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SUMMARY

Cats were trained to indicate, by bar pressing for food rewards, their detection of
stimulation of the ventrobasal (VB) complex delivered through implanted bipolar
electrodes. By varying stimulus intensity it was possible to determine thresholds for
detection. Scaling stimulus intensity relative to the appearance of a minimal evoked
potential allowed comparisons between animals and also comparisons with results
obtained by stimulation of peripheral nerve. Animals could detect VB stimulation, but
only at stimulus intensities consistently stronger than those required for minimal
appearance of an evoked response in ipsilateral primary somatosensory cortex. Results
of VB activation differed from cutaneous nerve effects in that VB detection thresholds
were markedly influenced by stimulus frequency. They were lowest at frequencies above
30 Hz and increased greatly at lower frequencies. Discomfort or pain did not seem to
result even from relatively high stimulus intensities. The results compare well with ob-
servations obtained from stimulation of VB in humans. The appearance of an evoked
cortical response is not necessarily correlated with behavior. Under appropriate con-
ditions, behavior can be elicited predictably with minimal electrocortical activity ; under
other conditions detection may be absent even when large numbers of cortical neurons
are activated. We suggest that regions of the cerebral cortex receiving thalamocortical
projections from VB may not be essential in the detection process.

INTRODUCTION

The dorsal column-medial lemniscus (DC-ML) system, a major somatosensory
pathway of the spinal cord, relays information from mechanoreceptors of skin, muscle
and joints to the cerebral cortex in a well-organized somatotopic fashion. The functional
properties of the neurons that compose this system have been intensively studied and
appear to be well suited to subserve fine tactile discrimination and localization, vibra-
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tory sensibility and kinesthesial-13.34,38,61 A number of studies have, however, raised
serious questions concerning the role of the DC-ML system in sensory detection and
discrimination of somatic stimuli because complete transections of the dorsal columns
do not produce the marked sensory deficits that would have been expected from neuro-
physiological analyses®47,48,60,61,

Recent studies suggest, however, that the dismissal of the role of the DC-ML
system in conscious sensation is premature. A series of experiments which tested the
ability of cats to detect afferent signals which reached the brain exclusively by way of
surgically isolated dorsal columns revealed that sensory detection thresholds were
identical to those obtained from normal, intact animals3®. These results have been con-
firmed and extended to demonstrate that the isolated dorsal columns are able to convey
some information about location and quality of tactile stimulil8.

In our previous work, the technique of measuring sensory detection thresholds
involved stimulation of primary afferents exclusively!2.35,53, Knowing that selective
excitation of an extremely small population of primary afferent axons caused behavioral
detection12,23,35,58 jt seemed likely that excitation of a numerically small and spatially
restricted group of second and third order fibers along the DC-ML pathway to somato-
sensory cortex was causally related to detection. It then seemed reasonable to compare
the behavioral effectiveness of a peripherally evoked sensory cue with one evoked
centrally in the same pathway, i.e. stimulation of the medial lemniscus or ventrobasal
(VB) complex in the region of the neuron population activated from the periphery,
thereby influencing roughly the same thalamocortical projection system. It has been
known for many years that an animal can be conditioned to respond predictably to
stimulation of cortical or subcortical structures, but there has always been uncertainty
as to the relative potency of CNS vs peripherally evoked sensory cues for eliciting
behaviorl1$,

The present study compares sensory detection thresholds to stimulation of peri-
pheral and diencephalic portions of the somatosensory projection system. The data
reported here allow comparison between sensory detection thresholds produced by
stimulating two separate portions of the DC-ML system, the cutaneous primary afferent
fibers and the medial lemniscus at its entry into VB. This comparison is made possible
by using the minimal evoked cortical response as a marker, indicating the occurrence
of a physiological response which serves as a reference point for relating stimulus in-
tensity and behavioral detection thresholds.

METHODS

Operant conditioning procedures. The ability of an animal to detect thalamic
stimulation was tested in 6 of 18 cats previously trained to lever-press for food rewards
in response to sensory cues produced by direct electrical stimulation of peripheral nerve.
The surgical, operant training procedures and apparatus do not differ significantly from
those described previouslyl2. Briefly, cats learned first to lever-press for food rewards
in response to auditory cues and. to refrain from lever-pressing in the absence of these
cues. When the animals demonstrated that they had learned this task by making con-
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sistent short-latency responses to the stimulus presentation and few responses in the
absence of the stimulus, they were anesthetized (Nembutal, 35 mg/kgi.p., Abbott) and
recording and stimulating electrodes were surgically implanted. Three days following
surgery the animals were returned to the test chamber and retrained by paring peripheral
nerve or thalamic stimulation with the auditory cues. The auditory cues were gradually
withdrawn until the animals responded exclusively to sensory cues evoked from peri-
pheral nerve or thalamus.

A behavioral trial consisted of a stimulus presentation for a duration of 15 sec.
If the animal responded within that period it was assumed that the stimulus was supra-
threshold for detection and the animal was allowed to continue to press until 4 or 5
pellets of food were received. Failure to respond indicated that the stimulus was not
detected. Precautions, such as catch trials and random time intervals between trials,
were introduced in order to eliminate the possibility of an animal responding to extra-
neous cues or temporal intervals. Numerous trials (40-80) were conducted every day
for 2-3 weeks at stimulus intensities above and below an intensity at which the animal
responded correctly in 50 % of the trials. This intensity was defined as the threshold for
sensory detection. Data for plotting behavioral response curves, from which sensory
detection thresholds were measured, were accumulated if there was less than a 59
probability that the animal would lever-press during any catch trial. Although sensory
detection thresholds were normally measured first with peripheral nerve stimuli,
identical procedures were used later in the same animal when detection threshold for
thalamic stimulation was measured.

Thalamic behavioral data were obtained in 2 animals in which no peripheral
nerve electrodes were implanted. This was done to test the possibility that peripheral
stimuli might in some manner influence VB detection thresholds. These animals were
trained identically to the others. The absence of peripheral inputs made it difficult to
obtain good VB placements. One animal had well-placed electrodes in VB and its
behavioral response curves were very similar to those reported for the other animals.

Electrodes. Peripheral nerve stimulating electrodes of the type described in our
previous work12:40 were implanted on either one or both superficial radial nerves of
the cat’s forelimbs.

Several holes were drilled through the cranium in the region directly overlying the
forelimb projection zone on the postcruciate gyrus. Each hole received a screw electrode
and evoked responses were recorded from each site to confirm placement over the
region of maximum responsiveness, i.e. the region providing the lowest threshold and
shortest latency response. Recordings were made under deep barbiturate anesthesia
and no signal averaging was used to ensure that the site of maximum responsiveness
could be distinguished from surrounding ‘off-focus’ regions.

The thalamic stimulating electrodes consisted of a pair of insulated, stainless steel
needles separated by 1.0-1.5 mm. Insulation was removed from the tips for a distance
of 0.5 mm. The electrodes were positioned in the brain stereotaxically so that the medial
electrode came to rest within the coordinates, anterior, 6.5-7.5; lateral, 6.0-7.0; and
depth of zero to —1.550, This region encompasses the entry of the medial lemniscus into
the posterior portion of the VB complex of the thalamus. Recordings were made from
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these electrodes and their location was adjusted until a short-latency, large-amplitude
response could be evoked by stimulation of the contralateral peripheral nerve. When,
in turn, the thalamic electrode was used for stimulation, polarity was chosen so that the
maximal cortical evoked response could be recorded from the same ‘on-focus’ cortical
site responding to peripheral nerve volleys. The cortical site was generally found to be
about 2-3 mm caudal to the postcruciate dimple and 2-3 mm lateral to it.

Finally, before electrodes were fixed in position, it was confirmed by recording
simultaneously from cortical and VB electrodes, that minimal evoked potentials ap-
peared at the same stimulus intensity to peripheral nerve stimulation. All electrodes
were anchored in place with dental cement along with an electrical connector for mating
cables with recording and stimulating equipment.

After completion of all behavioral trials the animals were sacrificed and VB
electrode placements were verified with routine histological procedures. A 1.5V positive
charge was applied to the electrode that had served as the cathode of the stimulating
electrode pair during the behavioral trials. The animal was then perfused with 109
formalin-1 9 potassium ferrocyanide mixture. The subsequent formation of a Prussian
blue spot at the cathode tip allowed identification of the stimulus site.

Recording procedures. Unaveraged evoked waveforms in primary somatosensory
cortex, produced by VB or peripheral nerve stimulation, were monitored daily during
the behavioral training periods to ensure that stimulating and recording conditions
remained constant. If any change was noted the animals were withdrawn from the study.
Averaging of the evoked potentials was necessary in order to obtain an accurate value
for the minimal evoked response. Recordings were made with a Tektronix 122 pre-
amplifier, the output of which was led into one channel of a Tektronix 502 oscilloscope.
The vertical deflection signal from the oscilloscope was digitized by a signal averager
(Enhancetron 1024), and the averaged signal displayed on the other oscilloscope
channel. No less than 256 responses were accumulated for each averaged record. Most
of the averaging was done at high sampling rate to resolve high frequency components.
The input band-pass filter was set at 10 or 40 kHz and the digitizing rate was 5-10 usec
per channel for 1024 channels. The early components of the cortical evoked responses
from peripheral nerve or VB were readily distinguished by this procedure. Each averaged
record was photographed or written out on an x-y plotter. Averaged records were perio-
dically obtained in the awake, unanesthetized animal to confirm threshold response
values for the evoked cortical potentials from peripheral and thalamic stimuli and to
obtain sample records of evoked waveforms associated with several stimulus intensities
used during the behavioral trials.

After completion of the behavioral trials the animals were anesthetized so that
activity from the peripheral nerve could be measured directly from the posterior division
of the brachial plexus. It was verified that the minimal stimulus value inducing a response
in peripheral nerve, also produced a minimal response from the electrodes in VB and
somatosensory cortex. From this it could be inferred that minimal cortical evoked
responses to VB stimuli represented minimal excitation of neurons near the tip of the
VB cathode.

Three of the 6 animals in the experimental series failed to meet all necessary crite-
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ria. One animal died from an unexplained cause just prior to the final control recordings;
the other 2 revealed shifting thresholds due to nerve or electrode damage and were
dropped from the series. Before these problems emerged data observed from these
animals were, for all practical purposes, identical to the results reported from the 3
animals which successfully completed the series.

Stimulation. Rigid control of stimulus conditions was an essential aspect of these
experiments. The reliability of the data points used for constructing the behavioral
response curves was, mostly, determined by the accuracy and repeatability of the stimu-
lus. The special stimulator used in this study has undergone minor design modifications
and improvements but it has the same functional principles originally described by
Mills and Swett33, The stimulator, of constant-voltage type, assured linearity of pulse
amplitude adjustment with electrode impedances as low as 50 €. Peripheral nerve
electrode impedances were usually between 500-900 Q. Thalamic electrodes had im-
pedances of 2-5 k€. At evoked response thresholds stimulus current values at VB
stimulus sites was 80-200 #A and for nerve 250-500 uA.

All stimulus pulses were rectangular and monophasic with a duration of 0.1 msec.
Behavioral data were obtained with at least two basic stimulus frequencies, low-rate
(4 Hz) and high-rate (100 Hz), and with some animals thresholds were also obtained at
other pulse rates or pulse trains of varying frequencies and durations. All averaged
evoked potential records were made at 4 Hz stimulus rates or less.

Stimulus intensities are expressed in values relative to an electrophysiological
criterion (see refs. 12 and 53) in which the relative value of 1.0 T represents the intensity
required to evoke a minimal cortical response to stimulation of VB or the contralateral
superficial radial nerve. As the cortical response foci were made to be as congruent as
possible, the minimal activity produced at 1.0 T from either stimulus site should repre-
sent comparable numbers, but not necessarily the same populations, of active neurons
at the recording site. When stimulus intensity is raised to some multiple of 1.0 T, the
electrophysiological and behavioral consequences will be nearly identical for the same
stimulus site in different animals, but when two different stimulus sites are compared,
as in the present study, one must recognize that the electrophysiological and behavioral
consequences will be different. For example, doubling stimulus intensity (2.0 T) at 4 Hz
rates at both sites will not produce the same reactions because the structures influenced
by the two stimuli will be different.

RESULTS

After an animal learned to lever-press for food rewards in response to low-intensi-
ty cutaneous nerve or VB stimulation, data were accumulated for constructing behavio-
ral response curves in order to compare sensory detection thresholds between the two
stimulus sites. VB stimulation produced behavioral response curves which differed
markedly in several respects from those obtained by cutaneous nerve stimulation. These
differences are summarized in Fig. 1.

Sensory detection thresholds occurred with cutaneous nerve stimulation at in-
tensities of, or slightly below, 1.0 T, an intensity which produces barely measurable
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Fig. 1. Comparison of behavioral response curves of the same animal in response to cutaneous nerve
(solid lines) and VB stimulation (dotted lines) at low (4 Hz = @) and high (100 Hz = O) stimulus rates.
Detection thresholds for each stimulus condition are indicated by the small arrows beneath the abscissa.
Detection was made in 90 % of the trials in the absence of electrocortical activity with low rate stimula-
tion of cutaneous nerve. VB stimulation at low rate did not produce detection until an intensity of 2.35 T,
well above values which produced evoked responses. With high-rate stimulation cutaneous detection
thresholds were not altered significantly, however, VB stimulation caused a reduction in threshold to
1.38 T. Samples of averaged evoked responses are shown at several relative intensity values. The evoked
responses at 1.5 T and 2.0 T for low-rate VB stimulation were unaccompanied by behavioral detection.
Calibration: 5 msec, 50 uV for traces recorded at intensities below 2.0 T: 100 ¢V at 2.0 T, 200 pV at
30Tand4.0T.

peripheral nerve activity and minimal evoked response activity in primary somatosen-
sory cortex as described in our previous work12. In the same animals, detection thresh-
olds resulting from VB stimulation occurred always at a stimulus intensity significantly
greater than that required to produce a cortical evoked response. In other words, as
shown by the evoked responses in Fig. 1, behavioral indication of sensory detection
with VB stimulation never occurred unless an evoked cortical response was already
clearly evident, whereas with stimulation of primary afferent fibers detection occurred
when so few fibers were activated that no electrical event could be observed in cerebral
cortex at detection threshold even if averaging methods were employed. During final
control procedures no activity could be recorded from peripheral nerves at this same
stimulus value.

The evoked responses shown in Fig. 1 were recorded at rates below 4 Hz at the
end of behavioral sessions just prior to terminal control procedures and are plotted with
arrows on the behavioral response curves to indicate the relative stimulus intensities
with which they were produced. The potentials evoked by thalamic stimuli showed cha-
racteristic brief latencies of 1-2 msec in SI cortex; the distinct potentials seen at 1.5T
and 2.0 T were not accompanied by any indication of sensory detection at 4 Hz stimulus
rates.

A significant difference was revealed in the slopes of the behavioral response cur-
ves. A small increase in stimulus intensity to the cutaneous nerve at near-threshold
values for detection caused a marked and abrupt improvement in the animal’s ability
to respond correctly to the stimuli. A comparable increase in stimulus intensity applied
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Fig. 2. Influence of stimulus rate on VB behavioral detection thresholds. The ordinate (threshold) is
scaled in relative stimulus intensity. Each curve is constructed from data of a different animal. The
dashed line on the open-circle curve denotes uncertainty of behavioral responding at 1 Hz. Increase of

stimulus rate produced a decrease in behavioral detection threshold until, at rates above 30 Hz, no
further decrease in behavioral threshold values occurred.

to VB produced a much smaller influence on the animal’s detection performance. These
results suggest that the effect of exciting a moderately large number of neurons with VB
stimulation is substantially weaker than that produced by exciting a very small popula-
tion of cutaneous primary afferent fibers.

Another important feature of the data was the effect of stimulus rate on sensory
detection threshold. Stimulus rate did not produce any significant change in sensory
detection threshold from peripheral nerve. The animal represented in Fig. 1 demonstrat-
ed a detection threshold of 0.96 T with 4 Hz stimulation of the superficial radial nerve;
with 100 Hz stimulation of the same nerve the detection threshold declined only slightly
t0 0.92 T. Temporal facilitation, produced from cutaneous primary afferent sources, had
little effect on threshold for sensory detection.

Alteration of frequency of VB stimulation produced an entirely different pheno-
menon. Low-rate stimulation (4 Hz) did not produce detection until the intensity was
2.34 T or greater, a value substantially above threshold for cortical evoked responses.
High-rate stimulation (100 Hz), on the other hand, caused the sensory detection thresh-
old to drop sharply to a value of 1.38 T. In no instance, however, did high-rate VB
stimulation, even at 300 Hz, cause the sensory detection threshold to decline to values
comparable to those produced from primary afferent fibers.

The relationship between the frequency of the VB stimulation and sensory detec-
tion threshold for two animals is shown in Fig. 2. At stimulus rates of 1 Hz or less the
animals appeared uncertain as to the nature of the sensory cues and often failed to
depress the lever even with stimulus intensities above 3.0 T. Only one of the animals
responded well enough to allow us to estimate that detection threshold occurred be-
tween 3.0 T and 3.5 T. This erratic performance decreased at rates above 4 Hz and the
animals’ behavior became more predictable. Between stimulus rates of 4 Hz and 40 Hz
sensory detection thresholds declined, this decline being most pronounced between 4 Hz
and 20 Hz. Rates above 30 Hz did not, as a rule, produce any further change in sensory
detection threshold.
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Fig. 3. Consistency of behavioral responding to thalamic stimulation of 3 animals with low- (a) and
high-rate (b) stimulation. Sensory detection thresholds for each animal are indicated by the small
arrows beneath the abscissae. Even with high-rate stimulation detection thresholds were consistently
above electrocortical response threshold, 1.0 T. This comparison illustrates that there was little differ-
ence among the animals in the pattern of responding to thalamic stimulation.

The nature of this temporal effect was investigated in more detail using brief
trains of high-frequency (100 Hz) pulses delivered once per second. Comparing these
conditions to the normal situation in which stimuli were applied to the animal continu-
ously during the duration of a trial, we found continuous rapid stmulation was not
essential to produce minimal detection thresholds. More precisely, a stimulus train of
10 pulses at 100 Hz, repeated once per second, produced detection thresholds equivalent
to any continuous stimulus rate above 30-40 Hz. A train of 5 pulses at 100 Hz, repeated
once per second, produced detection thresholds equivalent to those produced by a con-
tinuous 10 Hz stimulus. Thus, minimal sensory detection thresholds resulting from VB
stimulation required repetitive stimuli (at 30 Hz or more; for durations between 50 and
100 msecs.

Fig. 3. illustrates the advantage of using evoked response threshold as a reference
point for normalizing behavioral data. The method gives reliable and consistent results.
The behavioral curves plotted in Fig. 3 show the similarity for sensory detection
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Fig. 4. Localization of stimulus sites from histological reconstruction of electrode tip placements. A :
the large dots in ventrocaudal VB indicate the stimulus sites that were nearly identical for 2 animals X
and O in Fig. 3. The lateral electrode site was the cathode in both cases. B: electrode tip locations for
one animal (@) plotted in Fig. 3. The medial electrode tip, the cathode, was located within the medial
lemniscus (ml) and the lateral one was situated in the brachium of the inferior colliculus. Abbreviations:
cp, cerebral peduncles; fr, fasciculus retroflexus; h, habenula; lg, lateral geniculate body; Ip, nucleus
lateralis posterior; mb, mammillary body ; mc, magnocellular portion of medial geniculate body; mg,
medial geniculate body ; ml, medial lemniscus; sn, substantia nigra; vb, ventrobasal complex; zi, zona
incerta.

thresholds and behavioral response curves for 3 different animals with both low- and
high-rate stimulation parameters. One animal showed a high error rate (Fig. 3a) which
seemed not to have influenced behavioral threshold. With 4 Hz stimulation of VB (Fig.
3a) sensory detection thresholds occurred between 2.34 T and 2.55 T. The difference
between these two thresholds represents a stimulus intensity range of only 100 mV in
absolute stimulus value. The same consistency appears with high-rate stimulation (Fig.
3b), but in this situation the sensory detection thresholds dropped to values between
1.16 T and 1.38 T, a total decline of about 600-700 mV in absolute stimulus intensity.

Initial training of the animals was normally accomplished by beginning first with
peripheral nerve stimulation and then transferring the animal to VB stimulus cues. We
reasoned that prior training to cutaneous sensory cues might modify, in some unknown
manner, behavioral response characteristics or sensory detection thresholds determined
by VB stimulation at some later period in the experiment. To test this possibility, one
animal was successfully trained to respond exclusively to VB stimulation. The results
revealed that detection threshold was 2.72 T at 4 Hz and 1.29 T at 100 Hz, essentially
the same as the data shown in Fig. 3. Prior conditioning through primary afferent inputs
had no noticeable effect on the ability of a cat to respond predictably to thalamic stimu-
lation.

Stimulation of VB at 100 Hz produced behavioral response latencies similar to,
although more variable than, those obtained from cutaneous nerve. At the 4 Hz stimulus
rate the variability of the latencies increased greatly. The animals appeared to be un-
certain of the sensory cues produced by this low rate stimulation. As seen in Fig. 3, it
was not unusual for them to miss making a correct response with stimulus intensities
far above sensory detection thresholds, behavior which almost never occurred with
peripheral nerve stimulation. Other qualitative differences appeared in the animals’
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general responsiveness to peripheral nerve and VB stimuli. Stimulation of the peripheral
nerve at 4 Hz with intensities above 2.0-2.5 T caused clear-cut signs of agitation and dis-
comfort from the animal. At 100 Hz the stimulus could not be increased much above 1.3
T without causing similar aversive reactions. VB stimulation, on the other hand, never
induced any reaction that suggested discomfort or pain with stimulus intensities as high
as 7.0 T at 4 Hz or 5.0 T at 100 Hz. In contrast to reactions to peripheral stimuli, these
strong VB stimuli caused widespread electrocortical activity of large amplitude, but the
animals, if they showed any overt behavioral reaction, made only a few orienting re-
sponses.

The anatomical localization of the VB stimulating electrode placements revealed
that two of the three animals reported in this study had the electrode tips within VB
proper. Fig. 4a shows a histological reconstruction of two nearly identical electrode
placements in two animals described in these experiments. The tips of the electrode pairs
lay just rostral to the ventrocaudal boundary of VB and the magnocellular portion of
the medial geniculate body. The laterally situated electrodes of the pairs lay within the
region of VB most likely to receive input from the contralateral cuneate nucleus!1.22,
Fig. 4b illustrates the electrode locations in the other animal. The lateral electrode
placement was within the brachium of the inferior colliculus whereas the medial elec-
trode was situated within the medial lemniscus. The histological data are in close agree-
ment with the electrophysiological data collected during initial implantation of the
electrodes (see Methods) and subsequent evoked potential recordings from cerebral
cortex. Thus, the behavioral responses of the animals were nearly identical whether
stimulation was applied directly to VB or to the medial lemniscus immediately caudal
to the ventroposterior margin of VB.

DISCUSSION

The principal finding of this study is that behavioral detection of VB stimulation
occurred only if a significant amount of evoked electrocortical activity existed, whereas
detection of cutaneous nerve stimuli, measured in the same animals, invariably occurred
at intensities which activated so few cortical units that it was difficult to observe any
evidence of an electrocortical responsel2, This difference in behavioral threshold is a
constant finding and one which has interesting implications, but as stimulus intensity
was based on relative values, scaled to a minimum response at the same cortical record-
ing site, it is necessary to resolve whether the difierence is real or artifactual.

Waveform, tempora! factors, positions of cortizal foci, and inherent limitations
in resolving smal! signals all interfere with the accuracy of determining 1.0 T. The only
facior which could contribute to an apparent, rather than a real, difference in behavioral
thresholds would be preferential influence from the VB evoked response. Conversely,
this difference would tend to be reduced if the cortical recording electrode had been
overly influenced by the cutaneous response. For these reasons the cortical electrode
was first fixed into position over the forelimb focus and then the VB focus was made to
be as congruent as possible by adjusting final position and polarity of the VB electrodes.
Correct on-focus localization for cutaneous stimuli was confirmed by showing that a
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minimal cortical potential occurred at a stimulus intensity necessary for minimal activa-
tion of peripheral nervel2, As a result, it is highly unlikely that VB activation threshold
was overestimated; recording conditions, if anything, favored underestimation of be-
havioral threshold differences relative to evoked response thresholds. We conclude that
a real and significant difference exists in the amounts of electrocortical activity present
when behavioral detection threshold is attained from both stimulus sites and that estim-
ates of 1.0 T did not contain any significant errors of measurement.

Stimulation of VB in man, as in the cat, produces large-amplitude electrocortical
responses without conscious experiences28:29, In both species higher rates of stimulation
produce lower detection thresholds. Disagreement exists concerning the lowest fre-
quencies required for minimal detection thresholds in humans; rates as low as 15-20
Hz28.29 or as high as 180 Hz have been reported2. In our animals minimum detection
thresholds occurred at stimulus rates in excess of 30 Hz. At lower stimulus rates evoked
potentials became larger, and detection thresholds increased until, at rates below 2 Hz,
behavioral responding became uncertain even with stimulus intensities in excess of
7-8 T.

In man, sensations produced by VB stimulation are referenced to contralateral
somatic regions2.24,28,56, Judging by the orienting responses that appeared on the first
few stimulus presentations, this was also true for the cat. Strong VB stimulation in man
does not cause painful sensations?:28:29 and our observations in the cat agree with this.

There is disagreement about the total time that stimuli must be applied to produce
detection. In cat, isolated pulse trains (10 msec interval between pulses) of less than 100
msec in duration, are as effective in producing minimum detection thresholds as con-
tinuzous stimulation at the same rate. With train durations less than 50 msec, detection
thresholds increased. This differs from reports that stimulation of the human thalamus
must be applied for long durations (500-1000 msec) before detection occurs28.29, Albe-
Fessard et al.2, however, reported effective stimulus durations in man that were similar
to our findings. This discrepancy probably reflects differences in threshold testing
procedures and test conditions.

Stimulation of VB, compared with stimulation of peripheral nerve, required a
large range of stimulus intensities to define the behavioral response curve. The change in
electrocortical response amplitude over this range was large and suggests that sensory
cues were ill-defined. The decrease in sensory detection thresholds caused by temporal
facilitation demonstrates that sensory experience is stronger at a given stimulus value
when higher frequencies are employedl?,

We must emphasize that our procedures measure the animal’s behavioral re-
sponsiveness to the occurrence of a stimulus, i.e. detection, rather than its ability to
differentially respond to a change within the stimulus condition, i.e. discrimination.
Excitation of 1-2 axons of a cutaneous nerve is all that is required for detection to take
placel2,23,55,58 but stimulation of VB, in respect to amount of cortical activity produced,
is much less effective in both cat and man. How is the wide discrepancy between the
ability to detect VB and peripheral nerve stimulation to be explained?

Neither bilateral destruction of the dorsal columns nor, conversely, bilateral
destruction of the anterolateral columns, are able to interfere with the ability of the cat
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todetect minimal somatosensory stimuli, suggesting that the detection circuits, wherever
they may be anatomically, receive convergence actions from the medial lemniscus system
and anterolateral pathways4.18,35,36,45,46,53,59,

As VBis a site of convergence for somatosensory activity from the dorsal column
nucleiandlateral cervical nuclei®:9:11,22 but possibly not the spinothalamic pathway10.25,
it seemed a logical candidate to contain, or have access to, neural elements of the detec-
tion system. As already indicated, direct electrical stimulation of VB, in comparison
with cutaneous afferents, is relatively ineffective in causing behavioral detection. This
ineffectiveness may be a consequence of unnatural patterns of activation of thalamo-
cortical elements?4. Another possibility is that VB stimulation may elicit a powerful
inhibition from the thalamic reticular nucleus which could modify cortical input by
inhibiting thalamocortical fibers, but detection was more readily produced at higher VB
stimulus frequencies, a condition that should increase the inhibitory influence of these
fibers$2. These possibilities may not adequately explain the difference between VB and
peripheral nerve detection thresholds.

Stimulation of VB would by-pass one and possibly two stages of temporal or
spatial amplification which are presumed to influence primary afferent signals2?.31,
Lack of amplification, however, probably does not entirely account for the ineffective-
ness of VB stimulation because the amount of electrocortical activity associated with
VB detection thresholds is excessively large in comparison with the weak and often un-
observable electrocortical events accompanying detection with cutaneous stimuli.

Even if only some neurons in SI and SII were necessary to mediate detection, it
would seem reasonable to expect that VB stimulation would influence them in some
manner?1,28,32, This suggests that VB stimulation does not simply by-pass stages of
somatosensory signal amplification; it seems possible that this stimulation recruits
neural elements which anatomically by-pass the detection circuits.

Activation of VB, or fibers of the medial lemniscus, produced detection in a con-
sistent manner with comparable multiples of 1.0 T at specific stimulus rates in different
animals. If detection had resulted from spread of current to neighboring, non-somes-
thetic circuits more variation in VB detection thresholds would have been expected.
Even if detection was due to stimulus spread it does not adequetely explain why VB
activation did not result in detection. In a parallel series of yet unpublished observa-
tions, stimulation of the thalamic nucleus just rostral to VB (VL) produced consistent-
ly higher detection thresholds than those produced from VB. We infer the possible exist-
ence of some subcortical structure stimulation of which will produce detection in the
absence of electrocortical activity.

It is conceivable that cerebral cortex may not have any, or perhaps only a limited,
involvement in detection. Behavioral studies suggest that destruction of either primary
(SI) or secondary (SII) cortical somatosensory projection zones, and sometimes both,
cause little or no change in sensory detection thresholds although performance on tasks
requiring certain kinds of discriminations may be impaired3.7,15.20,37,41 While SI or
SII may be able to mediate some functions of somesthesia5! they seem unessential for
detection to occur. The same appears to be true of the primary auditory and visual
cortices!4.52:57_In addition, studies of single units in VB, and in its cortical projections,
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also raise questions about the role of SI in detection. 1t seems unlikely that neurons re-
ceiving convergent actions of cutaneous and muscle afferent inputs39,43.49,53,54 are part
of the detection circuit because the latter inputs do not produce detectionl953, These
data demonstrate that many neurons in VB, as well as its projection zone in cerebral
cortex, may have nothing to do with sensory detection.

If cerebral cortex is not directly involved then what structures might mediate
detection?

The isolated dorsal column preparation gives rise to normal detection thresholds
with minimal cortical involvement35 while stimulation of VB produces detection only
when marked cortical activity is present. This suggests that detection may be a conse-
quence of the anatomical connections of the medial lemniscus with subcortical structu-
tures other than VB. A related concept was advanced by Liu et al.30 based on spinal
and brain stem lesion studies. Fibers of the medial lemniscus are known to project in
significant numbers, not only to VB, but also to the zona incerta, medial portion of the
medial geniculate body, superior and inferior colliculi and other brain stem and thala-
mic nuclei’-11.42, Detection of VB stimuli may have resulted from antidromic activation
of collaterals of the medial lemniscus. If these collaterals require higher stimulus in-
tensities for activation than the cortically projecting fibers, this may explain why
thalamically evoked detection consistently occurred at stimulus intensities well above
threshold for evoked cortical responses.

Low rate stimulation of VB probably influenced a spatially and numerically
restricted subset of medial lemniscus fibers and their collaterals with the possible con-
sequences that inputs to the detection circuits were insufficient to cause detection as
readily as very small inputs through primary afferent channels. High rate stimulation,
which was much more effective for detection, may have served to partly restore the
temporal facilitation that occurs in discharges of medial lemniscus fibers following a
brief afferent volley.

It cannot be excluded that the detection process is influenced by somatosensory
cortex. Cerebral cortex certainly appears to be involved in processing complex dis-
criminations, but evidence also suggests that large numbers of cortical neurons are not
involved in any direct manner in mediating detection. On the basis of available data it
seems to us more likely that detection results from neural activity in subcortical struc-
tures, other than VB and its cortical projections, which receive convergent influences
from the DC-ML system and the anterolateral pathways.

ACKNOWLEDGEMENTS

Research supported by USPHS Grants NS07949, NS07493, NB02289, and
Canadian MRC MA4112.

We wish to thank Drs. Richard T. Robertson, Leonard M. Kitzes, Robert W.
Doty, and Richard F. Thompson for their helpful comments and suggestions.



326

REFERENCES

1

2

(9% )

W

~

10

—

12

13

14

2

—

22

23

24

25

26

Albe-Fessard, D., Organization of somatic central projections. In W. D. Neff (Ed.), Contributions
to Sensory Physiology, Vol. 2, Academic Press, New York, 1967, pp. 101-167.

Albe-Fessard, D., Arfel, G., Derome, P. and Dondey, M., Electrophysiology of the human thalamus
with special reference to trigeminal pain. In R. Hassler and A. E. Walker (Eds.), Trigeminal Neural-
gia, George Thieme Verlag, Stuttgart, 1970, pp. 139-148.

Allen, W. F., Effects of partial and complete destruction of the tactile cerebral cortex on correct
conditioned differential foreleg responses from cutaneous stimulation, Amer. J. Physiol., 151 (1947)
325-337.

Azulay, A. and Schwartz, A. S., The role of the dorsal funiculus of the primate in tactile discrimina-
tion, Exp. Neurol., 46 (1975) 315-332.

Baleydier, C. and Mauguiere, F., Projections of the ascending somesthetic pathways to the cat
superior colliculus visualized by horseradish peroxidase technique, Exp. Brain Res., 31 (1978) 43-50.
Beck, C. H., Dual dorsal columns: a review, Canad. J. neurol. Sci., 3 (1976) 1-7.

Benjamin, R. M. and Thompson, R. F., Differential effects of cortical lesions in infant and adult
cats on roughness discrimination, Exp. Neurol., 1 (1959) 305-321.

Berkley, K. J., Response properties of cells in ventrobasal and posterior group nuclei of the cat,
J. Neurophysiol., 36 (1973) 940-952.

Boivie, J., The termination of the cervicothalamic tract in the cat. An experimental study with silver
impregnation methods, Brain Research, 19 (1970) 333-360.

Boivie, J., The termination of the spinothalamic tract in the cat. An experimental study with silver
impregnation methods, Exp. Brain Res., 112 (1971) 331-353.

Boivie, J., The termination in the thalamus and the zona incerta of fibres from the dorsal column
nuclei (DCN) in the cat. An experimental study with silver impregnation methods, Brain Research,
28 (1971) 459-490.

Bourassa, C. M. and Swett, J. E., Sensory discrimination thresholds with cutaneous nerve volleys
in the cat, J. Neurophysiol., 30 (1967) 515-529.

Brown, A. G., Ascending and long spinal pathways: dorsal columns, spinocervical tract and spino-
thalamic tract. In A. Iggo (Ed.), Handbook of Sensory Physiology, Somatosensory System, Vol. I,
Springer-Verlag, Berlin-Heidelberg-New York, 1973, pp. 315-338.

Cranford, J., Auditory cortex lesions and brief tone audiometry in cats: evidence for disassociation
between detection and discrimination abilities, Neurosci. Abstr., 4 (1978) 6.

Dobrzecka, C., Konorski, J. and Stepién, L. et al., The effects of the removal of the somatosensory
areas I and II on left leg-right leg differentiation to tactile stimuli in dogs, Acta neurobiol. exp.
(Warsz.), 32 (1972) 19-33.

Doty, R. W., Electrical stimulation of the brain in behavioral context, Ann. Rev. Psychol., 20 (1969)
289--320.

Emmers, R., Modifications of sensory modality codes by stimuli of graded intensity in the cat
thalamus, Brain Research, 21 (1970) 91-104.

Frommer, G. P., Trefz, B. R. and Casey, K. L., Somatosensory function and cortical unit activity
in cats with only dorsal column fibers, Exp. Brain Res., 27 (1977) 113-129.

Giaquinto, S., Pompeiano, O. and Swett, J. E., EEG and behavioral effects of fore- and hindlimb
muscular afferent volleys in unrestrained cats, Arch. ital. Biol., 101 (1963) 133-148.

Glassman, R. B. and Glassman, H. N., Distribution of somatosensory and motor behavioral
function in cat’s frontal cortex, Physiol. Behav., 18 (1977) 1127-1152.

Hand, P. J. and Morrison, A. R., Thalamocortical projections from the ventrobasal complex to
somatic sensory areas I and I, Exp. Neurol., 26 (1970) 291-308.

Hand, P. J. and van Winkle, T., The efferent connections of the feline nucleus cuneatus, J. comp.
Neurol., 171 (1977) 83-110.

Hensel, H. and Boman, K. K. A., Afferent impulses in cutaneous sensory nerves in human subjects,
J. Neurophysiol., 23 (1960) 564-578.

Jasper, H. and Bertrand, G., Thalamic units involved in somatic sensation and voluntary and in-
voluntary movements in man. In D. P. Purpura and M. D. Yahr (Eds.), The Thalamus, Columbia
University Press, New York, 1966, pp. 365-390.

Jones, E. G. and Burton, H., Cytoarchitecture and somatic sensory connectivity of thalamic nuclei
other than the ventrobasal complex in the cat, J. comp. Neurol., 154 (1974) 395-432.

Jones, E. G. and Powell, T. P. S., The cortical projection of the ventroposterior nucleus of the thala-
mus in the cat, Brain Research, 13 (1969) 298-318.



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

a4

45

46

47

4

(=]

49

50

5

—

52

53

327

Krnjevic, K. and Morris, M. E., Input-output relation of transmission through cuneate nucleus,
J. Physiol. (Lond.), 257 (1976) 791-815.

Libet, B., Alberts, W. W., Wright, E. W. Jr. and Feinstein, B., Cortical and thalamic activation in
conscious sensory experience. In G. G. Somjen (Ed.), Neurophysiology Studied in Man, Excerpta
Medica, Amsterdam, 1972, pp. 157-168.

Libet, B., Alberts, W. W., Wright, E. W, Jr., Lewis, M. and Feinstein, B., Cortical representation
of evoked potentials relative to conscious sensory responses, and of somatosensory qualities in man,
In: H. H. Kornhuber (Ed.), The Somatosensory System, Thienic Ed., Publishing Sciences Group,
Acton, Mass., 1975, pp. 291-308.

Liu, C.N., Yu, J., Chambers, W. W. and Ha, H., The role of the medial lemniscal and spinocervico-
thalamic pathways on tactile reactions in cats, Acta neurobiol. exp. ( Warsz.), 35 (1975) 149-157.
Mann, M. D., Kasprzak, H., Hiltz, F. L. and Tapper, D. N., Activity in single cutaneous afferents:
spinal pathways and cortical evoked potentials, Brain Research, 39 (1972) 61-70.

Manson, J., The somatosensory cortical projection of single nerve cells in the thalamus of the cat,
Brain Research, 12 (1969) 489-492.

Mills, L. W. and Swett, J. E., Precise control of stimulation parameters in low impedance conditions,
J. appl. Physiol., 20 (1965) 334-338.

Mountcastle, V. B. and Darian-Smith, I., Neural mechanisms in somesthesia. In V. B. Mountcastle
(Ed.), Medical Physiology, Vol. 2,12 ed., C. V. Mosby, St. Louis, Mo., 1968, pp. 1372-1423.
Myers, D. A., Hostetter, G., Bourassa, C. M. and Swett, J. E., Dorsal columns in sensory detection,
Brain Research, 70 (1974) 350-355.

Norrsell, U., The spinal afferent pathways of conditioned reflexes to cutaneous stimuli in the dog,
Exp. Brain Res., 2 (1966) 269-282.

Norrsell, U., Sensory defects caused by lesions of the first (SI) and second (SI1I) somatosensory areas
of the dog, Exp. Brain Res., 32 (1978) 181-196.

Norton, A. C. and Kruger, L., The Dorsal Column System of the Spinal Cord, an updated review,
U.C.L.A. Brain Information Service, Los Angeles, Calif., 1970.

Oscarsson, O., Rosén, I. and Sulg, 1., Organization of neurons in the cat cerebral cortex that are
influenced from group I muscle afferents, J. Physiol. (Lond.), 183 (1966) 189-210.

Pompeiano, O. and Swett, J. E., EEG and behavioral manifestations of sleep induced by cutaneous
nerve stimulation in normal cats, Arch. ital. Biol., 100 (1962) 311-342.

Randolph, M. and Semmes, J., Behavioral consequences of selective subtotal ablations in the post-
central gyrus of Macaca mulatta, Brain Research, 70 (1974) 55-70.

Robards, M. J., Watkins, D. W. and Masterton, R. B., An anatomical study of some somesthetic
afferents to the intercollicular terminal zone of the midbrain of the opossum, J. comp. Neurol.,
170 (1976) 499-524.

Rosén, 1., Excitation of group I activated thalamocortical relay neurones in the cat, J. Physiol.
(Lond.), 205 (1969) 237-255.

Schlag, J. and Villablanca, J., A quantitative study of temporal and spatial response patterns in a
thalamic cell population electrically stimulated, Brain Research, 8 (1968) 255-270.

Schwartz, A. S., Eidelberg, E., Marchok, P. and Azulay, A., Tactile discrimination in the monkey
after section of the dorsal funiculus and lateral lemniscus, Exp. Neurol., 37 (1972) 582-596.
Schwartzman, R. J. and Bogdonoff, M. D., Proprioception and vibration sensibility discrimination
in the absence of the posterior columns, Arch. Neurol. ( Chicago), 20 (1969) 349-354.

Semmes, J., Protopathic and epicritic sensation: a reappraisal. In A. L. Benton (Ed.), Contributions
to Clinical Neuropsychology, Aldine, Chicago, 1969, pp. 142-171.

Semmes, J., Somesthetic effects of damage to the central nervous system. In A. Iggo (Ed.), Handbook
of Sensory Physiology, Somato-Sensory System, Vol. II, Springer-Verlag, Berlin-Heidelberg-New
York, 1973, pp. 719-742.

Silfvenius, H., Properties of cortical group I neurons located in the lower bank of the anterior
suprasylvian sulcus of the cat, Acta physiol. scand., 84 (1972) 555-576.

Snider, R. S. and Niemer, W. T., 4 Stereotaxic Atlas of the Cat Brain, The University of Chicago
Press, Chicago, 1961.

Sperry, R. W., Preservation of high-order function in isolated somatic cortex in callosum-sectioned
cat, J. Neurophysiol., 22 (1959) 78-87.

Sprague, J. M., Levy, J., Di Berardino, A. and Berlucchi, G., Visual cortical areas mediating form
discrimination in the cat, J. comp. Neurol., 172 (1977) 441-488.

Swett, J. E. and Bourassa, C. M., Comparison of sensory discrimination thresholds with muscle
and cutaneous nerve volleys in the cat, J. Neurophysiol., 30 (1967) 530-545.



328

54

55

56

57

58

59

60

61
62

Swett, J. E. and Bourassa, C. M., Short latency activation of pyramidal tract cells by group I
afferent volleys in the cat, J. Physiol. (Lond.), 189 (1967) 101-117.

Tapper, D. N., Behavioral evaluation of the tactile pad receptor system in hairy skin of the cat,
Exp. Neurol., 26 (1970) 447-459.

Tasker, R. R.and Organ, L. W., Mapping of the somatosensory and auditory pathways in the upper
midbrain and thalamus of man. In G. G. Somjen (Ed.), Neurophysiology Studied in Man, Excerpta
Medica, Amsterdam, 1972, pp. 169-187.

Thompson, R. F., Role of cortical association fields in auditory frequency discrimination, J. comp.
physiol. Psychol., 57 (1964) 335-339.

Vallbo, A. B. and Johansson, R., In Y. Zotterman (Ed.), Skin Mechanoreceptors in the Human
Hand: Neural and Psychophysical Thresholds, Wenner-Gren, Int. Symposium.

Vierck, C. J. Jr., Absolute and differential sensitivities to touch stimuli after spinal cord lesions in
monkeys, Brain Research, 134 (1977) 529-539.

Wall, P. D., The sensory and motor role of impulses traveling in the dorsal columns towards cere-
bral cortex, Brain, 93 (1970) 505-524.

Wall, P. D. and Dubner, R., Somatosensory pathways, Ann. Rev. Physiol., 34 (1972) 315-336.
Yingling, C. D. and Skinner, J. E., Gating of thalamic input to cerebral cortex by nucleus reticularis
thalami. In J. E. Desmedt (Ed.), Progress in Clinical Neurophysiology, Vol. 1, Karger, Basel,
Switzerland, 1977, pp. 70-96.





