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Abstract

The activity of single units at various locations in the central auditory pathway of rhesus
macaques was recorded during the monkeys’ performance and nonperformance in an auditory
reaction time task. Evoked unit responses during performance were compared with those observed
during passive delivery of identical stimuli. Single units were recorded from the cochlear nucleus,
superior olivary complex, lateral lemniscus, inferior colliculus, medial geniculate nucleus, and
auditory cortex. Significant effects of task performance on unit discharge patterns were observed at
all levels of the central auditory pathway: Spontaneous discharge rates in the more peripheral
auditory nuclei tended to be higher during performance. Evoked discharge that occurred relatively
late during a stimulus presentation (>75 msec after stimulus onset) was increased during perform-
ance, compared with the nonperformance condition, in nuclei above the cochlear nucleus. The initial
latency of evoked discharge was increased during performance for subcortical nuclei but was
decreased for units in auditory cortex. These results suggest that the effects of performance may be
mediated by a tonic increase in the excitability of auditory units which operates primarily at
peripheral auditory stations, and a descending, stimulus-evoked increase in excitability which
primarily influences the cells of higher auditory nuclei. At the cortical level, these changes lead to

increased signal-to-noise ratio of the evoked response during performance in the auditory task.

The response properties of single units in the central
auditory pathway have been studied extensively in the
acute, anesthetized preparation. Over the years, it has
become increasingly clear that the responses of auditory
neurons can vary widely, depending on such factors as
anesthetic state (Erulkar et al., 1956; Evans and Nelson,
1973), state of arousal (Hubel et al., 1959; Pfingst et al.,
1977), and training and performance in a behavioral task
(Holstein et al., 1969a, b; Miller et al., 1972, 1982; Beaton
and Miller, 1975; Woody et al., 1977).

In previous investigations, we have observed signifi-
cant effects of performance in a reaction time task on
the evoked response properties of single units at the
levels of the auditory cortex (Miller et al., 1972; Beaton
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and Miller, 1975; Pfingst et al., 1977) and inferior colli-
culus (Ryan and Miller, 1977). These observations raise
questions concerning () the generality of performance
effects on auditory responsiveness throughout the audi-
tory pathway, and (2) the mechanisms that underlie
these performance-dependent changes. The presence or
absence and the characteristics of performance-related
differences along the auditory pathway may provide in-
sight into the origins of behaviorally dependent changes
in auditory signal processing. The central auditory path-
way has not been surveyed systematically at the single-
unit level. Previous investigations using gross evoked
potentials or multiunit recordings have led to conflicting
conclusions regarding the generality of arousal and at-
tentional effects on evoked responsiveness. While several
investigators observed significant effects throughout the
central auditory pathway (Bogdanski and Galambos,
1960; Worden and Marsh, 1963; Chin et al., 1965; Oleson
et al., 1975), others have seen changes only at auditory
cortex and medial geniculate nucleus (Winters, 1964;
Wickelgren, 1968). Single-unit studies may clarify this
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issue and lead to a better understanding of the mecha-
nisms involved.

Materials and Methods

Subjects. Subjects were 12 adolescent male rhesus ma-
caques (Macaca mulatta) weighing 2.5 to 4.0 kg. Experi-
mental sessions were conducted in a double-walled,
sound-attenuated chamber (IAC 1200A). All behavioral
and auditory control equipment was located outside the
experimental chamber. Subjects were restrained in a
standard primate chair during the sessions and were
caged individually at all other times.

Sound generation and control. White noise was pro-
vided by a random noise generator (General Radio 1381)
with a bandwidth of 20 Hz to 50 kHz. Pure tones were
generated by a beat-frequency oscillator (Hewlett Pack-
ard 202). Tone pulses were formed with 5-msec rise-fall
times by a tone switch {(Grason-Stadler). The envelope
of the stimulus was applied to an attenuator pad (Hewlett
Packard 350D), which permitted attenuation of the sig-
nal in 1-dB steps, and was delivered through dynamic
ear speakers (TDH 49 or Beyer DT-48) mounted in a
rubber cuff that fit over the external ear.

Sound pressure levels were measured by a wave ana-
lyzer (General Radio 1900A) and a Ys-inch condenser
microphone (Briel and Kjaer) fitted with a calibrated
probe tube that was inserted through a hole in the
circumaural cuff and terminated at the opening of the
external auditory meatus. Further details of the sound
presentation and delivery system have been described
elsewhere (Pfingst et al., 1975a).

Behavioral procedures. The procedures used for train-
ing and testing animals in the reaction time task have
been described previously (Stebbins and Miller, 1964;
Pfingst et al., 1975a, b). Briefly, the animals were shaped
in a series of small steps to perform the following task.
At the onset of a visual alerting stimulus, they depressed
a telegraph key and held it down for a variable period (1
to 4 sec) until the onset of a fixed-duration auditory
stimulus (200, 250, or 325 msec), after which they quickly
released the key to obtain applesauce reinforcement. The
reward was delivered only for key releases with latencies
of 0.1 to 1.0 sec after stimulus onset. Key release was
followed by a 2.0-sec response-free period before onset
of the next visual alerting stimulus. Response latencies
of <0.1 sec or >1.0 sec initiated the intertrial interval,
and the resulting delay in reinforcement suppressed in-
appropriate response to an average level of less than 5%
of all bar presses. (It should be noted that we seldom
used stimuli near threshold intensity in this investiga-
tion.)

The animals also were adapted to periods during which
acoustic stimuli were presented repetitively in the ab-
sence of reinforcement. The mean rate at which stimuli
were presented was comparable to that during the per-
formance period. The monkeys quickly stopped respond-
ing during these nonperformance intervals. In both the
performance and nonperformance situations, the stimuli
included white noise and a variety of pure tones.

In a few early subjects, duration of the stimulus in the
performance condition was controlled by the animal’s
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reaction time, i.e., stimulus termination coincided with
key release, typically between 200 and 500 msec. Thus,
stimulus duration in these subjects was variable and
increased with decreasing stimulus intensity. In most
subjects used in this study, constant-duration stimuli
were used.

Surgical procedures. After behavioral training, the an-
imals underwent aseptic surgery for implantation of a
single-unit recording chamber. Each subject was given a
presurgical dose of Vetalar, intubated, anesthetized with
halothane vapor, and placed in a Kopf stereotaxic frame.
A skin flap was reflected, and a circle of bone 16 mm in
diameter was removed from a location consistent with
the stereotaxic position of auditory structures to be stud-
ied. The stereotaxic coordinates for brain stem and mid-
brain structures in the sitting M. mulatta were based on
the atlas of Smith et al. (1972). Coordinates for location
of auditory cortex and medial geniculate nucleus were
developed empirically. A stainless steel chamber (15 to
36 mm high, 16 mm outer diameter, 13 mm inner diam-
eter) was implanted over the bone defect. In some ani-
mals the chamber was oriented in the coronal stereotaxic
plane and directed toward the midbrain and brain stem
with a 17° lateral angle. In others, a direct vertical
approach was employed. The end of the chamber was
advanced just until it contacted the dura. The base of
the chamber was sealed with a layer of silicone rubber,
which maintained a closed system in the chronic prepa-
ration. Stainless steel screws were threaded into the
bone, and the chamber was cemented to the skull and
screws with dental acrylic. A device that allowed rigid
stabilization of the head also was implanted at this time.
For further details, see Miller and Sutton (1976) and
Pfingst and O’Connor (1980).

Electrophysiological recording. Once the animals had
recovered from surgery, behavioral sessions were re-
sumed, this time with head restraint. Animals adapted
easily to the restraint and resumed normal behavior in
the reaction time procedure within 1 to 4 days. Then
neural recording was initiated. The procedures used to
record single units along the auditory pathway in the
chronic monkey have been described in detail elsewhere
(Miller and Sutton, 1976; Ryan and Miller, 1977, 1978;
Pfingst and O’Connor, 1980, 1981; Lonsbury-Martin and
Martin, 1981). Briefly, an adjustable guide and coupler
were mounted on the implanted chamber, which provided
access to an area delimited by a 5-mm radius from the
center of the chamber. A sterile 21 gauge needle cannula
was attached to a hydraulic microdrive (Trent-Wells). A
tungsten microelectrode, insulated with Epoxylite and,
in some cases, tipped with an electroplated iron ball of 4
to 25 um diameter, was inserted into the cannula. The
micromanipulator was inserted into the adjustable guide,
which directed the cannula into the brain. Cannula
length was selected to terminate 6 to 10 mm above the
target structure. The electrode was advanced out of the
cannula with the hydraulic microdrive. White noise
bursts with an intensity of 80 to 90 dB sound pressure
level, delivered in the nonperformance condition, were
routinely used as searching stimuli until the first re-
sponses were evoked on a given track. Then single units
were tested with white noise and pure tones for the
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remainder of the track. On the most effective electrode
penetrations, marking lesions (40 pA for 15 to 30 sec)
were made with a DC constant-current lesion maker
(Grass LM54).

The signal from the microelectrode was amplified by
a unity-gain FET follower and a preamplifier (Grass
P511F), passed through a high pass (>0.5 kHz) filter,
and monitored on an oscilloscope (Tektronix RM565)
and an audio monitor (Grass AM8). The oscilloscope
was internally triggered from single-unit discharges.
Trigger gate pulses from the oscilloscope were applied to
the input of a dot raster system. The output pulses from
the raster, along with the filtered electrode output and
the acoustic stimulus, were displayed on a memory oscil-
loscope (Tektronix 564), which was triggered by onset
pulses to the tone switch.

The neuronal discharge also was recorded on one chan-
nel of an eight-track FM tape recorder (Honeywell 5600).
The onset and offset pulses from the tone switch, as well
as the acoustic stimuli, were recorded on other channels.

When a single unit that was responsive to the acoustic
stimulus was isolated, it was examined by presenting
short, alternating blocks of performance and nonper-
formance trials. The acoustic stimuli were either white
noise or a pure tone at the unit’s best frequency, pre-
sented either at a variety of intensities or at the unit’s
dominant intensity. Characteristic frequency was deter-
mined by successive discrete frequency sweeps at de-
creasing intensities. Performance and nonperformance
stimuli were of the same fixed duration except for the
performance stimuli of some early subjects mentioned
above. Intensity levels were presented in a pseudorandom
order within each block of performance and nonperform-
ance trials, which varied from 10 to 40 stimulus presen-
tations. Transition from performance to nonperformance
conditions was signaled by failure of the visual alerting
stimulus to appear, and from nonperformance to per-
formance it was signaled by reappearance of the alerting
stimulus.

Data analysis. All data were analyzed from the taped
recordings of single-unit activity. Units were isolated and
digitized with the internal trigger of the RM565 oscillo-
scope. Isolation was based primarily on spike amplitude
and waveform. Only data from clear, stably isolated units
were included in this study. Since alterations in wave-
form or marked changes in the spontaneous activity (not
associated with a change in behavioral state) are possibly
indicative of damage or neurophysiological changes in a
unit, such changes led to cessation of study or elimination
of a unit from the study. Statistical analyses of initial
latencies and of firing rates for selected intervals, as well
as the generation of peristimulus time histograms, were
performed by a Prime 200 computer. For units with high
spontaneous rates, initial latencies were determined by
eye from high resolution dot rasters. The majority of
units were excitatory and exhibited either an initial
phasic increase in firing rate associated with stimulus
onset, a sustained response, or both. Phasic responses,
when present, lasted for 50 to 75 msec. Therefore, two
analysis intervals were selected to include the periods 0
to 75 msec and 75 to 200 msec after stimulus onset. This
permitted independent evaluation of the phasic and sus-
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tained components of unit responses. In comparing
evoked unit activity in the performance and nonperform-
ance conditions, all trials collected under the same stim-
ulus conditions were included, with one exception. A few
units exhibited obvious variation in activity on the first
few trials following a change in performance conditions.
In such units, analysis included only later trials in each
condition in which response characteristics of the unit
had stabilized. Such determination of sequential changes
in evoked firing rates and/or patterns within a given
block of stimulus trials were made visually from dot
raster displays.

Histology. After 8 to 30 days of neural recording, ani-
mals were deeply anesthetized with sodium pentobarbital
and perfused intracardially with normal saline solution,
followed by a 10% buffered formalin solution. The top of
the skull was removed, and the animal was placed in a
stereotaxic frame in the same position as that used to
orient the recording chamber. A knife blade was attached
to an electrode carrier and was used to cut a thick coronal
section of tissue parallel to and containing all electrode
tracts. The tissue block was frozen sectioned at 30 um,
and alternate sections were stained with cresyl violet.
Identification of recording sites was made from these
sections on the basis of electrode tracks and marking
lesions.

Results

Behavior

The monkeys’ performance in the reaction time task
resembled that of humans in a simple, auditory reaction
time task (Pfingst et al., 1975a, b). Minimum latencies
to intense stimuli were stable for a given animal and
varied from about 180 to 350 msec among animals. In
general, subjects responded promptly and consistently
within the short blocks of performance trials, which were
separated by similar blocks of nonperformance trials,
until they became satiated. At satiation, responses at the
end of a nonperformance block were initiated slowly, if
at all. At this time the session was ended.

Recording sites

Performance and nonperformance data were obtained
from 212 units in the 12 subjects. These included 22
units in the central region of the ventral cochlear nucleus,
a broad region of primarily multipolar cells; 5 units in
the superior olivary complex (3 in the medial superior
olive and 2 in the periolivary nucleus); 49 in the nuclei
of the lateral lemniscus (35 in the dorsal nucleus and 14
in the ventral nucleus); 80 units in the inferior colliculus
(56 in the central nucleus, 12 in the external capsule,
and 12 unspecified); 32 units in the medial geniculate
nucleus?®; 21 units in the auditory cortex (8 in area Al; 7

3 The medial geniculate nucleus has consistently proven to be the
most difficult structure from which to isolate and record auditory units
in the unanesthetized monkey. While the position of 32 units could be
defined as being within the medial geniculate nucleus, the number of
penetrations necessary to locate this structure and to record the appro-
priate number of units from a given subject made precise specification
of recording site in the various medial geniculate nucleus subdivisions
impossible.
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in belt areas CM, L, and RL; and 6 on the border of Al
and one of the belt areas (Merzenich and Brugge, 1973;
Pandya and Sanides, 1973)); and 3 units in motor areas
(1 in the motor nucleus of the trigeminal nerve and 2 in
the pyramidal tract). The discharge patterns of the latter
units showed a relation to auditory stimuli, but only in
the performance condition.

Figure 1 shows the location of 68 brain stem units
recorded from two subjects, including 10 in the inferior
colliculus, 49 in the lateral lemniscus, 5 in the superior
olivary complex, 1 in the cochlear nucleus, and 3 in
motor areas.

Effects of reaction time performance on unit discharge
characteristics

Evoked discharge rate. The most commonly observed
effect of reaction time performance on unit activity was
an increase in evoked discharge (Figs. 2 and 3). In most
cases, this increase was relatively modest for the first 50
to 75 msec of the evoked response, and it was greater
from about 75 msec after stimulus onset to the end of
the evoked response.

Figure 2 shows the responses of a unit in the dorsal
nucleus of the lateral lemniscus to a pure tone at the

Figure 1. Camera lucida drawings showing locations of 68
units in two subjects. Diagonal groupings represent separate
animals. CN, cochlear nucleus; IC, inferior colliculus; LL, lat-
eral lemniscus; MNV, motor nucleus of the trigeminal nerve;
MSO, medial nucleus of the superior olivary complex; PO,
periolivary nucleus; PT, pyramidal tract.
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unit’s characteristic frequency, at various intensities.
The dot rasters demonstrate that evoked discharge dur-
ing performance was greater than that during nonper-
formance stimulus delivery. The increase was relatively
modest during the phasic onset and was more dramatic
after the onset response. The preresponse interval
showed no significant effect of performance on the unit’s
spontaneous discharge. Figure 3 compares intensity func-
tions obtained in the performance and nonperformance
conditions from a unit in auditory cortex. Evoked dis-
charge in the first 75 msec of the evoked response was
greater during performance than during nonperformance
at all intensites. A somewhat greater performance-re-
lated increase was seen between 75 and 200 msec. Reac-
tion time performance had no effect on the spontaneous
rate of this unit.

Discharge rates in the two behavioral conditions were
compared statistically across all 212 units. While spon-
taneous rates of discharge and evoked discharge in the
first 75 msec of the response for the two conditions were
not significantly different, evoked discharge between 75
and 200 msec after the onset of the response was signif-
icantly higher (p < 0.05, paired ¢ test) during perform-
ance than during nonperformance.
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Figure 2. Dot rasters showing the effect of reaction time
performance on the discharge pattern of unit N1-6 in the dorsal
nucleus of the lateral lemniscus. Each dot raster display rep-
resents 22 presentations of the white noise stimulus. The onset
response was slightly enhanced during performance, and the
following discharge much greater in the performance condition
for all but the most intense stimuli.
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Initial latency. In subcortical nuclei, the initial latency
of evoked discharge increased during the performance
condition. The amount of increase was larger with each
ascending auditory nucleus up to and including the me-
dial geniculate nucleus. Figure 4 compares latency-inten-
sity functions obtained in the performance and nonper-
formance conditions for a unit in the medial geniculate
nucleus. Initial latency was markedly increased during
performance. This difference was greatest at the lowest
intensity presented, and it decreased regularly with in-
creasing stimulus intensity, a pattern that was observed
regularly at levels below auditory cortex.

In auditory cortex, initial latencies of evoked unit
response during reaction time performance were consist-
ently decreased relative to the nonperformance condition
(Fig. 5). For the representative unit in Figure 5, task
performance was associated with shorter initial latencies
at all intensities. The latency change for these cortical
units, unlike that for the subcortical units, remained
constant across intensities.

Initial latency at the stimulus intensity that evoked
maximal discharge was examined statistically for all
units. Initial latencies increased during reaction time
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Figure 5. Effect of reaction time performance on initial
latency of unit SU-48 in auditory cortex. Initial latencies across
a wide range of stimulus intensities were both longer and more
variable in the nonperformance condition. Each point repre-
sents the mean of 20 stimulus presentations; vertical bars
represent 1 SD.
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performance in 70% of all subcortical units, with the
remaining units showing a decrease or no effect. The
mean effect of performance on initial latency across all
subcortical units was an increase of 1.4 msec (p < 0.05,
paired t test). Initial latencies decreased in 62% of cor-
tical units, and the mean effect across all units was a
decrease of 1.8 msec (p < 0.05).

Spontaneous rate. Figure 6 shows mean spontaneous
rates recorded in the performance and nonperformance
conditions for the 209 auditory units included in this
report. This rate decreased in a regular fashion at suc-
cessively higher auditory stations, but within a station
only small differences were seen between the perform-
ance and nonperformance conditions.

Additional effects of reaction time performance on unit
discharge

In addition to the general effects of reaction time
performance described above, occasionally we observed
specific, temporally discrete effects on unit discharge
that were related to performance. In the inferior colli-
culus, performance was associated with suppression of
offset responses if stimulus duration exceeded 150 to 200
msec, as we have previously reported (Ryan and Miller,
1977). Figure 7 illustrates another effect of reaction time
performance, also observed in the inferior colliculus. This
unit displayed a brief period of discharge suppression
late in the evoked response, only during task perform-
ance. The period of discharge suppression occurred with
a latency that depended on stimulus intensity, although
not in the same manner as the initial latency of the
evoked response. The latencies of the late response
suppression behaved in a manner more similar to the
animal’s reaction times, but they were about 200 msec
shorter than the reaction times.

Comparison of stations in the auditory pathway

The effects of performance upon discharge character-
istics were evaluated statistically for each unit, using an
unpaired ¢ test and a criterion of p < 0.05. Comparisons
for evoked responses were obtained at the unit’s best
intensity. The results of this analysis are presented in
Figure 8. About 34% of all units showed significant
effects of performance on evoked discharge between 0
and 75 msec after response onset, whereas 43% of units
showed such effects on evoked discharge between 75 and
200 msec after response onset. The proportion of signif-
icant effects on evoked discharge was relatively constant
across stations. About 22% of all units exhibited initial
latencies that were significantly different between the
two behavioral conditions. The proportion of units show-
ing significant effects on latency increased at higher
auditory centers. Statistically significant effects of reac-
tion time performance on spontaneous discharge rate
were observed in 21% of all units. The proportion of
units showing significant effects on spontaneous rate
was higher at the peripheral auditory nuclei and de-
creased sharply at higher auditory stations.

To allow comparison of the effects of reaction time
across units with widely varying discharge rates, we
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Figure 6. Average spontaneous discharge rate at various
locations in the central auditory pathway. The number of units
in each sample is indicated in parentheses. Mean rate in the
performance condition is indicated by the stippled bar, and in
the nonperformance condition by the open bar. CN, cochlear
nucleus; SO, superior olivary complex; LL, lateral lemniscus;
IC, inferior colliculus; MG, medial geniculate nucleus; AC,
auditory cortex.

normalized the rates as follows:

Performance rate — Nonperformance rate

(Performance rate + Nonperformance rate)/2

The resultant values represent the percentage increase
or decrease of discharge rate during reaction time per-
formance. The results of this analysis for all units (open
bars), as well as for only those units that displayed
significant performance-related differences in response
parameters as defined above (solid bars), are presented
in Figure 9.

Evoked discharge rate. Across all levels of the pathway,
evoked discharge rate from 0 to 75 msec after stimulus
onset increased by about 10% during performance. This
increase was greatest for units in auditory cortex and
least for units in the inferior colliculus and medial genic-
ulate nucleus.

Evoked discharge between 75 and 200 msec after stim-
ulus onset increased about 25% across all units. This
increase was greatest for higher auditory nuclei. When
only units that showed a significant difference in dis-
charge rate during this period were considered, this in-
crease averaged about 40% for all stations above the
cochlear nucleus.

Initial latency. As discussed above, initial latencies
showed a strong tendency to increase during performance
in subcortical units. The average change in latency across
all units within a structure increased regularly from
about 1.1 msec in the cochlear nucleus to 3.1 msec in the
medial geniculate nucleus. When only units showing a
significant difference between the two conditions were
considered, the subcortical latency increase averaged 4
to 5 msec at all stations. This indicates that the increas-
ing average latency difference seen for all units at suc-
cessively higher auditory nuclei reflects the increasing
proportion of units showing a significant increase in this
response parameter at higher stations.

In auditory cortex, initial latencies showed an average
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Figure 7. Effect of reaction time performance on the discharge characteristics of unit SF-19 in the inferior colliculus. Duration
of the white noise stimulus in the performance condition was controlled by the subject’s reaction times. The stimulus duration
indicated above the performance dot raster display is the shortest stimulus observed for the trials presented in this figure. Note
the gap in the otherwise sustained excitatory discharge pattern, seen only during performance. (The late discharge at 80 to 90
dB sound pressure level is the resumption of the sustained excitatory response, not an offset response.) The graph at the right
illustrates the relation between the latency of the late discharge suppression seen in the dot raster under the performance
condition, and both the initial latency of the unit and the subject’s reaction times. The latency of the late suppression more
closely resembles the reaction times. Each point in the figure represents a median latency of reaction time. The vertical bars

represent interquartile ranges.

AUDITORY NUCLEUS

CN SO LL IC MGAC Total
n=22 5 49 80 3221 209
60
40 SPONTANEOUS
RATE
20
ty 0
=
s
@ 40 EVOKED
e DISCHARGE
ﬁg 20 0-75 msec
2% 0
-0
=z
OEA
532
Ly 80
2 60
33 £ VOKED
S a0 DISCHARGE
— 75-200 msec
20
<
O 0
uw
=z
o
v 40 INITIAL
20 LATENCY

0

Figure 8. Percentages of auditory units showing significant
differences in response characteristics between performance
and nonperformance conditions. Abbreviations as in Figure 6.

decrease of 1.8 msec during performance across all units.
Units showing a significant difference in latency between
the two conditions exhibited an average decrease of 3.4
msec during task performance.

Spontaneous rate. Across all units, spontaneous dis-
charge rates during performance increased by about 5%
during reaction time performance, with some stations
showing an increase and others showing a decrease.
There was a tendency for units at lower auditory stations
to show slightly increased spontaneous rates during per-
formance, while those at the medial geniculate and au-
ditory cortex showed either no change or a decrease
during performance.

Comparison of unit classes within a nucleus

Sufficient data to compare the effects of performance
on different subdivisions within a given auditory struc-
ture were obtained only for the inferior colliculus and
lateral lemniscus. The central nucleus and the external
capsule of the inferior colliculus were affected similarly
by reaction time performance (Ryan and Miller, 1977).
The ventral and dorsal nuclei of the lateral lemniscus
also showed very similar performance effects, although
the consistency and magnitude of changes seen in the
ventral nucleus were slightly greater.

We previously reported that inferior colliculus units
that exhibited either a phasic onset response or discharge
suppression as their principal response pattern were
more affected by performance than were other units
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Figure 9. Effect of reaction time performance on unit dis-
charge characteristics at several locations in the central audi-
tory pathway. Discharge rates were normalized by subtracting
the nonperformance rate from the performance rate and divid-
ing the resultant figure by the average of the performance and
nonperformance rates. Normalized rates more accurately re-
tlect the effects of performance on units with low discharge
rates. Abbreviations as in Figure 6.

(Ryan and Miller, 1977). In the present investigation,
few units outside of the inferior colliculus exhibited
primarily discharge suppression. The unit sample in the
lateral lemniscus consisted principally of onset and pri-
mary-like response patterns. Figure 10 shows a compar-
ison of performance effects on onset and primary-like
units at the lateral lemniscus as well as at the inferior
colliculus. In both structures, the effects of performance
were much greater on onset units than on primary-like
units. This was especially true of the performance-related
increases in evoked discharge from 75 to 200 msec after
stimulus onset.

Motor units

The three units recorded in motor structures of the
brain stem showed changes in discharge rate during
reaction time performance but not during nonperform-
ance (Fig. 11). The unit in the motor nucleus of the
trigeminal nerve showed a decrease in discharge rate
after stimulus offset in the performance condition. Of
the two units in the pyramidal tract, one showed an
increase and the other a decrease after stimulus offset
during performance. It can be presumed that these
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changes represent stimulus-evoked motor activity asso-
ciated with reaction time performance.

Discussion

The results of this study demonstrate that perform-
ance-associated changes in the response properties of
single units in the central auditory pathway are wide-
spread. A substantial proportion of units displayed re-
sponse plasticity during task performance not only in
auditory cortex but also in subcortical auditory nuclei
even at the level of the cochlear nuclei. However, the
effects of performance were not comparable at all loca-
tions in the pathway.

Differences in the effects of reaction time performance
were noted depending on unit location. The clearest
example was the finding with regard to latency. Perform-
ance was associated with increased initial response la-
tency in subcortical units but decreased latency in cor-
tical units. In addition, performance appeared to influ-
ence the spontaneous rates of units more in the lower
brain stem auditory nuclei than in midbrain or cortical
auditory centers. Conversely, the effects of performance
on latency and evoked discharge were quantitatively
greater at higher than at lower auditory stations.

Some generalized influences of task performance on
unit response parameters were observed. An increase in
discharge during the later portion of a stimulus-evoked
response was the most common such feature of unit
responses during performance. However, some unit
classes or even individual units showed quite specific,
typically temporally dependent, effects of reaction time
performance, including changes in basic response pat-
terns, temporally discrete response suppression (Fig. 7),
and selective suppression of subcortical offset responses.

Mechanisms of performance-associated changes

Several mechanisms have been proposed to account
for the effects of attention on auditory perception. Some
of these hypotheses may be relevant to the effects of
reaction time task performance on auditory neural re-
sponses. Skinner and Yingling (1977) have proposed a
“thalamic gate” hypothesis, by which sensory input to
cortex is controlled at the level of the medial geniculate.
The hypothesis predicts that the major effects of atten-
tion should be observed at the levels of the medial
geniculate and auditory cortex, whereas responses at
lower levels should be relatively insensitive. Our data do
suggest that there are differences between the effects of
task performance on higher and lower auditory nuclei.
However, we did not observe a sharp demarcation be-
tween the inferior colliculus and the medial geniculate
nucleus. Thus, although a gating phenomenon may be
relevant to performance effects, it could not be as dis-
cretely located as in the Skinner and Yingling model.

A second mechanism, which could account for the
enhanced evoked discharge rates that we observed fre-
quently during performance, is a tonic increase in the
excitability of auditory units. A nonspecific increase in
excitability has been proposed by Woody et al. (1977) to
explain the effects of conditioning paradigms on auditory
cortical unit responses and by Mountcastle et al. (1981)
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to account for increases in visually evoked unit activity
during attentive fixation. A tonic excitability increase
would be expected to increase both spontaneous and
evoked discharge rates. However, we observed perform-
ance-related increases in stimulus-evoked discharge in
the absence of any demonstrable changes in spontaneous
rate in the medial geniculate nucleus and auditory cortex.
Thus, a general enhancement of unit excitability cannot
account for the effects of performance at these levels. It
is possible that a general enhancement of auditory unit
excitability is employed peripherally, to increase the
probability of detection of stimulus onset. This would
produce a modest increase in both spontaneous and
evoked discharge rates, such as we observed in lower
auditory nuclei. It might be expected that an increase in
spontaneous rate would be passed along the auditory
pathway. A recent study by Woolf et al. (1983) suggests
that a successive transfer of spontaneous activity does in
fact occur, but only through the level of the inferior
colliculus. Presumably, the spontaneous rates of medial
geniculate nucleus and auditory cortex are less dependent
on auditory afferent input. This finding is consistent
with our observations, in which spontaneous rates
showed a tendency to increase during performance only
up to the colliculus (Figs. 8 and 9).

The marked performance-associated enhancement of
evoked discharge at subcortical levels observed after a
delay of 50 to 75 msec is consistent with a stimulus-
evoked descending influence on the subcortical auditory
pathway. There is ample evidence of efferent projections
which originate in auditory cortex and descend through
the entire pathway (Harrison and Howe, 1974; Webster
and Aitkin, 1975). These efferent projections could me-
diate a descending influence. Such efferent activity is
typically viewed as inhibitory (Aitkin and Dunlop, 1968;
Erulkar et al., 1968). One mechanism that might explain
the observed performance-related changes at subcortical
levels would involve a performance-enhanced descending
inhibitory influence followed by a release from or a
decrease in inhibition. Although descending influences
on the central auditory pathway could not account for
all of the observed effects of performance, they could
play a role, especially at the levels of the lateral lemnis-
cus, inferior colliculus, and medial geniculate nucleus.

The observation in auditory cortex of increased dis-
charge at the onset of evoked responses and decreased
initial latency during performance, without a concomi-
tant change in spontaneous rate, limits the mechanisms
that could mediate performance effects at this level. The
lack of effect on spontaneous rate tends to rule out a
general increase in unit excitability during performance.
Presynaptic facilitation of impulse transmission in se-
lected ascending afferent inputs to cortical cells could
accomplish such latency decreases and evoked response
enhancement, without increasing spontaneous rates.
Woody et al. (1977) observed that classical conditioning
produced increases in the responsiveness of auditory
cortical neurons to extracellular electrical stimulation
but not to intracellular electrical stimulation. This result
1s consistent with a presynaptic facilitation of evoked
auditory responsiveness. Basically, such a model for ex-
plaining these effects is one of a class based on the
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premise that the inputs that determine evoked response
in auditory cortical cells are at least in part spatially
separated from inputs which determine spontaneous
rates. Thus, independent facilitation of only one of these
cell properties might be feasible. The latency increase of
subcortical units, without a corresponding decrease in
spontaneous rates, could be accomplished by an analo-
gous inhibitory influence.

Perhaps the most difficult observation to fit within
any theoretical framework is the discrepancy between
the effects of performance upon initial latency of sub-
cortical units (an increase) versus cortical units (a de-
crease). Given this rather striking, unexpected differ-
ence, we must consider the possibility that the subcorti-
cal units sampled in our study did not overlap completely
with the population which determined the early evoked
response in cortex. Thus, although the average effect of
performance upon subcortical unit latency was an in-
crease (see Fig. 9), it should be noted that only a minority
of individual subcortical units displayed a significant
increase (see Fig. 8). A presynaptic facilitation of input
to cortical cells from the remaining subcortical units,
which either showed latency reductions during perform-
ance or were unaffected, could account for the decrease
in cortical unit latency. The observed dependence of
subcortical latency shifts upon stimulus intensity, versus
the independence of cortical latency shifts, also suggests
a basic difference in the determinants of initial latency
at these two locations during performance. Cortical
changes in latency during performance could be mediated
by nonauditory pathways (e.g., diffusely projecting retic-
ular systems), whereas task-related changes in subcorti-
cal latency may be more dependent on auditory pathway
circuits. This suggestion may find support based on the
analysis of performance-related latency changes across a
large sample of cortical cells from different areas and
layers. Thus, Al cells of layer IV may follow subcortical
evoked activity more closely than cells in more superficial
layers of this and other areas (Jones and Burton, 1976).
Unfortunately, our current sample is inadequate to ad-
dress this question.

If subcortical latency increases are independent of
cortical changes, this in turn suggests that they subserve
a different function than the initial detection of stimulus
onset. It is possible that a delayed onset response could
serve to increase the reliability of onset detection, by
providing a confirming neural event, and thus reduce
false positive responses in the behavioral task.

Finally, the specific instances of very late discharge
suppression, as illustrated in Figure 7, may be related to
motor aspects of reaction time performance. They are
the only performance-related changes in auditory unit
activity that are temporally similar to the performance-
related changes observed in motor units, as illustrated in
Figure 11. This interpretation is consistent with the
observation that evoked auditory activity is sometimes
reduced during movement (Carmel and Starr, 1963;
Starr, 1964; Brugge and Merzenich, 1973).

Conclusions

It is apparent from the discussion above that the
effects of reaction time performance that we observed in
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the monkey central auditory pathway are complex and
cannot be explained by any one neural mechanism. It is
virtually certain that a number of processes interact in
order to produce the ocbserved performance effects. These
processes appear to operate with varying degrees of
strength at different locations in the central auditory
pathway and on different neural populations.

From a functional standpoint, it can be assumed that
the changes that occur in auditory signal processing
during reaction time performance act to increase the
probability of detection of stimulus onset. In fact, the
ultimate effects of performance support this assumption.
At the cortical level, reaction time performance results
in an increase in evoked response magnitude and a
reduction in response latency, without an increase in
spontaneous rate, producing, in effect, a more sensitive
and reliable, yet low-noise, signal detector.
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