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INTRODUCTION

The Dog Postural Control System

Since the following discussion is intended to provide some basis
for experiments analyzing the postural control system in the dog, a
definition of a system is first in order.

Paraphrasing Milsum (78) a system is defined as any collection
of interacting materials and processes which together perform some
function and whose behavior is determined by: (1) the characteristics
of the components, (2) the structure of the interaction pathways
(usually involving feedback pathways), and (3) the input signals. The
function of a system is usually defined in terms of some identifiable
kind of output and the system may be thought of as an input-output
device.

A rigorous science of systems analysis has developed over the
past 20 years, and the terminology and technique of the systems en-
gineer have been applied to many different biological systems over
the past 10 years {78). Detailed description of the analytical tech-
nique of the systems engineer is really not appropriate here; at the
present stage of investigation the applicability of engineering tech-
nique to study of the dog postural control system is simply assumed.
Only after some basic identification of system components is ac-

complished will it be possible to devise a model of the system and



subject it to intensive analysis.

The maintenance of an erect, quiet stance has been assumed to
be the output of a biologiéal system il"l the dog, and investigation of the
system has been underway (15, 16, 17, 79, 80, 86, 87, 96). A block
diagram illustrating a simplified concept of the interacting components

of the system is shown in Fig. 1. The reference input is a completely

mysterious entity; it functions in the awake, alert nervous system of
the dog and commands the system inte action. It can be activated by
training an animal, and fortunately its nature seems to be reproducible
irom dog to dog and from day to day within dogs (17). Activation of
the reference input somehow affects somatic behavior so that the ani-

mal assumes the quietly standing body position in place of the wide

variety of activities he might engage in. The reference input feeds to
a summing poeint, the outflow of which impinges on another poorly un-

derstood block of the system. The postural control mechanisms con-

stitute the sum total of integrative activities of the central nervous
system that affect the outflow of activity over motor fibers to skeletal

muscles. The role of actuating muscles in the maintenance of orien-

tation of skeletal parts is reasonable to assume. The system output,

the appropriately maintained body position, can be continually as-

sessed by sensory mechanisms which send information over multiple

feedback pathways (104). This sensory information is compared with

the reference signal to appiopriately adjust postural integrative
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Figure 1. Simplified postural control system block diagram. See

text for description of component interaction.
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4
activity in a closed loop system. The skeletal parts to which actuating
muscles attach may also be affected by outside influences in the form
of postural disturbance. The simplified system blocks will eventually
be split into well defined subsystems. The experiment to be described
herein represents an initial attempt in evaluating the contribution to
control provided by one of the pcssible feedback pathways in the dog

spinal cord.

Afferent Activity Appropriate to Postural Control

The exhaustive experiments of de Kleijn, Magnus, and Radef-
maker demonstrating the importance of organs of the special senses
as well as somatic receptors in the organization of "postural reflexes'
are summarized by Roberts (104)., Nakao and Brookhart (86, 87)
have presented evidence that somatic receptors have a predominant
role in the organization of postural activity in the dog during undis-
turbed quiet stance, and a wide variety of receptors whose activation
might reasonably be expected to affect postural organization project
to the spinal cord and brain from the periphery.

The first of these is the muscle spindle whose behavior was
first quantitatively investigated by Adrian in 1926 (1, 2). Matthews
(74) used electrophysiological techniques to study isolated afferents
from mamralian muscle and disclosed activity which he attributed to

four distinct types of muscle nerve afferents. He recognized that



there were two distinct types of afferent activity arising from the
muscle spindle itself, and that the other two types arose from recep-
tors in muscle but distinct frem the spindle. The nature of afferent
activity from the mammalian muscle spindle has undergone extensive
observation (8, 58, 59, €2, 63, 71) since the initial study by Matthews,

and it is well summarized by Roberts (104):

The features of the mammalian muscle spindle which
should be borne in mind may be summarized as follows:
there are two types of intrafusal muscle-fiber -- ''nuclear
bag'' and ""nuclear chain', Both of these differ from ex-
trafusal muscle-fibres, and each has its own independent
motor innervation., There are two types of sensory re-
ceptor, both located in the central, lymph-space, region
of the spindle. FEach spindle has one, and only one, pri-
mary (annulospiral) receptor, and may have from zero
to five secondary receptors. The adequate stimulus is
extension of that part of the intrafusal muscle-fibres
that carries the receptors. Normally this local exten-
sion is related to the tension in the polar parts of the
spindle and may be affected either by changing the over-
all length of the spindle, e.g., by stretch, or by changing
the mechanical activity of the intrafusal muscle-fibres,
e.g. by impulses in the gamma motor axons. The re-
m}se contains static and dynamic components which may
be independently influenced by different fusimotor axons.

The remaining two types of afferent discharge in muscle nerves arise
from free nerve endings in muscle and from the well defined Golgi
tendon organ (57, 60, 64). The tendon organ discharge is initiated by
actively or passively induced tension in the musctle which is trans-

mitted to the muscle connective tissue (either tendon or its extension

into the muscle belly) in which the receptor lies. Various kinds of



mechanical manipulation can produce discharge over the fibers which
arise from the unspecialized endings in the muscle.

Another class of somatic receptor which has been studied ex-
tensively since Goldscheider (51) suggested its importance is that of
the joint capsule and ligament receptors. Anatomical studies pre-
ceded and guided electrophysiological studies, but it is remarkable to
note that the powerful single-unit analysis techniques were noteven
attempted on articular receptors until after 1950. A review by Gard-
ner (41) emphasizes the confused state of knowledge of articular re-
ceptor physiology prior to electrophysiological investigation. The
existence of specialized nerve endings in and around joint capsules
giving rise to large diameter myelinated afferents was well recognized.

Several investigators (10, 26, 30, 38, 42, 75, 109) studied the
effects of articular afferent activity, by electrical or mechanical
stimulation, on segmental reflex activity. The results, especially
with electrical stimulation, were highly variable and yielded little
knowledge pertinent to understanding the role of articular afferents
in segmental reflex organization. An excellent study by Skoglund
{109) clearly defines the anatomy and physiology of the knee joint
innervation in the cat. Certainly other investigators (4, 12, 13, 85)
should be given credit for disclosing properties of joint receptor dis-
charge, but the organization and amplitude of Skoglund's investigation

give it an overshadowing position.



In the cat knee joint, nerve fibers, ranging from 1 to 18
microns in diameter, arise from superficial joint capsule and liga-
ment regions and form two distinct (posterior and medial) nerves,
which then travel over various peripheral nerve routes (including
several muscle nerves) to enter the spinal cord at several segmental
levels. The fibers arise from three types of nerve endings, each of
which has a particular distribution in the joint structure. Ruffini
endings, as many as 5 per axon, are seen primarily in the joint cap-
sule and occasionally in the medial collateral ligament. Golgi end-
ings, very similar in appearance to the tendon organs of Golgi, occur
in several joint ligaments, but not in the capsule. A small number of
Vater-Pacini endings are seen in the capsule. Many free nerve end-
ings are seen, giving rise to small diameter fibers, and unmyelin-
ated fibers of the sympathetic efferent type are seen with blood vessels

When single unit discharges from dissected articular nerves are
examined during natural stimulation of the knee joint (movement in
the directions of flexion and extension) two types of discharge are seen
to occur: slowly adapting and rapidly adapting. Some slowly adapting
units, characterized by smaller spikes, are seen to have a ''critical
angle' (position of joint) through which they discharge, and are silent
when the joint is outside this angle. Their discharge rate is seen to
rise rapidly as the joint moves into the critical angle, to peak some-

where within (often at the middle) the critical angle, and to drop off



rapidly as the joint moves out of the excitatory position. Critical
angles observed for several receptors have a great deal of overlap,
and individual receptors discharge over remarkably restricted angles
in the range of 10 to 30 degrees. Changes in discharge rate could be
superimposed on these critical angle patterns of discharge by addi-
tional manipulation of the joint, such as twisting, compression, or
probing. Localization of the responsible receptors by probing, ex-
cision. of the tissue and histological examination shows that Ruffini
endings in the joint capsule give the slowly adapting critical angle
type of discharge. Other slowly adapting units, giving larger spikes,
have maximal discharge rates at extreme positions of the joint and
can be localized in the joint ligaments, which have only the Golgi
endings. The rapidly adapting units, activated by any and every type:
of joint. manipulation, give maximal bursts of activity with the most
rapid movements of the joint, and are localized to the capsular Vater-
Pacini endings.

The interpretations of these patterns of activity are as follows:

(1) the slowly adapting capsular units can signal direction and rate of

joint movement, but are not good steady state position indicators be-
cause muscle activity may influence their output, (2) the slowly adapt-
ing ligament units can signal direction of movement and steady state
position since they are not affected by compression or twisting, and

(3) the rapidly adapting units can signal acceleration of bones about
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the joint. The dependence of joint afferent activity on muscle activity

makes it appear that here is an extra-muscular monitor of resistance

to movement, The possibility that articular afferent activity contri-
butes to the function of postural control has been recognized (20, 25,
102, 104) and demonstrated experimentally by Freeman and Wyke (39).

Although the most intensive joint innervation studies have been
confined to the cat knee joint, anatomical and electrophysiological
studies mentioned above suggest that similar types of information may
be signalled from nearly all axial and appendicular articulations in
vertebrates.

Another class of deep somatic receptor consists of a host of
specialized and free nerve endings distributed throughout such tissues
as periosteum, interosseous fascia, mesentery, and other connective
tissues (60, 82). The specialized endings are often of the Vater-
Pacini type as described in joint capsules. Little information is avail-
able pertinent to the functional significance of such receptors; they
are extremely sensitive to mechanical stimuli and can signal a variety
of things including muscle tension, passive movement, arterial pul-
sation, distension of hollow viscera, and many types of externally
applied stimuli.

A final class of receptor that may possibly be involved in pos-
tural control is that of the cutaneous mechanoreceptor (6, 19, 25, 99,

110, 116). Large diameter fibers arise from a wide variety of
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specialized and free cutaneous nerve endings, and respond to many
discrete types of stimuli, such as hair movement, claw movement,
localized light probing or vibration and steadily applied pressure on
foot pads.

Cutaneous and deep receptors signalling itch, pain, tickle, dif-
fuse pressure, or temperature certainly have powerful segmental
reflex connections as well as projections into higher CNS structures,
but their functional significance in postural organization is minimized
in this report simply because the experiment is designed in such a

way as to avoid adequate stimuli for this class of receptors.

Somatic Afferent Projection Pathways in the Dog Spinal Cord

Afferents arriving over dorsal roots terminate somewhere in the
central nervous system in synaptic contact with other neurons; the
courses followed before synaptic termination are complex, divergent,
and highly variable in pattern depending on the type of afferent (115).
Probably all afferents have branches terminating in the spinal seg-
ment where they enter, and these terminations can bring about both
localized and distant-projecting activity in the second order neurons
upon which they impinge. Large numbers of afferents may send
branches as well into both higher and lower spinal segments, and
these terminals again may induce both localized and projecting second

order activity, And fewer, but still very numerous afferents, project
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entirely through the spinal cord to terminate in the brainstem in addi-
tion to issuing segmental branches. The functional significance of the
arrival of afferent activity, or input to central processing centers, is
in some cases clearly understood, as in simple reflex activity, and
in some cases very difficult to comprehend, likely subserving "highex"
functions such as conscious awareness, learning, memory, and forma-
tion of ideas. Terminations of afferent activity at various levels of
the neuraxis thus subserve a wide variety of functions and included
among these functions is the organization of postural reflexes (104).

A great deal of the experimental evidence discussed below con-
cerning somatic afferent projections is derived from work on cats.
It seems reasonable to assume at least gross similarity between dog
and cat. It should be kept in mind that the apparently direct courses
of the primary and higher order projection pathways described below
are in fact divergent and the descriptions are not intended to imply
singularity of function. Bilateral symmetry throughout the CNS is
assumed to be understood in the following discussion.

A pair of second order projection pathways in the lateral and

ventral funicles ascend to the ventrobasal thalamus. These spino

thalamic pathways travel contralateral to the location of the primary
afferent fibers and constitute a link in a pathway to somatosensory

cortex (115).
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Another pathway to somatosensory cortex via ventrobasal thala-
mus has been described by Morin (81). A synaptically activated spinal

tract in the dorsolateral spinal funiculus, the spinocervical tract,

terminates in the high cervical spinal cord on the cells of the lateral
cervical nucleus., The spinocervical tract units are activated by pri-
mary afferents and travel on the same side of the cord as the afferents
are located (43, 66, 90, 91, 112). The third order fibers from lateral
cervical nucleus cross in the high spinal cord and ascend with medial
lemniscal fibers to the thalamus.

Long ascending tracts activated by somatic mechanoreceptors
of all types that ultimately terminate in the cerebellum are numerous
and have been the subject of exhaustive investigation (68, 69, 72, 94).
Two separate pathways (the dorsal and ventral spinocerebellar tracts)
arise from hindlimb afferents, and another pair (the rostral spino-
cerebellar and cuneocerebellar tracts) arise from forelimb receptors.
The spinocerebellar pathways travel in the lateral or ventral funicles;
there is gross forelimb-hindlimb similarity in the organization of these
tracts, but with notable specific differences. Collaterals of the hind-
limb spinocerebellar tracts apparently activate lateral cervical nucleus
units (43).

Other tracts ascending in the lateral or ventral columns have
been described and include the spino-olivary and spinoreticular path-

ways (43, 55). It seems possible that some lesser magnitude tracts
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that have been described may actually be constituted of terminations
of collaterals of the larger tracts described above (112).

The remaining important ascending spinal fiber tracts are loca-
ted in the dorsal funicles of the cord. A large portion of posterior
quadrant fibers are primary afferents which project through to the
brainstem ipsilateral to the receptors from which they arise. In the
upper spinal cord, for example, the cervical portion, these fibers
can be identified as bilateral pairs of distinct bundles: the fasciculi
gracili, projecting from the hindlimbs and lower trunk, and the
fasciculi cuneati, projecting from receptors of the forelimbs, thoracic
trunk, and neck. Fibers of the fasciculus cuneatus and fasciculus
gracilis synapse with cells of the dorsal column nuclei (nucleus cunea-
tus and nucleus gracilis) which give rise to the fibers of the medial
lemniscus that cross and ascend to the contralateral ventrobasal
thalamus (115). This dorsal column nucleus-medial lemniscal system
carrying afferent activity to cerebral cortex is the system convention-
ally brought to mind by the terminology '""dorsal columns".

Also located in the cervical posterior quadrant are the primary
afferents activating the cuneocerebellar tract (94). These primary
afferents synapse in and near the lateral cuneate nucleus to give rise
to the tract which travels via the restiform body to the cerebellum.

A less clearly understood gracilocerebellar tract appears to arise

from a similar set of afferents {rom hindlimbs,
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There is evidence (116, 117) for the existence of a group of
second order fi,}gers in the cervical posterior funiculi, These fibers,
whose central termination is unknown, travel deep in the dorsal quad-
rant and have been denoted the ascending dorsal funiculus tracts
(ADFT).

A final component of posterior quadrant fibers, of unknown
magnitude in the cervical cord of the dog, might be those of the type

called propriospinal, consisting of either ascending or descending

groups of primary or higher order fibers (88, 115). The human
cervical posterior quadrant, for example, carries the well defined
descending primary afferent bundle called the fasciculus interfascicu-
laris (115). Such fibers may well exist and be of importance in the

dog.

Afferent Populations Projecting into the Spinal Pathways

The spinothalamic pathways are classically believed to be acti-
vated by other receptors than those mechanoreceptors with large di-
ameter, rapidly conducting fibers mentioned above (105). Some ex-
ceptions may exist; Perl and Whitlock (98) report that ventrobasal
thalamic units in the cat and monkey are responsive to contralateral
joint rotation after spinal cord lesions sparing only the ventrolateral
quadrant of the spinal cord. Such joint receptor activity would appar-

ently have to traverse the ventral spinothalamic tract.
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The spinocerebellar tracts are activated in large part by fibers
arising from primary (annulospiral) endings of the muscle spindles.
Secondary spindle afferents and large-fiber cutaneous afferents, in-
cluding hair, claw, and pad-pressure sensitive units are also repre-
sented in the spinocerebellar tracts (94). Oscarsson does not believe
that large fiber joint receptors are represented in the spino- or cuneo-
cerebellar tracts, although some doubt exists (55).

The spinocervical tracts are very prominently activated by spe-
cific cutaneous mechanoreceptors so that their role in tactile sensi=
bility is emphasized (64, 88, 90, 112). These tracts are apparently
also activated by the whole spectrum of large-afferent somatic
mechanoreceptors (43).

Confusion reigns over the subject of afferent contributions to the
dorsal column nucleus-medial lemniscal system. It is not apparent
from the literature if secondary muscle spindle afferents giving rise
to fibers of the group II classification project into the DCN-medial
lemniscal system. Some group II afferents in muscle nerves do enter
the system but might very well arise from joint receptors (109). The
primary spindle afferent and tendon organ give rise to fibers of the
group I classification. Mountcastle et al, (82) reported that neither
stretch of muscle nor stimulation of group I muscle afferents evoke
responses in the cat sensorimotor cortex, to which the DCN-medial

lemniscal system projects, The observations were limited to hindlimh
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afferents, however, and Oscarsson and Rosen (95) have demonstrated
that forelimb group I muscle afferents definitely project through the
DCN-medial lemniscal system.

Skoglund (109) reported evoked sensorimotor cortical potentials
in response to just suprathreshold joint nerve stimulation which could
be abolished by the transection of the dorsal columns. However, Bur-
gess and Clark (21, 22) report that the cat knee joint receptors giving
the slowly-adapting responses to joint manipulation do not project
centrally via the DCN-medial lemniscal system. Rapidly adapting
receptors do. The apparent discrepancy with the findings of Skoglund
might be explained by a threshold difference between the fibers of the
two receptor types. Skoglund's interpretation that the several types of
joint receptors send fibers over the DCN-medial lemniscal system is
not tenable; Burgess and Clark offer no alternate projection pathway
for the slowly adapting receptors-

General agreement exists on the contribution of rapidly conduct-
ing cutaneous afferents to the DCN-medial lemniscal system; hair,
claw, pad pressure, touch, and other cutaneous receptors are known
to contribute to the system (18, 92).

The extent of contribution of the rapidly conducting afferents
from receptors in mesentery, interosseous fascia, periosteum, and
other connective tissue to the dorsal column nucleus-medial lemniscal

system is not clear. Rapidly conducting visceral afferents from the
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splanchnic nerve as well as fibers arising from Pacinian corpuscles
in the crural interosseous membrane of the cat do travel in the dorsal
columns (3, 76). Many inferences in the literature give the impression
that this class of receptors provides a large contribution to the dorsal

column system.

Functional Loss in Subjects with Posterior Column Lesions

The overwhelming impression from the literature is that the dor-
sal celumn nucleus-medial lemniscal system subserves the function of
sensation. The production of an evoked cortical potential in the pri=
mary sensory receiving area is a common result of synchronous acti-
vation of dorsal column fibers in animals and man (113), and it is rea-
sonable to assume that this phenomenon underlies the production of
sensation in man (85). Reported clinical signs of dorsal column dam-
age in human patients include a loss of kinesthetic sense, or aware-
ness of poesition and motion of body parts, and a loss of some aspects
of ’cacﬁle sensation that have been termed epicritic, or discriminative
(105, 115). The anatomical arrangement of the system provides a
possible basis for precisely organized sensory function; laminar or-
ganization of fibers in the spinal cord is the first evidence of the
"'somatotopic'' organization seen through the ascending stages (24, 46,
106, 115), Orderly synaptic termination of primary afferents in the

dorsal column nuclei give rise to medial lemniscal fibers with
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somatotopic organization still intact (35, 37, 50, 99, 122). The lem-
niscal fibers cross in the brainstem as internal arcuate fibers and
ascend to the ventrobasal thalamus to terminate in a precisely organ-
ized arrangement (83, 101). And the third order thalamocortical
fibers from the ventrobasal complex activate neurons of the cortical
receiving areas (SI and SII) in such a way that a map of the body sur-
face is represented on the cortical surface (82, 84, 85, 113).

Observations on experimental animals, however, cast doubt on
the singular importance of the dorsal column nucleus-medial lem-
niscal system in kinesthetic and discriminative tactile sensation. Cats
with surgical transection of dorsal columns retain 80-100% of normal
tactile discrimination capability (66). Dorsal celumn transection in
dogs does not interfere with conditioned reflex response to hindlimb
light tactile (air puff) stimulus (90), And monkeys retain the capability
. to respond to vibratory or limb position stimuli after dorsal column
transection (108, 118).

Wall (120) has criticized much of the classical clinicavl infer-
ence of dorsal column function in human patients on the basis of the
nature of the lesions; many reports were apparently based on cases
in which lesions extended beyond dorsal columns. With carefully
controlled dorsal column lesions in human patients the position and
discriminative tactile sensations remain after a transient impairment

(120).
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Ferraro and Barrera (36) describe the effects of thoracic and
cervical dorsal column transection in monkey. Their observations do
not provide a quantitative basis for estimating tactile and position
sensation, but describe motor deficits, especially in control of digits,
and more profound in forelimbs than hindlimbs following cervical le-
sions. They observed ''no postural defects' in the chronic animal,
but their observations were strictly qualitative. They simply infer
that mmonkeys are subject to a loss of position and tactile sensation on
the basis of gross observations of motor function,

An important concomitant observation in the majority of recent
experiments mentioned above on the tactile and position sensation
function of the dorsal column nucleus-medial lemniscal system is that
by extending lesions to include dorsolateral funiculi, especially in the
region of the spinocervical tracts, severe and lasting sensory deficits
occur,

To date, then, the most intensive studies of dorsal column func-
tion have focused on the position and tactile discriminative sensation
function. And the dorsal column nucleus-medial lemniscal system
seems to definitely participate in this function, but not uniquely.

Motor deficits possibly related to this type of sensory input exist
in the chronically dorsal column sectioned monkey. Qualitative pos-
tural defects are not observed in monkeys recovered from dorsal col-

umn transection.
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The effect of dorsal column transection on any of the aspects of

output of the postural control system of the dog is not known.

Sensation, Reflex Organization, and the Dorsal Columns

The throughput of information to the primary sensory area of
the cerebral cortex via the dorsal column nucleus-medial lemniscal
system is strongly emphasized in the discussion above. Not strongly
emphasized, however, is the fact that the sensory projection areas of
cerebral cortex in carnivores and primates are intimately associated
with motor function, so that these areas in experimental animals are
usually referred to as the sensorimotor cortical areais (113). Infer-
ring a sensory function in a region upon which afferent activity impin-
ges is often carelessly done; afferent activity need not produce central
activity related to sensory perception or conscious awareness at all
(105). For example, the primary spindle afferents of skeletal muscle
directly produce motor outflow over ventral roots in the monosynaptic
reflex. A large proportion of afferent activity ascending in spinal
tracts terminates in the cerebellum and apparently does not give rise
to any sort of sensation (104). It is even likely that some afferent ac=
tivity arriving at sensorimotor cortex in the cat does not produce sen-
sation: using EEG arousal as an index, Giaquinte, Pompeiano and
Swett suggested that cat forelimb group I muscle afferents do not pro-

duce sensation (44). The primary afferents travelling in the dorsal
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columns synapse with brainstem neurons to give rise to activity
coursing over pathways additional to the well recognized medial lem-
niscus-ventrobasal thalamus projection (92). Gordon and Seed (48,

49) reported units in rostral portions of nucleus gracilis of the cat that

could be activated antidromically (by their criteria) by electrical

stimulation of either the contralateral medial lemniscus or the anterior
lobe of the cerebellum. Later investigation of this pathway to cere-
bellum by Gordon and Horrobin (47) indicated, by use of the impulse
collisien technique, that the antidromic activation criteria were too
‘lax, and that the magnitude of the direct gracilocerebellar projection
was actually overestimated. Apparently, a large proportion of rostral
gracilis units activated by cerebellar stimulation are monosynaptically
activated by fibers from cerebellum to brainstem; some direct gracilo-

cerebellar fibers were encountered; however. The nature of this path-

way is difficult to derive from the literature; no anatomical studies
seem to show retrograde degeneration in the dersal column nuclei
after cerebellar lesions, with exception of degeneration in the external
cuneate nucleus whose direct projection to cerebellum has been de-
scribed (4, 65, 94). Lack of evidence of the projection to cerebelium
by retrograde degeneration studies may be due to a dual projection of
such fibers. In the raccoon a group of cells located within a transition
zone between the cuneate-gracile complex and the external cuneate

nucleus are seen to degenerate only when lesions are made in both
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contralateral brainstem (including medial lemniscus) and ipsilateral
cerebellar peduncles {65). Orthograde degeneration of a pathway di-
rectly from cuneate-gracile nuclei to cerebellum is not described in
the literature, although no studies have been done according to a pro-
tocol which might possibly disclose such a projection,

The course and termination of fibers arising from the main
cuneate and gracile nuclei are apparently not subject to general agree-
ment among investigators today. No doubt exists concerning the im-
portant connection to the ventrobasal thalamus via the medial lemnis-
cus; a host of conflicting information can be found alluding to either
additional fibers projecting to brainstem nuclei or collateral projec-
tions to brainstem nuclei of the fibers of the medial lemniscus. Me-
dial lemniscal collaterals have been described, anatomically terminat-
ing the substantia nigra, arcuate nuclei, and diffuse medial and ven-
tral portions of the thalamic complex by Ariens-Kappers, Huber, and
Crosby (5). Bowsher (11) produced thermal lesions in an undefined
rostro-caudal position within monkey cuneate and gracile nuclei and
traced degenerating fibers using the Nauta-Gygax technique. He spe-
cifically excluded reticular, centromedian or other thalamic nuclei,
globus pallidus, hypothalamus, zona incerta, subthalamus, substantia
nigra, or red nucleus as regions of terminal degeneration. He found
complete decussation of degenerating fibers terminating almost wholly

in the nucleus ventralis posterolateralis thalami with a small amount
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of terminal degeneration in nucleus paralemniscalis of the mesen-
cephalon. It may well be that the lesion was too restricted in rostro-
caudal extent to affect cells of origin of fibers previously described as
terminating in regions other than ventrobasal thalamus, but an illus-
tration shows very large numbers of degenerated lemniscal fibers in a
mid-pentine section. Ebbesson (29) aspirated portions of cat dorsal
column nuclei and traced degeneration using the Nauta Technique. A
lesion placed in the rostral portion of nucleus gracilis and middle of
cuneatus produced a small amount of terminal degeneration in the
medial accessory olive and a massive region of terminal degeneration
in the dorsal accessory olive. He did not trace degeneration to any
other regions. Rostro-caudal cytoarchitectonic and functional differ-
entiation within gracile and cuneate nuclei may be very critical in con-
sideration of origin of projection pathways from the nuclei (29, 56, 65,
70). Hand and Liu (56) present an abstract, with apparently no follow-
ing publication, describing results of unilateral lesions in middle and
rostral nucleus gracilis of-cats. Cells of rostral gracilis are said to
send projections to ventrobasal thalamus, medial regions of ipsilateral
spinal trigeminal nucleus, ventral portions of dorsal accessory olive,
basal and lateral regions of corpora quadrigemina, mesencephalic
reticular formation, magnocellular portions of medial geniculate and
red nucleus, an area ventral to red nucleus and caudal to fields of

Forel, zona incerta, H1 field of Forel, and posterior thalamic complex.
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The data are not available, nor is a discussion of the points of conflict
with previous investigators presented. The question of collateral pro-
jections of medial lemniscal fibers seems to be open; however, it does
seem likely that fibers arising from dorsal column nuclei, activated by
afferents ascending in spinal cord dersal columns, project to struc-
tures not related to sensation but still appropriate for postural control
involvement. The possibility that major differences in functional or-
ganization of dorsal column nucleus projections between bipeds and
quadrupeds accoeunt for some of the above conflicting reports seems
possible. Lund and Webster (70) report terminal degeneration in
some, but not all, extrathalamic brainstem regions of the rat as re-
ported by Hand and Liu for the cat. In the case of the dog it appears
that there is currently no available evidence relating to extralemniscal
or lemniscal collateral projections of dorsal column nucleus cells.

The implication of neural activity arising from somatic receptors
and terminating in cerebellum or brainstem structures below the thala-
mus is profound with respect to postural control reactions. Many
physiologists must be remembered for establishing the descriptive
terminology and investigating the patterns of interaction of the inte-
grative brainstem functions classed as "'postural reactions' or ''pos-
tural reflexes', Fulton, Landau, Liddell, Magnus, Rademaker,
Sherrington, and others provided framework to which subsequent

electrophysiological study has primarily furnished confirmation or
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extension. Magnus (73) describes various remnants of pestural reac-
tions remaining in animals with transections of the brainstem at vari-
ous levels. He makes it clear that postural behavior is very near to
normal in an anirnal that is decorticate, thus deprived of sensory per-
ception, but has a nervous system intact up to the level of the thalamus.
The dependence of righting reflexes (reflex orientation of the head and
body with respect to gravity and the environment) on proprioceptive
and exteroceptive somatic neural activity and an intact brainstem is
clearly established.

Not clearly established to date is the degree of participation of
the classical postural reflexes in the maintenance of undisturbed quiet
stance in the intact dog. It seems reasonable to assume that they play
some role and to design experiments testing the assumption. And
among many questions that can be asked is included a question about
which spinal cord afferent pathways carry information involved in the
organization of postural activity. At this point, then, a physiological
problem has been identified and a rationale for seeking a solution has
been suggested:

9 Receptors signalling information appropriate to postural controil
project in the dog spinal cord dorsal columns.

2. Second order activity generated by these projections is involved

in production of sensation, but
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3 Additional second order activity projects to structures not

related to sensation but appropriate to poestural control invelve-

ment,

4, Soeme postural reactions are known to function in the absence of
sensation.

5 The question arises: do fibers projecting in the dorsal columns

contribute importantly to the postural reactiens not involving

sensation?

The Experiment

The possibility that some of the large rapidly conducting affer-
ents traveling in the spinal cord dorsal columns participate in oi'gani—
zation of postural activity might be tested by observing the postural
behavior of dogs before and after transection of the dorsal columns.
With the intent of gathering information suitable for evaluation by the
technique of the systems engineer, observations will be made on the
steady-state operation of the postural control system as well as on the
dynamic response of the system te a controlled disturbance. Normal
dogs will be trained to the task of maintaining as quiet and laterally
symmetric a stance as possible. Once the limit of their capability in
this respect is evaluated, they will be subjected to observation of the
nature of response to a postural disturbance in the form of a brief

. longitudinal displacement of their supporting platform during task
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performance., After quantitative evaluation of these observations on
steady-state and dynamic postural system behavior, the dogs will be
subjected to surgical transection of the spinal cord dorsal celumns
above the zone of entry of afferents from the brachial plexus, thus
blocking long projecting fibers from all limbs and from the trunk be-

-low the neck. Clinical observations will be noted and the quantitative
observations will be resumed as soon as possible and centinued until
recovery has stabilized. Immediate and long term effects of the le-
sion will be examined in the hope of evaluating the contribution of the

spinal cord dorsal columns to postural control in the dog.
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FACILITIES AND APPARATUS

Animals and Housing

The dogs used in this study were selected only according to
weight and body conformation, and were not of uniform breed. They
were supplied by and housed in the facilities of the University of Ore-
gon Medical School Department of Animal Care. They were all of
approximately 25 kg body weight on ad lib diet at the time they were
accepted for the study. Differences in size and weight of the animals
were not given any consideration in the physical setup of the experi-
mental apparatus. The dogs were all trained to stand on the same
base of support on the platform in the experimental laboratory.

A total of six animals -was used. All survived the surgical
procedure and were observed through the complete control and experi-
mental protocol. A well-equipped experimental surgery suite was
used to perform the laminectormy and spinal cord lesion and a veter-
inarian supervised the anesthesia. The animals were housed in indi-
vidual runs for about 30 recovery days after surgery. The regular
dry food diet was supplemented with specially formulated high protein
canned food for 2 to 3 weeks after surgery. Minor complications in
wound healing and two possible cases of meningitis from surgical
sepsis were treated according to the advice of the veterinarian. The

immediate post-operative recovery period before experiments were
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‘begun ranged from 1 to 10 days.

Laboratory and Data Acquisition System

Thé basic apparatus of the laboratory in which the experiments
were conducted has been described previously (17, 79). The hy-
draulically powered, electronically controlled movable platform sup-
ported an array of four force transducers upon which the animals
were trained to stand. A position detector (16) could be fixed to the
skin overlying the lumbar spine of the animals. Hindlimb joint angles
could be detected by placing sensors on the shaved skin overlying the
long bones of the leg (103).

A block diagram of the data acquisition system is shown in
Fig. 2. Signals from the processing amplifiers for the force, posi-
tion, and angle detectors as well as the mode indicator signal (see
below), platform position signal, and a time mark generator output
were led to a patch panel at the rear of a card enclosure. By select-
ing appropriately wired patch cards, any desired combination of sig-
nals could be led to the 7 FM record inputs of a Honeywell 7600 mag-
netic tape recording system, to the inputs of an eight channel Cfiner
inkwriting oscillograph, and, via a selecting switch, to the input of a
Tektronix RM15 monitoring oscilloscope. The recording and monitor-

ing systems could be operated independently or simultaneously.
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Figure 2. Block d(i,agrairn of the data acquisition system. Recorded
data were derived from signal processing amplifiers for the force
transducers (FT), angle detectors (A.D) and position detector (PD).
These signals, as well as signals from the mode indicator (MI; see
Fig. 4), platform position feedback potentiometer (PL), a Tektronix
type 180 time mark generator (TMG), and a calibration voltage source
(CV) were led to patch panel (PP) at the rear of a card enclosure.
When appropriately wired ‘patch cards were placed in the patch bay
any desired combination of signals ceuld be led over trunks to the
seven FM record inputs of the magnetic tape recording system (7600),
to the eight inputs of the inkwriting oscilloegraph (OFFNER), and to a.
selecting switch (SW) leading to a monitor escilloscope (RM15). Re-
cording devices could be operated independently and/or simultane-
ously, and the playback of the FM tape recorder could be monitored

on the inkwriter and oscilloScope.
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The 7600 magnetic tape recording system was operated in the
standard FM mode at 7 1/2 ips (center frequency 6. 75 KHz). The
specified data bandwidth (within 1.0 db) is 0-1250 Hz. Linearity is
specified to be + 0. 5% full deviation, with 10 volts RMS the maximum
input level. The linearity was checked using a -5V te +5V ramp
generated by an EAI 680 analog computer and was within specifications
for all FM channels after appropriate modifications were made to the
reproduce amplifiers.

Signal processing amplifiers were adjusted to keep maximum
expected data signals within the + 5V linear range of the recording
system. Typical recorded signal amplitudes were of the order of
4 volts peak to peak. Data system calibration was done by recording

‘transducer signals or voltage sources on the FM tape immediately
prior to conducting experiments each day and converting these records
to digital form at a low sampling frequency. Digital averages of about
25 samples (at 1 Hz) at calibration zero level and at calibration step
level were then used to normalize the amplitude of all disk data files
prior to dumping to cards or performing calculations. Once normal-
ized, no calibration factors were further required for any data files
and all programs could treat all data files equivalently.

Calibration zero values for each analog data channel depended
on the transducer. The force plate channels were connected to their

respective carrier amplifier outputs, and the amplifiers were
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balanced to zero volts (j—_ 10mV) with 5 kg preloads on the transducers,
The angle and position detector channels were connected to the supply
ground of a regulated (+ lmV) DC power supply. The platform posi-
tion channel was connected to the position feedback signal in the plat-
form control amplifier with the platform held stationary at the ''zero"
pesition.

The calibration step was +1. 00 kg on the force transducers,
+1. 000 volt at the input of the angle and pesition channels, and
420, 0 mm in the platform position. The linearity of the data handling
system was dependent primarily on the linearity of the FM recording
system, which was measured to be + 0. 5% full scale, The system-
throughput method of calibration offered many advantages in simpli-
city and accuracy, especially in not depending on a fixed zero-refer-
ence for each recording channel. The standard deviations of the com-
puted individual data channel calibration vectors remained nearly
constant from day to day ahd ranged from 5 to 15 mV with a mean of
about 7 mV. This was well within the resolution limits of the trans-
ducers. The force transducers had a resolution of about 0. 01 kg, '
represented by 10 mV at the carrier amplifier output at the sensiti-
vity used. Each angle detector had a resolution of about 0. 19, rep-
resented by 20 mV at the output. The position detector had a resolu-
tion of about 0.3 mm, represented by 15 mV at the output at the

sensitivity used. The power supply for the angle and position detector
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amplifiers was the same one used for the calibration voltage source.
The schematic for the position detector amplifier is located in

Appendix A.

Experiment Controller

A system was designed to control automatically the course of
individual experiments, each of which could be initiated by the experi-
menter. The purpose of the controlling system was to assure as much
as possible that the experimental observations were subject only to
animal variability frem trial to trial and that the animals were per-
forming to the limit of their capability (encouraged by attainment of
a food reward). A dog standing on the platform and performing for
reward is depicted in Fig. 3.

The system block diagram is shown in Fig. 4. Dashed lines
enclose closely related sets of components. The apparatus presented
to the animal and intended to draw his keen attention is the light panel,
speaker, and feeder. This set of components is physically located
immediately in front of the platform on which the animal stands with
his feet placed on the force transducers (see Fig. 3). The system
works by presenting a visual and auditory cue to the animal of the
passage of time toward the attainment of a food reward. Attainment
of the reward is contingent on the maintenance of symmetry, within

adjustable limits, of the weight distribution beneath the front feet for



Figure 3. Sketch of dog standing on platform and performing task for
reward. Dog stands on the array of vertical force transducers. Vis-
ual field is deminated by the panel with vertical array of 16 indicater
lamps. Feeder, when triggered by control electronics, drops indi-
vidual meatballs through funnel into dish, from which dog can obtain

reward with minimum disturbance of stance.
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Figure 4. Block diagram of experiment controller system. Compon-~
ent identification:. CiA-carrier»ampliﬁer; CTR-counter; DA-difference
amplifier; FDR-feeder; FG-function. generator; LLD-limit de tector;
LP-light panel; MI-mode indicator; :{MON-monitor meter; OSC-oscil-
lator; P-~platform; PCA-platform control amplifier; PG-pulse genera-
tor; SP-speaker; SPG—sarhpling pulse generator; SV-servo valve; SW-
start switch; T-force t:ansducer; TMG-time mark generator; TR-FM
magnetic tape recorder. Dashed lines enclose physically apposed sets

of elements. See text for description of compeoenent interaction.
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a period of time which can be set by the investigator. Signals from
the control logic successively light the 16 panel indicator lamps on the
light panel. These lamps are located in a vertical array, approxi-
mately one inch apart, immediately above the dish into which the
feeder dispenses the reward. The adjustable limit detector, driven
by signals from the force transducers, via carrier amplifiers and the
difference amplifier, signals the control logic to reset and begin the
lamp countdeown again whenever front foot weight difference exceeds
the set level. The length of time (duration of one _t_r_i_'fm_l) required to
attain reward, provided no reset occurs, is set by fixing the output
interval of the pulse generator which drives the contrel logic. The
reward is dispensed by triggering the feeder with the same signal that
turns on lamp number 16, Fig. 5 illustrates the course of events
during an hypothetical trial in which two resets occurred. The reward
is dispensed coincident with the lighting of lamp number 16. Interval
between lamps is 1. 6 seconds, and a trial without reset would have
been completed in 24 sec.

In a preliminary design stage of the apparatus an analog of the
projection ento the horizontal plane of the position of the center of
weight distribution of an animal was generated from the signals from
the force transducers beneath all four feet. A double-ended limit de-
tecting circuit was used to constrain this center of weight distribution

within a diamond shaped region, the position and dimensions of which
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Figure 5. Illustration of events during hypothetical trial in which two
resets have occurred. Trial is initiated by pressing start switch.
Sequence of lamp lighting is indicated by the step diagram above.

Mode indicator record sketched below: inter-trial interval mode is
high (wait); operating mode is middle (run); reset mode is low (reset).
Since pulse generator runs free, countdown initiates only at first pulse
following termination of reset mode. Reward is dispensed coincident

with lighting of lamp 16,
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could be adjusted. Experiments were conducted using trained animals
from studies described previously (16) and the analog of the center of
weight distribution was monitored on a storage oscilloscope. Two
major problems were encountered. Shifts of weight distribution into
patterns with diagonal asymmetry were often observed which failed
to trigger the limit detector. It was also necessary to readjust the
limit detecting circuit to accommodate for differences in the longitu-
dinal position of center of weight distribution of the ''characteristic"
stance of each dog. For these two reasons the simplified limit de-
tecting scheme of the present apparatus was adopted. A low-pass
filter (3 db down at 3 Hz) between the difference amplifier and limit
detector minimized the occurrence of resets at panting frequency.

There are three modes of operation of the apparatus, and these
are all signaled by the output level of the mode indicator: (l) inter-
trial interval mode, control logic not activated; (2) operating mode,
initiated by depressing the switch and terminated by the ''last lamp"
pulse (returning the system to the inter-trial interval mode, (3) reset
mode, initiated by the output of the limit detector and terminated when
the limit detector turns off. The control logic returns to the beginning
of the operating mode sequence each time the reset mode terminates.
Trials may last any length of time then, depending on the occurrence
of resets; the duration is 16 pulse intervals past the depressing of the

switch or termination of the last reset. The counter (Beckman EPUT),
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~driven by the time mark generator (TRIGGER output of a Tektronix

type 180 @ 100 Hz) and gated by the control logic, provides a display

of trial duration at the termination of each trial. The auditory cue,

delivered via the speaker located behind the light panel, is turned

on only when the system is in the operating mode. The remaining

components at the bottom of the figure will be discussed in the sectiem

on the data processing system. Schematics for the controller system

electronics are located in Appendix B.

Data Processing System

Two separate types of observations were made on the animals
and data handling was completely different for the two. The first type
of observation was made as the animals stood quietly undisturbed and
was intended to detect the limit of their capability to maintain a quiet
stance. In this type of experiment the data, consisting of force plate
and mode indicator output as well as counter display, were recorded
on the inkwriting oscillograph and by hand and provided information
only about the success or failure of the dog in completing individual
trials. These data were not subjected to any kind of automatic pro-
cessing.

The second type of observation was made as the animals were
subjected to a controlled displacement of the platform on which they

stood. In this case transducers signalling hind limb joint angles and
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body position were attached. The controlling system was again used
and the animals were still behaving in effort to attain reward for
maintaining a quiet symmetric stance. The outputs of the force,
angle, and position detectors were recorded on magnetic tape in such
a way that responses to several successive displacements could be
subjected to digital processing and derivation of appropriate statistics.

The experimental apparatus involved in the data processing sys-
tem is seen in the lower portion of Fig. 4. Trials, initiated again
under control of the experimenter by depressing the switch, were con-
ducted so that the platform was triggered to move in either the head-
ward or tailward direction at precisely 2 seconds after the trial began.‘
The control logic triggered a sampling pulse generator whose output
was recorded on the direct-record channel of the Honeywell tape re-
corder., The sampling pulse generator delivered pulses at the rate of
5 Hz for 2.0 seconds, 320 Hz for the succeeding 500 msec , and 5 Hz
for 20. 0 seconds thereafter. Thus during every trial 270 pulses
(10@ 5 Hz, 160 @ 320 Hz, and 100 @ 5 Hz) were recorded in 22. 5
seconds and these were exactly registered on the same time base
{magnetic tape) as the transducer signals from the animal. The sam-
pling pulse generator also delivered a trigger pulse to an Exact model
255 function generator coincident with the 10th sampling pulse. The
function generator output drove the platform control amplifier which

in turn actuated the servo valve in the hydraulic system impelling the
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platform. The platform servo system worked by nulling a platform
position feedback signal against the function generator output and thus
reproduced the function generator waveform in mechanical displace-
ment of the platform in one (longitudinal axis of the standing dog)
direction.

Inkwriter records of the transducer signals, platform position,
and mode indicator were kept as the magnetic tape records were
generated and these were used for purposes of editing data during the
automatic processing. Magnetic tape records consisted of six FM
channels of transducer outputs from the dog, one FM channel for plat-
form position, and the direct record channel with sampling pulses.

The analog to digital data conversion system included a Raythecn
Multiverter (externally triggerable), the conversion control logic
(converter), a buffer memory, and a Kennedy digital tape recorder.
The analog tape outputs went to the inputs of the multiverter and the
sampling pulses, appropriately shaped by a digital read amplifier
(Appéndix C) went to the converter, Digital tapes generated from the
seven channels of analog data consisted of serially written binary
coded digits representing essentially simultaneous (28u S slew) mea-
surements on the data at points in time determined by the sampling
pulse rate. Manual start and stop buttons on the converter made it
possible to run the analog transport without converting data; data was

converted to digital form on sampling pulse command only after a
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manual start of the conversion system. Thus was provided the oppor-
tunity to edit the data. Schematics for the sampling pulse generator
and digital read amplifier are located in Appendix C.

The digital tape recorder was interfac<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>