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ABSTRACT

Chloralosed cats were used to study the interaction
of the dorsal column-medial lemniscal (DCML) and anterolateral
(ALC) column systems on single neurons in the VPL nucleus of
the thalamus. Complete seperation of the two systems was
accomplished by section of the dorsal and dorsolateral columns
at a level just rostral to C1. Peripheral stimulation of the
four paws evoked activity in VPL through the ALC system.
Localized stimulation of the dorsal columns above the cut
evoked activity through the DCML system. The majority of
units observed in VPL demonstrated some kind of interaction
between the two systems. Of the 62 units isolated and studied,
50 exhibited excitatory convergence of DCML and ALC inputs,
and the remaining units exhibited powerful inhibitory inter-
actions between the two invuts. The implications of these
findings on pain localization and perception and the speci-
ficity theories of sensory modality discrimination are dis-

cussed.
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INTRODUCTION

L.

I. Extent and Subdivisions of the Thalamic VPL Nucleus

The ventralis posterior (VP) nucleus of the mammalian
thalamus is a relay nucleus which receives afferent somatic
pathways and relays them to the somatic sensory cortex. Two
other regions of the thalamus appear to receive afferent
somatic input but are perhaps not as important as VP and
these are the posterior nuclear complex (Po) and the intra-
laminar nuclei. Very little is known about the involvement
of the latter group. The medial part of VP, ventralis postero-
medialis (VPM), receives from the’head region, and the lateral
part, ventralis posterolateralis (VPL), receives from the rest
of the body with strong somatic representation of the distal
portions of the fore and hindlimbs. Mountcastle and his
associates have introduced the term ventrobasal complex (VBC)
to encomﬁéss VPL and VPM which they found to have distinct
physiological properties from the more posterior part of the
thalamus (Po region). Various cortical areas project to these
two thalamic regions. This dissertation will be concerned
with cat VPL, the stereotaxic coordinates of which are from
A11 to A7.

It is difficult to arrive at comparative identification
of the thalamic nuclei particularly in subprimate forms where
studies on cat, rabbit, rat, opossum, pig and hedgehog have
indicated the existence of differences in position, shape and
cytological composition of VPL and Po. In fact, for the

-1 -
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recognition of homologues, the distribution of the afferent

connections are often of equal or greater significance than

the relative topography of the cell group in question (63).
Anatomical and physiological studies indicate that

three somatic afferent pathways (which include sensory and

will henceforth be referred to as somatosensory) converge

on the VPL nucleus; the relevant anatomical and physiological

literature will now be briefly reviewed.

II. The Anatomy of the Afferent Somatic Pathways into VPL

Three distinct somatosensory pathways which converge
on VPL have been rather well defined anatomically and include
the dorsal-column medial-lemniscal (DCML) system, the antero-
lateral column (ALC) system and the spinocervical lemniecal

(8CL) system.

A. The Dorsal Column Medial Lemniscal (DCML) System

Fibers of the DCML system originate with the dorsal
root cells whose axons enter the spinal cord through the
dorsal horn and ascend in the ipsilateral dorsal column to the
cuneate and gracile nuclei at lower medullary levels. Second
order neurons from these nuclei cross completely to form the
medial lemniscus, which continues uninterrupted till dien-
cephalic regions and terminates mainly in the VPL nucleus of
the thalamus. This general pattern of projection has been
confirmed by Marchi and silver impregnation studies in cat

by Matzke (61), in the macaque by Bowsher (13) and in the
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marsupial phalanger by Clezy et al.(23). Although recent
anatomical work with the silver stains for degenerating axons
has implied additional projections of the dorsal column nuclei
to other than the contralateral VPL nucleus (83%,45,95,13,15),
the system is much more localized in its distribution than

the anterolateral column system.

It is generally agreed that a mediolateral somato-
topic organization is found throughout the DCML system. In
the dorsal columns, hindlimb fibers course more medially to
forelimb ones. Following the decussation, the arrangement
is reversed and the axons of gracile neurone occupy a more
lateral position in the medial lemniscus terminating in the
lateral portions of VPL, whereas axons from the cuneate
neurons course and terminate more medially (94,7,). Modern
silver degeneration methods, in addition to demonstrating
the somatotopically organized termination of lemniscal
afferents to VPL, have also suggested that the majority of
degenerating fibers are axodendritic in monkey (15), cat (40)
and rat (58). Lemniscal afferents have been found with the
use of the Golgi method to be a cascade of highly branched
terminations arborizing on the dendritic tree of the larger
neurons in VPL (82,88). In a recent electron microscopic study,
Ralston (79) has confirmed an earlier report of Boivie and
Westman (12) of predominantly axodendritic type of medial
lemniscal synapses in VPL and further observed that only 8%
of all synaptic knobs in VPL undergo degenerative changes

following destruction of the dorsal column nuclei. This
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suggests that input into VPL from other than the medial
lemniscus is extremely important. Ralston further observed
that some lemniscal fibers were presynaptic in axo-axonic

type synapses in VPL.

B. The Anterolateral Column (ALC) System

The ALC system lacks a precise definition and includes
at least in part spinothalamic, spinotectal and spinoreticular
components. While the last two components are multisynaptic
and most difficult to define, the spinothalamic component
includes a direct path, the neospinothalamic tract, whose
first relay exists in laminae V to VIII of Rexed (30,89).
Axons of these neurons mainly, but not completely, cross in
the anterior commissure and ascend in the anterolateral
columns to pass through the brainstem next to and at times
overlapping with the medial lemniscus and to terminate in
the VFL nucleus (2,7,15,22,36,38,96). The other component:
of the spinothalamic (sometimes reférred ﬁo as the paleo-
spinothalamic) tract is indirect and extremely difficult to
distinguish from the spinoreticular and spinotectal components.
Evidence for its existence is deduced indirectly from
anatomical, physiological and neuropathological experiments.

In contrast to the DCML system, the ALC system has a
much wider distribution in the brainstem. In addition, seve-
ral important questions remain controversial. The most
important of these is the presence of a direct neospino-

thalamic tract in cat and other subprimate mammals.
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Two recent experimental studies with the newer silver
stains deserve special mention (11,63). Both studies review
all the previous literature, in particular, studies using the
gsilver degeneration techniques. Mehler (6%3) studied and
compared a number of primate and subprimate forms with respect
to the destination of the ALC tracts. Mehler confirmed bne
of his previous studies ( 63 a ) in which he found that the
number of anterolateral fibers terminating in VPL was pro-
portionate to the increase in nuclear volume. They were
estimated as follows: 2% for the opossum, 5% for the rat, 10%
in the cat and 20-30% respectively in monkey, chimpanzee and
man. In fact, evolutionary considerations indicate that the
number of fibers terminating in the somatotopically organized
part of VPL increase for both the neospinothalamic tract and
the DCML system as one ascends toward the primate forms and
man (6%). This is in contrast to the phyletically older
tracts which terminate in the brainstem reticular formation,
the thalamic intralaminar nuclei and the Po group (63).
Furthermore, investigators describing a direct spinothalamic
connection are .also in agreement on somatotopic organization
whereby the more caudal segments of the body project more
laterally and caudally, and more rostral segments more medially
and rostrally within VPL (2,22,3%8,64,9%2). Lund and Webster
(58) compared spinothalamic to medial lemniscal degeneration
in the rat VPL and found fhe former to be less dense and
ending lafgely in the rostral third of the nucleus. Mehler

(6%) also observed a parcellated type termination of neospino-
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thalamic tract in primates, in contrast to a more even and
sparser distribution in subprimates. Bowsher (15) further
describes an axodendritic type of synapse of the primate
neospinothalamic tract in VPL.

In a more recent study in cat, Boivie (11) failed to
observe (except in two out of ninetéen cats) any direct
projection to VPL following ALC lesions. Boivie attributed
the positive results of others to be due, in part, to the
inclusion of the lateral cervical nucleus in their lesions
(see the SCL system), and in part due to improper anatomical
delineation of the VPL nucleus (including nucleus ventralis
lateralis here). Boivie further observed that the direct
spinothalamic fibers enter the diencephalon through the
mesencephalic reticular formation and terminate in a number
of regions the most important of which is the Po nuclear
complex (in the ventrolateral portion of its medial part).
Furthermore, all these spinothalamic fibers were found to
terminate ipsilaterally to their spinal course (11).

Part of the difficulty in resolving this problem in
the cat and other subprimate forms may be due to the fact that
direct spinothalamic fibers in addition to being a minor
component of the ALC system (17,64) are very small and
probably unmyelinated (2). One should keep in mind, however,
a recent anatomical study which indicates that all antero-
lateral tract fibers are myelinated (57).

The other controversial problem of the ALC system is

whether the ipsilateral component (with respect $o its origin
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in the dorsal horn region) of the spinothalamic tract is a
truly uncrossed component orwhether crossing and recrossing
has occured.

Breazile and Kitchell (16) have found that in the pig,
following staggered hemisections of the spinal cord with one
lesion opposite the other at a different level, a pain response
(mediated through the anterolateral columns) could be
elicited if the lesions were 3% to 4 segments apart, but not
if the distance seperating the hemisections were less. They
thus postulated the existence of one or both of two possible
spinothalamic routes in the spinal cord. The first is a
contralateral fiber system which sends collaterals to the
ipsilateral side and recrosses within four segments of the
spinal cord and the second is an ipsilateral pathway which
sends collaterals every three or four segments to the contra-
lateral side.

The existence of several alternate pathways is also
indicated from the results of Gaze and Gordon in cat (37).
They found that when only the left anterolateral column was
left intact, and the contralateral saphenous nerve was
stimulated, they could record evoked responses in VPL of the
same side as the lesion. This indicates that the spino-

‘thalamic fibers cross and recross. When only the right
anterolateral column was left intact and the saphenous nerve
on the same side was stimulated, responses could only be
obtained from the contralateral VPL indicating that the

fibers ascended ipsilaterally past the lesion (extending
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over seven segments) and then crossed. The observations of
Chang and Ruch (22) in monkey and Getz (38) in cat of spino-
thalamic fibers crossing in the posterior commissure provide

an anatomical basis for the site of recrossing-of these fibers.

C. The Spinocervicolemniscal (SCL) System

The third major afferent system was discovered as
recently as 1955 (68) and has its cells of origin in the
nucleus proprius of the dorsal horn (85). The axons of these
second order neurons ascend uncrossed in the ipsilateral
dorsomedial part of the dorsolateral funiculus to the lateral
cervical nuclei (LCN) in the upper two cervical segments (10,85).
LCN axons cross completely before C1 (21,55) with fibers from
the foreleg crossing more rostrally than those from hindleg
(21), and travel in the dorsolateral part of the contralateral
medial lemniscus terminating in VPL (10). Recent evidence
indicates that the system makes additional connections to
Po and to the medial geniculate body (10). Although first
described in the cat, the system appears to be less developed
in primates (for a review, see 92). No somatotopic organi-
zation has been described for this systemn.

There is evidence for reciprocal connections between
the DCML and SCL systems. Taub and Bishop (85) have been
able to demonstrate a direct synaptic link between the dorsal
column fibers and the cells of origin of the spinocervical
tract, and Tomasulo and Emmers (87) have shown that the long

latency response recorded in the gracile nucleus evoked by ¢
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dorsal column stimulation represents an input from the spino-
cervical tract to the dorsal column nuclei, stimulation of the
dorsal columns antidromically activating the cells of origin
of the spinocervical tract. Also Dart and Gordon (28) have
demonstrated afferents to the dorsal column nuclei from

dorsolateral columns.

III. ZElectrophysiological Studies of the VPL Nucleus

Gross potential as well as extracellular and intra-
cellular single cell recording techniques have been used to
study the responses of VPL neurons to peripheral, cerebral
cortical and other central nervous system stimulations.

Gross potentials evoked in VPL by peripheral nerve
or cutaneous stimuli begin with a diphasic spike (positive-
negative), attributed to the arrival of the medial lemniscal
discharge, followed by a negative potential with superimposed
spikes produced by synaptic excitation of the thalamic
neurons. The negative wave continues ihto a positive potential
within 10:msec, the duration of the positive wave being about
100 msec. This sequence of negative and positive waves may
be repeated several times with repetetive spike discharges
appearing on the negative waves (3,43,49). Anderson et al.
(3) have used intracellular recording technique to find out
the basis of these rhythmic waves which could be evoked from
a single cortical as well as a peripheral stimulus. They
found the extracellularly recorded hyperpolarization to be

closely correlated with intracellularly recorded IPSP's which
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were found to occur rhythmically. They thus postﬁlated the
involvement of pre and post-synaptic inhibition through
interneurons to be responsible for these patterns of response
in VPL.

Using gross potential recording technique, early
investigators were in agreement on the overall somatotopic
organization in VPL nuclei of several experimental animals
(25,29,70,71,78,9%). This organization is mediolateral in
orientation with the face area most medial, the hindpaw area
most lateral and the forepaw area in between. The represen-—
tation of hindpaw and forepaw seems to be predominantly contra-
lateral, while the representation of the face is bilateral.
Although Mountcastle and Henneman (70,71) reported very discrete
localization of the various peripheral fields in VPL, most
investigators following them, notably Cohen and Grundfest (25),
have found considerable overlap between the various areas.

With the application of the single unit technique to
VPL by Mountcastle and his associates (70,71), a new concept
of VPL function was propounded which still dominates physio-
logical thinking today. These investigators studied single
and Po) and cortical somatic sensory:areas in the neuraxially
intact animal and categorized VPL and Po as belonging strictly
to the DCOML and ALC systems respectively. In the lemniscal
system, receptive fields were described as highly localized,
strictly contralateral (at VPL level) and exhibiting an orderly

somatotopic representation of the body. In the ALC system by
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contrast, receptive fields were described as poorly-logalized,
bilateral and with no somatotopic representation of the body
periphery. While modality specificity was found preserved
throughout their studies of the DCML system, é great deal of
modal convergence (both excitatory and inhibitory) was found
in the ALC system. The DCML system was considered to possess
the qualities, localization and accurate representation of the
stimulus, necessary for fine discrimination, while the ALC
system was by and large a diffuse non-discriminating system.

A number of thalamic and cortical investigations
during the past 25 years have challenged the simplistic
neatness of these concepts.

The earlest of these WOrks at the VPL level was
performed with the gross potential technique. Hunt and O'Leary
(47) reported bilaterally evoked gross potentials in cat VFL
following stimulation of various peripheral nerves. Recording
at the point of maximum contralateral response, & smaller
evoked response of about the same latency occured following
ipsilateral stimulation; Similar responses to electrical and
natural stimulation of the skin were subsequently reported
in the cat (24,25) and the rat (29). In the latter, ipsi-
lateral responses had slightly longer latencies. These
findings were substantiated with the single unit recording
technique in monkey (36,9%), cat (36,96¢) and the hedgehog (80).
Harris (4&,41) and Jabbur et al. (49) classified VPL units
into 's' neurons which constituted 2/3 of the sample population

studied and could only be evoked from CFP, and 'm' neurons,
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which constituted the remainder and could be evoked from CFP
and at least one other appendage. While 's' neurons were
concentrated in the ventral and medial portions of VPL, 'm'
neurons predominated in the lateral and posterior parts. Even
though the 'm' neurons had characteristics of spinothalamic
neﬁrons, only 14% of them respondéd exclusively to noxious

stimuli, while 42% responded to touch and hair stimuli.

IV. ZElectrophysiological Studieg Involving the Somatosensory

Pathways

Among the first problems to be investigated in this
field was the question of ipsilateral conduction in the DCML
system despite the lack of neuroanatomical description 6f
uncrossed medial lemniscal fibers. Bilateral responses in the
medial lemniscus to peripheral stimuli were reported using
gross potential (24,44,67) and single fiber (27) recording
techniques. Uncertainties in localizing recordings from the
medial lémniscus led to difficulties in interpreting the
above experiments. This difficulty was obviated during
recording from the much larger VPL nucleus. Again responses
in VPL were obtained to ipsilateral medial lemniscal, dorsal
column, or dorsal column nuclear stimulation while recording
gross potentials (24), or to peripheral cutaneous stimulation
in transected cervical spinal cord (except for the dorsal
columns) while recording single units (3%). In a detailed
study of single unit recording in VPL following localized

stimulation of the dorsal columns, Jabbur et al.(49) concluded
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that the DCML comprises the main substrate for both contra-
lateral and ipsilateral responses. When similar approaches
were tried on the primary and secondary somatosensory cortices,
additional evidence was presented for ipsilateral conduction
in the DCML system (9,48). Inspite of the strong evidence

for ipsilateral conduction in the DCML system, one should

keep in mind that the input of this system into VPL is
predominantly contralateral.

The electrophysiological studies dealing with the
problem of ipsilateral conduction in the ALC system have
already been reviewed in section II B of the Introduction.

The question of convergence of the three somato-
sensory pathways on VPL has been the subject of several
studies. Various neurosurgical procedures including des-
truction of the dorsal columns, dorsal column nuclei or the
medial lemniscus in acute or chronic preperations have resulted
in changes in the neuronal responses in VPL (5,14,55,75,86,96,9%) .
There is general agreement that eliminating the DCML input
results in a considerable loss of neurons with small recep-
tive fields, low thresholds and high specificity. The few
neurons with so called 'lemniscal' properties still remaining
after these cuts may be due to the ALC or SCL inputs, although
cutting the medial lemniscal tracts is presumed to eliminate
the SCL inputs as well (5,14). Landgren et al. (55) showed
that focal stimulation of the dorsal columns and dorsolateral
(SCL) tracts excited in a convergent manner neurons in the
outer part of the VPL nucleus which they defined as a zone of

convergence.
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Tomasulo and Emmers (86) using stimulation and
gpecific lesions in spinal pathways in rat were able to
divide the VB complex into two parts. The first (81)
corresponded to the somatotopically organized VFPL region
which receives exclusively from the DCML system, while the
other part (82) receives its input from the ALC and SCL
systems and has been considered homologous to the Po and the
zone of convergence of higher mammals. It is, however,
difficult to substantiate such claims and generalize this
subdivision of VB to ¢ther mammals. Furthermore, these
investigators gave evidence for direct connection of dorsal
column collaterals to cells of origin of the SCL and ALC
systems (86).

Investigations on VPL neurons suggest that the nucleus
can hardly be viewed as a simple relay station. In addition
to the peripheral convergent pathways, the VPL nucleus has
been shown to contain direct cortically projecting neurons
and interneurons (%,31), and excitatory er inhibitory inter-
actions of lemniscal, intrathalamic and cortical inputs

have been demonstrated (5,59,84).

V. The Purpose of this Study

It is apparent from the anatomical and physiological
description that the three somatosensory systems converge
on the VPL nucleus. However, the three systems are still
considered as distinct anatomical, physiological and clinical

entities in mammals (including man). Whether the three
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systems interact in any manner has not yet been adequately
determined. This work is an attempt to determine the
existence and nature of these interactions at the VPL level,
more specifically, to answer the questions raised by Bowsher
in 1961 (15):

"Do individual neurones in VPL receive afferents
from both [spinothalamic and DCMLJ systems?"

"Are there any cells in VPL which receive afferents
from only one or other of the two systems?"
and to these a third question was added which attempts to
determine whether inhibitéry interactions between the two

inputs also occurs.




METHODS

I. General Procedure

Experiments were performed on 18 adult cats weighing
2.5 - 4.1 Kg. under anaesthesia produced by alpha-chloralose
(40 - 60 mg/Kg) injected intraperitoneally. TFollowing
tracheal cannulation, the animals were immobilized with
Flaxedil (gallamine triethiodide) and artificially ventilated.
The cats were mounted in a stereotaxic instrument. Blood
pressure and temperature were constantly monitored and rectal
temperature was maintained around 57.500. The dorsal columns
were exposed by removal of part of the occipital bone and the
laminae of the first two cervical vertebrae. Part of the
parietal bone overlying the cortex was removed from about
Fr. 5 to Fr. 15 and laterally to L. 8 to allow access to
the VPL nucleus. The dura mater and arachnoid membranes
were reflected to expose the underlying neural tissue.

Lesions involving the dorsal columns and dorsolateral
columns were made at the level of C1 (Fig 1) by cauterizing
the surface of the spinal cord and then sectioning with a
special goniotomy knife used in oplfthalmic surgery. The
extent of the lesions was checked histologically following

every experiment (Fig 34).

II. Stimulating Procedures

Tektronix Type 160 series waveform and pulse generators
were used to generate the proper electrical stimulating pulses.

- 16 -
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Bipolar needle electrodes were inserted into the central
footpad of all four paws for peripheral cutaneous stimulation
(Fig 1). A bipolar stimulating electrode with tip seperation
of 1.0 mm was placed on the dorsal columns above the lesion
for stimulation (Fig 1). Special care was taken to continuously
drain the cerebrospinal fluid and thus prevent excessive
accumulation of fluid over the dorsal column stimulating site.

Single electrical square pulses of 5 - 20 volts and
0.01 msec duration were used to stimulate the dorsal columns,
and pulses of 10 - 25 volts and 0.1 msec duration were used
for peripheral stimulation.

In some cases, light tapping on the skin and blowing
to cause hair movement were used to determine the natural

stimuli of the units being studied.

III. Recording Procedures

Gross coaxial electrodes were used to determine the
position of maximum VIPL agtivity in response to dorsal column
(DC) and contralateral forepaw (CFP) stimuli (Fig 2). This
was generally found around A 9.5, L 6.5 and H O in stereo-
%é%ié BBSfaiﬁéﬁéé. Following that, vertically oriented glass
microelectrodes filled with 4M NaCl and having tip diameters
of 1 -2; and tip resistances of 1 - 2 MfLwere used. The area
of penetration was limited to Horseley-Clarke coordinates of
A 9-11 and L 6-7 so that no recordings would be made from the
posterior group of thalamic nuclei (Po). In terms of dorso-

ventral delimitation, recording was limited to the area Z2mm
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above and 2 mm below the locus of maximum activity determined
by the gross electrode. In several successful experiments
lesions were placed at the site of recording and histologically
verified (Fig 3%B).

From the recording electrodes, leads were connected
directly (or across a cathode follower in the case of micro-
electrodes) to a Tektronix preamplifier and oscilloscopes
for display and photography, as well as to an audio-amplifier
system. At least 10 sweeps of each response of a neuron
were photographed for measuring and averaging the latencies
of action potential discharges.

Single cells in VPL were isolated using 1 per second
stimuli delivered to the CFP. When an evoked neuron (unit)
was isolated, its responsiveness to stimulation of the dorsal
columns and the other ~paws was tested. If a unit was observed
to be evoked o6mly from the DC or the CFP stimuli, conditioning
volleys from the other input were delivered at various
conditioning-testing intervals to determine the interaction

between the two inputs.
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ipsi contra
Dorsal Columns

CHP

Fig. 1. A schematic diagram showing the recording and
stimulating sites and the location and extent of
the spinal cord lesion. All recordings were done
in the VPL nucleus which acted as reference for
labeling stimulation sites. The latter included:
contralateral forepaw (CFP), ipsilateral forepaw
(IFP), contralateral hindpaw (CHP), ipsilateral
hindpaw (IHP), contralateral dorsal column (CDC)
and ipsilateral dorsal column (IDC). The thick
line just rostral to C1 indicates the site of
the spinal lesion whose extent is indicated by
the inset. :

In the succeeding figures, only the abbreviations
will be used to denote the various stimulation
sites.
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Fig. 2. Field potentials in VPL in response to peripheral
and central stimulations before and after the
cervical cord lesion.

A CDC stimulation before the lesion

. CFP stimulation before the lesion

. CDC stimulation (above lesion) after cut

. CFP stimulation after cut
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Fig. 3. Histological identification of the cervical cord
lesion and the VPL recording site.

A.

B.

Nissl stained section from the cervical spinal
cord just above C1 showing the extent of the
lesion.

Nissl stained section through the VPL recording
site. The section shows the electrolytic
lesion left at the site of recording at the
termination of the experiment.



RESULTS

TI. General Observations

In order to demonstrate convergence of or interaction
it was necessary to seperate completely the two inputs. All
previous attempts at accomplishing this complete seperation
have not been successful (21,24,%7,75,96). In accomplishing
this seperation, however, it was also necessary to eliminate
the SCL input in the experimental procedure in view of the
demonstrated reciprocal connections between the SCL and
DCML systems at lower levels (85,87).

Cutting the dorsal half of the spinal cord (Just
above C1) eliminates the dorsal and dorsolateral columns
and spares the anterolateral columns in the ventral half.
Any influence (excitatory or inhibitory) on neuronal activity
in VPL neurons from peripheral stimulation will have to be
mediated via the ALC system. Histological verification of
the extent of the spinal cord lesion at the completion of
the experiments demonstrated consistently that our cuts
extended much further below the dorsal half to encroach on
a good part of the gray matter of the ventral half (Fig 3A),
so that it was certain that the DCML and SCL inputs were
eliminated.

That leaves the problem of localized stimulation
of the DCML input. The precautions used to make sure that

the electrical stimuli applied to a dorsal column did not

- 20—
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activate other fibers included the use of weak stimuli from
bipolar stimulating electrodes oriented parallel to the long
axis of the spinal cord and the maintenance of the surface
of the spinal cord free from excess cerebrospinal fluid.
When these precautionary measures were followed, electrical
stimulation above the cut activated exclusively fibers of
the DCML system. The cut itself eliminated the possibility
of antidromic activation via recurrent collaterals (from DC
fibers) of neurons of origin of the ALC and SCL systems.

The criteria used to ascertain that the microelectrode
recording tip was within the confines of the VPL nucleus
have already been discussed in 'Methods'. 1In fact, special
efforts were made to limit our recording from the most rostral
part of VPL, thus avoiding completely the Po region. This
was confirmed by histological verification of lesions made
at the recording site (Fig 3%B).

Once a unit had been isolated in VPL to a hunting
electrical stimulus to CFP, the following observations were
made:

1) did the unit also respond to electrical stimulation
of the contralateral dorsal columns (CDC) above the spinal
cut.

2) If the unit were not evoked by DC stimulation,
could its response to a CFP test stimulus be inhibited by
conditioning stimulation of the dorsal columns (above the cut).

%) For a few units where the hunting stimulus was

the stimulus to the DC, the conditioning-testing sequence
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was the reverse of 2).

Whenever possible, natural modality, frequency
following to repetitive peripheral and central stimuli and
the extent of the peripheral field were determined. When
a unit responded to ipsilateral cutaneous inputs, its
responsiveness to ipsilateral dorsal column (IDC) stimulation
was also determined. For a few units, comparisdéns were made
of electrical stimulation to the DC below and above the
spinal cut.

Photographic records were made from 62 VPL units.
Many more were observed but not photographed. The sample
was adequate to establish unequivocally excitatory and
inhibitory interactions in VPL neurons from DCML and ALC
inputs, In fact, in nearly all VPL units isolated, whether
observed or photographed, it was possible to establish the

presence of interaction of DCML and ALC inputs.

II. Excitatory Convergence of DCML and ALC Systems in VPL

Units

In 50 VPL units excitatory convergence of DCML and
ALC inputs was demonstrated. About two thirds of these units
had small peripheral fields in the contralateral forelimb
and also responded to localized stimuli to the CDC. The
remaining were wide field units which responded in addition
to the CFP to one other limb. TFour of these wide field units
exhibiting ipsilateral cutaneous input responded also to

stimulation of the ipsilateral dorsal columns (Fig. 7).
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The response characteristics of the convergent units
varied with respect to initial spike latency, probability of
discharge and frequency following to peripheral and central
stimulations. The latency to central stimuli ranged from
%3-6 msec for two thirds of the units (Fig. 8A). In contrast,
the initial spike latency to peripheral stimuli (most commonly,
CFP) was longer (Fig. 8B), more variable and occasionally
exhibited a probability of discharge of less than 1.0. In
exceptional units (4 of them), the response latency to CFP
stimulation was relatively short, invariant and with a
probability of discharge of 1.0 (Figs. 5,6). Such units
were most probably evoked through the neospinothalamic tract.
The frequency following ability of VPL units to peripheral
stimuli (less than 1-6 c.p.s.) were invariably lower than
to central stimuli (4-25 c.p.c.)

The natural modality was determined for a few
convergent units’and was found to be tap or pressure to the
paw. No hair units were found. Figures 4 and 5 illustrate
a few small field units and Figures 6 and 7 illustrate some

wide field units.

III. Inhibitory Interactions of DCML and ALC Systems

in VPL Units

In 12 VPL units inhibitory interactions of DCML and
ALC inputs were demonstrated. The interactions took the form
of a reduction in the number of spikes per discharge, a

lengthening of initial spike latency, a decrease in the
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Fig. 4. Small field convergence unit in VPL

A. Response to CFP stimulation
B. Response to CDC stimulation above cut
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Fig. 5. Small field convergence unit in VPL

A, Response to CFP stimulation
B. Response to ODC stimulation above cut
C. Response to CDC stimulation below cut
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Fig. 6. Wide field convergence unit

AA.

B.

C.

Response to CFP stimulation. Mean initial spike
latency (L) = 12.2; mean number of spikes (E?E):
1.9; number of observations (n) = 10; frequency
following(FF) = 6 c.p.s.

Response to IFP stimulation. L = 17.8; s/d = 1.67;
n = 103

Response to ODC stimulation above cut. & = 6.4;
8/d = 2.9; n = 10; FF = 10 c.p.s.

Natural stimulus - light tap
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Tig. 7. Wide field convergence unit evoked from both
dorsal columns and all paws.

A. Response to CFP stimulation
B. Response to CHP stimulation
C. Response to CDC stimulation
. Resnonse to IFP stimulation
. Response to IHP stimulation
. Response to IDC stimulation
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probability of the response discharge or a combination of
these effects (Figs. 9,10,11).

In 7 of these VPL units, the test CFP response was
inhibited by conditioning electrical stimulation of CDC
(above the cut). Extremely small electrical currents were
required for the conditioning stimuli. Maximum inhibition
was obtained at a conditioning-testing (C-T) interval of
10 msec in 4 units and about 30 mgec in 2 units. A more
exact description of the time course of this inhibition is
described in Figure 10 where simultaneous measures of the
number of spikes per discharge and initial spike latencies
are plotted against the C-T interval. In this unit, maximum
inhibition was observed at 10 msec and slight rebound
increase in excitability at %0-40 msec. More pronounced
inhibition is illustrated in another unit in Figure 9. In
6 of the units described above, the same conditioning CDC
stimulus, when applied below the spinal cut, evoked a discharge
which was similar but usually with a shorter latency than the
CFP stimulus (Fig. 9C). In view of the completeness of the
spinal cut, one would assume that the CDC stimulation below
the cut was activating recurrent collaterals which converge
on the neurons of origin (in the dorsal horn) of the ALC
system.

In 5 VPL units, the C-T sequence was reversed from
the above. Inhibition also varied from mild to complete
(Fig. 11) and the C-T interval for maximum inhibition ranged

from 10 to 50 msec.
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Fig.9. Inhibitory interaction in a VPL unit evoked by
CFP and inhibited by CDC stimulation.

A. Test control response to CFP stimulation
at threshold

B. Response of the same unit preceded at 10 msec
by a conditioning CDC stimulus

C. Regponse of unit to CDC stimulation below cut.
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Fig. ¥0. Inhibitory interaction in a VPL unit evoked
by CFP and inhibited by CDC stimulation.
The curves are a plot of the time course of
two parameters of this interaction. The
CDC stimulus preceded the test stimulus by
the indicated C-T interval.
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Fig. 11. Inhibitory interaction in a VPL unit evoked
by CDC and inhibited by CFP stimulation.

A. Test control response to CDC stimulation

Above cut.
B. Response of the same unit preceded at
50 msec by a CFP stimulus.
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In one instance, it was possible to record

simultianeously from two units of varying sizes (Fig. 12).

The larger unit was evoked by stimulation of CFP (4) and

CDC below the cut (D), while the smaller unit was evoked

by stimulation of CFP (&) and CDC above the cut (B).
Conditioning DC stimulation (above the cut) blocked the test
CFP discharge of both units and the data suggest an occlusive
interaction for the smaller unit and an inhibitory inter-

action for the larger unit.
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Fig. 12. Two simultaneously recorded VPL units. The
smaller is a convergence unit, and the larger
demonstrates inhibitory interaction.

A. Response of both units to CFP stimulation
B. Response of small unit to CDC stimulation above cut
C. Resnonse of both units to CFP stimulation

preceded at 40 msec by a conditioning ¢nC¢ stimulus
D. Response to CDC stimulation below the cut




DIScUssioN

Whether the three somatosensory systems converge on
single neurons in the thalamocortical relays has been of vital
interest to neurophysiology, particularly since gradually
accumulating neuroanatomical evidence indicates that the
three systems have a common relay at VPL. Previous investi-
gations, however, failed to specifically and unequivocally
demonétrate this convergence. ZIven the results of Landgren
et al. (55) were controversial in their purported demonstration
of convergence of the DCML and SCL systems on single neurons
in a zone of VPL. This is because the investigators stimulated
(electrically) the dorsal and dorsolateral columns before the
reciprocal connections between the two systems via the two
columns had been demonstrated (85,87). These reciprocal
relations, however, do not detract from the main thesis of
this study. In fact, they indicate the presence of conver-
gent relationships at subthalamic levels between two( DCML and
SCL) of the three somatosensory systems. The demonstration
of convergence of the ALC system with the dorsal system (which
includes both DCML and SCL systems) has more important
implications in neurology and evolution and a special
‘technique was designed for the purpose.

This technique which completely severs the pathways
of the DCML and SCL systems Jjust above C1 level in the spinal
cord leaves the pathway of the ALC intact and the sole
connection of peripheral input into VPL. When this was
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coupled with localized electrical stimulation of the dorsal
columns above the cut, excitatéry and inhibitory interactions
were demonstrated in single VPL units. The technique,
moreover, eliminates completely the SCL system so that a
more careful examination of the interactions between the
phylogenetically oldest (ALC) and newest (DCML) somatosensory
systems becomes possible. Further discussion of the SCL
system will be made only if necessary.

References were made in the Introduction to the
varioug anatomical investigations on the neural substrates
for the DCML and ALC somatosensory systems. Also references
were made to the various physiological investigations which
attempted to ascribe functional roles to VPL neurons.

Mountcastle and his associates (69,77) introduced
the traditional concept which considers VPL neurons to be
exclusive to the DCML system exhibiting the properties of
precise stimulus localization, somatotopic organization,
synaptic security and afferent surround inhibition, all
essential for playing a role in highly discriminative sensation.
The same authors characterized the ALC system as projecting
to non VPL neurons (specially Po) and having poor specification
of stimulus location and modality and high threshold for
receptor stimulation, all essential for playing a role in
non discriminative sensation like pain.

This traditional concept, particularly with respect
to the DCML system, has been challenged by a number of studies

during the past 15 years. VPL neurons have been found under
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various anaesthetics and in preperations involving various
gspinal cuts to have a rather wide band of physiological
properties ranging from those presumed to belong to the DCML
system to those presumed to belong to the ALC system (36,37,
49,61,75). Although there is more agreement on the deficits
(particularly in pain and temperature senses) following spinal
lesions in the ALC system, the analogous deficits following
lesions in the DCML system are still controversial. After
carefully reviewing the experimental and clinical literature
since the nineteenth century and presenting new experi-
mental data, Wall (92) noted three problems with the traditio-
nal theory: First, no sensory defects were known to follow
dorsal column sectioning; second&, sensory defects were observed
only when the dorsal column lesions were combined with lesions
of other tracts; and third, when the dorsal columns were the
only tracts left intact, impulses arriving in the brain from
the periphery failed to initiate any behavioral response.

Wall (94) further noted that the only positive results of
dorsal column lesions were all related to movement and
suggested that the DCML system was essential to the discrimi-
nation of those stimuli which required active exploration by
motor movement or sequential analysis. This system was thus
considered the initiator and the programmer of the search for
both the state of the external world and of information arri-
ving over afferent pathways. It is thus apparent that more
evidence is accumulating against the strict categorization of

specific functions to each of the DCML or the ALC system.
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Perl and Whitlock (75) examined VPL neuronal behaviour in
animals in which the dorsal columns were cut and observed

that many VPL neurons had properties traditionally considered:!
to be exclusive to the DCML system, and Jabbur et al. (49)
observed that nearly all their neuronal sample in VPL, whether
exhibiting what is traditionally considered DCML or ALC
properties, still responded to localized electrical stimulation
of the dorsal columns.

In none of the published investigations to date, however,
was there evidence that DCML and ALC systems can converge on
single neurons in VPL. This study presents conclusive evidence
that the two systems can not only converge on but also inhibit
each other in single neurons in VPL. These findings cannot
be ascribed to the convulsant actions of chloralose anaesthesia
because they could still be observed in deep Nembutal anaes-
thesia. The results have important and direct implications
on the neural substrates of pain localization and pain
perception.

A major problem in the study of pain has been the
question of how is pain localized accurately when the projec-
tion of fibers carrying pain sensation is so diffuse and poorly
localized? 1In a more recent review, Poggio and Mountcastle
(77), after taking into consideration some of the newer
findings, recanted somewhat from their oléder position by
suggesting two possibilities. The first is that "the compo-
nent of the anterolateral system which projects upon the VB

complex contains nociceptive elements which display the
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discriminative properties of the lemniscal system." Perl and
Whitlock presented evidence in favour of this hypothesis.

The second possibility suggested that "the localization might
depend upon the simultaneous activation of mechanoreceptors
by the painful stimulus and the relay of that activity over
the topographically precise lemniscal system. This implies
that the correct localization of the painful stimulus requires
a high level integration of activity, combining qualitative
information from the anterolateral system with data for
discrimination from the lemniscal." This high level integ-
ration of activity might be occuring at the VPL level where
the DCML and ALC systems have now been shown to converge on
single neuronal elements.

The other implication of this study in pain perception
requires a brief review of Melzack and Wall's (65) gate theory
of pain. These authors considered the substantia gelatinosa
in the spinal cord to behave like a gate, facilitating
transmission of impulses through the dorsal horn neurons
(origin of the ALC system) when the small A and C fibers are
stimulated and inhibiting the transmission of impulses when
the large A fibers are stimulated. The latter action can
be produced from recurrent collaterals of dorsal column fibers.
The authors gave experimental evidence in favour of their
theory and suggested that other gates may occur in the central
nervous system. The inhibitory interactions of DCML and ALC
systems on single VPL neurons described in this study place

one of these possible gates at the thalamic VPL level. Indeed,
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this possibility receives further support from recent
experimental work on man, where pain alleviation resulted
from dorsal column stimulation (72).

Finally, the excitatory and inhibitory interactions
in VPL described here throw considerable doubt on the speci-
ficity theories of pain or other somatic sensory modalities
which describe these sensations as having specific neuro-
anatomical substrates. While the physiological specificity
of all somatic sensory modalities is unquestionable, the
notion that they are rather simply dependent on well defined
neuroanatomical substrates is no longer tenable. Rather,
future investigations should look more into the role of intri-
cate spatiotemporal patterns of discharge as the neural
substrate of gsomatosensory sensation and localization. Such
spatiotemporal patterns are the product of interactions of
ascending pathways as described in this study as well as
descending feedback controls from higher centers to the

various relay stations along the somatosensory pathways.
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