) as measured by a B&K sound-level meter. The grid floor was
made of stainless steel rods, .5 cm in diameter and spaced 1.5 ¢m
center to center. A stainless steel lever (1.5%3.8 cm) and a food
magazine could be placed on the right wall. Counterbalanced cables
were connected to the animal; these cables emerged from the top
of the cage through a multichannel rotating connector.

Behavioral Training

After 2 days of familiarization with the experimental cage and
recording cables, the animals were trained to get food pellets from
the magazine in a 30-min session. The next day, the lever was avail-
able and allowed the animals to get continuous reinforcement until
50 leverpresses. During the 2 subsequent days, the animals were
trained on a VI30 schedule (i.e., variable interval, mean inter-
val = 30 sec) for two 30-min sessions, followed by five sessions
of VI60 of the same duration. For the next 2 days, two habituation
sessions were carried out on the baseline of the instrumental train-
ing. In each of the sessions, 10 tones (each 10 sec in duration) were
presented in a pseudorandom order with a mean intertrial interval
(ITT) of 3 min (range = 2-4 min). Five of these tones were 1 kHz
and the other five were 14 kHz. Conditioning began the next day
by pairing one of the two frequencies with an electrical footshock
(.3 mA, .5 sec in duration). The reinforced stimulus (CS+) was
the 1-kHz tone for half of the animals and was the 14-kHz tone
for the other half. After six sessions (each 45 min in duration; five
CS+ and five CS— at each session) of this initial discrimination
the reinforcement rule was reversed: for all of the animals, the fre-
quency previously used as CS+ became the nonreinforced stimu-
lus (CS—) and the previous CS— was followed by the electrical
footshock. Four sessions of this reversed discrimination were con-
ducted. During both the initial and the reversal discrimination the
mean ITI was 3 min (range = 2-4 min).
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The entire experiment (stimulus presentations and delivery of food
pellets) was controlled by a microcomputer, which also recorded
the behavioral data. On each trial, the leverpresses were counted
during the 10 sec of tone and during the 10 sec preceding the tone.
The average response rate per session was also computed for each
rat. Analyses of variance (Perruchet, 1982) were performed on in-
dividual raw data (leverpresses per 10 sec) for each session by com-
paring the pretone and the tone level of pressing for the CS+ and
the CS —. The standard suppression ratio A:A +B (A = leverpressing
during the tone; B = leverpressing before the tone) was also com-
puted and used as a convenient index of conditioning for graphic
representation.

Off-Line Test Sessions

Three off-line recording test sessions were conducted during this
experiment. The first session (reference session) took place 24 h
before the first habituation session, the second (Test 1) after four
sessions of the initial discrimination, and the third (Test 2) after
four sessions of reversal. These tests were conducted in the same
experimental cage as was the conditioning, but the magazine and
the lever of the instrumental task were removed. During each of
these sessions, four frequencies were presented in a pseudorandom
order: 1, 4, 10, and 14 kHz. Each tone was of 1-sec duration; the
ITI was 1 min in average (range = 45 to 75 sec). Thus, during these
sessions, the animals were submitted both to the two frequencies
used as CS+ and CS— during conditioning and to two other fre-
quencies close to the CS+ and close to the CS—. The first stimu-
lus presentation occurred about 15 min after the animal was placed
in the cage and, for Tests 1 and 2, the CS+ frequency was never
used as a first stimulus (to avoid a ‘‘surprising”’ or arousal effect).

Collection and Analysis of Cellular Data

The recording procedure was the same as that described in an
earlier study (Edeline et al., 1988). The multiunit activity (MUA),
recorded through field effect transistors (input 15 pA, output
3 k) placed on the animal’s head, was fed to a preamplifier
(300-10000 Hz) and sent into a highpass filter (cut off at 400 Hz).
The output of this filter, displayed on an oscilloscope, was recorded
on a magnetic tape during the 5 sec of pretone and the 1 sec of tone.
During the off-line analysis, the MUA was fed into a voltage window
discriminator to select the largest spikes (signal to noise 2:1). The
output pulses were stored on each trial in successive 10-msec bins
during the 200 msec of pretone and the first 400 msec of tone. Stan-
dard computer programs allowed construction of individual histo-
grams, which were then averaged to give group histograms. Ten
(out of 12) channels of multiunit activity, showing the strongest
auditory responses, were selected for each anatomical structure for
group histograms. The same procedure as those previously described
by Edeline et al. (1988) were used to avoid neural or nonneural
feedback coming from the animal movements. We discarded trials
in which movements of large amplitude were observed; electrical
artifacts were ruled out (on the basis of their magnitude and rise
time) by a two-threshold trigger (Courtice, 1975). Finally, the pre-
tone firing rate was submitted to an analysis of variance across ses-
sions in order to detect gradual shifts of firing rate across days.

To compare the sensory response to tones (three or four bins after
tone onset) across different recording sessions, normalized z scores
were computed at each trial by subtracting the mean firing rate in
the 20 pretone bins from the rate in the first three or four bins fol-
lowing tone onset, then the difference was divided by the standard
deviation of the pretone activity. These normalized data took into
account possible differences of pretone firing rate from one trial
to another or from one electrode placement to another. All statisti-
cal analyses were performed by analyses of variance on the z scores
computed at each trial. For each structure, the analysis of variance
involved the recorded electrodes as subject factors (n = 10) and
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orthogonal repeated measures as factors of sessions (three levels:
reference, Test 1, and Test 2), stimulus {four levels: the CS+, the
CS(+), the CS(—), and the CS—], and time bin (four levels: four
10-msec intervals after stimulus onset). Intersession comparisons
(between the reference session and the 2 test sessions), as well as
intrasession comparisons (between the different frequencies), were
made to detect both the increases of responsiveness due to condi-
tioning and the selectivity of these increases of responses. Again,
because the goal was to observe the modifications of preexisting
sensory responses, the analyses were restricted (after examination
of the histograms) to the time bins exhibiting *‘on’’ responses. Thus,
we analyzed the first two bins (0-20 msec) after tone onset for the
DCN, the second through the fifth bin (10-50 msec) for the MG,
and the first four bins (0-40 msec) for the AC.

Histology

At the end of the experiment, the animals were perfused (intra-
cardiac perfusion) under deep pentobarbital anesthesia with 0.9%
saline followed by 10% formaline. The brains were kept 2 weeks
in 10% formaline, frozen, sliced at 60 um, and stained with cresyl
violet for Nissl preparation.

RESULTS

Behavioral Results

Habituation

As shown in Figure 1, during the habituation, no sig-
nificant decrease of leverpressing for food was observed
during the presentation of either the 1-kHz tones or the
14-kHz tones. No difference can be detected between the
pretone and the tone leverpressing for the two frequen-
cies at the first habituation session [F(1,5) < 1, for both
tones] or at the second habituation session [F(1,5) = 2.33,
n.s., and F(1,5) < 1].

1
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Figure 1. Averaged (n = 6) suppression ratio A:A+B (A = lever-
pressing responses during the 10 sec of tone; B = leverpressing
responses during 10 sec before tone) for the CS+ and the CS — dur-
ing conditioning and its reversal. Note that, in habituation, no sup-
pression was observed to the 1000-Hz () or the 14000-Hz (0) tone
presentations and that a clear discriminative effect was observed
after two conditioning sessions. Note also the clear reversal of the
behavioral responses after four sessions of reversal.
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Initial Discrimination

At the first conditioning session, no statistical decrease
of leverpressing was observed for the CS + [F(1,5) = 3.62,
n.s.] or the CS— [F(1,5) < 1]. However, a significant
difference [F(1,5) = 17.66,p < .01] existed between the
rates of leverpressing during the CS+ presentations and
during the CS— presentations, which is corroborated by
the interaction [F(1,5) = 32.32, p < .005] between the
factor of period (before and during stimulus presentation)
and the factor of type of trial (CS+ vs. CS—). On the
second day of training, a strong suppression was observed
during the CS + presentations [F(1,5) = 65.67, p < .001].
A slight suppression was also observed during the CS—
presentations [F(1,5) = 11.01, p < .05], but the inter-
action between the period and type of trial factors was
strongly significant [F(1,5) = 55.27, p < .001]; thus,
the suppression to the CS+ was greater than that to the
CS—. During the subsequent sessions, the suppression
of leverpressing remained significant for the CS+ until

the sixth session, whereas the suppression was significant
for the CS— at the fourth session. The interaction between
period and type of trial remained significant from the third
session [F(1,5) = 55.08, p < .001] to the sixth session
[F(1,5) = 71.13, p < .001]. This indicates that the sup-
pression to the CS+ was statistically different from that
to the CS — at all the sessions of the initial discrimination.

Reversal

During the first reversal discrimination session, the be-
havioral responses clearly corresponded to the previously
learned discrimination. The suppression of leverpressing
was stronger to the previous CS + than to the new CS+
[F(1,5) = 27.02, p < .05]. During the next two ses-
sions, a progressive reversal of the behavioral responses
was observed. At the third session, the suppression was
greater for the new CS+ and the interaction between
period and type of trial was significant [F(1,5) = 32.19,
p < .01], even when the animal still showed a suppres-
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Figure 2. Averaged group histograms (n = 10, bin width = 10 msec) derived from the cortical placements before conditioning (REF),
after 40 trials of conditioning (CONDIT), and after 40 trials of reversal (REV). For the reference test session, the four different frequen-
cies (1, 4, 10, and 14 kHz) are labeled for the reference test (before conditioning). For the tests conducted during the discrimination
and its reversal, the tones are named CS+, CS(+) (for the closest frequency of the CS+), CS~, and CS(~) (for the closest frequency
of the CS —). Note that, after 40 trials of conditioning, the CS + elicited the strongest response, even compared with the closest frequency
of the CS+. Note also that after 40 trials of reversal, the strongest responses were obtained for the new CS+ presentations, even com-

pared with the CS(+).
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sion to the previous CS+ [F(1,5) = 10.54, p < .05].
The reversal was achieved at the fourth session, in which
no suppression of leverpressing to the new CS — was ob-
served [F(1,5) = 4.2, n.s.]; however, there was suppres-
sion to the new CS+ presentation [F(1,5) = 8.33,
p < .05].

Electrophysiological Results

Auditory Cortex

Reference test session. As shown in the histograms in
Figure 2, only slight ‘““on’’ responses were observed to
tone presentations before conditioning, with no difference
of response magnitude between frequencies [F(1,9) < 1,
in all cases]. Possible reasons for these weak responses
will be provided in the Discussion section.

Test 1. After 40 trials of the initial discrimination,
marked increases in responsiveness were observed for the
four frequencies tested (Figure 2, middle row). These in-
creases were noted on the first four bins after tone onset,
all of which had significantly greater responses than dur-
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ing the reference test session [for the first four bins,
respectively: F(1,9) = 35.17, p < .001; F(1,9) = 43.81,
p < .001; F(1,9) = 67.13,p < .001; F(1,9) = 31.29,
p < .001]. The mean z scores, plotted for each frequency
in Figure 3, show that the strongest increases occurred
for the frequencies used as CS+ during conditioning, ex-
cept on the third bin of tone in which the responses to
the CS + and to the closest frequency increased similarly.
A statistical difference exists between the z scores ob-
tained for the CS + and the frequency closest to the CS+
on the first [F(1,9) = 11.18, p < .05] and the second
bin of tone [F(1,9) = 20.88, p < .001]. On the third and
the fourth bin of tone, the responses to the CS+ and the
closest frequency were not statistically different [respec-
tively, F(1,9) < 1, and F(1,9) = 3.82, n.s.].

Test 2. After four sessions of reversal (Figure 2, bot-
tom histograms), the strongest responses were now ob-
served for the new CS+. As shown in Figure 3, the
responses at all the frequencies remained clearly greater
than those during the reference test session. The selec-
tivity observed at Test Session 1 had disappeared and, on
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Figure 3. Averaged z scores (n = 10+ SE) for the first, second, third, and fourth bins of tone period before conditioning (REF.‘), after
40 trials of conditioning (Test 1 [T1]), and after 40 trials of reversal (Test 2 [T2]). Note the clear generaliza-tion gradients obtained for
all the temporal windows during Test 1, in which the CS + elicited the strongest responses. Note also that, durmg. Test 2, after 40 reversal
trials, these gradients had disappeared and the greatest z scores then were for the new CS+ on the second bin of tone (10~20 msec).
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the second bin after tone onset, the z scores correspond-
ing to the new CS + were significantly greater than those
to the closest frequency [F(1,9) = 10.28, p < .05].

Medial Geniculate Data

Reference test session. During the reference test ses-
sion (Figure 4, top panel), the same responses were ob-
tained to the four frequencies. As shown in Figure 5, no
difference of responsiveness was detected by comparing
the mean z scores obtained for each frequency [F(1,9) < 1,
in all cases] in this session.

Test 1. During this test session, an increase of the ‘“‘on”’
response was observed for the frequency used as CS+
during conditioning (Figure 4, middle panel). This in-
crease of response occurred mostly on the third and fourth
bin after tone onset (20-40 msec after tone onset). At these
time bins (see Figure 5), the responses for the frequen-
cies used as CS+ were significantly increased, relative
to those in the reference test session [F(1,9) = 13.11,
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p < .05,and F(1,9) = 16.34, p < .05, respectively, for
the third and the fourth bins of tone]. Moreover, at these
bins, the z scores for the CS + were different from those
obtained for the closest frequency (i.e., either 4 or
10 kHz) [F(1,9) = 9.07,p < .05, and F(1,9) = 10.11,
p < .05, for the third and fourth bins of tone]. There was
no difference between the responses to the CS+ and those
to the frequency close to the CS+ [F(1,9) = 1.28, n.s.]
on the second bin of tone.

Test 2. During Test 2 (Figure 4, bottom panel), the
greatest increases of response occurred for the new CS+.
The mean z scores obtained in this session (see Figure S)
showed that the selectivity observed in Test 1 had shifted
to the new CS+ on the third and fourth bin of tone. There
was an increase in responses for the frequency used as
CS+, relative to those in the reference test session
[F(1,9) = 12.56, p < .0S]. The z scores of the new CS+
were statistically different [F(1,9) = 8.87, p < .05] from
the z scores of the new CS — (previous CS+). Moreover,
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Figure 4. Averaged group histograms (n = 10, bin width = 10 msec) recorded in the nMG during the reference session before condi-
tioning (REF), after 40 trials of the initial discrimination (CONDIT), and after 40 trials of reversal (REV). Note that similar responses
were observed to the four frequencies before conditioning and that after 40 conditioning trials the greatest responses were obtained for
the CS+, even compared with the CS(+). Note also that, after 40 trials of reversal, the greatest responses were detected during the new

CS+ presentations.
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a significant discriminative effect between CS+ and its
closest frequency was detected in the average of the third
and fourth bins after tone onset [F(1,9) = 7.14, p < .05].

Dorsal Cochlear Nucleus

Reference test session. Before conditioning (Figure 6,
top panels), the different frequencies elicited consistent
responses and no statistical difference of responsiveness
between frequencies was detected by comparing the mean
z scores (plotted in Figure 7) for the first and second bins
of tone [F(1,9) < 1, in all cases].

Test 1. As shown in Figures 6 and 7, an increase of
the “‘on’’ response elicited by the CS+ during the first
10 msec after tone onset was observed after 40 trials of
the initial discrimination. However, the response to the
frequency close to the CS+ frequency showed the same
degree of enhancement. On the first bin of tone, there
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was a significant difference between the responses to the
CS+ and those to the CS— [F(1,9) = 23.46,p < .001],
but no significant difference existed between the responses
to the CS+ and those to the closest frequency to the CS +
[F(1,9) = 1.19, n.s.]. No change in response was de-
tected on the second bin after tone onset compared with
the reference test session [F(1,9) < 1, in all cases], and
no difference between frequencies was noted by compar-
ing the z scores related to each frequency.

Test 2. As shown in Figures 6 and 7, the increases of
response previously detected at Test 1 were no longer
present, and no change corresponding to the new rein-
forcement rule was observed on this session. No signifi-
cant difference was noted on the first bin of tone between
the different frequencies [F(1,9) < 1, in all cases]; no
difference was detected between these responses and those
elicited during the reference test session. The analyses per-
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Figure 5. Averaged z scores (n = 10+ SE) derived from mMG recording for the second, third, fourth, and fifth 10-msec bins of tone
period, during the reference session (REF), the test sessions after 40 conditioning trials (Test 1 [T1]), and the test sessions after 40 trials
of reversal (Test 2 [T2]). Note that similar responses were observed before conditioning (in REF) regardless of the temporal window
and that, after 40 conditioning trials, the responsiveness for the CS+ frequencies was clearly greatest especially on the third and fourth
bins of tone. Note also that, during Test 2, after 40 trials of reversal, the generalization gradient observed in Test 1 had disappeared
and the new CS+ elicited the strongest responses in the same temporal window (20-30 and 30-40 msec after tone onset).
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formed on the second, third, and fourth bins after tone
onset did not reveal changes in responses at this stage of
the experiment.

Electrodes Placements (see Figure 8)

At the thalamic level, correct electrode placements were
found in the mMG for six recording loci and in the supra-
geniculate immediately above the mMG for four other
recording loci. No difference in tone responses were ob-
served between these two locations. All of the cortical
recordings were from area TE1 of the Zilles (1985) atlas.
This region corresponds, at least partially, to the cortical
projection area of the MG in the rat (see Ledoux, Ruggiero,
& Reis, 1985; Roger & Arnault, 1989). Recordings in
the cochlear nucleus were from the dorsal subdivision of
this nucleus, mainly (8/10 placements) in the fusiform
cells layer; two recording loci were located in the molecu-
lar layer of this subdivision.

DISCUSSION

The major results of this study can be summarized as
follows: Pairing one tonal frequency with an electrical

footshock (as the US) during discrimination conditioning
induced specific modification of responses at the ievel of
the auditory cortex (AC) and the magnocellular medial
geniculate (mMG) and less specific changes in the dorsal
cochlear nucleus (DCN). The reversal induced new modi-
fications at the levels of the AC and mMG, but not at the
level of the DCN. Both during the initial and reversed
discrimination, the difference of leverpressing for food
responses during CS+ and CS — presentations indicated
that these neural changes were correlated with the acqui-
sition of a discrimination between frequencies.

Methodological Comments

Recording multiunit activity in free-moving animals al-
ways raises some methodological problems, because it is
impossible to control the sensory input constancy. We
have previously discussed these problems (Edeline et al.,
1988), and we emphasize here that the action of the mid-
dle ear muscle has a latency of 35-70 msec (Carmel &
Starr, 1963) in the cat at rest and can only account for
decreases of evoked responses (Starr & Livingston, 1963).
Moreover, as a random presentation of the different fre-
quencies was given during the different test sessions, it
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Figure 6. Averaged group histograms (n = 10, bin width = 10 msec) derived from the dorsal cochlear nucleus before conditioning
(REF), after 40 trials of conditioning (CONDIT), and after 40 trials of reversal (REV). Note that similar responses to the four frequencies
were observed before conditioning and that, after 40 conditioning trials, the CS+ and the CS(+) elicited the strongest responses, com-
pared with the CS— and the CS(—). Note also that, during Test 2, after 40 reversal trials, the changes observed in Test 1 were dissipated,
but the new CS+ and its closest frequency did not elicit stronger responses than did the new CS— and its closest frequency.
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Figure 7. Averaged z scores (n = 10+ SE) derived from the dorsal cochlear recording before conditioning (REF), after
40 conditioning trials (Test 1 [T1]), and after 40 trials of reversal (Test 2 [T2]) for the first and second bins of tone period.
Note the similar responsiveness to the four frequencies before conditioning and the strong responses to the CS+ and the
CS(—) in Test 1 on the first bin of tone. Note also that no difference of responsiveness was observed after 40 trials of rever-

sal (Test 2) on the first or the second bin of tone.

is unlikely that the animals could adopt a specific orien-
tation or location with regard to the speaker before the
occurrence of one of the frequencies. Finally, it is quite
difficult to attribute the present results to a startle response
at the CS+ presentations, since it is unlikely that this
response (6-16 msec in latency; for a review, see Davis,
1984) can affect the neural activity of each structure on
different time bins after tone onset.

Comparisons With Physiological Data

Before discussing the present results in terms of associa-
tive learning, four points must be addressed regarding the
auditory physiology.

First, the fact that the different frequencies used in our
study elicited similar responses before conditioning can
be attributed to (1) multiunit recordings with low im-
pedance electrodes, (2) the intensity used (75 dB), which
was far from the threshold, thus making the frequency
selectivity less obvious, and (3) the average of different
electrode placements. Because none of the recording sites
showed a strong selectivity before conditioning, we be-
lieve that the first two points are the most important. The
fact that the two subcortical structures belong to the non-
lemniscal system (see Graybiel, 1972, for definition), in
which many cells are broadly tuned, certainly contributes
to this lack of selectivity.

Second, the averaged response pattern emerging from
our cochlear nucleus recordings is an ‘‘on’’ response
rather than a sustained response that can be explained by
the properties of the DCN cells. It is well known that sus-

tained responses are rare, relative to those found in the
ventral division of the nucleus. Also, Evans and Nelson
(1973) have stressed the fact that, with unanesthetized
preparations, there is a dramatic increase of the number
of units showing inhibition response (92% of the units),
compared with anesthetized preparations (8%). The work
of Young and Brownell (1976) and, more recently, of
Rhode and Kettner (1987) have confirmed that a great
proportion of units shows an “‘onset inhibition’’ pattern
in unanesthetized animals.

Third, at the level of the mMG, broad, as well as sharp,
tuning curves have been described in the anesthetized cat
(Aitkin, 1973; Calford, 1983; Morel, Rouiller, DeRibeau-
pierre, & DeRibeaupierre, 1987), and the lack of tonotopy
of this portion of the MG has been reported in many
studies. Thus, it is not very surprising that pooling data
from multiunit recordings yielded similar responses to the
four frequencies.

Finally, the lack of responsiveness before learning in
the AC contrasts with the strong responses observed
after the beginning of conditioning, as well as during
electrode implantations. We have observed this phenome-
non previously (Edeline, Neuenschwander-El Massioui,
& Dutrieux, 1990), and, since strong responses were not
observed in other studies performed under similar condi-
tions (Disterhoft & Stuart, 1976; Olds et al., 1972), we
have attributed this to the polymodality of the temporal
cortical area in the rat. The absence of marked degenera-
tion in any layer of the rat temporal cortex after MG le-
sions (Vaughan, 1980) supports such a hypothesis. More-
over, the same type of observation has recently been
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Figure 8. Outlines showing the placements of the recording elec-
trodes in the auditory cortex (A), the medial geniculate (B), and the
dorsal cochlear nucleus (C). The boundaries between the cortical
areas are from Roger and Arnault (1989), the arrangement of the
MG subdivisions are from the study of Ledoux et al. (1985), and
the dorsal cochlear nucleus limits are from Mugnaini, Warr, and
Osen (1980).

reported (Diamond & Weinberger, 1989) at the single-
unit level: Neurons weakly responsive to tones before con-
ditioning exhibited significant evoked activity to numer-
ous frequencies after conditioning. As proposed by these
authors, it is quite possible that learning induces the ex-
pression of subthreshold input.

Relationship to Previous Studies

The work of Buchwald et al. (1966) was the first to
show that conditioned changes can be detected at many
levels of the CS pathway, even at the cochlear nucleus.
Oleson et al. (1975) have clearly demonstrated the as-
sociative nature of the changes that occur at the cochlear
nucleus, finding a differential effect to a CS+ compared
to a CS—; however, they could not address the question
of the frequency specificity (because they used a discrimi-
nation between a tone and a white noise). Our present re-
sults suggest that the conditioned changes at the level of
the DCN can be frequency specific, but they cannot show
the degree of selectivity observed in the auditory forebrain.
Two possibilities can explain the occurrence of changes
at the lower level of the CS pathway: (1) these changes
can reflect efferent controls upon the cochlear nucleus,
or (2) they can reflect intrinsic changes at this level. Oleson

et al. (1975) have claimed that the changes they have ob-
served at the cochlear level were probably the result of
a “‘descending excitation coming from the AC”’ (p. 1136).
However, two of their placements in the posteroventral
nucleus reached the learning criteria in five trials, far more
rapidly than in the cortex. It was not our goal in the present
study to determine if changes at the cochlear nucleus level
are intrinsic or extrinsic. We can only point out that there
is no reason for a centrifugal influence (regardless of the
structure it comes from) to act after 40 trials of condi-
tioning and not after 40 trials of reversal and that it seems
unlikely that a centrifugal influence would affect only the
first bin after tone onset for the CS+ and its closest fre-
quency, as was the case during Test 1.

In contrast with the changes occurring at the DCN level,
which were only increases in responses to the low or high
frequencies, the changes in the auditory forebrain seem
to be able to shape a gradient of response around a specific
frequency and to reorganize this gradient when the sig-
nificance of the frequency changes. At the cortical level,
the observation of frequency-specific changes is not sur-
prising, since the work of Diamond and Weinberger
(1986, 1989) has firmly established that shifts of tuning
curves occur after classical conditioning in the auditory
cortex. Our results raise the possibility that ‘‘cluster’’
recordings can allow detection of frequency-specific
changes. However, the changes observed here (as in all
multiunit studies) were only increases of responses,
whereas both increases and decreases of evoked activity
can be detected at the single-unit level (Diamond & Wein-
berger, 1984, Weinberger, 1982; Weinberger, Hopkins,
& Diamond, 1984). This can perhaps be explained by the
fact that the construction of a ‘‘multiple units’’ histogram
by summing the data of 21 single-unit recordings in the
auditory cortex revealed an increase of evoked response,
relative to sensitization (Weinberger et al., 1984), despite
the fact that some of these units showed decreases during
conditioning.

At the thalamic level, the study of Gabriel, Miller, and
Saltwick (1976) showed that discriminative effects and
their reversals can be observed in the mMG. The major
difference between their study and the present one is the
off-line collection of the neural data in the present study,
which allowed testing of the selectivity of the learning-
induced modification in absence of the conditioned fear
induced by the tone-shock pairing. In addition, this type
of procedure also helps prevent subtle nonassociative
processes, which can possibly occur during the acquisi-
tion of a discrimination (Birt, Nienhuis, & Olds, 1979),
biasing the short-latency sensory changes. In fact, recep-
tive fields modifications observed in the auditory cortex
after classical conditioning have indicated that learning-
induced plasticity can be expressed in a different situa-
tion (or ‘“‘context’’) from that present for the learning
(Diamond & Weinberger, 1989). The present data sug-
gest that this can also be the case in some subcortical struc-
tures, because the changes reported here occurred in a
different situation from the learning situation (absence of
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US, presence of other frequencies, tones of shorter dura-
tion, and absence of the bar and the food magazine used
for the on-line behavioral responses).

Relationships Between Behavioral and
Neural Changes

At the behavioral level, the slight decreases of lever-
pressing for food to the CS — can be explained by the fact
that, during conditioning, the animals always exhibited
much more orienting reactions to acoustic stimuli than
they did during habituation. We suspect that all of the
unconditioned reactions (and especially the orienting
responses) led to decreases in leverpressing for food to
CS — presentations. The increase in attention to all acous-
tic stimuli during conditioning may be reflected in the
changes observed at the cortical level: Marked increases
of responses appeared for the four frequencies, even
though the largest increases were to the CS+. At the
single-unit level, either frequency-specific changes or
general changes were reported after classical condition-
ing (Diamond & Weinberger, 1986, 1989). It is quite pos-
sible that both general increase and specific increases at
the CS+ frequency can be observed in multiunit record-
ings. In our experiment, the subcortical sensory responses
seemed less influenced by the general increase of atten-
tion to auditory stimuli. This may suggest that the effects
observed at the cortical level reflect more than one unique
phenomenon, whereas the changes observed in the sub-
cortical structures reflect only the pairing effects. On the
other hand, the fact that the specific changes observed in
the AC occurred with shorter latencies than those in the
thalamus suggests that the specific thalamic changes pos-
sibly are ‘‘shaped’’ by a centrifugal cortical influence (as
proposed by Gabriel, 1976). This explanation is more un-
likely at the level of the DCN since (1) there are no direct
connections between the AC and the DCN and (2) the
changes in the DCN occurred at short latency.

Taken together, the present data indicate that, during
acquisition of a discrimination between frequencies, learn-
ing can induce the formation of an *‘adaptive filter’’ at
several levels of the CS sensory pathway. This adaptive
filter is able to shift relatively rapidly and selectively at
the level of the auditory forebrain, whereas it seems
broader at the more peripheral levels and less easily
“‘reshaped’’ when the significance of the frequencies
changes across time. Quantitative investigations
(frequency-receptive field analyses) must now be con-
ducted to determine the precise learning effects on the
filtering ability of single neurons at each level of the non-
lemniscal auditory pathway.
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