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It has been demonstrated that electrical 
stimulation of the dorsal columns of the 
spinal cord diminish the severity of pain in 
animals ( 1 )  and patients (2). Since the 
dorsal columns contain fibers which are 
relatively large in diameter, this observa- 
tion appeared compatible with the hypothe- 
sis that large-diameter aff erents activate a 
“gate control mechanism” ( 3 )  which deter- 
mines the activity level of the spinothalamic 
tracts. Although the firing rate of certain 
cells in the spinal cord can be suppressed 
by stimulation of the dorsal columns (4), 
there is no definitive evidence that these 
are the cells of origin for the spinothalamic 
tracts. In fact, considerable uncertainty 
exists about the exact location of the spino- 
thalamic transmission or T-cells. Some 
authors (4, 5) place them in laminae IV 
and V of Rexed (6),  others (7) place them 
in laminae VI and VII. It is possible that 
these cells are not confined to any particu- 
lar laminae of the spinal cord ( 8 ) .  More- 
over, laminae IV-VII contain cells which 
give rise to other than spinothalamic tracts 
(9). Since, therefore, the spinothalamic 
T-cells cannot be identified by their ana- 
tomical location or by their response to 
peripheral stimulation, the use of some other 
method than those used previously for 
studying the dorsal column influence on the 
spinothalamic system appeared to be indi- 
cated. The design of such a method was 

1 Aided in part by grant NS-03266 from the Na- 
tional Institute of Neurological Diseases and 
Stroke, NIH. 

made possible by the findings of several 
recent studies (10, 11,  12). These (a) 
described the thalamic termination sites of 
the spinothalamic tracts, (b) outlined a 
procedure for a functional localization of 
these termination sites in reference to the 
two regions (SI and SII) of the somesthetic 
thalamus, and (c) localized a synaptic 
junction between certain collaterals of the 
dorsal column fibers and the T-cells of the 
spinothalamic tracts. Since activation of the 
thalamic SII from peripheral receptors must 
pass via the spinocervicothalamic pathway 
(SCP) or via the spinothalamic tract (STT, 
Fig. l ) ,  sectioning of the SCP should leave 
the T-cells of the STT as the sole relay of 
afferent excitations. Under these circum- 
stances, stimulation of the dorsal columns 
(DC) prior to stimulation of the peripheral 
receptors should modify the firing of the 
spinothalamic T-cells. This in turn should 
be reflected in the evoked activity of the 
cells in SII. 

Experiments of this design were carried 
out to answer the following questions: (a) 
Is afferent transmission via the STT to SII 
modified by a prior stimulation of the dorsal 
columns? (b) What is the duration of such 
a modification when a single stimulus is 
used to activate the dorsal column fibers? 
(c) Does the influence of the dorsal col- 
umns on the spinothalamic T-cells differ 
from such an influence on the T-cells of 
the SCP? 

Materials and Methods. Twenty-three al- 
bino rats weighing over 500g were used 
for the experiments. Animals of this size 
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FIG. 1. A portion of a horizontal section of 
the spinal cord, the lower medulla, and the thala- 
mus of a rat. The stimuli (S) were applied to 
sites 1 and 2 alone, or in combination with 
mechanical (tactile S) stimulation of the foot or 
electrical stimulation of the sciatic nerve to obtain 
responses in the thalamic regions SI and SII. DC, 
dorsal columns; GN, gracile nucleus; LCN, lateral 
cervical nucleus; SCP, spinocervical pathway; 
STT, spinothalamic tract; T, T-cells of the SCP 
and STT. 

appeared to be less sensitive to barbiturate 
anaesthesia (45 mg/kg body wt) thlan ani- 
mals of smaller size, and they survived the 
surgery without difficulty. A small open- 
ing was made in the skull at the intersection 
of coordinates placed 3.5 mm posterior to 
the bregma and 3.0 mm to the right of the 
midline. A laminectomy was performed to 
open the upper 3 vertebrae in the cervical 
region and the 8th, 9th, and 10th vertebrae 
in the thoracic region of the spinal cord. 
After the head of the animal was placed 
in the Stoelting Quadruple Stereotaxic In- 
strument, a steel microelectrode with a tip 
diameter of 10 pm was advanced with a 
micromanipulator to reach the hind leg 
projection region within the thalamic SI or 
SII. The method for localization of these 
regions has been described previously ( 12). 
It involves the mapping of peripheral pro- 
jection fields for neurons of the somesthetic 
thalamus as the recording electrode is 
advanced ventrally in 0.3-mm steps (1 1). 
In SII the peripheral projection fields shift 

from snout to the front leg and finally to 
the hind leg, whereas in SI the neurons with 
their peripheral projection fields on the 
hind leg are encountered as soon as the 
recording electrode reaches the somesthetic 
thalamus. This region is situated approxi- 
mately 1.2 mm rostrad and 0.2 mm medial 
to the hind leg projection region of SII. 
Mechanical and electrical stimuli were used. 
The mechanical stimuli were delivered to 
the skin with a rod encased in plastic. This 
rod could be moved electromagnetically by 
a trigger pulse in synchrony with the trig- 
gering of a Tektronix 502 oscilloscope. 
Another steel electrode, approximately 100 
pm in tip diameter, was lowered under 
direct visual observation with a micro- 
manipulator onto the gracile f asciculus ap- 
proximately 3 mm caudad to the gracile 
nucleus. This was the site for stimulation 
of the dorsal column$ as indicated diagram- 
matically in Fig. 1. Single pulses from a 
Grass S8 stimulator at 0.1-msec duration 
and 2.0 V were adequate to activate neurons 
in the hind leg projection region of SI via 
the gracile nucleus and those of SII via the 
spinal cord T-cells. 

In four experiments afferent volleys were 
sent to the spinal T-cells of the SCP or the 
STT by applying single electrical pulses 
once every 2 sec to the sciatic nerve. The 
stimulus intensity (15 V, 0.5 msec) was 
adjusted to maximal; a further increase in 
the intensity of stimulation did not change 
the magnitude of the response. These experi- 
ments were performed to compare the ef- 
fect of the gracile fasciculus stimulation on 
the excitation of the T-cells by two types 
of afferent volleys: one involving only those 
fibers which can be activated by light touch, 
the other involving the entire fiber spectrum 
of the sciatic nerve. Moreover, to keep 
synaptic excitability at a relatively high 
.level, .a mixture of urethane (400 mg/kg) 
and chl'oralose (40 mg/kg body wt) was 
used to anaesthetize these animals. 

Results. As shown in Fig. 2Aa, mechani- 
cal stimulation of the animal's foot contra- 
lateral to the recording site in thalamic SI 
evoked multiunit activity with a latency of 
10-12 msec. In this particular record the 
stimulus was delayed 50 msec, A nearly 
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identical response could be evoked in this 
thalamic region at a latency of 3 msec by 
applying an electrical pulse to the gracile 
fasciculus (Fig. 1, site 1 ) .  After this initial 
testing, the stimulus to the gracile fasciculus 
and the mechanical stimulus to the foot 
were applied at interstimulus intervals rang- 
ing from 0 to 200 msec. 

No interference to the response evoked 
by the mechanical stimulus occurred when 
the electrical stimulus preceded the me- 
chanical stimulus by more than 15 msec 
(Fig. 2Ab). At shorter than 15-msec inter- 
vals the conduction of the mechanical ex- 
citation encountered some interference in 
this pathway, and, depending on the inten- 
sity of the electrical pulse, responses to 
the mechanical stimulation were reduced in 
amplitude to zero. 

Following this series of manipulation, the 
recording microelectrode was repositioned 
in the hind leg projection region of thalamic 
SII. Both electrical and mechanical stimuli 
were applied to the same sites and in the 
same manner as it was done while record- 
ing from SI. The records obtained from SII, 
however, differed conspicuously from those 
of SI. 

A single mechanical stimulus applied to 
the animal’s foot contralateral to the re- 
cording site in thalamic SII evoked multi- 
unit activity with a latency of 18-22 msec 
(Fig. 2Ac). When this mechanical stimulus 
was preceded by an electrical pulse applied 
to the gracile fasciculus in the range of 
interstimulus intervals between 0 and 200 
msec, the following sequence of events oc- 
curred. With an interstimulus interval from 
0 to approximately 8 msec, the response 
evoked by the electrical stimulus was ex- 
tended in duration by the response to 
the mechanical stimulus. Apparently, the 
T-cells, having been excited by action po- 
tentials induced antidromically in the gracile 

fasciculus, continued to be excited by action 
potentials which arrived orthodromically 
over some fibers of the sciatic nerve (Fig. 
1) .  When the two stimuli were separated 
by a longer than 8-msec interval, the re- 
sponse showed two activity peaks. These 
became clearly separate responses at 10-1 5- 
msec interstimulus intervals. With longer 
than 15-msec intervals the response to the 
mechanical stimulus began to diminish in 
amplitude, and at interstimulus intervals 
between 25 and 60 msec it was abolished. 
Such an inhibition of the response to the 
mechanical stimulus at a 40-msec inter- 
stimulus interval is shown in Fig. 2Ad. 
Beyond 60-msec interstimulus separation, 
the response to the mechanical stimulus be- 
gan to break through the inhibition, and 
at the interval of 200 msec no inhibition 
could be detected. 

As the recording was done from cells 
located in the thalamic SII, inhibition of 
the response to mechanical stimulation 
could have taken place not only at the 
T-cells of the spinal cord but also at the 
cells of the thalamus. If inhibition were 
induced at the thalamic level, then dual 
stimuli applied to the SCP and the STT in 
the lower medulla at site 2 of Fig. 1 should 
reveal such an inhibition. However, the 
response evoked in the thalamic SII by the 
second electrical pulse (Fig. 2Ba) was not 
altered by the first (Fig. 2Bb) at any of 
the interstimulus intervals which showed 
inhibition when the stimuli were applied to 
the gracile fasciculus rand the foot of the 
animal. Moreover, at these interstimulus 
intervals no inhibition was observed of the 
SII response evoked by mechanical stimu- 
lation of the animal’s foot (Fig. 2Bc) when 
it was preceded by electrical stimulation 
(Fig. 2Bd) of site 2 of Fig. 1. Therefore, 
inhibitory mechanisms which abolished the 
response in SII to the mechanical stimulus 

FIG. 2. Multiunit activity evoked in the rat thalamus. Stimulus artifacts are indicated by 
circles. Aa, stimulation: foot; recording: SI. Ab, stim.: site 1 of Fig. 1,  then foot; rec.: SI. 
Ac, stim.: foot; rec.: SII. Ad, stim.: site 1 of Fig. 1, then foot; rec.: SII. Ba, stim.: site 2 of 
Fig. 1, rec.: SII. Bb, stim.: site 2 of Fig. 1,  then repeat; rec.: SII. Bc, stim.: foot; rec.: SII. 
Bd, stim.: site 2 of Fig. 1,  then foot; rec.: SIT. Ae, stim.: sciatic nerve, rec.: SII. SCP was 
cut. Be, stim.: site 1 of Fig. 1, then sciatic nerve, rec.: SII. SCP was cut, Calibration lines at 
Ba: horizontal, 50 msec; vertical, 0.4 mV. 
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with a prior stimulation of the gracile 
fasciculus must reside at the junction be- 
tween the collaterals of the gracile fascicu- 
lus of the dorsal columns, the T-cells, and 
the peripheral afferents to the T-cells. 

After these results were obtained, a hemi- 
section of the spinal cord was made at Th 9 
ipsilaterally to the recording site in 6 of the 
23 preparations. This eliminated. the input 
into the thalamic SII via the STT. In four 
others the SCP was interrupted by cutting 
the dorsolateral funiculus contralateral to 
the recording site with a microdissecting 
hook at Th 9. Pairing of the electrical and 
mechanical stimuli was then resumed to 
determine whether inhibition had remained 
functional in the pathway left intact. Al- 
though the surgery tended to reduce the 
number of units which participated in the 
response, the onset and the duration of 
the inhibitory period were the same as in 
the intact animal. Moreover, there was no 
difference in the characteristics of inhibi - 
tion at the T-cells of the SCP as compared 
to inhibition at the T-cells of the ST7'. 

With 4 of the 23 preparations electrical 
stimulation of the sciatic nerve was used as 
an alternate method to excite the spinal 
T-cells. In two of these the STT was sec- 
tioned; in the others, the SCP was inter- 
rupted. The sciatic nerve was exposed at 
the hip, and neurons in the thalamic SII 
were localized which responded to pinch- 
ing of the animal's toes with a series of 
burst-like firing. The sciatic nerve was 
placed between two Ag-AgC1 wires sepa- 
rated by approximately 2 mm, and the 
nerve was ligated and cut peripherally. The 
electrical pulses evoked multiunit activity 
(Fig. 2Ae) which had a longer duration 
than the response evoked by the mechani- 
cal stimulus (Fig. 2Ac). Stimulation of the 
gracile fasciculus prior to the stimulation 
of the sciatic nerve by electrical pulses ad- 
justed to maximal intensity for both (Fig. 
2Be) abolished responses to the sciatic 
nerve stimulation. The interstimulus inter- 
vals at which total inhibition took place 
were the same (20-60 msec) for T-cells of 
SCP and STT, and differed little from that 
observed with mechanical stimulation of 
the animal's foot. 

Discussion. Results of this study provide 
a definitive experimental evidence for the 
existence of a delayed postexcitatory inhibi- 
tion at the T-cells of the S I T  and SCP. 
Although the existence of such an inhibi- 
tion was postulated in part some time ago 
(3 ) ,  its testing was delayed by lack of an 
adequate experimental design. Sampling of 
the activity of the spinal T-cells has been 
achieved in several studies (4, 5, 13) but 
their central projection sites remained ob- 
scure. Although certain criteria were em- 
ployed to identify the T-cells which give 
rise to the SCP (13), the criteria were 
inadequate to separate these T-cells from 
others which form the dorsal spinocerebellar 
tract (9).  Since in the present study the 
activity of the STT and SCP was followed 
in separate pathways up to the thalamus, 
the chance that excitation was transmitted 
to the recording sites by other than the 
T-cells of these tracts was obviated. As 
indicated, the transmission of the excitations 
was possible only during a relatively short 
period of time. Within 25 msec a severe 
inhibition developed. It must be remem- 
bered, however, that this inhibition was in- 
duced by simultaneous excitation of very 
many fibers of the dorsal columns. Under 
natural conditions activation of these fibers 
is asynchronous, and, therefore, it is less 
likely that such an inhibition will stop all 
firing of the T-cells. It is more reasonable 
to think that the effect of this inhibition is 
expressed in a reduction in the probability 
of the T-cell firing soon after their excita- 
tion via the dorsal column collaterals had 
taken place. Accordingly, burst-like activity 
should be particularly affected by the con- 
tinuous reduction of firing probability. Since 
the number of spikes in burst-like firing is 
related to stimulus intensity (14), the con- 
comitant sensory experience should become 
less intense. Consequently, it is relatively 
easy to understand how additional activity 
induced in the dorsal column collaterals by 
electrical stimulation (2) would result in a 
lesser activity of the STT. Moreover, since 
inhibition was found to exist at the T-cells 
which transmit excitations from whatever 
fiber types there are within the sciatic nerve, 
such a reduction in the activity of the SCP 
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and STT should induce not only analgesia 
but a local anaesthesia. 

In this connection, it is interesting to note 
that inhibition at the first synaptic relay 
has been found to exist also in the tri- 
geminal nuclei (15) and the duration of 
this inhibition is the same for many differ- 
ent sensory modalities. A similar phenome- 
non has been described with the gracile 
nucleus (16). The fact that it was not 
detected in the present study might have 
been due to the method used for the stimu- 
lation of the gracile fasciculus. An electri- 
cal pulse was applied in very close prox- 
imity to the synaptic junctions of the 
gracile nucleus. This might have disrupted 
the sequence of synaptic involvement neces- 
sary for the development of such an inhibi- 
tion. The simple failure to excite neurons 
in the thalamic SI by peripheral stimula- 
tion within 15 msec after the stimulation 
of the gracile fasciculus was most likely 
due to the refractoriness of the gracile fas- 
ciculus fibers during their conduction of 
action potentials antidromically into the 
endings of the sensory receptors. Such an 
initial 15-msec inhibition can exist only 
under the specific technical arrangement 
of the experiments, and, therefore, it has 
no general physiological significance. On 
the other hand, inhibition at the synaptic 
junctions of the T-cells does not appear 
to be dependent upon the method of stimu- 
lation; it suggests the existence of a col- 
lateral circuit to the T-cells. An approxi- 
mately 15-msec delay is imposed on action 
potentials which reach the T-cells via this 
collateral circuit. The last neuron in this 
circuit must be an inhibitory interneuron. 
The inhibition of the T-cells reaches its 
peak at approximately 25 msec following 
the activation of the collateral circuit. 

The fact that inhibition at the first 
synaptic relay of a sensory path is a rather 
common finding renders it unlikely that the 
inhibition observed at the T-cells of the 
STT represents a unique coding mechanism 
for pain. If such a coding exists, as believed 
by some authors (4), it most likely repre- 
sents only the first step in a more complex 
coding process. This process which should 
lead to the differentiation of somatic sen- 

sory modalities must take place at some 
other level of the central nervous system 
than the spinal cord or the medulla. The 
fact that separate and unique pulse codes 
exist for each modality of lingual afferents 
which are completed at the thalamic level 
( 17) leads one to think that a similar 
process might take place with the coding 
of pain in the thalamic SII. 

Summary. Rats were used to study the 
influence of dorsal column stimulation on 
the activity of those spinal cord cells which 
transmit peripheral excitations to the 
somesthetic thalamus via the spinothalamic 
tract (STT) and the spinocervicothalamic 
pathway (SCP). Since both of these paths 
terminate in the thalamic SII, separate 
transection of one of them left the other 
as the sole path of afferent excitations for 
reaching the thalamic recording site. This 
experimental design eliminated the uncer- 
tainty about the anatomical identity of the 
spinal cord transmission cells studied in 
experiments reported previously. Single elec- 
trical pulses applied to the gracile fascicu- 
lus of the dorsal columns inhibited the 
transmission of afferent activity via the 
SCP and STT when these pulses preceded 
the initiation of the afferent activity by 15- 
200 msec. This inhibition is most likely 
the basis for analgesia induced in patients 
by electrical stimulation of their dorsal col- 
umns. Since, however, a delayed postexcit- 
atory inhibition has been recently observed 
to exist at the first synaptic relay of several 
sensory modalities, it is unlikely that the 
inhibition which exists at the T-cells of the 
STT represents a unique mechanism for 
the coding of pain. It is more reasonable to 
think that such a coding takes place at the 
thalamic level. 

1. Shealy, C. N., Taslitz, N., Mortimer, J. T., 
and Becker, D. P., Paper presented at Harvey 
Cushing Society, St. Louis, April 18-21, 1966. 

2. Nashold, B. S., and Friedman, H., J.  Neuro- 
surg. 36, 590 (1972). 

3. Melzack, R., and Wall, P. D., Science 150, 
971 (1965). 

4. Hillman, P., and Wall, P. D., Exp. Brain 
Res. 9, 284 (1969). 

5. Wall, P. D., in “Progress in Brain Research” 



1316 INHIBITION AT THE SPINOTHALAMIC TRACT 

(J. C. Eccles and J. P. Schade, eds.), Vol. 12, 
p. 92. Elsevier, Amsterdam ( 1964). 

6. Rexed, B. J., J. Comp. Neurol. 96, 415 
( 1952). 

7. Szentagothai, J., in “Progress in Brain Re- 
search” (J. C. Eccles and J. P. Schade, eds.), 
Vol. 12, p. 177. Elsevier, Amsterdam (1964). 

8. Dilly, P. N., Wall, P. D., and Webster, K., 
Exp. Neurol. 21, 550 (1968). 

9. Oscarsson, O., in “Progress in Brain Re- 
search’ (J. C. Eccles and J. P. Schade, eds.), 
Vol. 12, p. 164. Elsevier, Amsterdam (1964). 

10. Emmers, R., and Crandall, K., The Physi- 
ologist 9, 176 (1966). 

11. Emmers, R., J. Comp. Neurol. 124, 215 
(1965). 

12. Tomasulo, K. C., and Emmers, R., Exp. 
Neurol. 26, 482 (1970). 

13. Hongo, T., Jankowska, E., and Lundberg, 
A., J. Physiol. (London), 199, 569 (1968). 

14. Rose, J. E., and Mountcastle, V. B., in 
“Handbook of Physiology” (J. Field, ed.), Vol. 
1, p. 387. Williams and Wilkins, Baltimore (1959). 

15. Emmers, R., and Sekaer, C., Fed. Proc. 
32, 340 (1973). 

16. Gordon, G., and Jukes, M. G. M., J. 
Physiol. (London) 173, 263 (1964). 

17. Emmers, R., Brain Res. 21, 91 (1970). 

Received Oct. 24, 1973. P.S.E.B.M., 1974, Vol. 145. 


