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Patterns of Activity Coding Discrimination of Auditory Stimuli Differ 
between Mid- and Posterolateral Thalamus of Cats 

C. D. Woody, 0. Melamed, and V. Chizhevsky 

Mental Retardation Research Center. Brain Research Institute, UCLA Medical Center, Los Angeles, California 90024 

The auditory function of units in the mid- (lateralis dorsalis 
and centrolateral nuclei) and posterolateral (lateralis pos- 
terior-pulvinar complex) thalamus of cats was assessed 
during performance of conditioned eye blink responses (CRs) 
elicited discriminatively by a forward-paired, 70 dB click con- 
ditioned stimulus (CS) as opposed to a backward-paired, 70 
dB hiss discriminative stimulus (DS). Discharges in response 
to the CS or DS were found in over 40% of units tested in 
each area, with onset latencies as short as 28-32 msec in 
mid-thalamus and 14 msec in posterolateral thalamus. The 
results provide evidence that both mid- and posterolateral 
thalamic regions of cats contain sufficient numbers of au- 
ditory responsive neurons to be considered part of the au- 
ditory system functionally. 

Patterns of activity changed after conditioning discrimi- 
native responses to the click CS. In mid-thalamus, the ratio 
of CS-evoked activity to baseline activity increased relative 
to levels found before conditioning. This increase was at- 
tributable to an increase in the magnitude of response to 
the CS. In posterolateral thalamus, an increase in the signal : 
noise ratio of activity in response to the CS was also found 
after conditioning, but this increase depended in large part 
on a decrease in the rate of baseline firing. Posterolateral 
thalamic units had substantially higher mean rates of base- 
line firing than mid-thalamic units before any conditioning 
sessions were begun. In all, different rates of baseline ac- 
tivity, means of enhancing activity in response to the click 
CS, and onsets of response were found at these two adjacent 
thalamic regions in which the unit response to the CS be- 
came greater than that to the DS after conditioning. We con- 
clude that each region makes a separate contribution to 
information processing needed to discriminate effectively 
between auditory stimuli of different functional significance. 

The role in audition of thalamic nuclei other than the well- 
known auditory relay nucleus, the medial geniculate body, is 
poorly understood. Two regions of thalamus, the posterolateral 
and mid-thalamic regions, have anatomical connections that 
could possibly serve auditory functions (Heath and Jones, 197 1; 
Graybiel, 1972; Jones and Leavitt, 1974; Macchi et al., 1977; 
Steriade et al., 1977; Irvine and Phillips, 1982; Imig and Morel, 
1983; LeDoux et al., 1990), but responses of single neurons of 
these regions to auditory discriminative stimuli have never been 
described in cats. 
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One early study in rats found many short-latency auditory 
responses in the pulvinar that changed with conditioning (Olds 
et al., 1972), but a subsequent study in cats failed to find any 
auditory responsive units in this nuclear complex or in the ad- 
jacent lateralis posterior nucleus (Phillips and Irvine, 1979). 
[Other studies in cats have demonstrated auditory responsive 
units in the centre median-parafascicular nuclei complex (Irvine 
and Phillips, 1982), the posterior (PO) region (Phillips and Ir- 
vine, 1979; Imig and Morel, 1985), and in rostra1 thalamus 
(Woody et al., 199 1 b).] 

This study tested the hypothesis that auditory responsive units 
could be found in the mid- and posterolateral thalamus of con- 
scious cats and assessed differences in auditory information pro- 
cessing between neurons of these regions. Patterns and latencies 
of response to click and hiss stimuli, as well as magnitudes of 
response relative to baseline rates of discharge, were used to 
make these assessments in naive animals and in conditioned 
animals in which a blink conditioned response (CR) was elicited 
discriminatively by one of the stimuli. 

Materials and Methods 

Intracellular (IC) and extracellular (EC) recordings were obtained from 
single units of the thalamus of nine cats (weight, 2.5-3.0 kg) while the 
animals received presentations of click and hiss stimuli (see further 
details below). The cats were prepared for recording as described pre- 
viously in detail (Woody and Black-Cleworth, 1973; Woody et al., 1984). 
Stainless-steel screws were implanted into the skulls ofthe animals under 
Na pentobarbital anesthesia (35 mg/kg, i.p.). The screws were used to 
fix the head to a stabilizing frame during later, conscious training/re- 
cording sessions. Penicillin G (150,000 U, i.m.) and benzathine peni- 
cillin G (150,000 U, i.m.) were given on the day of surgery, 3 d later 
during the recovery period, and at 1 week intervals thereafter, as needed. 
The cats were loosely restrained by placing their bodies in cloth sleeves 
during awake recording sessions. Their behavior was continuously ob- 
served to evaluate the comfort of the animals, and the studies were 
discontinued if the animals gave any signs of discomfort such as vo- 
calization and hyperactivity. 

Bipolar recordings of EMG activity were obtained from the orbicularis 
oculi (eye) and levator oris (nose) muscles with Grass E2 subdermal 
electrodes led to differential amplifiers (Electronics for Life Sciences, 
ELSDA- 1). EMG activity was analyzed after half-wave rectification and 
further amplification. Calibrations in figures designate amplifier gain, 
which was kept the same while recording EMG responses to the con- 
ditioned stimulus (CS) and discriminative stimulus (DS). While re- 
cordings were being made, averages of every three responses (R,_,, R,, 
etc.) were displayed on a video terminal to permit continuous moni- 
toring of eye blink performance elicited by the CS and DS. The EMG 
averages were more sensitive detectors of conditioned responses and 
learning savings than was direct observation of eyelid movement. Thus, 
EMG averages (left orbicularis oculis unless otherwise specified) were 
used when correlating unit activity with effects of conditioning. 

EC and IC unit activity were recorded with a Dagan high-impedance 
amplifier and stored on FM tape (DC to 5000 Hz) together with the 
simultaneously obtained EMG data. Analyses of EC activity were con- 
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Figure 1. Data from a single-unit recorded from the pulvinar of an animal conditioned to blink in response to the click CS. Left: top, Histograms 
of unit activity to the click CS (C) and hiss DS (H). Times of delivery of the auditory stimuli is shown by arrows. No correction was made for 1 
msec air conduction to ears of animal. Middle, Raster of responses to serial presentations of the CS and DS (time scale in increments of 100 msec); 
vertical bars designate stimulus delivery. Bottom, Histograms of the concurrently recorded EMG activity from the orbicularis oculi muscles involved 
in production of the blink CR, stimulus delivery was at time 0. Right, Responses of the unit to four presentations of the CS (C, arrow). 

fined to spikes of ~20 mV amplitude without an accompanying DC (buffered with sodium phosphate to pH 7.4) and connected on both 
shift. Analyses of IC activity were confined to spikes with accompanying sides with Ag/AgCl wire, the resistances of the electrodes used for in- 
DC shifts, the latter averaging - 55 mV after penetration. The satisfac- tracellular recordings ranged from 50 to 15 MQ (and lower for electrodes 
tory condition of the studied cells was indicated by the ability to obtain filled with KC1 alone used for extracellular recordings). Capacitance 
recordings of activity with low, stable rates of baseline discharge. Also, compensation of each electrode was adjusted after insertion into the 
as in earlier studies (Woody and Black-Cleworth, 1973), no significant cortex. 
differences were found between patterns of spike activity recorded in- Patterns of unit activity were evaluated using averages of activity 
tracellularly and those recorded extracellularly. Consequently, EC and made within and across animals. The averages were obtained from 
IC data were combined when analyzing patterns of unit activity. pooled analyses of the activity of single units (e.g., Fig. 1) in which spike 

Electrodes were pulled from 1.5-2.0 mm (o.d.) theta tubing. When occurrences were detected with a threshold discriminator (Frederick 
filled with 2.5% Phuseolus lectin (PHA-L; Vector Labs] in 3 M KC1 Haer). Peristimulus time histograms of spike occurrences were made 

Table 1. Percentage (%) and number (n) of CS and DS-responsive cells as a function of behavioral 
state 

Mid-thalamus 
Inclusive 

Selective 

Posterolateral 
thalamus 

State 

ADP 
COND 
ADP 
COND 

Cells (%ln) 

B C H 0 Total 

48/117 19/46 14/35 19/48 246 
47/122 17/43 1 l/29 25/63 257 
17/40 15/38 12/31 56/137 246 
16/41 15/38 lo/27 59/151 257 

Inclusive ADP 52/76 16/23 17/24 15/22 145 
COND 53181 17/27 13/20 17/26 154 

Selective ADP 19/28 15/21 22/32 44/64 145 
COND 22/34 14/21 10/16” 54/83 154 

Inclusive: response defined by activity z peak of baseline in any 4 msec period from 0 to 160 msec after click and hiss, 
respectively. Selective: response defined by activity 2 two discharges above peak of baseline in any 4 msec period from 
0 to 160 msec after click and hiss, respectively. Cells: B, responsive to both click and hiss; C, responsive to click only; 
H, responsive to hiss only; 0, unresponsive to click or hiss. ADP, Before conditioning; COND, after conditioning. 

n Number of H-responsive cells differed before and after conditioning (p < 0.0 1, x2 test) using selective criteria to define 
a responsive cell. 
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with reference to times of CS and DS onset (uncorrected for 1 msec air 
conduction delay between sound source and ears of animal) for each 
cell that was studied. Then the data from the single units, each cell 
weighted equally, were averaged. 

Auditory receptivity of units (Table 1) was defined in two ways: (1) 
“inclusively” on the basis of increased activity (above the peak of base- 
line activity in each 4 msec bin of the two 40 msec periods of discharge 
preceding the CS and DS) at any time in the 160 msec period following 
CS and DS presentation and (2) “selectively” on the basis of more 
substantially increased activity (22 discharges above the peak, per 4 
msec, of both 40 msec periods of preceding baseline activity), also at 
any time during the 160 msec period following CS or DS presentation. 
[Each criterion was devised so that the latency of any response to the 
CS (or DS) would be unbiased within the 160 msec period after stim- 
ulation.] The selective criterion was used for estimating percentages of 
auditory responsive units since it posed a more rigorous test of respon- 
siveness. The inclusive criterion was used to ensure that weakly re- 
sponsive cells in a distributed processing system would be sampled and 
included in assessment of patterns of response. Decreases in activity in 
response to the CS may have occurred in some cells but were not assessed 
because of the difficulty in detecting decreases in cells with low rates of 
baseline activity. 

Electrodes were introduced into the thalamus using a previously im- 
planted stereotaxic guide tube. The depth at which each unit was re- 
corded was noted. Locations of recordings were determined using the 
approach of Steriade and Glenn (1982), that is, from serial sections of 
tissue with reconstructions of electrode tracts plus associated microdrive 
coordinates, or, alternatively, by extracellular (and, in a few instances, 
intracellular) pressure injections of PHA-L (sometimes mixed with 4% 
HRP) made at the conclusion of recordings (Fig. 2). [Our methodologies 
for the pressure injections were described earlier (Sakai et al., 1978).] 
The morphologies of intracellularly and extracellularly marked neurons 
from these and other, more rostral, thalamic regions have been described 
in a separate report (Chizhevsky et al., 1990). The procedure of Porter 
and Sakamoto (1988), based on the method of Get-fen and Sawchenko 
(1984), was used to react the tissue for PHA-L. The peroxidas+diami- 
nobenzidine treatment used as part of that procedure also detected the 
original HRP when present. Loci at which markings were found (center 
for multiple markings) for each animal are shown in Figure 3. Record- 
ings were obtained within l-2 mm of these loci in the anterior-posterior 
or medial-lateral planes and 2-3 mm vertically, which sufficed to localize 
the recordings witbin the defmed mid- or posterolateral thalamic regions. 

Figure 2. Example oflocations marked 
by PHA-L in a single animal. Locations 
1 and 2 were in the pulvinar (PI). Lo- 
cation 3 was in the LP nucleus. The 
caudal portion of the LD nucleus is seen 
just medially. Scale bar for photomi- 
crographs (lower left), 50 pm. The draw- 
ing to the right is 7 mm anterior to the 
interaural line (Snider and Niemer, 
1961). 

Behavioral training. Conditioned (CS), unconditioned (US), hypo- 
thalamic (HS), and discriminative (DS) stimuli were presented in timed 
sequences during trials of behavioral conditioning (see Rim et al., 1983, 
and Hirano et al., 1987, for any details not given below). The click CS 
was generated by a rectangular pulse of 1 msec duration (delivered to 
a loudspeaker placed l-2 feet in front of the animal). The clicks were 
of 70 dB intensity (General Radio Company, dB meter type 1565-A) 
measured at the ears of the animals. A hiss of comparable intensity to 
the click (see Rim et al., 1983, for amplified earphone recordings of the 
stimuli) was employed as the DS. A tap delivered to the glabella served 
as the US. It was produced by means of a small metal rod driven 
electromechanically by a solenoid to strike a screw that was previously 
implanted in the glabella (see Woody et al., 1974, for complete details). 
HS consisted of a train of four electrical stimuli delivered to the lateral 
hypothalamic region as described more fully below. 

Adaptation consisted of an initial training period during which click 
and hiss were presented 4.4 set apart. Conditioning was accomplished 
thereafter by pairing click CS with glabella tap US and HS at interstim- 
ulus intervals of 570 and 10 msec, respectively. The hiss DS was pre- 
sented 3.8 set after the HS. A 10 set intertrial interval was used to 
reduce the total time between the beginning of training and establish- 
ment of the conditioned blink response. This facilitated electrophysi- 
ological studies of unit activity, which were made during 1 O-20 repeated 
presentations oftbe CS and DS without US or HS (as during adaptation). 
These testing trials were followed by repeated conditioning trials to 
prevent extinction of the CR. Delivery of CS, US, HS, and DS during 
training and testing was controlled by means of the PDP 11-44 com- 
puter. EMG responses to the CS and DS were measured so that unit 
activity could be compared with production of the CR. 

These initial studies did not evaluate the associative consequences of 
conditioning on unit activity. Earlier studies indicated that development 
of the conditioned behavior depended on the order of stimulus presen- 
tation (Woody et al., 1974; Rim et al., 1983), that the hiss was a sat- 
isfactory CS when the order of presentation was reversed (Engel and 
Woody, 1972; Hirano et al., 1987), and that pseudorandom pairing of 
CS, DS, and US did not lead to acquisition of the CR (Woody et al., 
1976). Behavioral studies were also performed earlier that evaluated 
other associative consequences ofpairing these stimuli (Rim et al., 1983; 
Hirano et al., 1987). The results indicated that the behavioral CR met 
the usual tests of associative conditioning. 

Hypothalamic stimulation. Electrical stimulation of the hypothala- 
mus was accomplished with bipolar, stainless-steel, concentric elec- 
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Figure 3. Locations of mid-thalamus 
(A) and posterolateral thalamus (B) from 
which recordings were made. [Numbers 
are anterior stereotaxic planes in mil- 
limeters from interaural line (Snider and 
Niemer, 1961).] Below A and B, re- 
spectively, are composite sketches of the 
relative locations of recording in each 
animal. AV, anterior ventral; Cd, cau- 
date; CL, centralis lateralis (centrolat- 
eral); LD, lateralis dorsalis; Lgn, lateral 
geniculate; LP, lateralis posterior; MD, 
medialis dorsalis; Pl, pulvinar; R, nu- 
cleus reticularis; st, stria terminalis; VA, 
ventralis anterior. In C are shown the 
locations of hypothalamic stimulating 
electrodes at which HS (see Materials 
and Methods) were delivered. CZ, in- 
ternal capsule; E, entopeduncular nu- 
cleus; T/z, thalamus; TO, optic tract. 
Tissue was cut in the parasagittal plane. 
Summaries of (reconstructed) data were 
drawn in the more familiar horizontal 
plane. 

trodes (David Kopf Instruments, NE 100). The diameters of the con- 
centric electrodes were 0.2 and 0.5 mm, respectively, each with an 
exposed tip length of 0.5 mm. Each train of hypothalamic stimulation 
(HS) consisted of four brief rectangular pulses of 100-200 psec duration, 
presented at 50 Hz. Currents of 0.6-5 mA were used with intensities 
adjusted to obtain optimal behavioral effects. The lateral hypothalamic 
region was selected as the locus of stimulation on the basis of earlier 
studies in which HS was used successfully to produce rapidly acquired 
blink CRs (Kim et al., 1983). HS produced facial (blink) movements 
and abdominal muscle contractions, but no hissing or piloerection. [Rapid 
conditioning of cortical units can be accomplished by local ionophoretic 
application of glutamate, intracortically, in lieu of HS (Woody et al., 
199 1 a).] Since most of the cats required electrical HS of > 1 mA intensity 
to learn CRs rapidly, the effects of HS were not likely to have been 
confined to the local regions. At the end of each experiment (10-14 d 
after the last injection of PHA-L), a steady current (1 mA, 20 set) was 
delivered through the HS electrode in order to produce a small lesion. 
Animals were then killed with sodium pentobarbital and perfused with 
physiological saline followed by 10% formalin or 4% paraformaldehyde 
to confirm locations of electrodes by histologic analysis. (The locations 
are shown in Fig. 3C.) 

Results 
Unit activity to auditory stimuli before and after conditioning 
Recordings were made from a total of 802 units from mid- 
thalamic [lateralis dorsalis (LD) and centrolateral (CL) nuclei] 
or posterolateral thalamic regions [pulvinar complex (PL) and 
anterior portion of the lateralis posterior (LP) nucleus]. Re- 
sponses to click CS and hiss DS were studied before and (in 
separate units) after discriminative conditioning of an eye blink 

response elicited selectively by the CS. Units with increased 
discharges to the CS or DS, such as the pulvinar unit shown in 
Figure 1, were found in each nucleus within each region. Figure 
3 shows the locations from which unit recordings were obtained 
in the nine cats that constituted these studies. 

Grand averages of the activity of all units recorded from the 
mid-thalamus (n = 503) were compared with those from the 
posterolateral thalamus (n = 299; Fig. 4). Substantial differences 
in patterns of response were found between these regions. Re- 
sponses in posterolateral thalamus began earlier and were of 
shorter duration than those in mid-thalamus and were associ- 
ated with a late (320 to ~640 msec) inhibition of discharge 
below prestimulus baseline levels. More detailed comparisons 
(Fig. 5) disclosed additional differences, as follows. 

Before conditioning (Fig. 5Za,ZIa), higher mean rates of spon- 
taneous activity (t = 8 1.4, df = 390, p < 0.0000 1) were recorded 
from posterolateral thalamus [22.9 + 0.6 spikes (spk)/sec] than 
from mid-thalamus (17.5 f 0.6 spk/sec). Recordings made in 
each of these locations within single animals before conditioning 
[e.g., Fig. 51~: mean, 19.9 f 0.6 spk/sec (68 cells); and ZZc: 
mean, 27.2 f 1.25 spk/sec (22 cells); t = 35.8, df = 88, p < 
O.OOOl] indicated that these differences were a function of the 
location of recording and did not represent idiosyncratic differ- 
ences between animals. In the grand averages (Fig. SIa,ZZa), 
responses to the click CS and hiss DS were found before con- 
ditioning that were 332 (Winer, 197 1) above baseline in units 
of the posterolateral thalamus and 2-32 above baseline in the 
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mid-thalamus. (The SD of the mean baseline activity was taken 
as an index of 2, the SE unit ofa normally distributed population 
with SD equal to 2, where 12 was expected to contain 0.841 
of the distribution, and 22 and 32 were expected to contain 
0.977 and 0.9987 of the distribution.) 

After conditioning, each region exhibited different changes in 
the patterns of unit response to the CS and DS. In the mid- 
thalamus, the magnitude of response to the CS increased well 
above the 32 level (Fig. 5ZZZa) in the period 32-320 msec after 
CS delivery. The response to the CS became larger than that to 
the DS. Spontaneous activity increased slightly from 17.5 f 0.6 
to 18.3 f 0.6 splo’sec. 

In the posterolateral thalamus (Fig. 5ZVa), the magnitude of 
response to the CS was not increased relative to that before 
conditioning. There was, however, a substantial increase in the 
signal : noise (S:N) ratio of response to the CS (> 32) together 
with a reduction of baseline firing from 22.9 f 0.6 to 18.4 f 
0.6 spk/sec (t = 60.7, df = 299, p < 0.00001) accompanied by 
a 3 mV hyperpolarization of the mean intracellular resting po- 
tential, and the response to the CS became larger than that to 
the DS. 

Recordings of activity from different loci within the same 
animals after conditioning (e.g., Fig. 5ZZZc,ZI’c) showed patterns 
of discharge corresponding to those of the overall cell popula- 
tions, indicating that differences between animals were not re- 
sponsible for the differences in patterns of activity between tha- 
lamic regions after conditioning. 

Activity before and after conditioning within single animals 

Patterns of activity were also compared within a single thalamic 
region in single animals before and after conditioning (Fig. 6). 
In the cat with recordings from mid-thalamus (Fig. 6, left), the 

Figure 4. Differences in averaged pat- 
terns of activity to click CS recorded 
from mid- and posterolateral thalamus 
of conditioned animals. Histograms are 
the averages of all spike activity (solid 
bus) and corresponding EMG activity 
(open bars) obtained from all cells, all 
trials, and all cats after conditioning (Zef 
n = 257 cells; right, II = 154 cells). The 
click CS was delivered at time 0 Cver- 
tical arrows). Calibrations for spike ac- 
tivity (spikes per second) and EMG ac- 
tivity (pv) are as shown. Time scale is 
in milliseconds. Baseline levels of spike 
discharge and EMG activity (broken 
lines) are the mean of the activity in the 
period from 0 to 380 msec preceding 
delivery of the CS. 

magnitude of response to the CS increased above the 32 level, 
and the onset of increased unit activity did not precede initiation 
of the CR (Fig. 6c, left). In the cat with recordings from pos- 
terolateral thalamus (Fig. 6, right), there was little increase in 
the peak magnitude of response to the CS or DS, but the S:N 
ratio of the response increased together with a decrease in the 
spontaneous activity from 22.1 to 15.4 spk/sec (t = 25.3, df = 
83, p < 0.000 1). The earliest increase in activity in response to 
the CS was well above 32 of the baseline and preceded initiation 
of the CR. These changes in activity within single animals were 
similar to those found in the overall cell populations after con- 
ditioning. 

Latencies of response 

The onset latencies of response to the CS were assessed in more 
detail in units identified as having an increased discharge in the 
160 msec following presentation of the CS. Two different criteria 
(inclusive or selective; see Materials and Methods) were used 
to define the auditory responsive units. Data using the inclusive 
criterion (Fig. 7, a, d) agreed with data using the selective cri- 
terion (Fig. 7, e, j) in showing that increased activity in the 
posterolateral thalamus preceded initiation of the CR while that 
in the mid-thalamus did not. [The analysis of the CS-responsive 
subset of neurons of the posterolateral thalamus in Fig. 7 showed 
a level of baseline activity too high to account for the full de- 
crease in activity in the total population (Fig. 5). Hence, other 
cells must have been principally responsible for this decrease 
(cf. Weinberger and Diamond, 1987).] In mid-thalamus, the 
increase in unit activity had onsets approximately 28-32 msec 
after delivery of the CS. In posterolateral thalamus (Fig. 7, far 
right), there was a small (2-32) increase in unit activity pre- 
ceding initiation of the CR with onset approximately 14 msec 
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Figure 5. Histogram averages of spike activity (solid bars) and corresponding EMG activity (open bars) during naive (I, II) and conditioned (III, 
IV) behavioral states. Data in I and IZZ are from mid-thalamus (LD and CL nuclei). Data in II and IV are from posterolateral thalamus (PL and 
LP nuclei). Responses to click CS and hiss DS are as indicated. Presentations of these stimuli are given at time 0 (vertical arrows). Calibrations for 
spike activity (spikes per second) and EMG activity (pV) are as shown. Time scale is shown at bottom in milliseconds. Baseline levels of spike 
discharge and EMG activity (shown by broken lines) are the mean of the activity in the period from 0 to 380 msec preceding delivery of the CS; 
solid lines are 32 above this mean. la, Average of 246 units from all cats (n = 5) with recordings from LD and CL. Ib, Corresponding EMG activity 
below. Ic, Average of 68 units from a single animal from la. Ila, Average of 145 units from all cats (n = 4) with recordings from PL and LP. IIc, 
Average of 22 units recorded from PL and LP in the same animal as in Ic. IIIa, Average of 257 units from all conditioned cats (n = 4) with 
recordings from LD and CL. IIIb, Corresponding EMG activity. IIIc, Average of 75 units from a single conditioned animal (not the same as in IC 
and IIc). IVu, Average of 154 units from all conditioned cats (n = 5) with recordings from PL and LP. IVc, Average of 30 units recorded from PL 
and LP in the same animal as in IIIc. 
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Figure 6. Histogram averages of spike activity (solid bars) of units 
from mid-thalamus of a single animal (left) before (a; n = 52 units) and 
after (b; n = 75 units) conditioning. EMG data (open bars) corresponding 
to the spike data in b are shown in c. To the right are data from the 
posterolateral thalamus of another animal before (a; n = 35 units) and 
after (b; n = 50 units) conditioning. c, EMG activity associated with b. 
An improvement in the S:N ratio of activity in response to the CS 
occurred in each animal after conditioning. Data are from all cells in 
each cat that responded to the CS with an increased discharge in the 
initial 160 msec after stimulus delivery (C and B cells, inclusive criteria). 
Calibrations for spike and EMG activity are the same for each animal; 
other calibrations and labeling are as in Figure 5. 
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after CS delivery, and individual cells were found with increased 
discharge 12-l 6 msec after presenting the CS. 

Proportions of CS- and DS-responsive units 

After dividing units into those responsive to click, hiss, both 
click and hiss (same selective and inclusive criteria for response 
as earlier), and the remaining unresponsive (or less responsive) 
cells, the proportions of units before and after conditioning were 
examined (Table 1). Before conditioning, 44% of mid-thalamic 
and 56% of posterolateral thalamic units showed responses to 
click or hiss defined by selective criterion. After conditioning, 
4 1% and 46%, respectively, of units from these regions showed 
such responses. Thus, discharges in response to the CS or DS 
were found in more than 40% of units from each thalamic area 
studied. 

After conditioning, the proportion of DS responsive units 
recorded from posterolateral thalamus decreased (p < 0.0 1, x2 
test; Table 1). This change was correlated with the animals’ 
ability to respond preferentially to the CS, as opposed to the 
DS, in performing the CR. 

Discussion 

Over 40% of cells in mid- and posterolateral thalamic regions 
showed increases in activity in response to click or hiss (Table 
1). The increases were found before as well as after the animals 
were conditioned to respond discriminatively to the stimuli. 
The finding of auditory responsive cells in the mid-thalamus 
(LD and CL nuclei) of cats is in agreement with a concurrent 
finding in the LD nucleus of rabbits (Gabriel et al., 1988; cf. 
Melamed and Woody, 1989). [Note, however, that the LD and 
CL nuclei are not functionally homogeneous (Heath and Jones, 
197 1; Jones and Leavitt, 1974) and that the present data were 
grouped into a mid-thalamic region on the basis of electrode 
trajectories (Fig. 3).] 

The finding of short-latency, auditory-responsive cells in the 
posterolateral thalamus of cats provides new evidence that the 
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Table 2. A comparison of changes in patterns of activity to click CS 
and hiss DS (see Fig. 5) and number of auditory responsive cells (see 
Table 1) after conditioning (relative to naive state) shows differences 
between mid- and posterolateral thalamus of conscious cats 

Retion of thalamus 

Mid- Posterolateral 
thalamus thalamus 

Spontaneous firing Slight increase Decrease 
Peak activity in Increase No change/ 

response to CS slight decrease” 
Peak activity in Slight increase Decrease 

response to DS 
Number of CS-responsive No change No change 

cells 
Number of DS-responsive No change Decrease 

cells (22% to 10%) 

a Note, however, fhat the S:N ratio (peak magnitude vs baseline) of the response 
to the CS increased after conditioning (Fig. 5). 

lateralis posterior-pulvinar complex should be regarded as an 
auditory as well as a visual relay nucleus (Godfraind et al., 1972; 
Veraart et al., 1972; Giuliano et al., 1977). One earlier study 
demonstrated auditory responsive cells in the PO thalamic com- 
plex of anesthetized cats (Phillips and Irvine, 1979; also see 
Imig and Morel, 1985) but failed to find such units in the pul- 
vinar-lateralis posterior complex. Our evidence agrees with ear- 
lier findings in rats that the pulvinar complex contains many 
short (< 20 msec)-latency, auditory-responsive units whose dis- 
charge properties change with conditioning (Olds et al., 1972). 

Cats can perform behavioral responses to selected auditory 
stimuli after ablation of the auditory cortex (Neff, 196 1). Some 
of these responses, such as the short-latency blink CR, depend 
on the rostral, motor cortex being intact (Woody et al., 1974). 
The onset latency (14 msec) of the posterolateral thalamic re- 
sponses to auditory stimuli in our cats lagged that of units of 
the auditory and motor cortex (Goldstein et al., 1960; Evans 
and Whitfield, 1964; Woody et al., 1970; de Ribaupierre et al., 
1972; Sakai and Woody, 1980). Thus, the posterolateral thal- 
amus would not support the fastest auditory transmissions to 
the cortex but could still support brainstem-generated motor 
responses to auditory stimuli (cf. Tischler and Davis, 1983) and 
longer-latency cortically mediated responses (Sakai and Woody, 
1980). The onset latency of the auditory-responsive cells of the 
mid-thalamus in cat was 28 msec, thus lagging initiation (20 
msec onset after click CS) of the blink CR. 

Substantial differences were found in auditory transmission 
and processing between mid- and posterolateral thalamus (Table 
2). Differences in baseline activity were demonstrated between 
mid- and posterolateral thalamic areas before conditioning was 
begun in averages made across cats as well as in single animals. 
The ways in which the patterns of activity to click and hiss 
changed after discriminative conditioning also differed between 
thalamic regions even though each area developed a greater 
response to the CS than the DS. In the mid-thalamus, the peak 
magnitude of response to the CS was enhanced. In the postero- 
lateral thalamus, the peak magnitude did not increase but the 
baseline activity decreased in such a way that the S:N ratio of 
the response to the CS was enhanced. The numbers of DS- 
responsive cells also decreased. Again, the changes within single 

animals agreed with those across groups of animals. Thus, these 
differences in processing reflected differences between thalamic 
regions as opposed to differences between individual animals. 

Not only did the forms of coding and processing represented 
by the changes differ between mid- and posterolateral thalamus, 
but they also differed from the coding and processing serving 
discrimination of similar stimuli in cortical auditory-motor ar- 
eas. In the motor cortex, the number of cells responding to the 
CS and magnitude of response increased after blink conditioning 
but the rate of baseline activity remained unchanged (Engel and 
Woody, 1972). In the auditory association cortex, the number 
of cells responding to the CS did not increase but both baseline 
activity and the magnitude of response to the CS increased 
(Woody et al., 1976). We conclude that different forms of in- 
formation processing support discrimination between auditory 
stimuli in each of these areas and that thalamic involvement in 
this processing is much greater than previously thought. 
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