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Differential Plasticity of Morphologically Distinct Neuron
Populations in the Medial Geniculate Body of the Cat
during Classical Conditioning ~
DAVID K. RYUGO 2 AND N O R M A N M . WEINBERGER

Department of Psychobiology, University of California, Irvine, Irvine, California 92717
This study investigated the development of neuronal classical conditioning in
the three morphologically distinct major subdivisions of the medial geniculate
body (MGB), i.e., the ventral, dorsal, and medial regions. Multiple unit activity
was recorded simultaneously from at least two of these regions during classical
conditioning of the pupillary dilation response in the cat using acoustic and
pawshock stimulation. The training paradigm consisted of sensitization, conditioning, and discrimination periods to control for non-associative factors. The
subjects bore chronically implanted electrodes and were trained, following recovery from surgery, under neuromuscular paralysis to prevent changes in effective
CS intensity in the ear due to middle ear contractions, head movement, or noise
produced by body movement. Neuronal conditioned responses, consisting of an
increase in multiple unit activity during presentation of the CS +, developed only
in the medial subdivision of the medial geniculate body; this effect was never
found in the ventral and dorsal regions. The conditioned neuronal responses in the
medial division of the MGB were not due merely to increased light stimulation
consequent to pupillary dilation because they were evident during the initial 152
msec of conditioning trials, prior to the onset of pupillary dilation. An analysis of
the characteristics of initial responses to the CS+ and US prior to conditioning
indicated that responses to the CS+ were not consistently different among the
ventral, dorsal, and medial subdivisions of the MGB. However, the responses to
the pawshock did relate to conditionability; neurons in the medial division, which
exhibited conditioning, were driven only during the duration of US presentation
whereas responses in the ventral and dorsal divisions, which did not exhibit
conditioning, continued .to be prominent after the offset of the US. This preliminary finding suggests that the characteristics of the initial response to the US may
be critical in determining whether or not neuronal conditioning develops.
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The quest for the neural mechanisms underlying behavioral plasticity
has implicated sensory systems during the acquisition of a behavioral
conditioned response (CR). In particular, the auditory system has been
extensively studied, and there are many reports of the enhancement of
evoked potentials (Gerken and Neff, 1963; Hearst et al,, 1960; Papova,
1969) and single or multiple unit responses (Buchwald et al., 1966; Bures
and Buresova, 1967; Cassady et al., 1973; Disterhoft and Olds, 1972;
Gabriel et al., 1975; Halas et al., 1970; Olds et al., 1972; Oleson et al.,
1975) to an acoustic conditioned stimulus during behavioral conditioning.
In spite of the progress that has been made in neurophysiological approaches to behavioral conditioning, the role of the auditory system is still
uncertain. Before the role of such sensory changes in the establishment of
a behavioral CR can be determined, it is necessary to establish that (a) the
neural changes are consistent and develop prior to or at the same time as
the behavioral CR and (b) that the modification of auditory system responses is due to the conditioning procedure itself. In order to conclude
that the enhanced auditory responses are due specifically to the association between the conditioned stimulus (CS) and the unconditioned stimulus (US), other confounding variables must be ruled out. These include
changes in effective stimulus intensity at the cochlea, movement artifact,
sensory feedback from movement, and "pseudoconditioning" (see Oleson et al., 1975, for more details). The problem of "pseudoconditioning"
is of special importance because Hall and Mark (1967) and Mark and Hall
(1967) have shown that enhancement of acoustically evoked potentials
occurs during establishment of a conditioned emotional response (CER)
whether the acoustic stimulus serves as the conditioned stimulus or as an
indifferent background stimulus. Furthermore, Khachaturian and Gluck
(1969) reported that responses evoked by background flash stimulation
were enhanced due to institution of a conditioning procedure.
In addition to the need for these types of experimental controls, an
analysis of the effects of conditioning procedures upon auditory system
activity ought to relate such findings to the anatomical substrates of this
system. Recent anatomical studies have revealed that the auditory system
is much more complexly organized than heretofore acknowledged. Specifically, the medial geniculate body (MGB) has been shown in a number of
mammals to contain a number of distinct subdivisions (Fig. 1) on the basis
of cyto- and myeloarchitectonics, Golgi analysis, afferents, and efferents
(Morest, 1964, 1965a, b; Oliver and Hall, 1975; Ramon y Cajal, 1966;
Ryugo and Killackey, 1974; Ryugo and Killackey, 1977b). Three major
components are usually recognized, ventral, medial, and dorsal. The
ventral division (MGv) is characterized by: (a) neurons with restricted
receptive fields (Aitkin and Webster, 1972); (b) tonotopic (Aitkin and
Webster, 1972) and laminar (Morest, 1965; Ryugo and Killackey, 1977b)
organization of these neurons; (c) a functionally homogeneous and topo-
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FI~. 1. Cameralucida reconstruction of the MGB from Golgi material. Typical distribution of neuronal types through the middle of the medial geniculate body of the adult cat.
Coronal section, Golgi-Cox. Abbreviations: D, dorsal division; M, medial division; VL,
ventral division, pars lateralis; VO, ventral division, pars ovoida.
graphic input from the central nucleus of the inferior coUiculus (Jones and
Rockel, 1971; Ryugo and Killackey, 1977a); (d) neurons with " t u f t e d "
dendrites, typical of specific thalamic sensory relay nuclei (Morest, 1964;
Scheibel and Scheibel, 1966, 1967, 1970); and (e) a dense and topographic
projection to primary auditory cortex (Colwell and Merzenich, 1975;
Niimi and Naito, 1974; Ryugo and Killackey, 1977b). In contrast, the
medial division (MGm) is characterized by: (a) neurons that demonstrate
multimodal as well as wide receptive field properties (Erickson et al.,

278

RYUGO AND WEINBERGER

1964, 1967; Poggio and Mountcastle, 1960; Wepsic, 1966); (b) a lack of
tonotopic (Aitkin, 1973; Love and Scott, 1969) or laminar (Morest, 1965a)
organization; (c) a functionally heterogeneous input, including
spinothalamic (Lund and Webster, 1967), medial lemniscal (Jane and
Schroeder, 1971; Schroeder and Jane, 1971; Walsh and Ebner, 1973), and
brachial from the inferior colliculus (Moore and Goldberg, 1963; 1966;
Ryug0 and Killackey, 1977a); (d) neurons with "radiate" or isodendrites,
characteristic of regions receiving heterogenous input, such as the brain
stem reticular formation (Morest, 1964; Ramon-Moliner, 1962, 1975;
Scheibel and Scheibel, 1966); and (e) projections to auditory cortex in a
diffuse and widespread fashion (Rose and Woolsey, 1958; Ryugo and
Killackey, 1974, 1977b). The third major component of the medial geniculate body is the dorsal division (MGd). It is characterized by: (a) neurons
with evenly spaced radiating dendrites (Morest, 1964); (b) cells which are
only mildly responsive to acoustic stimulation (Aitkin and Webster, 1972;
Lippe and Weinberger, 1973); (c) input from the diffusely arranged lateral
tegmental fiber system (Morest, 1964); and (d) a cortical target area,
insular cortex, which is quite distinct from primary auditory cortex
(Raczkowski et al., 1976; Rose and Woolsey, 1958).
At least three types of thalamocortical afferents project to auditoryresponsive cortex, each originating in adjacent but distinct subdivisions of
the medial geniculate body. The projections of MGv and MGm converge
upon primary auditory cortex, but preserve their individual integrity by
maintaining a pattern of laminar separation (Ryugo and Killackey, 1977b).
MGd projects to a separate cortical area. The striking difference between
the distribution and manner of terminations of these thalamocortical fiber
systems strongly suggests that they underlie different features of cortical
physiology.
Given this contrast among MGB subdivisions, it is of interest to determine whether they have different functional roles in relation to plasticity.
Neurons of the specific auditory system (MGv), with their restricted
receptive fields and rapidly conducting fibers, may furnish the greatest
range and accuracy of sensory discrimination. Such neurons apparently
endow the system with a high fidelity representation of the acoustic
environment. Does a paradox emerge from previous reports of plasticity
in this "high fidelity" system (Buchwald et al., 1966; Disterhoft and Olds,
1972; Gabriel et al., 1975; Halas et al., 1970; Olds et al., 1972; Oleson et
al., 1975) or would finer analysis of the relationship between morphology
and physiology reveal that the specific system provides the high fidelity
while the less specific system (MGd or MGm) is more plastic (Disterhoft
and Stuart, 1976; Graybiel, 1974)?
Thus, even well-controlled neurophysiological approaches to the role of
the auditory system in behavioral plasticity may be incomplete without
careful consideration of the system's regional morphology. The acoustic
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relay center of the thalamus, the medial geniculate body, is ideal for the
investigation of this problem because of the detailed anatomical and
physiological information that is already available. The present study
attempts to (a) examine the effects of classical conditioning procedures
upon neural activity within the medial geniculate body during the acquisition of a behavioral conditioned response with control for non-associative
factors and (b) to assess these data within the context of the anatomical
subdivisions of this nucleus,
METHODS

Subjects and Surgery
The data were collected from 12 adult cats of either sex, free from ear
infection and weighing 2.7 to 3.5 kg. Each animal was initially anesthetized with sodium pentobarbital (Nembutal, 30 mg/kg, IP) and was
maintained at a surgical level of anesthesia with supplemental intravenous
injections of the short-lasting barbiturate, sodium thiamylal (Surital). The
animal was then placed in a stereotaxic instrument for the multiple placement of depth electrodes into the medial geniculate body. Recording
electrodes consisted of size 00 stainless steel insect pins, etched to have
tips of 2-5/z and insulated with Epoxylite. All electrodes were referenced
to a stainless steel screw that was positioned over the frontal sinus.
Recording leads were led into a plastic cylinder that was attached to the
skull via a pedestal built with dental acrylic. A screw top enclosed the
cylinder except during recording sessions, thus protecting the recording
leads. Short lengths of plastic tubing were affixed to the anterior and
posterior regions of the pedestal to provide atraumatic fixation of the head
during recording sessions. Delagon antibiotic powder was applied to
exposed skin surfaces, and the animals were given an intramuscular
injection of 300,000 units of Bicillin (Wyeth Laboratories). All animals
were allowed at least 2 weeks of postsurgery recovery.

Experimental design and procedure
At the beginning of the training day, the animals were given a 10 mg/kg
ip injection of gallamine triethiodide (Flaxedil) to produce paralysis. An
endotracheal tube, coated with a local anesthetic (Xylocaine) was inserted
into the trachea with the aid of a laryngoscope, and artificial respiration
was initiated with a Harvard respirator. Once immobilized, the animal
was positioned in the atraumatic head holder that attached to a stereotaxic
instrument. All experimental procedures were carried out with the animal
enclosed in an acoustic room (IAC 1202). Body temperature was maintained at approximately 37° C by a thermostatically-controlled circulating
warm water pad. Paralysis was maintained throughout the experiment
with supplemental doses of Flaxedil (20 mg/45 min). Expired carbon
dioxide levels were not routinely monitored because we have found that
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pupillary size and motility are equally, if not more, sensitive indices of the
animal's state. All subjects had motile pupils and pupillary dilation could
easily be induced by incidental stimuli, as well as by the stimuli used
during training.
Acoustic stimulation was delivered to the ear contralateral to the side of
the recording electrodes by a TDH 39 earphone, mounted on a hollow
earbar that was positioned without pressure into the external auditory
meatus. Two types of acoustic stimuli were delivered: 2000 Hz tones
( C S - , 85 dB) produced by a Hewlett-Packard oscillator, and white noise
(CS+, 75 dB) produced by a Grason-Stadler white noise generator. The
bandwidth of the white noise was 20-20 kHz at the output of the
generator, but the spectrum of white noise delivered to the animal was
limited by the frequency response characteristics of the earphone (frequency response linear to 6 kHz). Stimulus intensities are expressed as
decibels above a reference of 0.0002 dynes/cm2 and were controlled by
Hewlett, Packard decade attenuators. Intensities were measured with a
Bruel and Kjaer sound level meter with a ¼-inch condenser microphone.
The intensity was set at the beginning of each experiment with the animal
and earphone in place, by measuring the intensity through a probe in the
hollow earbar that was led to the sound level meter. Stimulus intensity
was constantly monitored over the course of the experiment, and was
found to be constant (i.e., varied less than 1 dB). The tone intensity was
set higher to compensate for the greater potency of white noise in eliciting
pupillary dilation.
Needle electrodes were inserted into the subcutaneous tissue of the
forelimb ipsilateral to the stimulated ear for delivery of the shock (US).
The shock was produced by a Grass SD-5 stimulator with parameters set
to deliver a 0.5 sec train of 5 msec pulses of 20-25 V, presented at a rate of
50/sec.
The left eyelid was retracted wih a pediatric speculum, and an infrared
pupillometer was positioned in front of the pupil for continuous monitoring of pupillary diameter. The eye was illuminated by a 12 V DC lamp, and
the corneas were protected from drying by the application of terramycin
ophthalmic ointment. The output of the pupillometer was amplified, written out on a Grass model 7 polygraph, and also recorded on an FM
channel of a Crown-Vetter tape recorder. Multiple unit discharges were
amplified by means of Tektronix 122 preamplifiers, whose output was led
into the polygraph for additional amplification and then into highpass
filters (0.6 kHz) and recorded on direct channels of the tape recorder.
The experimental session consisted of three phases: A sensitization
phase, which provided a measure of the pupillary dilation and neural
responses to the random presentation of acoustic and somatic stimuli; a
conditioning phase, which provided a measure of the change in pupillary
dilation and neural responses to a previously unpaired acoustic stimulus
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during pairing with somatic shock; and a discrimination phase, in which a
measure of the differential pupillary and neural responsiveness to the
paired acoustic stimulus and the unpaired acoustic stimulus was obtained
and used as an index of acoustic stimulus specificity for the elicitation of a
conditioned response. In all three phases, the acoustic stimuli were 1 sec
in duration and the somatic shock was 0.5 sec in duration. The trials were
randomly presented with an intertrial interval of 30-90 sec, and presentation was programmed by BRS Digibits.
The experimental session began with a sensitization phase. A total of 70
sensitization trials were given, 35 each of white noise and tone, randomly
intermixed. Interspersed among the acoustic stimuli were 35 shock presentations. The sensitization phase served as the baseline for the assessment of the effects of subsequent conditioning and discrimination treatments.
Following sensitization, 40 conditioning trials were initiated without
pause between the last sensitization trial and the first conditioning trial.
White noise was designated as the conditioned stimulus (CS+) and was
always followed, without delay, by shock, the unconditioned stimulus
(US). Oleson et al. (1975) have shown discrimination reversal using white
noise and tone in a training procedure very similar to that used in this
experiment. Therefore, the choice of white noise as the CS+ should not
affect the results in any significant manner. Immediately following the
completion of the conditioning series, discrimination training was initiated. Thirty-five white noise-shock (CS+) trials were randomly intermixed with 35 tone but no shock (CS-) trials, with the restriction that no
more than three trials of one type occur consecutively.
All data were analyzed with the assistance of a PDP/8 computer. Pupillary data were led into an analogue-digital converter. Multiple unit data
were played back through Schmitt triggers which produced a single pulse
each time their thresholds were exceeded, and led to pulse detectors in
the computer. The thresholds were set with the aid of a computer program
to pass approximately 125 pulses/sec during a period of no stimulation
which preceded the onset of the sensitization period. Using this procedure, the range of trigger settings varied from 30-70 tzV (peak-to-peak).
Threshold detectors were set according to the same rate rather than
amplitude to preclude possible bias if there were a systematic relationship
between amplitude and subdivision of the MGB. No such relationship was
found however, so that this precaution proved unnecessary.
The computer counted the number of pulses occurring during the 500
msec immediately preceding trial onset, and during the 1000 msec of
acoustic stimulation, excluding the US which followed. Data were additionally analysed for the first 152 msec of a trial, the interval preceding the
beginning of pupillary dilation. The number of pulses were stored in
consecutive 4 msec bins. Thus, there were 125 pretrial bins and 250
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pertrial bins. The effect of acoustic stimulation on the rate of multiple unit
activity was calculated by subtracting the mean pretrial rate from the
mean pertrial rate, yielding a difference score for each trial at each
recording site. Using this mean difference score obtained during the
sensitization period as baseline, the percentage difference was calculated
for each trial of sensitization, conditioning, and discrimination.

Histology
Following the completion of behavioral training, each animal was given
an overdose of a barbiturate (Nembutal) and small electrolytic lesions
were made with anodal current. The head was perfused with saline followed by 10% formalin, and the brain was removed and stored in 30%
sucroseformalin. Electrode tips were histologically verified on sections
stained with cresyl violet. Critical sections were then traced at a x 20
magnification. Golgi material was prepared from three adult cats by a
modified G o l g i - C o x procedure. The Golgi tissue was cut into 90 /~m
sections. Figure 1 is a camera lucida reconstruction of the MGB from
three adjacent Golgi sections, drawn at x 100. The resultant montage was
then photographically reduced.

RESU LTS

Histology
Recording loci are depicted in Fig. 2. Electrode tip placements were
histologically verified in MGv (n = 16), MGm (n = 8), and MGd (n = 10).

FIo. 2. Histological verification of microelectrode placements in MGB. Coronal sections taken at A3, A4, and A5 (left to right, respectively). Solid circles indicate electrode
placements where conditioned changes were not detected. Open circles indicate sites of
conditioned change. All of the loci which exhibited conditioned changes were confined to
MGm; the two unconditionable loci in MGm occurred in cats that failed to demonstrate
behavioral conditioning. Abbreviations: BIC, brachium of inferior colliculus; CG, central
gray; CP, cerebral peduncles; D, dorsal division; DD, deep dorsal nucleus; DS, superficial
dorsal nucleus; LG, lateral geniculate body; RN, red nucleus; SC, superior coUiculus; SG,
suprageniculate nucleus; SN, substantia nigra; V, ventral division.
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Data obtained from electrode sites located outside the medial geniculate
body are not included in the analysis.

Pupillary Behavior
Pupillary dilation responses were recorded from all 12 subjects. At the
beginning of sensitization, both white noise and tone elicited dilations
which usually lasted for 1 sec or more. By the end of sensitization,
dilation responses were reduced in both amplitude and duration. The
pawshock (US) produced consistently large pupillary dilation throughout
the experimental session. The onset latency of dilation to both acoustic
and somatic stimulation was consistent with the 170-220 msec latency
reported previously (Oleson et al., 1975). There was no consistent difference in potency of the acoustic stimuli across subjects.

Pupillary Conditioning
The effects of C S - U S pairing produced a relatively rapid and pronounced increase in pupillary responses to the white noise CS+, compared to the white noise sensitization value. The magnitude of pupillary
dilation grew through repeated pairings, and became maximal during
discrimination training. Figure 3 is a trial-by-trial percentage difference
plot of pupillary responses from animal Tas 16 over the entire training
period. During the sensitization period, pupillary responses to both white
noise and tone stimulation fluctuated about the mean sensitization value.
During C S - U S pairing, there was a systematic growth of the pupillary
response. This increase in the response was maintained during conditioning. Given that there is enhancement of the response during the conditioning session, the critical issue emerges of determining a reliable and valid
criterion for an assessment of such enhancement. The acquisition criteria
used in this study required that the following two conditions be met: (a)
five consecutive trials during conditioning in which responses to the CS +
',L
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were greater than the mean response to that same stimulus during sensitization (trials required to reach criterion); (b) significantly larger (P < 0.05,
two-tailed binomial sign test) pupillary dilation responses during the last
15 conditioning trials compared to the mean sensitization response. Sarisfaction of this criterion indicated that a change in responsiveness had
occurred and was maintained over the course of conditioning. Three of
the 12 cats failed to meet both of these criteria (Table 1).

Pupillary Discrimination
Discrimination training was employed to evaluate whether the increase
in pupillary response magnitude was specific to the US-contingent CS+ or
merely due to an indiscriminate response enhancement to any stimulus
(CS-). In order to compare responses to the CS+ and C S - , the mean
responses to white noise and tone during sensitization were subtracted,
respectively, from each response to the CS + and C S - during discrimination. This procedure yielded the changes in response magnitude to the
CS+ and C S - relative to the mean sensitization, which were then subjected to the Wilcoxin test. The discrimination criterion required a statistically significant difference between responses to the CS + and C S - (P <
.05, Wilcoxin test). Eight of the nine cats that demonstrated pupillary
conditioning additionally met the criterion for pupillary discrimination.
(The three cats that failed to condition also failed to discriminate.) Discrimination between the CS+ and C S - was evident within the first few
trials of discrimination training in four cats (e.g., Fig. 3) and developed
more slowly in the other subjects. The demonstration of discrimination
indicates that the increased pupillary dilation responses were specific to
the shock-contingent auditory stimulus.

Neural Data
The establishment of conditioned responses at the behavioral level
enabled an examination for possible accompanying neural response alterations within the auditory thalamus. In the absence of such a behavioral
control, it would be difficult to interpret negative results from the neural
data.
During sensitization, the white noise and tone stimuli both evoked
multiple unit activity in each of the three major subdivisions of the medial
geniculate body. These responses generally consisted of a short latency
(<20 msec) onset response which was often followed by a sustained
increase in activity above background level during the I sec presentation
of the stimuli (Figs. 4 and 5). A sustained decrease in activity was
observed in a few cases (Fig. 4, "MGV Tn"). The three subdivisions did
not yield consistently different poststimulus histograms to acoustic
stimuli; however, the onset response in MGv often exhibited the shortest
latency (8-12 msec).
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FIG. 4A. Histograms of multiple unit activity in MGv and MGm during training of
animal Tas 16. Neuronal responses to CS+ (WN) and C S - (Tn) are illustrated during
sensitization (trials 26-35), early conditioning (trials 1-10), late conditioning (trials 31-40),
and discrimination (trials 26-35). Multiple unit responses in MGv remain relatively constant
to both WN and Tn during training; in contrast, increased multiple unit responses to WN are
evident in MGm by late conditioning and are maintained through discrimination. Responses
to Tn do not change. Horizontal lines at bottom represent the onset and 1.0 sec duration of
acoustic stimulation. Calibration: 24 spikes per division.

Neural responses had to meet two criteria in order to be classed as
neural conditioned responses: (a) activity evoked by the C S + had to be
larger than the mean response to the same stimulus during sensitization
for five consecutive trials during conditioning--this measure defined
' 'trials to criterion"; (b) neural responses to the CS + had to be significantly
larger (P < 0.05, two-tailed binomial sign test) during the last 15 trials of
conditioning than the mean response for the sensitization period.
During conditioning, there was a difference among the three subdivisions in neural responsiveness to the white noise C S + . Specifically, the
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FIG. 4B. Histograms of multiple unit activity in MGd during training of animal Tas 16.
Neuronal responses of CS+ (WN) and C S - (Tn) are illustrated during sensitization (trials
26-35), early conditioning (trials 1-10), late conditioning (trials 31-40), and discrimination
(trials 26-35). Multiple unit responses in MGd remain relatively constant to both WN and Tn
during training. Horizontal lines at bottom represent onset and 1.0 sec duration of acoustic
stimulation. Calibration: 24 spikes per division.
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FIG. 5. Histograms of multiple unit activity in MGm during training of animal Tas 3.
Neural responses are illustrated for the end of sensitization (trials 26-35), early conditioning
(trials 1-10), late conditioning (trials 31-40) and discrimination (trials 11-20). Note the
enhanced response late in conditioning, in comparison with sensitization, which is further
augmented during discrimination. The response to the Tn (CS-) is slightly increased,
relative to sensitization, but unlike responses to the WN (CS+), not statistically significant.
Horizontal lines at bottom represent onset and 1.0 sec duration of acoustic stimulation.
Calibration: 24 spikes per division.

medial subdivision exhibited statistically significant response enhancement relative to responses to white noise during sensitization. This effect
was found in six of eight placements in the MGm. In marked contrast,
such neural conditioned responses were never found in the ventral and
dorsal subdivisions of the medial geniculate nucleus (Table 1). Histograms
of neural activity for all three subdivisions are presented in Fig. 4A and
4B. For the sake of continuity, these data are taken from animal Tas 16,
whose pupillary data were given in Fig. 3. Inspection of Fig. 4A reveals a
small enhanced neural response in MGm which is not present during the
initial portion of conditioning (trials 1-10) but is evident later (trials
30-40). This effect continues to be present, or even larger, during discrimination training. In contrast, responses to the C S - are not potentiated during discrimination training with reference to responses to the
tone stimulus during the sensitization period. Conditioned neural changes
are seen in neither the ventral subdivision (Fig. 4A, MGv) nor the dorsal
subdivision (Fig. 4B). Significant decreases in neural activity were not
found in any subdivision.
Figure 5 presents histograms from animal Tas 3. These data reveal a
more dramatic increase in the medial subdivision response to the C S +
during conditioning than that seen in Fig. 4A. Note also the lack of any
effect of the conditioning p r o c e d u r e upon the neural data from the ventral
subdivision in this subject (Table 1).
It might be argued that the increased responsiveness in MGm was due
to sensory feedback from the pupillary dilation response (i.e., increased
light stimulation as the pupil becomes larger). Although this is unlikely in
view of the report that MGm is unresponsive to flash stimulation (Lippe
and Weinberger, 1973), an additional analysis was performed for the first
152 msec of each trial, prior to the onset of the pupillary dilation response.
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This analysis revealed that an increase in neural responses in MGm was
present during the first 152 msec of the trials. This effect seems to be
smaller than the results for the entire CS-US interval because one placement failed to meet the criterion within the 40 conditioning trials (Table
l). These findings indicate that significant increments in multiple unit
responses do occur in MGm during both the period preceding pupillary
dilation and during the remainder of the CS-US interval during which
time the conditioned pupillary dilation occurs.
The foregoing indicates the neuronal responses exhibit conditioned
enhancement in MGm, but not in MGv or MGd. The significance of this
finding is underscored by the fact that the difference in conditionability is
obtained within the s a m e subjects, that is, during the simultaneous recording from MGm and MGv or MGd. In the case of the six cats which had
enhanced MGm activity, recordings were also obtained from the ipsilateral MGv. Figure 6 illustrates the effects of the conditioning procedure
upon neural activity in both these sites, plus pupillary behavior. In each
case, MGm exhibited conditioned enhancement of neural responses
whereas its counterpart MGv failed to reveal any systematic effect of
conditioning. This differential conditioning of multiple unit responses
recorded from the same subject during the same interval of time indicates
that the enhancement in MGm is not due to nonspecific arousal or other
general state factors.
Figure 6 also indicates that the pupil exhibited conditioned dilations for
each of the six cases in which MGm exhibited conditioning. However, as
noted above, response enhancement was absent for MGm placements in
two animals. Interestingly, these two animals also failed to develop the
conditioned pupillary response (Fig. 7, Table l). The relationship between
pupillary and MGm conditioned responses is therefore of particular interest. If the acquisition of the pupillary conditioned response is caused in
whole or part by the conditioning of neurons in MGm, then the latter
should not develop after the pupillary conditioned response. An analysis
of the mean number of trials to criterion for the six successful MGm cats
reveals that MGm enhancement is acquired in more trials (~ = 16.3) than
the pupillary conditioned response (2 = 14.8). However, this difference is
not statistically significant.
Discrimination

The discrimination criterion was the same as that used for pupillary
discrimination (i.e., statistically significant differences between responses
to the CS+ and C S - , as indicated by the Wilcoxin test). Five of the six
MGm placements exhibiting conditioned multiple unit activity met this
criterion. The two placements which failed to condition also failed to
discriminate. None of the placements in MGv or MGd met the discrimination criterion (Table 1). These findings indicate that the enhanced neural
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activity within MGm was specific to the C S + rather than to a nonspecific
potentiation to any acoustic stimulus.

Supplemental Observations
The differential conditionability of the medial geniculate subdivisions
leads to the question of the necessary and sufficient circumstances for
such conditioning. Although the present experiment did not specifically
investigate this issue, we have discussed morphological distinctions
which might bear upon this matter. Additionally, the present experiment
provides some possible relevant physiological data regarding the responsiveness of the various subdivisions to the stimulus used as the C S + and
US. What then, if any, is the relationship between responsiveness to these
stimuli, and conditionability? With reference' to the C S + , we have indicated above that the white noise elicited multiple unit activity in all three
subdivisions. Furthermore, we were unable to notice obvious differences
in the poststimulus histograms of the three regions, except that MGv
exhibited the shortest latency to acoustic stimulation. E x a m i n a t i o n of
poststimulus histograms to the US during sensitization revealed that this
somatic stimulus evoked short latency (8-16 msec), sustained multiple
unit activity in all three MGB subdivisions. H o w e v e r , at stimulus offset,
both MGv and MGd maintained their increased firing rate while MGm
activity immediately returned to prestimulus levels (Fig. 8). Thus, the
conditionability of a subdivision of the medial geniculate body may be
more closely related to its response to the US than to the C S + .
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292

RYUGO AND WEINBERGER

DISCUSSION
In the present study, paralyzed cats were subjected to a conditioning
and discrimination training paradigm following a sensitization period to
the acoustic (CS+ and C S - ) and somatic (US) stimuli. Conditioned
pupillary dilation responses were established in nine of the 12 cats, and
eight of these cats exhibited discrimination between a white noise (CS+)
and a tone (CS-). The acquisition of a conditioned pupillary response was
interpreted as a sign that the conditioning procedure must have produced
critical neural changes as well.
During the course of pupillary conditioning and discrimination, enhancement of multiple unit responses to the acoustic CS+ was observed
only in the medial division of the medial geniculate body. No such enhancement was found in the other major subdivisions, the ventral and
dorsal regions. The modification in neural activity cannot be attributed to
changes in stimulus intensity at the receptors because the subjects were
immobilized by neuromuscular paralysis. Paralysis eliminates the confoundment of middle ear muscle contraction, changes in head orientation
relative to the stimulus, and masking noises produced by the subject.
Also, the cochlear microphonic is not changed by conditioning procedures in this preparation (Ashe et al., 1976). Furthermore, the contribution of sensory feedback from the conditioned pupillary dilation response
must be negligible, because enhancement of neural responses was evident
within the first 152 msec of a trial, prior to the onset of pupiUary dilation.
The minimal participation of other confounding variables in these results
was further reinforced by the finding that only one of three MGB subdivisions exhibited response enhancement.
It might be argued that the enhancement of neural responses in the
MGm is not specifically a function of conditioning but reflects some
general process which accompanies aversive training procedures. Thus,
Hall and Mark (1967) and Mark and Hall (1967) reported that auditory
evoked potentials were enhanced during the learning of a conditioned
emotional response (CER) regardless of whether the acoustic stimulus
served as the conditioned stimulus or as an irrelevant background stimulus. The authors concluded that the neural enhancement was due to fear.
In the present study, evoked responses during conditioning were compared not with a period of total absence of shock, as in the studies
performed by Mark and Hall, but with a sensitization period in which the
shock density was the same as during conditioning. Thus, although the results of Mark and Hall are valid, the enhanced responses found in the
present experiment are not explicable by fear. Furthermore, if fear were
differentially present between sensitization and conditioning periods, it
would be expected to be greater during sensitization than during conditioning because the occurrence of shock was unpredictable during the
former and predictable during the latter. Finally, if a general process such
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as fear were the basis for the present findings, said process, in actuality,
would not be very general as its effects were not found in the dorsal or
ventral subdivisions.
Regarding this last point, it might be asserted that the multiple unit
technique preferentially yields recordings from large neurons. Thus, if
neurons in the medial division are larger than in the dorsal and ventral
divisions, genuine neural conditioning in the latter regions might not be
obtained. However, the diameters of the perikarya of the major neurons
within the three subdivisions do not indicate larger cells in the medial
division. According to Moresl 11964), the average diameters are: ventral,
17.2/z; dorsal, 18.4/x; medial. 15.0 ,~. Thus, it appears that the enhanced
MGm neural responses to the CS+ are attributable to processes due
specifically to the association between the CS+ and the US and the
absence of this effect in the MGv and MGd is not artifactual.
R e l a t i o n to P r e v i o u s S t u d i e s

There are several reports that multiple unit activity in the medial
geniculate body is enhanced during classical conditioning (Buchwald et
al.. 1966: Halas et a l . . 1970), instrumental conditioning (Gabriel et al..
1975, 1976; Halas et al., 1970), and more complex conditioning procedures (Disterhoft and Olds, 1972; Olds et al.. 1972). Although there has
been an understandable tendency to emphasize positive results, negative
findings have also been reported (Buchwald et al., 1966: Disterhoft and
Olds, 1972; Disterhoft and Stuart. 1976; Gabriel et al.. 1976: Olds et al.,
1972). The reasons for obtaining negative as well as positive results are of
some importance in attempting to understand the bases of neural conditioning. Three possibilities are considered here: (a) stimulus inconstancy,
(b) recording site, and (c) relationship to behavior.
The constancy of the acoustic stimuli used as the CS has generally not
been ensured and indeed may be impossible to control in freely-moving
animals. Negative findings might occur in such circumstances when the
CS is partially masked on some trials by other acoustic stimuli (i.e.,
movement-produced sounds). On the other hand, positive results could
merely reflect a learned change in body orientation to the stimulus source,
so that the CS becomes increasingly intense during the course of training.
Previous reports have generally failed to specify recording sites in
terms of the major subdivisions of the medial geniculate body. Positive
results were found in the ~'posterior" region and negative results occurred
in t h e " a n t e r i o r " region of this nucleus (Buchwald et al., 1966). However,
it is difficult to relate these places specifically to the ventral dorsal, or
medial MGB divisions. Gabriel et al. (1976) reported that positive results
seemed to be from "the medial one-half of the nucleus", but failed to
specify whether this was confined to the medial subdivision as defined
morphologically, or medial aspects of the dorsal or ventral subdivisions.
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A reconciliation of neuronal data with the anatomy of the MGB might
indicate the successes are restricted to MGm. In particular, Disterhoft
and Stuart (1976) have recently reported a failure to find statistically
significant conditioning in MGB, although the data suggested some enhancement was present. The authors reported the combined data of 32
MGB placements. It is quite possible that conditioning would have been
found for MGm had the data been segregated according to recording site.
A combination of all the MGB data from the present experiment would
have yielded apparently negative results.
Neural conditioning may not occur even with stimulus constancy and
accurate determination of recording loci within MGm, as evidenced by
the present findings; of the eight MGm placements, six reached criterion,
while two failed. It is interesting that the two failures occurred in subjects
which also failed to develop pupillary conditioned responses; the six
positive MGm findings occurred in animals that acquired pupillary CRs.
This close relationship between neural and behavioral events need not
imply a causal relationship (as discussed below) but it may be relevant to
the interpretation of negative neural findings. A failure to obtain neural
conditioning might be due either to the fact that a given locus is not plastic
or that it is conditionable but the subject is in some way substandard.
Experimenters are familiar with " p o o r " preparations (i.e., those which
yield negative results despite meeting appropriate physiological criteria
for health) or "stupid" animals (i.e., those which fail to learn a task).
Presumably, some necessary organismic conditions are absent in these
negative cases; a full consideration of such conditions is beyond the scope
of this paper. Although we cannot identify the causes of failure to obtain
conditioning in MGm, the use of a behavioral measure of the effectiveness
of the conditioning procedure may be helpful in the interpretation of
negative results. Thus, if a negative finding is accompanied by a failure for
the subject to simultaneously develop a behavioral conditioned response,
one may reasonably hypothesize that the preparation is in some way
"substandard" rather than that the neural site is not conditionable. In
contrast, successful behavioral conditioning would suggest that neural
processes necessary for behavioral conditioning did occur and, therefore,
the preparation is adequate, at the very least, for the development of
neural conditioning or plasticity somewhere in the brain.
In light of these considerations, our failure to obtain conditioning in two
MGm placements does not severely impair the claim that this subdivision
is highly conditionable. Previous studies have failed to find as close a
relationship between MGB conditioning and behavior. However, these
studies recorded skeletal motor behavior (i.e., locomotion, head movement) which condition at a much slower rate than autonomic responses
such as pupillary dilation (Oleson et al., 1975) which reached criterion at
about the same rate as did MGm (14-16 trials on the average). It is
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possible that neural conditioning in the auditory system is much more
closely related to autonomic conditioning than to skeletal conditioning. In
this regard, the present findings do reinforce and extend our previous
report that the auditory cortex and pupil condition at the same rate
(Oleson et al., 1975).
The present results also have a direct bearing on earlier reports of
conditioned multiple unit response enhancement in auditory cortex
(Buchwald et al., 1966; Disterhoft and Olds, 1972; Olds et al., 1972;
Oleson et al., 1975). This conditioned cortical response cannot be directly
attributable to the primary auditory thalamocortical projection because of
the resistance to neuronal response modification in MGv; rather, such
cortical changes appear to be more closely related to the conditioned
response enhancement observed in MGm. It has been suggested that the
multimodal, low density, and widespread distribution of terminals generated by MGm may provide a critical, low-level modulating system which
imparts response "plasticity" when superimposed upon the modalityspecific primary field (Ryugo and Killackey, 1977b).
Subdivisions of the Medial Geniculate Body

The MGB is not a homogeneous structure. MGv, with its anatomical
characteristics of a specific thalamocortical relay nucleus (Morest, 1964;
Ramon-Moliner, 1962; Ramon-Moliner and Nauta, 1966; Ryugo and Killackey, 1974, 1977b; Scheibel and Scheibel, 1966, 1967, 1970), did not
exhibit response enhancement over the course of training. In contrast,
MGm, with its anatomical characteristics of an unspecific nucleus
(Morest, 1964; Ramon-Moliner, 1962, 1975; Ramon-Moliner and Nauta,
1966; Ryugo and Killackey, 1974, 1977b; Scheibel and Schiebel, 1966,
1967, 1970), exhibited a consistent and systematic response enhancement
in conjunction with the development of a conditioned pupillary response.
Disterhoft and Stuart (1976) report auditory response plasticity in the
posterior nuclear group of the thalamus (Po). There are data that implicate
Po and certain other "unspecific" thalamic nuclei (i.e., MGm) as extensions of the intralaminar system of nuclei, based on similar dendritic
morphology (Killackey and Ryugo, 1975; Ramon-Moliner and Nauta,
1966; Scheibel and Scheibel, 1966), convergent input (Jones and Powell,
1971), and divergent output (Graybiel, 1974; Heath and Jones, 1971 ; Jones
and Leavitt, 1974; Killackey and Ryugo, 1975; Ryugo and Killackey,
1977b).
If our anatomical reconciliation of auditory response plasticity in the
medial geniculate body is valid, then the "lemniscal line" and "lemniscal
adjunct" systems (Disterhoft and Stuart, 1976; Graybiel, 1974) become
synonymous with our "specific" and "unspecific" auditory systems,
respectively. The demonstration of a differential capacity for response
modification in these systems appears to be related to their morphological
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differences as well as their afferent and efferent connections; such morphological features may ultimately determine their particular functional
roles in information processing.
Given the foregoing considerations, coupled with the present findings,
it would still be premature to argue that neural responses in MGv are
incapable of modification. We have previously reported that conditioning
procedures do alter the responses of single neurons in MGv of the unanesthetized, paralyzed cat (Weinberger et al., 1972). These findings were
quite dissimilar to the present report in that the major effect was a
reduction in the initial short latency peak of the poststimulus histogram.
However, there were several important differences in experimental procedures. For example, the CS-US interval was 300-600 msec, the trials
were given continually at l/sec, there were no behavioral measurements,
and the study failed to obtain discrimination between the CS + and C S which were presented to different ears. Thus, the MGv has not yet been
shown to exhibit the type of specific conditioned responses (whether
increases or decreases in responsiveness) that have been found for MGm.

Relationship between Neural and Behavioral Responses
The responses of MGm and the pupil are closely coupled. Conditioning
and discrimination occurred in the MGm of subjects who also exhibited
pupillary conditioning and discrimination. Negative findings for MGm
occurred in two animals, both of which failed to acquire the appropriate
pupillary conditioned responses. This relationship is consistent with the
view that the conditioning in MGm might be in some way causal to
pupillary conditioning. If this were the case, one might expect the neural
changes to appear before the behavioral learning. This was not found.
However, the changes in MGm could be causal to the pupillary CR even if
both appeared on the same trial because the conditioned response in
MGm has a shorter latency than does pupillary dilation. The rates of
development of conditioned responses in MGm and the pupil are close
(14-16 trials) and indistinguishable statistically. Therefore, the question
of a possible causal relationship must remain open. Further studies must
be designed to determine which of the following three situations prevails:
(a) MGm is part of a system which is causal to pupillary conditioning; (b)
MGm and pupillary conditioned responses reflect the operation of a
common causal mechanism but are not linked directly; (c) MGm and the
pupil are not related, but rather reflect separate conditioning processes
which develop in parallel during the course of training.

Relationship of Sensory Evoked Activity to MGB Subdivisions
The present findings demonstrate that during the sensitization period,
where CS+ and C S - , and US are presented randomly, all three MGB
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subdivisions are responsive to the acoustic stimuli (CS+ and C S - ) . A
quantitative assessment of the relative acoustic responsiveness of the
subdivisions was hampered by the differential placement of the recording
electrode tips even within a subdivision. Given the existence of neuronal
tuning curves (Aitkin, 1973; Aitkin and Webster, 1972) and the general
tonotopic organization of the auditory system (Aitkin and Webster, 1972;
Rose and Woolsey, 1958), it is not surprising that different sites within a
particular subdivision were variably activated by white noise (CS+) or a
2000 Hz tone ( C S - ) .
The response pattern of MGm neurons to the somatic pawshock was
quite distinct and provided a clear physiological correlate for its structural
differentiation. MGm-evoked activity was synchronously sustained and
locked to the duration of the somatic shock presentation. The precision of
such stimulus-locked responses was interpreted as evidence for direct
MGm "driving" by the shock. This interpretation receives anatomical
support from the reports of medial lemniscal (Jane and Schroeder, 1971;
Schroeder and Jane, 1971) and spinothalamic (Lund and Webster, 1967)
projections into MGm.
Although patterns of somatic evoked activity in MGv and MGd were
similar, they contrasted sharply with the evoked activity in MGm. MGv
and MGd exhibited a sustained increase in multiple unit activity in response to the onset of the somatic shock. In spite of stimulus offset, both
components maintained their increased firing rate which gradually tapered
off. By the end of the I sec interval of poststimulus analysis, the evoked
activity had still not returned to the prestimulus levels. This response to
somatic shock has previously been obtained from single cell recordings in
MGv (Imig et al., 1972). The relatively enduring but asynchronous somatic
activation of MGv and MGd neurons is suggestive of an unspecific activation, perhaps akin to the generalized arousal reaction produced by reticular formation activation (Moruzzi and Magoun, 1949). Anatomical support
for this interpretation is provided by Golgi analysis, which has described a
diffuse but highly collateralized axonal system of input into the medial
geniculate body, thought to originate in the brain stem reticular core
(Scheibel and Scheibel, 1967, 1970). The histofluorescence method has
also provided evidence of low density, very fine catecholamine and
serotonin terminals within MGB, originating from neurons in the pons and
medulla (Fuxe, 1965; Sachs et al., 1973). On the basis of the thin fiber
diameters and the diffuse matrix of axonal collaterals, the Golgi and
histofluorescence methods may be describing the same projection system.
The patterns of MGB connectivity traced to a brain stem region redundant
in ensembles of neuronal loops (Scheibel and Scheibel, 1967) may provide
the morphological substrate for our observations of the long-lasting unspecific activation of MGv and MGd.
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Toward an Integration of Structure and Function

It is noteworthy that all three major subdivisions of the medial geniculate body respond to both acoustic and somatic stimulation; thus, they
may be classified as polysensory. Previous authors have attempted to
relate neuronal conditionability to responsiveness to the CS and US. It
has been reported that polysensory neurons (i.e., those responsive to both
the CS and US prior to the initiation of training) are more likely to develop
conditioned responses than are neurons which respond to either or neither
stimulus (O'Brien and Fox, 1969; Yoshii and Ogura, 1960). Likewise,
studies which have used electrical stimulation of the brain as the US have
reported that convergence of the CS and US evoked activity is an important factor for the establishment of conditioned activity (Bures and
Buresova, 1967; Gerbrandt et al., 1968; Hori et al., 1967). The posterior
thalamus, a region of sensory convergence, (Graybiel, 1974; Jones and
Powell, 1971; Poggio and Mountcastle, 1960) also develops conditioned
responses (Disterhoft and Olds, 1972; Disterhoft and Stuart, 1976; Olds et
al., 1972). However, the present findings indicate that the feature of
polysensory responsiveness is not sufficient for conditioning of neuronal
activity because responses to both the CS and US were elicited in all three
subdivisions of the medial geniculate body, but only the medial subdivision developed conditioned responses.
It is, of course, necessary to draw a distinction between regions which
are polysensory and neurons which are polysensory. Multiple-unit recordings are applicable only to the former; single-unit recordings must be
used to determine the nature and degree of sensory convergence upon
individual neurons. Thus, the present findings do not demonstrate the
development of conditioning in single polysensory neurons in the medial
subdivision. However, Polanskaya (1974) recently reported conditioning
of polymodal single cells in this part of the medial geniculate body. As in
the present study, Polanskaya also used acoustic stimulation for the CS
and somatic shock for the US. Therefore, the present findings may indeed
reflect changes in single polysensory cells in the MGm.
The necessary and sufficient circumstances for the development of
neural-conditioned responses are still unknown. The present experiment
suggests that the mere presence or absence of initial responsiveness to the
CS and US is inadequate information. Rather, a close examination of the
characteristics of single Unit responses to the CS and US is in order. In
the present case, it appears that the nature of the response to the unconditioned stimulus is highly important. Further analyses will have to be
performed on single units throughout the medial geniculate body in order
to provide the information needed for the eventual identification of the
necessary and sufficient circumstances for conditioned neuronal plasticity
in this region. Finally, the present findings emphasize the critical impor-
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tance of considering the regional morphology of nuclei, such that cond i t i o n i n g m a y b e u n d e r s t o o d in t e r m s o f b o t h s t r u c t u r e a n d f u n c t i o n
w h i c h , a f t e r all, m u s t b e c o m p l e m e n t a r y .
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