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Summary. Single unit activity of 355 cells was recorded in 

the auditory thalamus of anesthetized cats before, during, 
and after the inactivation by cooling of the ipsilateral 
primary auditory cortex (AI). Most of the units (n = 288) 

showed similar functional characteristics of firing before 
and after the cryogenic blockade of AI. The spontaneous 
firing rate remained unchanged by cooling in 20% of the 
units and decreased in the majority of them (60%). In some 
regions, i.e. dorsal division of the medial geniculate body 
(MGB), lateral part of the posterior group of the thalamus, 

and auditory sector of the reticular nucleus of the thala- 
mus, the maximum firing rate evoked by white noise bursts 
was generally affected by cooling in the same direction and 

to the same extent as the spontaneous activity. Units in the 
ventral division of MGB showed a characteristic increase 
of signal-to-noise ratio during cortical cooling. The corti- 

cofugal modulation led to the appearance or disappear- 
ance of the best frequency of tuning in 51 units and 

changed it by more than 0.5 octave in 34 units. The 
bandwidths of different response patterns to pure tones 
stimulation were used to define a set of functional proper- 
ties. During cryogenic blockade of AI, two cortically 
modulated sub-populations of units were usually dis- 

tinguished that exhibited changes for a given functional 
property. The complexity and diversity of the effects of 

cortical inactivation suggest that the corticothalamic pro- 

jection may be the support for selective operations such 
as an adaptive filtering of the incoming acoustic signal 
at the thalamic level adjusted as a function of cortical 

activity. 
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Introduction 

The medial geniculate body (MGB) is the main nucleus of 
the auditory thalamus (Rose and Galambos 1952; Morest 
1964). Based on cytoarchitectonics, the MGB of the cat 
has been subdivided into dorsal, ventral, and medial 

divisions. These subdivisions roughly correspond to par- 
allel ascending auditory pathways (Calford and Aitkin 
1983; Winer 1988). The dorsal division (D) sends its 
projections mainly to the secondary auditory cortex (AII) 
(Winer et al. 1977; Andersen et al. 1980). The ventral 

division of the MGB is known to be tonotopically organ- 
ized (Purser and Whitfield 1972; Aitkin and Webster 1972; 

Morel et al. 1987) and it is subdivided into pars lateralis 
(LV) and pars ovoidea (OV). The cortical targets of LV 

abd OV are the tonotopically organized primary (AI), 
anterior, and posterior auditory fields (Andersen et at. 
1980; Morel and Imig 1987). The medial division of MGB 

(M) projects to all the auditory cortical fields (Morel and 
Imig 1987; Rouiller et al. 1989). The laminar distribution 
of this projection is very different from that of the ventral 
and dorsal divisions because the relay cells of M send 
axons into the cortical layer I, whereas the relay cells of the 
other divisions send their axons to cortical layers IV and 

VI (Mitani et al. 1987). 
All divisions of the MGB receive descending influences 

directly by corticofugal projections (Andersen et al. 1980) 
and via the reticular nucleus of the thalamus (RE) (Jones 
1975; Rouiller et al. 1985; Villa 1990). The other thalamic 
nuclei related to the auditory pathway are the lateral part 

of the posterior group of the thalamus (POL) (Heath and 
Jones 1971; Morel and Imig 1987), the suprageniculate 
nucleus (SG) (Winer 1988), and the nucleus of the 
brachium of the inferior colliculus (BIN) (Morest 1964). 

Thalamocortical and corticothalamic pathways gen- 
erally establish reciprocal connections (Andersen et al. 
1980), although local discontinuities have been reported 
(Winer 1988). The role and nature of corticofugal projec- 
tions have been extensively investigated but controversial 
data have been reported in the literature of the auditory 
pathway. Several authors suggested an inhibitory role of 
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the cort icofugal  projections (Desmedt  and Mechelse 1958; 

Watanabe  et al. 1966; A m a t o  et al. 1969), whereas others 

did not  report  any cort icofugal  effect on the thalamus 

(Aitkin and Dun lop  1969). Complex  effects, mixing excita- 

tions, and inhibitions have been reported (Ryugo  and 

Weinberger  1976) and a clearly excitatory or facilitatory 

role has also been suggested (Orman  and H u m p h r e y  

1981). 

Thalamo-cor t ica l  integration and cort ico-thalamic 

feedback represent a general feature o f  the sensory chan- 

nels in the central nervous system. Parallel pa thways  in the 

sensory systems might  be described to some extent (Dia- 

m o n d  1983). It is o f  interest to notice that  evidence f rom 

studies in the visual (Kalil and Chase 1970; Singer 1977; 

Tsumoto  et al. 1978) and somatic (Macchi  et al. 1986; 

Yuan  et al. 1986) systems show that  cort icofugal  fibers 

excite the principal sensory nuclei o f  the thalamus.  

The purpose  o f  the present study is to clarify the 

controversy  on the nature o f  the cor t icothalamic projec- 

tions in the audi tory  thalamus by reversibly inactivating 

the pr imary  audi tory  cortex (AI) by means o f  cortical 

cooling while recording single unit  responses in histologi- 

cally identified thalamic nuclei. The spontaneous  and 

acoustically driven activity o f  each unit was studied 

before, during, and after the cortical blockade.  New forms 

of  data  presentat ion are in t roduced in order  to investigate 

in more  detail than previously the functional  significance 

o f  the cor t icothalamic projection. The data  have been 

acquired by simultaneous recordings f rom independently 

driven microelectrodes (Villa 1988). This s tudy focuses on 

the cort icofugal  effects o f  cooling on single unit activities, 

preliminarily described in previous abstracts (Villa et al. 

1984; Villa et al. 1989). The effects o f  cooling on neuronal  

interactions are discussed elsewhere (Villa et al., in pre- 

paration).  

Methods 

a 

b 

Fig. 1. a Brain diagram of the left hemisphere of the cat with a 
shaded ring representing the approximate position of the cooling 
probe, aes: anterior ectosylvian sulcus; pes: posterior ectosylvian 
sulcus; ps: pseudosylvian sulcus; ss: suprasylvian sulcus, b Diagram 
of a coronal section of the skull showing the geometric relations 
between the major elements of the experimental setup. AI: primary 
auditory cortex; MGB: medial geniculate body; bw: bone wax and 
dental cement; cd: cooling probe; ep: microelectrode for recording 
the evoked potential; mud" multiple microelectrode device for single 
unit recording; tc: thermistor 

Surgical preparation 

The surgical, stimulating, and recording procedures were basically 
the same as previously described (Villa 1988; Rodrigues-DagaEff et 
al. 1989). Nine cats of either sex weighing 1.5 2.9 kg were used. 
Anesthesia was induced by sodium pentobarbital (Nembutal, 
40 mg/kg/i.p.); all wounds were treated with the permanent local 
anesthetic Effocaine. The arterial blood pressure, heart rate, and 
body temperature were continuously monitored. Each cat was 
placed in a stereotactic instrument without earbars and was oriented 
with respect to Horsley-Clarke reference planes. Two holes (diameter 
12 mm) were drilled through the skull, leaving the dura mater intact. 
One supported the microelectrodes device which was positioned 
stereotaxically, the other the cooling chamber, which was positioned 
using the suprasylvian sulcus and the dorsal end of the anterior and 
posterior ectosylvian sulci as landmarks (Fig. 1). 

After the surgery the cats were paralyzed with gallamine thiethio- 
dide (Flaxedil, 10 mg/kg per hour) and artificially ventilated with a 
mixture of 80% N20 and 20% 02 throughout the recording 
sessions. The reflex state was periodically checked by twisting the 
limbs and observing the pupil size. In addition to the nitrous oxide, 
subsequent injections of Rompun (3 mg/kg/i.m.), or Nembutal 
(10 mg/kg/i.v.), or Ketalar (15 mg/kg/i.v.) were sometimes needed 
one or two times per 24 hours. The recording session was suspended 

for a couple of hours after these injections. The effect of these drugs 
has been described elsewhere (Zurita et al. 1988). 

A recording session, 60 hours on average, started about 16-20 h 
after the beginning of surgery; at the end the animals were deeply 
anesthetized with Nembutal. Elecrolytic lesions were performed at a 
known depth for reconstruction of the recording sites. The histo- 
logical and track reconstruction procedures have been described 
elsewhere (Rodrigues-Daga~ff et al. 1989). 

Coolin9 technique 

The cooling device consisted of an aluminium cylindric core (di- 
ameter 10 mm, height 18 mm), refrigerated by circulating ice-cold 
water at a constant flux of 0.11/min, in tight contact with the dura 
mater. The thermic gradient beneath the cooling device and the 
cooling kinetics were evaluated in a model by recording the temper- 
ature from six thermocouples, separated by one mm in depth, placed 
in an agar block (diameter 20 mm, height 20 mm) surrounded by 
circulating water at 38~ This simulation, repeated three times, 
showed that a steady-state was reached 20 minutes after the be- 
ginning of cooling, characterized by a temperature of 22~ 5 mm 
beneath the surface (Fig. 2). Such temperature has been reported to 
induce an inactivation of cortical synapses (Brooks 1983). 
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Fig. 2. Diagram of cooling kinetics and thermic gradient estimated 

by six thermocouples separated by 1 mm in depth, placed in an agar 
block beneath the cooling device and surrounded by circulating 

water at 38~ Note that the gradients at 1 and 2 mm beneath the 

surface are very similar, probably due to the poor effect of the 

circulating warm fluid at these depths 

Five holes were drilled in the cylinder for a thermocouple and for 

the microelectrodes monitoring the auditory evoked responses. The 

thermocouple monitored the temperature close to the surface of the 

cortex. The thermocouple recording and the observation of the 

evoked potentials showed that a steady-state was reached in 18 
___ 3 min after the onset of cooling. Thus, the kinetics evaluated 

during cooling of the agar block was assumed to be a good 

estimation of the kinetics operating in the living brain. Cortical 

rewarming was achieved by interrupting the cooling fluid; return to 

the physiological state showed kinetics similar to those for cooling. 
Although portions of surrounding cortical fields may have been 

affected by a lateral spread of cooling, we will refer to AI inactivation 
in the Results section. 

Data recording and analysis 

Single unit recordings in the auditory thalamus were made with 

glass-coated platinum-plated tungsten microelectrodes of an im- 

pedance in the range 0.5 2 Mf~ measured at a frequency of 1 kHz. 

The experiments were performed with a multielectrode device. Up to 
six microelectrodes, each driven independently by DC micromotors, 

were advanced through stereotaxically oriented guides. The elec- 

trode depth was evaluated by measuring changes in electric capaci- 

tances dependent on the linear advance of the electrodes, with an 

accuracy of 5 #m. An analog multi-unit analyzer was used to perform 

on-line spike-train separation (Ivarsson et al. 1988). The epochs of 
detected neural events were recorded by a PDP 11/24 micro- 

computer and stored digitally for off-line analysis. Dot rasters (dot- 

displays) were displayed in real-time. 

The inactivation of the primary auditory cortex was monitored 

by the shape of the evoked potentials recorded from 4 cut glass- 

coated tungsten microelectrodes (tip diameter 50-70 #m) placed near 

the edge of the cooling probe, and sampling different places of the 

auditory cortex beneath the coiling probe. The electric signal was 
amplified and passed through an analog/digital converter before 

sending it to the microcomputer for averaging (Fig. 3). Two macro- 
electrodes were fastened to the unopened skull of the cat to record a 

bipolar electroencephalogram (EEG). One electrode was placed in 
the frontal bone and the other in the occipital bone. The EEG was 
periodically used to check if changes occurred in the arousal state of 

the cat. 
Data analysis was performed by the computation of histograms 

of time series in single unit spike trains. The peristimulus time 
histograms (PST) and autocorrelograms, namely autorenewal den- 
sity histograms (ARD), were calculated off-line according to Abeles 

BEFORE 

COOLING 

DURING 
COOLING 

AFTER 

COOLING 

Thermistor Evoked potentials 

5~ t t 

140~V 

200 ms 

Fig. 3a-l. Thermistor recording and auditory evoked potentials 

from the primary auditory cortex before (a d),during(e h) and after 

(i-l) the cooling of that area. The recordings labeled (b, f, j), (e, g, k) 

and (d, h, 1) correspond to an average of 100 potentials recorded from 

three electrodes. The horizontal scale for all recordings is 25 ms per 
subdivision and the duration of the auditory stimulus (200 ms) is 

indicated by a horizontal bar. The vertical scale for the thermistor 

recording is 10~ and for the evoked potentials 40 #V per sub- 

division. Note during cooling the weak transient onset evoked 
response due to the ascending thalamic input. This response indi- 

cates that the electrical activity is preserved in the thalamo-cortical 

fibers 

(Abeles 1982a). Using this technique all histograms were scaled in 

rate units (spikes/s) and they were smoothed by a convolution with a 

moving Gaussian shaped bin. For each histogram, the 99% confi- 

dence limits were calculated, assuming that a Poisson distribution 
underlaid the spike train discharges. 

Any significant deviations from a random Poisson process during 

the spontaneous activity are signs of a peculiar temporal structure of 
the spike train. We used the ARD to characterize the bursting 

pattern: a hump near the origin indicates that a cell, shortly after 

firing a spike, is more likely to fire again. The duration of such hump 

corresponds to the time of cell firing deviating from a random 
Poisson process, hence this period might be viewed as the average 

burst duration (ABD). The area under the hump corresponds to the 

number of spikes exceeding the one expected for a random Poisson 

process. Therefore, from the area of the hump it is possible to 

compute the average number of spikes in the burst, called average 

burst size (ABS) (Villa 1990). The ABS to ABD ratio gives an 

estimation of the average intra-burst frequency (ABF). In order to 

avoid bias dependent on the type of distribution, comparisons 

between distributions of samples having different sizes were per- 

formed using the bootstrap test, based on a large number of 
iterations of computer-generated sampling (Diaconis and Bradley 

1983). 
The functional properties determined on the renewal histograms 

and on the dot displays, as well as the standard coordinates 
corresponding to the recording sites of the single units, were entered 
in a computerized relational database. 

Acoustical stimulation 

The animals were placed in a sound attenuating room. The stimuli 
consisted of pure tones and white noise bursts, 200 ms in duration 



with a rise and fall time of 10 ms. Stimuli were delivered at a rate of 1 
per second through 1/2-inch earphones (Bruel and Kjaer, type 4134). 
Stimulus intensities ranged approximately between 20 and 40 dB 
above threshold, i.e. close to 60 dB SPL for the majority of units. 

The best frequency (BF) and the width of response ranges were 
determined by presenting tone bursts, whose frequency was linearly 
increased from 0.2 to 50 kHz at each stimulus. The bandwidth (BW) 
for one type of response pattern corresponded to the difference, in 
octaves, between the highest frequency and the lowest frequency 
evoking that pattern. These frequency ranges were rarely measured 
at more than one intensity and the BF was estimated by visual 
inspection of the dot display. It corresponded to the acoustical 
frequency evoking the strongest excitatory response at the shortest 
latency. 

Results 

The total number  of units recorded in the present analysis 

was 355, along 45 electrode penetrat ions in 9 cats (Table 1). 

The majori ty of these units (n=288)  were well isolated 

during the whole experimental protocol  and recovered 

their activity after the cooling of AI, when compared  to the 

control  condition. The remaining units, which either did 

not  recover completely after the cortical inactivation or 

were lost before the end of the protocol,  were not  con- 

sidered further in the analyses. 

The criterion for accepting a single unit return to 

control  was the absence of a statistical difference (chi- 

square, P < 0.05) for three out  of  four major  characteristic 

parameters  of  the firing activity (i.e., the spontaneous  firing 

rate, ABD, ABS, and the ratio of the PST peak to the 

spontaneous  firing rate). To determine whether a change 

occurred during cooling, we compared  the combined pre- 

and post-cool ing values to the during-cooling value. The 

deviation was considered significant when it was larger 

than three times the s tandard deviation which means a 

confidence limit of 99%. 

Therefore, the first step in the unit classification con- 

sisted in defining the effect of cooling on that  unit-i.e. 

increasing, unchanging,  or  decreasing a given parameter  of 

firing. Based on this classification the units were grouped 

within an anatomical  subdivision. Thus, all units increas- 

ing a given parameter  (e.g. the spontaneous  firing rate) 

formed one group. All units unaffected by the cortical 

Table 1. Sampling of the anatomical subdivisions of the auditory 
thalamus 

Anatomical Electrode Recorded Analyzed 
subdivision penetrations units units 

UND 11 72 53 
BIN 4 31 24 
D 5 32 29 
SG 4 34 25 
LV 5 55 48 
M 4 52 43 
OV 3 11 9 
POL 3 " 18 15 
RE 5 46 39 
SCd 1 4 3 

Total 45* 355 288 

* Number of different tracks 
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Table 2. Spontaneous firing rate at normal temperature pre-cooling 
(n) (spikes/s___ s.e.m.) and at post-cooling condition (p); all units are 
here classified according to the effect of cooling on that rate 

Effect of cooling 
Anatomical Increased Unchanged Decreased 
subdivision firing firing firing 

D n 7.2• 5.4• 4.9• 
p 8.2• .4.7• 4.7• 

(N = 29) (n = 2) (n = 9) (n = 18) 

SG n 9.7• 7.9• 11.9• 
p 13.8• 9.2• 9.3• 

(N = 25) (n = 5) (n = 7) (n = 13) 

LV n 3.1• 5.4• 8.1• 
p 3.2• 6.1• 7.6• 

(N = 48) (n = 5) (n = 12) (n = 31) 

M n 8.8• 5.6• 9.5• 
p 6.2• 6.2• 7.0• 

(N = 43) (n = 11) (n = 10) (n = 22) 

RE n 16.8• 8.9• 17.3• 
p 11.1• 10.9• 13.5• 

(N = 39) (n = 7) (n = 7) (n = 25) 

cooling with respect to that  parameter  formed another  

g roup  and all units decreasing that  parameter  formed a 

third group. An example of pre- and post-cooling grouped 

data  is shown at Table 2. 

Of  the popula t ion  of 288 analyzed units, 53 could not  

be unequivocally at tr ibuted to an audi tory  thalamic sub- 

division and formed the undefined (UND)  subdivision; 3 

ceils belonged to the deeper laminae of  the superior 

colliculus (SCd). 

Spontaneous activity 

In the absence of a controlled acoustical stimulation, the 

activity of  the single units in the audi tory  thalamus is 

referred to as spontaneous.  All units were spontaneously  

active. The spontaneous  firing rate tended to decrease on 

average in all anatomical  subdivisions of the audi tory  

thalamus when AI was inactivated. Nevertheless 20% of 

the units were not  modified and 20% increased their firing 

rate. 

The relative propor t ions  of units increasing, maintain-  

ing, or decreasing their spontaneous  activity varied among  

the anatomical  subdivisions. The group  of units increasing 

the spontaneous  firing rate in LV showed an average value 

of 3.1 spikes/s during the physiological condition; the 

average firing rate of  the group decreasing the sponta-  

neous activity was 8.1 spikes/s (Table 3). This difference 

was statistically significant (t-test, P<0 .001 )  and dis- 

t inguished LV from the other subdivisions of  the MGB. 

Indeed, in D, M, SG, and RE no significant difference was 

observed at the physiological condit ion in the average 

discharge rates of the groups of cells increasing or  decreas- 

ing firing during cortical cooling (Fig. 4a). 

Most  units (255/288) had a tendency to fire in a non-  

regular Poisson process showing significant deviations in 

the shape of  the autorenewal  density his togram (ARD). 
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Fig. 4. a Plot of the average (4-_ s.e.m.) spontaneous firing rate before 
and during cooling of the ipsilateral auditory cortex in five sub- 
divisions of the auditory thalamus. The black squares indicate the 
group of units increasing the functional property, namely the firing 
rate in this case, during cooling and the white squares the group 
decreasing. Note the distinct pattern of LV compared to the other 
subdivisions, b Plot of the average (_+ s.e.m.) burst duration 

The data  concerning the averaged burst durat ion (ABD), 

the averaged burst size (ABS), and the averaged intra-burst  

frequency (ABF) were analyzed separately. Only  57 units 

did not  show any statistically significant variat ion of these 

bursting parameters.  

The cortical inactivation decreased the ABD in 

103/255 units, particularly in LV, OV and D, where the 

p ropor t ion  represented more  than half of  the units. In 

contrast  only 30% of the units showed a decrease of  ABD 

in SG, P O L  and RE. The difference between these two 

groups  of  subdivisions was significant (bootstrap test, 

P<0.01) .  The pat tern of distribution of  the ABD in the 

groups of cells increasing or  decreasing this parameter  

during the cryogenic blockade of AI is shown in Fig. 4b. 

The subdivisions LV, OV and P O L  were characterized by 

a larger p ropor t ion  of  units decreasing (45 %) than increas- 

ing (20%) the ABS, whereas the effect tended to be 

opposite in SG (bootstrap test, P<0.01) .  In all sub- 

divisions, half of  the units (148/255) maintained unchanged 

the ABF  during the inactivation of  AI. This group was 

formed by those units whose burst ing parameters  were not  

affected as well as by those units whose ABD and ABS 

were affected in the same direction and in a similar extent 

by the cryogenic blockade. 

N o  significant correlat ion between the corticofugal 

effect on the burst ing pat tern and the firing rate could be 

found. Units which never fired in bursts under  physiolo- 

gical condit ions were extremely rare (n=6) ,  and their 

spontaneous  activity always tended to decrease during the 

cortical inactivation. The same corticofugal modula t ion  

was observed for the units characterized by the appear-  

ance (n = 6) (Fig. 5) or the disappearance (n = 2) of the 

bursting pat tern during the cooling of  AI. 
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Fig. 5. Autorenewal density (ARD) and raster display of a single 
unit during spontaneous activity. This unit belongs to LV-BIN. Note 
the appearance of bursts of spikes (corresponding to the hump in the 
ARD) and the decrease of activity during cooling of the auditory 
cortex. However, after cooling this unit recovered to a discharge rate 
that was higher than before cooling. In the ARD the abscissa full 
scale is 800 ms and the ordinate full scale is 155 spikes/s. In the raster 
display the bar length correspond to 100 ms and 50 rasters are shown 

Responses to pure tones 

Out  of 288 units, 214 were tested with pure tones. Only 12 

units never responded to tonal  st imulation no mat ter  what  

the state of activation of the audi tory cortex was. If a unit 

Table 3. Bandwidths (octaves_+ s.e.m.) of suppressive responses to 
tonal stimulation at normal temperature (n) and during cortical 
cooling (c). All units are here classified according to the effect of 
cooling on the bandwidth and grouped by anatomical subdivision. 
The significance of disparity is computed by analysis of variance 

Effect of cooling 
Anatomical Increased Decreased significance of 
subdivision bandwidth bandwidth disparity 

D n 4.3• 4.7• n.s. 
c 6.7• 1.3• <0.~1 

SG n 2.9• 5.6• 0.~2 
c 4.4• 2.9• 0.091 

LV n 3.5• 6.0• n.s. 
c 6.5• 3.1• 0.005 

M n 2.4• 6.4• <0.001 
c 4.8• 1.9• 0.026 

RE n 3.5• 4.8• n.s. 
c 6.5• 1.0• <0.~1 



had a complex temporal pattern of response, its compo- 

nents were considered separately. Such complex response 

patterns were often dependent on the tone frequency and 

the cortical state; therefore the width of response ranges 

(BW) was determined for each component of the response 
pattern. 

Excitatory early-onset transient responses, with a lat- 
ency shorter than 30 ms, were observed in the majority 
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(76%) of the units (e.g. Fig. 6b, d, e, before cooling). Only 

1/5 of these units were characterized by BWs which 

remained unchanged during the cortical inactivation. 

Late-onset as well as offset evoked responses to pure tones, 

observed in less than half of the units, differed by their 
tendency to completely disappear or appear during the 
inactivation of AI (e.g. Fig. 6a-offset response-, c). The 
cortical cooling usually induced an increase of the width of 
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Fig. 6a -e .  Raster display of single units dur ing pure tones st imula-  

tion. Each  st imulus lasted 200 ms (horizontal  bar) and  the frequency 

was linearly increased f rom 0.2 to 10.2 and  from 10 to 50 kHz  by 200 

steps, a Uni t  in LV. Note  the decrease of the sustained inhib i t ion  and  

offset response, and  the increase of onset  t ransient  exci tat ion dur ing 

cortical cooling, b Uni t  in LV. Note  the prolonged onset  exci tat ion 

and  decrease of spon taneous  activity, e Uni t  in M. Note  the 

disappearance of the offset and the appearance of an  onset  t ransient  

exci tatory response dur ing  cooling, d Uni t  in SG. Note  the stability 

of the response range, e Uni t  in BIN. Note  an  increase of onset  

t rans ient  exci tat ion and  sustained inhibit ion.  Dur ing  cooling note 

tha t  there is also an offset inhibi t ion over a wide range of frequencies 
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excitatory response ranges for long latency responses, 
whereas it had the opposite effect on short latency re- 
sponses. 

Within any given anatomical subdivision and for a 
given response pattern, the units were classified according 
to the tendency of their BW to increase or to decrease 

during inactivation of AI. A good disparity was character- 
ized by a large difference between the average BW (in 
octaves) of these two groups (analysis of variance, P < 0.1). 
Table III examplifies this analysis for the suppressive onset 

responses. Good disparity was observed before the inactiv- 
ation of AI in M for the early-onset BW and in LV, RE and 

SG for the excitatory offset BW. D differed from the other 

subdivisions in having a good disparity for the suppressive 
(Fig. 7) and long latency excitatory responses during the 
cortical inactivation. 

The best frequency (BF) could be determined in 175 
units (Fig. 8). In most cases (124/175) the BF could be 

determined during both physiological conditions and dur- 
ing cooling of AI. In this sample the difference between the 

BFs in the two recording conditions was larger than 0.5 
octave in 34 units (Fig. 8). Furthermore, the cortical 
inactivation led to a disappearance of the BF in 30 units 

and the appearance of a BF in 21 units. 

Responses to white noise 

The responses to white noise bursts were analyzed on the 
basis of the shape of the peristimulus time histograms 

(PST) of 221 units out of 228. The vast majority of units 
recovered the same pattern of response after the cortical 
inactivation, even in fine details (Fig. 9). However, a 

significant number of units (n = 54, 19%) did not recover 
exactly the same pattern of response to white noise 
although the spontaneous activity pattern did (i.e., spon- 

taneous firing rate, ABD, and ABS). These units were more 

abundant in BIN, D, and OV, forming an overall propor- 
tion of almost 35%. 

One of the parameters chosen to describe the re- 
sponsiveness to white noise bursts is the highest peak of 
the PST. This value was modulated by the auditory cortex 
for the majority of the units (80%)�9 The ratio between this 

peak of firing rate and the spontaneous firing rate can be 
considered as an analogue of the signal-to-noise ratio. In 
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Fig. 7. Plot of the average ( +  s.e.m.) bandwidth of the onset inhibi- 

tory responses to pure tone stimulation. The same conventions of 

Fig. 4 are applied. Note the distinct pattern of D and RE compared 

to the other subdivisions 
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single unit during acoustically evoked activity by white noise bursts 

lasting 200 ms (horizontal bar). This unit belongs to SG. Note the 

appearance of an onset transient excitatory response followed by a 

strong inhibition and a change of the offset transient response 

provoked by cooling the ipsilateral auditory cortex. In the PST the 

abscissa full scale is 550 ms and the ordinate full scale is 135 spikes/s. 

Dashed lines correspond to 99% confidence levels. In the raster 

display the horizontal bar corresponds to the stimulus delivery time 

and 100 repetitions are shown 
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half of the units the corticofugal modulation provoked a 

variation of the PST peak in the same direction than the 
spontaneous firing rate, especially in POL, RE, D, and 
OV. In the other regions (Fig. 9), LV and BIN particularly, 
the effect of the cortical inactivation selectively affected the 

signal-to-noise ratio, almost always in the sense of increas- 
ing it during the cooling of AI. The distinction of these 
groups of subdivisions was statistically significant (boot- 
strap test, P < 0.05). 

The onset transients with a latency shorter than 30 ms 
were much less affected by the cortical cooling, when 
compared to the responses to pure tones. The examination 

of the temporal response pattern indicated that the corti- 
cofugal modulation more often affected the responses at 
longer latencies from the stimulus onset (e.g., appearance 
of a late-onset transient excitation followed by a sharp 
suppression, Fig. 9). In LV and POL almost no units 
remained unaffected after the white noise burst offset. 

Discussion 

Contradictory data have been reported regarding the 
effect of the corticofugal influence on the activity of the 

auditory thalamus (Amato et al. 1969; Aitkin and Dunlop 
1969; Ryugo and Weinberger 1976; Orman and Hum- 
phrey 1981). Our efforts to elucidate the functional role of 
the pathways involved were directed towards the exam- 
ination of a large number of the functional properties of 
the thalamic cells before and during the inactivation of the 

primary auditory cortex. The present study has resolved 
some of the contradictory data reported in the literature: 
(i) no thalamic unit remained unaffected by cortical 

cooling when all functional properties were considered; (ii) 
the primary auditory cortex exerts a mainly excitatory 

influence on the auditory thalamus; (iii) consistent differ- 
ences of the corticofugal effect have been observed among 
the thalamic subdivisions; (iv) cortically controlled activity 
in cell assemblies of the auditory thalamus might set up the 
adaptive filtering of the ascending sensory input. 

The first conclusion which can be drawn from our 
findings is that all units which recovered their character- 
istics after the cortical cooling were affected in some way 

by the cortical modulation, for at least one of the function- 
al properties analyzed here. This proportion is larger than 
that reported in previous studies, but can probably be 

explained by the large number of functional properties 
examined in the present investigation. A similar observa- 
tion in the visual pathway has already been reported 
(Geisert et al. 1981). 

Some methodological side effects could have contri- 
buted to alter the neuronal activity in the thalamus. One is 
the unspecific effect of the cortical cooling on the cerebral 
blood flow or on the MGB directly. No measure of the 
blood flow in the MGB was performed, but a change of 
this flow could alter unspecifically the single unit activities 
in the MGB. For a given cell, we observed that a change of 
a given functional property could occur independently of a 
change of the other properties and that most of the units 

maintained one or more properties unchanged during the 
cortical cooling. Therefore an alteration of the local blood 

flow or a direct cooling of the MGB is not likely to account 

for our findings. The rectal temperature was monitored 

permanently and the small fluctuations of that temper- 
ature were not synchronous with the periods of cortical 
inactivation; thus, cooling of the systemic blood could also 
not account for the present findings. 

The monitoring of the evoked potentials in the au- 
ditory cortex supplied evidence concerning the state of 

activity of the cortical area beneath the cooling device. 
These recordings were consistent with an inactivation of 
the auditory cortex during the cooling and a recovery of 

activity after cooling. Therefore we consider altogether 
that the changes of the neuronal activity in the auditory 
thalamus were indeed the consequence of a reversible 
inactivation of the auditory cortex. In most cats a portion 
of AI, characterized by low best frequencies (BF) is buried 

deeply in the posterior ectosylvian sulcus (Reale and Imig 
1980) and the question of whether this portion would be 
inactivated could be raised. However, our results have 
shown that units characterized by BF lower than 8 kHz 
were likely to be affected more than high BF units. Thus, 

the cooling of the auditory cortex is assumed to inactivate 
all AI, and to some extent portions of surrounding cortical 
fields. Moreover, different corticofugal effect upon high 
and low BF units may suggest a different type of informa- 
tion processing of the sound frequencies, as suggested by 
auditory RE activity (Villa 1990). 

In the MGB as well as in the other dorsal thalamic 

nuclei of the cat two major types of cells have been 
described on the basis of morphological criteria (Morest 
1964; Guillery 1966): (1) the principal cells (P-cells), projec- 
ting to the cortex, and (2) the interneurons (I-cells), whose 

axons do not leave the MGB, identified as GABAergic 
inhibitory cells (Sterling and Davis 1980). The electric 

impedance of our microelectrodes was about 1 MY~, an 

unfavorable value for recording the extracellular electric 
fields generated by the small neurons such as the I-cells 
(Abeles 1982b). We assume that our populations of units 
corresponded to P-cells. 

During cortical inactivation, the majority of the units 
decreased the spontaneous firing rate. This finding sugges- 
ts that the corticothalamic fibers exert a mainly facilitatory 
or excitatory role, in agreement with previous electrophys- 
iological reports (Kalil and Chase 1970; Singer 1977; 
Tsumoto et al. 1978; Orman and Humphrey 1981). Some 

neurochemical data have been reported elsewhere suggest- 
ing that the neurotransmitter of the corticothalamic path- 

ways may be an excitatory amino acid, thus exerting a 
facilitatory influence (Fonnum et al. 1981). On the basis of 
an heterogenous effect of cryogenic blockade of AI (e.g., 
60% of the units decreased spontaneous firing rate, 20% of 
them increased, 20% remained unchanged), functional 
populations of units were identified in the auditory thala- 

mus. We do not think that this variability reflects various 
neuronal populations. Rather, it could reflect the complex 
influence of AI activity upon the thalamus, strongly medi- 
ated by RE cells. 

Because of the large number of differences which were 
observed among the anatomical subdivisions of the au- 
ditory thalamus, the following part of the discussion will 
be focused on the major characteristics of each sub- 
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Table 4. Corticofugal modulation on some functional properties in 
five subdivisions of the auditory thalamus, x reverse functional 
disparity (FD); U disappearance of FD during cooling; N appear- 
ance of FD during cooling: n.s. non-significant analysis of variance; 
*not enough data for statistics 

Anatomical subdivision 
Functional property D SG LV M RE 

Spontaneous activity 
Firing rate N N U N N 
Burst duration X g X N X 
Burst size N N N ~ X 

Pure tones driven activity 
Excitatory early-ON bandwidth X * n.s. U n.s. 

late-ON bandwidth ~ * X X X 
OFF bandwidth X Y U N U 

Inhibitory ON bandwidth ~ X N X N 

division. The term of "spontaneous activity" should not be 

viewed as the consequence of internal thalamic pacemaker 
activity, but rather as the result of the activity of the neural 

networks within which the auditory thalamus is embed- 

ded. Thus, the characteristics of the spontaneous activity 

are considered as functional properties (Table 4). 

Reticular nucleus of the thalamus (RE) 

BW tended to be modified by cortical cooling in most 

units. BWs are thought to depend on lateral inhibition 

mechanisms and the state of anesthesia (Aitkin and Web- 

ster 1972; Morel et al. 1987); therefore they are expected to 

change if the I-cell activity is affected, as suggested by our 

hypothesis. Furthermore, this finding points out to the 

important role played by the cortical activity upon the 

thalamus, even for short latency responses. 

Dorsal division of MGB (D) 

Looking at the effect of the cortical inactivation upon the 

various auditory thalamic subdivisions it is surprising that 

D was clearly affected, despite the fact that it is known to 

be poorly interconnected with AI (Andersen et al. 1980; 

Rouiller and de Ribaupierre 1985). This result could be 

due to a spread of the cooling to the adjacent areas of AI 

which project to D (mainly AII) or to an indirect modula- 

tion of these areas following AI inactivation via cortico- 

cortical connections and to the widely divergent projec- 

tions of RE to the auditory thalamus (Rouiller et al. 1985). 

In contrast to LV, D showed a vast majority of units that 

decreased their maximum evoked firing rate as well as 

their spontaneous activity, without any significative 

change of the signal-to-noise ratio, thus suggesting a tonic 

corticofugal influence upon this subdivision. 

By considering the direct RE projection to the P-cells, it 

might appear surprising that the cortical inactivation of AI 

provoked a decrease of the spontaneous firing rate in the 

majority of the RE-units (65%) as well as in the dorsal 

auditory thalamic subdivisions. A parallel variation of the 

activity in the RE-cells and the P-cells was already de- 

scribed in other thalamic nuclei (Domich et al. 1986). One 

explanation could be that the RE-thalamic GABAergic 

projection may be excitatory, but there is evidence against 

this hypothesis (Roy et al. 1984). Another way to account 
for such finding and for an inhibitory role of the RE- 

thalamic projections is to consider the I-cells as a major 

target of this pathway (Montero and Singer 1985). In such 

case, a decrease of the activity in RE due to the cortical 

inactivation would provoke a release of the inhibition of 

the I-cells by the RE-cells. Consequently the I-cells would 

inhibit the P-cells and a decrease of the activity of RE and 

P-cells would appear in parallel. Similar hypotheses about 

a strong influence on inhibitory mechanisms and a dis- 

inhibitory role of the corticothalamic pathway were re- 

ported previously for other pathways and at a cellular level 

(Singer 1977; Steriade et al. 1985, 1986). 

Pars lateralis of MGB and brachium of inferior colliculus 
(L V and BIN) 

A very large proportion of units which tended to increase 

the signal-to-noise ratio during cortical cooling was found 

in LV and BIN. This finding was mostly due to a large 
decrease of the spontaneous activity rather than an in- 
crease of the maximum evoked firing rate. Transient onset 
responses to pure tones were commonly observed and the 

Medial division of MGB (M) 

The medial division of MGB was characterized by a 

moderate proportion (25%) of units which increased the 

spontaneous firing rate when compared to the other 

subdivisions (10% of the units). M is involved in multi- 

modal sensory pathways (Wepsic 1966; Aitkin et al. 1978; 

Edeline 1990). Therefore, a reduced inhibitory influence by 

the auditory-RE-thalamic projections--due to the cooling 

of AI--might  induce a relative increase in the efficacy of 

the non-auditory projections. 

Suprageniculate nucleus (SG) 

Another multimodal subdivision, SG (Winer, 1988; Norita 

and Katoh, 1987) clearly differed from other nuclei in that 

more than half of its units increased the maximum firing 

rate evoked by white noise bursts without a parallel 

increase of the spontaneous activity. Transient responses 

were commonly observed and the inhibitory responses 

tended to be significantly reinforced during the cryogenic 

blockade of the auditory cortex (Fig. 9). This could suggest 
that the role of SG is concerned with the transient features 

of the stimuli and that the inhibitory responses may 
introduce some "dead time" and a sequential order in the 

information processing. 

Functional disparity 

With respect to studies performed in other sensory path- 
ways (Singer 1977; Tsumoto et al. 1978; Diamond 1983; 
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Fig. 10a-e. Theoretical model of the 
functional disparity (FD) for a given 
functional property (p). The horizontal lines 
and vertical lines boxes represent the group 
of units increasing, respectively decreasing 
that property during cooling, a FD is present 
before and during cooling (x). b FD 
disappears during cooling (U). c FD appears 
during cooling ((~) 

Macchi et al. 1986) our findings confirm that corticofugal 

influences produce mostly excitatory effects in the sensory 

related thalamic nuclei. Therefore, further analogies might 

be considered in the role of cortico-thalamic feedback. 

Considering each functional property separately (i.e. the 

average burst duration or the bandwidth for a given 

pattern of response to pure tones) we analyzed the average 

value of that property for the units increasing, or decreas- 

ing, during the cortical inactivation (Table 4). 

In the distribution of a given functional property, the 

existence of two statistically distinct means (one for the 

units "increasing" and one for the units "decreasing") is 

interpreted as a sign of disparity. If one assumes that the 

group of units "decreasing" a certain functional property 

forms a cell assembly and those units "increasing" form 

another cell assembly, then such cell assemblies might be 

the support for coding the disparity. One hypothesis might 

be that clearly distinct average values correspond to two 

possible states of activity of the cell assemblies and that the 

cortical influence would "switch" between the two states 

(Fig. 10a). This case is called "reverse" functional disparity 

(FD), where the term "functional" refers to its dependance 

on the state of the cerebral cortex. A second case corre- 

sponds to a disappearance of disparity (Fig. 10b). The last 

case, in contrast to the previous one, corresponds to 

largely overlapping average values for groups "increasing" 

and "decreasing" before the cortical inactivation, then to 

the appearance of functional disparity during cooling (Fig. 

10c). The emergence of cell assemblies, for coding the FD, 

has previously been reported in the coding of complex 

spatio-temporal patterns (Creutzfeld et al. 1980; Abeles 

1982b; Villa and Abeles 1990). 

We considered the FD for each subdivision separately 

and we observed that in 13/30 of the cases (Table 4) the FD 

appeared during the cortical cooling, whereas in 6 cases it 

disappeared. It is important to notice that the disap- 

pearance of FD involves mainly those properties defined 

for activity driven by pure tones. The meaning of this 

finding might be that the maximum efficacy of tone 
discrimination, as determined by the existence of band- 

width disparities, is controlled by cortical activity. We 

suggest that adaptive filtering could be performed by 

thalamic cell assemblies, which are the support of coding 

functional disparity. This processing would allow to selec- 

tively extract information from the incoming sensory 

signals according to the cortical activity. Close analogies 
exist between the thalamocortical neuronal circuitry and 

the technical description (Widrow and Stearns 1985) of 

adaptive filtering circuits (Fig. 11). Corticofugal activity 
would regulate the response properties of thalamic units 

by changing their bandwidth responsiveness to pure tones. 

Primary input 

Reference 
input q 

Ascending 

Auditory 
Cortex 

sensory input 

++:IGeMediut lat e 

Fig. 11. Upper section: schematic drawing of adaptive signal 
filtering with two inputs. The primary input contains the useful 
signal s and a reference signal r 0 which are uncorrelated. The 
reference input contains a signal rl correlated only with r o. The 
filter's output is y and the system's output is z. For more details see 
Widrow and Stearns (1985). Lower section: a functional scheme of 
the thalamo-cortical auditory pathway, as described in the text. RE: 
reticular nucleus of the thalamus. Note the strong analogies between 
the technical circuit and the anatomical functional circuit. The 
corticofugal modulation of the bandwith response to the pure tones 
could be due to an adaptive filtering controlled by the cortex 

The observation of several functionally characterized 

types of units within the auditory part of RE (Villa 1990) 

suggest that this structure could play a key-role in 

"setting" the filter's coefficients. 

However, the complexity of synaptic arrangements 
within the auditory thalamus leaves unanswered ques- 
tions: how to compensate or overwhelm the simultaneous 

effects of RE disfacilitation onto thalamocortical neurons, 

local-circuit neurons and the direct influences of cortico- 

thalamic projections? Future studies using selective exci- 

totoxic lesions of sectors of RE and local-circuit cells, as 
well as simulations of neural networks, will probably bring 
more precision in the understanding of corticofugal mech- 
anisms. 
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