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Transmission Security for Single Kinesthetic Afferent Fibers
of Joint Origin and Their Target Cuneate Neurons in the Cat

Gordon T. Coleman, Hong-Qi Zhang, and Mark J. Rowe
School of Medical Sciences, The University of New South Wales, Sydney, Australia 2052

Transmission between single identified, kinesthetic afferent fibers of joint origin and their central target neurons of the cuneate nucleus
was examined in anesthetized cats by means of paired electrophysiological recording. Fifty-three wrist joint afferent- cuneate neuron
pairs were isolated in which the single joint afferent fiber exerted suprathreshold excitatory actions on the target cuneate neuron. For each
pair, the minimum kinesthetic input, a single spike, was sufficient to generate cuneate spike output, often amplified as a pair or burst of
spikes, particularly at input rates up to 50 -100 impulses per second. The high security was confirmed quantitatively by construction of
stimulus-response relationships and calculation of transmission security measures in response to both static and dynamic vibrokines-
thetic disturbances applied to the joint capsule. Graded stimulus-response relationships demonstrated that the output for this synaptic
connection between single joint afferents and cuneate neurons could provide a sensitive indicator of the strength of joint capsule stimuli.
The transmission security measures, calculated as the proportion of joint afferent spikes that generated cuneate spike output, were high
(>85-90%) even at afferent fiber discharge rates up to 100 -200 impulses per second. Furthermore, tight phase locking in the cuneate
responses to vibratory stimulation of the joint capsule demonstrated that the synaptic linkage preserved, with a high level of fidelity, the
temporal information about dynamic kinesthetic perturbations that affected the joint. The present study establishes that single kines-
thetic afferents of joint origin display a capacity similar to that of tactile afferent fibers for exerting potent synaptic actions on central
target neurons of the major ascending kinesthetic sensory pathway.
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Introduction

Some of the earliest reports on the actions of tactile and kines-
thetic inputs on the CNS emphasized the much greater sensitivity
and efficacy of tactile inputs compared with deep inputs in gen-
erating reflex motor output (for review, see Matthews, 1966). The
distinction is apparent, for example, between the pinna reflex, in
which a small tactile input generated by movement of a single hair
can discharge perhaps hundreds of motoneurons to elicit this
reflex, and the monosynaptic reflex, the input—output relation-
ships of which show an absence of output until many muscle
afferent fibers are activated (Coombs et al., 1955; Lloyd et al.,
1955). Furthermore, the distinction has been confirmed in recent
studies, even, for example, in microneurography studies in hu-
man subjects, in which spike-triggered averaging and EMG re-
cordings have shown that single tactile afferent fibers can exert
potent synaptic actions on spinal motoneurons (McNulty et al.,
1999), in contrast to the absence of such effects from single mus-
cle afferent fibers (Gandevia et al., 1986).

The capacity of individual tactile afferent fibers to exert potent
central synaptic actions also extends to neurons of the major
ascending sensory pathways, including those of the spinocervical
tract (Brown etal., 1987) and the dorsal column nuclei (DCN). At
the DCN relay, we showed that all classes of tactile fibers exam-
ined [in particular, the fibers associated with Pacinian corpuscle
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receptors (PC fibers); the slowly adapting type I (SAI) and type I
(SAII) fibers associated with Merkel and Ruffini endings, respec-
tively; and the hair follicle afferent fibers] displayed a high secu-
rity of transmission when tested in a paired, electrophysiological
recording arrangement that enabled the efficacy of transmission
to be examined for the synaptic relay between the identified single
afferent fiber and one of its central target neurons (Ferrington et
al., 1987a,b; Vickery et al., 1994; Gynther et al., 1995; Rowe, 2001;
Zachariah et al., 2001).

In the present study, a similar paired recording paradigm has
been used to examine the central actions of single kinesthetic
afferent fibers, in this case of joint origin, to determine whether
any dichotomy exists between tactile and kinesthetic fiber classes
in the efficacy of transmission at synaptic linkages formed by
single fibers of these classes on neurons of the DCN. The paired
recording preparation enabled us to selectively activate and mon-
itor the activity of individual joint afferent fibers in the intact
wrist joint nerve (Coleman et al., 1998a) while recording simul-
taneously with a microelectrode from target neurons in the cu-
neate division of DCN. Preliminary accounts of this study of joint
afferent transmission characteristics have been published previ-
ously in abstract form (Coleman et al., 1998b, 1999a).

Materials and Methods

Animal preparation. Experiments were conducted on 40 cats that ranged
from 2.0 to 4.0 kg in weight, but with most (29) in the range of 2.5-3.5 kg.
Experiments conformed to the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes. Anesthesia was induced with
sodium pentobarbitone (40 mg/kg, i.p.) or a combination of alfaxalone
and alfadolone acetate (18 mg/kg, i.m., in two cats) and maintained with
a continuous intravenous infusion of sodium pentobarbitone (~2-3
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mg - kg "' - hr ~'; overdose administered to terminate experiments). At-

ropine sulfate (80 ug/kg, s.c.) and dexamethasone phosphate (1.2 mg/kg,
i.m.) were administered routinely to reduce respiratory secretions and
the risk of cerebral edema, respectively. The trachea was cannulated, as
were the femoral artery and vein. Autonomic indices of anesthetic level,
including heart rate, blood pressure, and pupillary aperture, were mon-
itored continuously, and the animal’s hindpaw was pinched periodically
to test for a withdrawal reflex. Rectal temperature was maintained at 38
0.5°C. Electrophysiological recording was terminated if mean blood
pressure fell below 80 mmHg. Expired P, was usually ~4% but varied
depending on the cat’s spontaneous rate of ventilation.

The wrist joint nerve, also known as the articular branch of the dorsal
interosseous nerve, was freed from overlying forearm extensor muscles
but remained in continuity with the CNS via the deep radial nerve
(Tracey, 1979; Coleman et al., 1998a). The dorsal surface of the wrist joint
capsule was exposed by removal of the overlying muscle tendons. All
other nerves supplying the distal forelimb were transected. The skin flaps
created by the forearm incision were stitched to a brass ring, which cre-
ated a pool that was filled with warm liquid paraffin to protect the ex-
posed tissues.

Procedures for electrophysiological recording. After the head was secured
in a conventional stereotaxic frame, the cuneate nucleus was exposed,
and recording was undertaken according to methods described previ-
ously (Vickery et al., 1994). A silver hook electrode was placed under the
fine-caliber wrist joint nerve after it had been freed from associated tis-
sues of the forearm for a distance of up to ~4 c¢m, and an indifferent
electrode was attached to nearby skin. To record simultaneously from the
central target neurons of identified wrist joint afferent fibers, penetra-
tions were made with tungsten microelectrodes in a grid-like pattern in
the cuneate nucleus, 1-4 mm caudal to the obex, and from ~0.5 to ~2
mm lateral to the midline, in a region that corresponded to the “cluster
zone” of the nucleus (Kuypers and Tuerk, 1964; Keller and Hand, 1970).
Responses recorded in both the DCN and the wrist joint nerve were fed
through conventional amplifier stages, displayed on a digital storage os-
cilloscope, and stored on magnetic tape and in a laboratory computer.

In seven experiments, a low-impedance (=0.5 M()) microelectrode
was inserted into the caudal region of the ventral posterolateral nucleus
in the contralateral thalamus for antidromic activation (Darian-Smith et
al., 1963) to confirm the cuneothalamic identity for a sample of the wrist
joint-related neurons. The stimuli used were 100 usec electrical pulses,
up to ~1 mA in strength.

Activation of wrist joint afferent fibers and their cuneate target neurons.
Individual joint afferent fibers, identified initially by gentle probing of
the exposed wrist joint capsule with von Frey hairs (~50-200 mg wt in
applied force), had well demarcated, punctate receptive fields on the
capsule within which just one fiber was activated. The spike waveform
observed in the wrist joint nerve recording was examined carefully on an
expanded time base of a storage oscilloscope to reveal the details of con-
tour and phase to confirm the selective activation of individual units
(Coleman et al., 1998a). Cuneate neurons that received wrist joint input
were identified initially after tap stimulation (0.4—0.6 mm amplitude, 3
msec duration) of the joint capsule, and their receptive fields were also
mapped by means of von Frey hairs.

Controlled mechanical stimuli were applied to the receptive field foci
of wrist joint units on the joint capsule by means of circular probes (250
pm diameter) driven by a feedback-controlled mechanical stimulator
(Ferrington et al., 1987a,b; Vickery et al., 1994; Gynther et al., 1995).
These focally applied stimuli consisted of static mechanical displace-
ments (1-1.5 sec in duration) or trains of sinusoidal vibration often
superimposed on a 1.5 sec step indentation. Because flexion or extension
movements of the wrist activated multiple afferent fibers, these forms of
natural stimulation could not be used to selectively activate single wrist
joint afferent fibers. Although only a minority (~40%) of the joint affer-
ent fibers displayed slowly adapting responses to static focal indentation
at the restricted amplitudes (=400 wm) applied with the 250 um probes,
the dynamically sensitive units could be activated in a sustained way by
focal vibration. These vibratory stimuli, which lasted 1 sec, began 300
msec after the onset of a 1.5 sec step indentation (0—200 wm) and ranged
in frequency from 10 to 400 Hz, at amplitudes up to 150 wm at frequen-
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cies =100 Hz or amplitudes up to 100 wm at frequencies >100 Hz.
Stimuli were typically delivered at 8—10 sec intervals to allow for recovery
of the joint capsule and receptor between stimuli.

Analysis of transmission characteristics for the linkage between single
wrist joint afferent fibers and their cuneate target neurons. Stimulus-
response relationships were plotted from the impulse rates of each mem-
ber of the joint afferent—cuneate neuron pair, which enabled the trans-
mission characteristics for the pair to be quantified, particularly the gain
of the input—output relationship and the extent to which the linkage was
capable of amplification of the peripheral signal. The transmission char-
acteristics were also quantified from modified cross-correlograms (Vick-
ery et al., 1994; Gynther et al., 1995). These response correlation histo-
grams (RCHs) were constructed (see Figs. 2, 6, 7) to examine the
temporal relationships of impulse activity evoked in wrist joint afferent
fibers and their target cuneate neurons. The cuneate spike occurrences
were registered and accumulated in the histogram, which used successive
peripherally recorded impulses for spike triggering to reset the histogram
to time zero. This analysis allowed a minimum latency to be specified.
When a cuneate neuron impulse occurred in the analysis channel, the
time to the first preceding peripheral fiber spike that occurred before the
minimum latency value was calculated and plotted. This refinement al-
lowed for analysis of the response to stimuli that produced interimpulse
intervals in the primary fiber that were shorter than the response latency
for the central neuron. From these RCHs, we derived three quantitative
measures. First, the transmission security for the linkage was calculated
as the proportion of wrist joint afferent fiber impulses that evoked a
response in the cuneate neuron; second, the cuneate response latency was
obtained as the mean = SD for the initial peak in the RCH associated with
the first cuneate spike in instances of doublet or burst responses; and
third, the mean central response (designated mean 2° in Figs. 6, 7) was
calculated as a measure of the average spike output from the cuneate
neuron in response to each effective input spike.

Transmission characteristics were also quantified for different rates of
afferent drive in terms of the cuneate spike output to successive input
spikes in the wrist joint afferent fibers. This was done when the afferent
fiber responded, at different vibration frequencies, in a regular one-to-
one manner (i.e., one impulse discharging on each cycle of the vibration).

Fidelity of temporal patterning in transmission between single wrist joint
afferent fibers and their target cuneate neurons. Accurate signaling of dy-
namic perturbations that involve the joint presumably depends on the
retention of temporal precision in the transmission of signals across the
synaptic junctions in the central pathways. This issue was examined by an
analysis of temporal patterning in the paired responses to focal vibration
(as a controlled and defined form of dynamic stimulation that was ap-
plied to the joint capsule). The capacity of each member of the pair to
respond to the focal vibratory stimulus in a phase-locked or synchro-
nized manner was quantified by the construction of cycle histograms
(CHs). From these, the tightness of phase locking was quantified (Mar-
dia, 1972) by calculation of the resultant (R) as a measure of vector
strength in the cyclic distribution. Descriptions of the CHs together with
the formula for deriving the R values have been given previously (Zacha-
riah et al., 2001).

Values of R range from 0 to 1, with values <0.17 indicating an absence
of significant phase preference (p < 0.05 for n = 100) (Durand and
Greenwood, 1965). Values >0.3 indicate a highly significant phase pref-
erence in the response ( p < 0.0001 for impulse counts of n = 100). R
values >0.7 are common in phase-responsive neurons of the auditory
(Lavine, 1971; Bledsoe et al., 1982) and tactile (Greenstein et al., 1987;
Vickery et al., 1994; Gynther et al., 1995) systems. Temporal dispersion in
the CHs was also quantified by calculation of the SD for the distribution
of impulse occurrences (see Fig. 8).

Results

Evidence for selective activation of individual wrist joint
afferent fibers

For the analysis of cuneate transmission characteristics for single
kinesthetic sensory fibers of joint origin, it was essential first to
achieve selective activation and monitoring of the activity of in-
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dividual joint afferent fibers and then to
verify that there were no other active fi- A

bers that might have contributed to the ULNA
observed central responses. Our previous
methodological paper (Coleman et al.,

1998a) described the suitability of the in- )
tact wrist joint nerve preparation for 3\;'::
achieving the first of these requirements. Capsule

However, the arguments establishing that

both requirements were met for the
present paired recording study are as fol-

lows. The selective activation of single

joint afferent fibers was achieved with the

use of gentle focal stimulation of the joint D
capsule with fine probes under feedback
control. This was possible for several rea-
sons. First, the innervation density for
group II endings on the capsule is not so
great that multiple units are activated by
such stimuli. Second, the receptive fields
of individual units are invariably small
and punctate (Fig. 1) [Coleman et al.
(1998a), their Fig. 2]. Finally, the 250-
pm-diameter stimulus probe was suffi-
ciently fine that the low-intensity stimuli
could be confined within the receptive
field of individual afferent fibers.

The requirement for monitoring the
activity of the recruited fiber and verifying
the selectivity of its activation was met be-
cause of the excellent signal-to-noise ratio
achieved with whole-nerve recording
from the intact wrist joint nerve. When
this fine-caliber nerve was freed from the
abductor pollicis longus and other tissues
of the forearm for distances of 3-4 cm and
placed over a thin sheet of plastic film to
improve electrical isolation from adjacent
tissues, it was possible to achieve a signal-
to-noise ratio of at least 5:1-10:1 (Figs. 2, 3, 4) [Coleman et al.
(1998a), their Figs. 2, 3]. This created a clear discontinuity be-
tween the “noise” level on the recording trace and the spike ac-
tivity of any activated group II afferent fiber and ensured that the
central responses could not be attributed to afferent impulse ac-
tivity that was buried in the noise of the recording trace. It was
also advantageous for verifying the selective activation of individ-
ual joint afferents, to eliminate tonic activity in the wrist joint
nerve (Fig. 2) [Coleman et al. (1998a), their Figs. 2, 3]. This was
achieved by fixing the wrist joint at an angle of ~150°, because
most wrist joint afferents discharge tonically only when the joint
is at or near full flexion.

An additional precaution that was taken to eliminate any risk
that contaminating inputs might be recruited from beyond the
wrist joint nerve itself was to denervate the forelimb apart from
the wrist joint nerve itself. This involved sectioning the median,
ulnar, musculocutaneous, median musculocutaneous, and su-
perficial radial nerves, together with branches of the deep radial
nerve that supply forearm muscles (most of which were removed
to expose the dorsal interosseous and wrist joint nerves). Further-
more, any small branches of the dorsal interosseous that supplied
the interosseous membrane were cut when the abductor pollicis
longus muscle was dissected away from the nerve, thus eliminat-
ing any possibility of contamination from Pacinian corpuscle-
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Receptive field, latency, and conduction velocity characteristics for wrist joint afferent— cuneate neuron pairs. Recep-
tive fields are shown in A for four neurons activated by probing a single point on the capsule, in B for three neurons each activated
ata suprathreshold level by two identified afferent fibers from two discrete points on the capsule (filled, gray, and open symbols for
the three pairs of foci), and in C for three neurons each activated by three afferent fibers from three discrete foci (filled, gray, and
open symbols for the fields of the three neurons). D, The histogram shows the distribution of latencies for cuneate neuron responses
to 64 single identified wrist joint afferent fibers measured from the occurrence time of the peripheral spike recorded from the wrist
joint nerve in the mid forearm. For each of these latency measurements, the afferent fiber was activated at low rates (~1Hz). £,
Distribution of approximate conduction velocities for the wrist joint afferent fibers on the basis of cuneate latency valuesin D, with
an allowance of 1 msec for central delay time across the synaptic linkage.

related fibers from this dorsal side of the interosseous membrane.
With these precautions, one could be certain that the only fibers
providing input to the cuneate nucleus in response to controlled,
low-intensity stimulation of the wrist joint capsule were those
that could be monitored in the recording traces from the intact
wrist joint nerve.

Unequivocal confirmation that the cuneate responses ob-
served in these paired recordings were attributable exclusively to
the single monitored joint afferent fiber came from the correlated
activity observed in paired impulse traces, such as those of Fig-
ures 2—4. Each cuneate response was dependent on previous
spike occurrence in the observed joint afferent fiber and followed
it at a fixed latency. Furthermore, when the joint afferent fiber
failed to respond on some cycles of the vibration stimulus (Fig. 3),
there was a correlated failure of response in the cuneate neuron.
These response correlations were even more persuasive for non-
synchronizing stimuli, such as the static capsular indentation
used to generate the paired responses in Figure 2. In this circum-
stance, the impulses in the peripheral fiber were evoked irregu-
larly in response to the static displacement, and therefore were
not synchronized to any feature of the stimulus. Because the static
stimulus cannot synchronize the activity of any other fiber with
that of the monitored fiber, we can exclude contributions to this
central response from sources other than the monitored fiber.
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Figure2. The capacity of single spikesinawrist joint afferent fiber (1°) to generate spike output from a cuneate target neuron (2°) in response to staticindentation of the joint capsule. The paired

simultaneous recordings in A show the responses to focal static indentation (1 sec duration) of the joint capsule at amplitudes up to 400 m. The asterisk in the peripheral response trace at 400 um
marks the occasional recruitment of a second fiber that fails to elicit any response from this cuneate neuron. Vertical calibration, 0.28 mV for the 1° traces and 0.50 mV for the 2° traces. The
stimulus—response relationships in B show the graded input— output functions for peripheral (1°) and central (2°) elements (dashed and solid lines, respectively) and reveal the amplification of
output across this synaptic connection. In , the RCH and superimposed impulse traces for 1° and 2° elements illustrate the pairs or bursts of spikes elicited in the cuneate neuron in response to the
single input spike. The transient onset segment (~15 msec) of the indentation period was excluded from the impulse counts plotted in B and from the RCH in C because additional fibers were
sometimes recruited by the abrupt onset of the step indentation. In A and (, the connecting dots emphasize the correlation between peripheral and central spike activity.

Representation of wrist joint inputs within the

cuneate nucleus

A total of 53 cuneate neurons that could be activated by
single identified wrist joint afferent fibers were located in the
cluster zone of the cuneate nucleus (Kuypers and Tuerk, 1964;
Hand and van Winkle, 1977). All 53 neurons were found be-
tween 1 and 3 mm caudal to the obex, 1-1.8 mm lateral to the
midline, and at depths of 500-1800 wm within the nucleus. In
any one experiment, these wrist joint-related neurons were
found in a rostrocaudally oriented column no more than
~250 um wide at any given rostrocaudal level, in agreement
with Millar’s (1979) observations for elbow joint input. Be-
cause of the extensive denervation performed on the distal
forelimb, we did not investigate the extent of any cross-modal
convergence (e.g., from cutaneous tactile afferent or muscle
afferent fibers) onto this particular joint-related class of kin-
esthetic neurons.

Receptive fields of cuneate neurons responding to stimulation
of the wrist joint capsule

Each of the 53 cuneate neurons studied had discrete, punctate
receptive fields that could be delineated clearly by probing the
dorsal surface of the joint capsule with fine (50-200 mg wt in
applied force) von Frey hairs. Receptive fields were mapped

systematically for 39 neurons. Although only a single focus of
sensitivity was found on the capsule for most neurons (25 of
39; ~65%; four examples in Fig. 1 A), a substantial proportion
(14 of 39; ~35%) of cuneate neurons responded to stimula-
tion of two or more discrete points on the wrist joint capsule
separated by distances of ~1-5 mm. This proportion may be a
slight underestimate, because in some cases, the preparation
did not allow the entire dorsal surface of the wrist joint capsule
to be explored. For seven of these 14 neurons, the receptive
fields had two foci (for three examples, see Fig. 1 B), whereas
the other seven neurons had three foci, as shown for three
neurons in Figure 1C. Each of the separate receptive field foci
was small (1-2 mm diameter), either circular or oval in shape,
and corresponded in size to the receptive field sizes of individ-
ual afferent fibers recorded from the wrist joint nerve. Because
the receptive fields for individual wrist joint afferent fibers
consisted of just a single point receptive field (Coleman et al.,
1998a), the cuneate neurons with dual- or triple-focus fields
were activated at a suprathreshold level by two or three con-
vergent joint afferent fibers. The sharply circumscribed nature
of the foci and the discontinuity of foci for different peripheral
fibers provided one of the persuasive lines of evidence that
these cuneate neurons could be activated from each of these
foci by quite separate, convergent sensory fibers.
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Figure 3.  High transmission security and amplification across the connection between a
single joint afferent fiber (1°) and a cuneate target neuron (2°) at high rates of afferent drive
generated by focal vibration (50 Hz) of the joint capsule at a range of amplitudes (40 —75 pm).
Where the peripheral fiber failed to respond during a vibration cycle, there was a correlated
failure in the response of the cuneate neuron. This close correlation between peripheral and
central activity confirmed that the fiber for which activity is shown in the peripheral trace was
uniquely responsible for these responses of the cuneate neuron. Vertical calibration, 0.10 mV for
the 1° traces and 0.34 mV for the 2° traces.

Responses of cuneate neurons to inputs from single fibers in
the wrist joint nerve

Once the receptive field on the joint capsule had been identified
for a cuneate neuron, the afferent fiber (or fibers) responsible for
generating the central response was identified in the peripheral
nerve recording by probing of the joint capsule with a von Frey
hair. For each of the 53 cuneate neurons studied, there was a clear
correlation between impulse activity that arose in an individual
fiber, the activity of which was monitored in the wrist joint nerve,
and the response of its central target neuron, even without the use
of cross-correlation analysis. The mechanical stimulator probe
was then placed over the receptive field of the fiber, and tap
stimuli were used to selectively activate the individual joint affer-
ent fiber responsible for generating spike output in the cuneate
neuron. For all 53 cuneate neurons, a single action potential that
arose in the individual, identified wrist joint afferent reliably pro-
duced spike output in the neuron, at least at low peripheral im-
pulse rates.

The mean response latency for cuneate responses from the
time of occurrence of the wrist joint afferent spike recorded in the
mid forearm, calculated for 64 wrist joint afferent—cuneate neu-
ron pairs (including the responses of some neurons to impulses
that arose in two or three separate input fibers), was 6.6 * 1.4
msec (mean * SD) and ranged from ~4.7 to 10.9 msec (Fig. 1 D).
An approximate estimate of the overall conduction velocities for
the afferent fibers (including peripheral and central segments),
based on these latency values and an average conduction distance
of 25 ¢cm and allowing 1 msec for an assumed monosynaptic
linkage between the afferent fiber and cuneate neuron, gave val-
ues (Fig. 1 E) that fell within the group II range (~30—-68 m/sec)
for all but four fibers. Although the estimates for the four remain-
ing fibers were slightly lower than the normal group II range
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(~25-29 m/sec), this is probably attributable to the slower veloc-
ity over the central axonal component after entering the spinal
cord, where the afferent fiber branches and tapers off after send-
ing axon collaterals to the dorsal horn (Brown, 1968; Clark, 1972;
Horch et al., 1976).

Identification of cuneothalamic projection neurons

On completion of the transmission analysis for different joint
afferent—cuneate neuron pairs, a small sample of cuneate neu-
rons (five of nine tested) was demonstrated by antidromic acti-
vation and collision to have a projection to the region of the
contralateral thalamus. This was based on the short-latency (<2
msec) antidromic responses being extinguished by a preceding
peripherally evoked spike (Darian-Smith et al., 1963). The pro-
portion of confirmed projection neurons in our sample is likely
to be an underestimate, because we used just a single thalamic
stimulating microelectrode. Furthermore, all cuneate neurons
studied were located within the cluster zone of the nucleus
(Kuypers and Tuerk, 1964; Berkley et al., 1986), where the vast
majority (>90%) of recorded neurons have been shown to be
cuneothalamic projecting neurons (Andersen et al., 1964; Gor-
don and Jukes, 1964).

Transmission of information about static joint

displacement between single joint afferent fibers and their
target cuneate neurons

More than one-third (~40%) of the joint afferent fibers that
individually generated suprathreshold responses from their re-
corded cuneate target neurons had slowly adapting responses to
static indentation of the joint capsule. In each case, the high
transmission security across the linkage enabled the cuneate neu-
ron to respond reliably to each incoming spike elicited by these
forms of static, focal indentation of the capsule, which lasted 1 sec
(Fig. 2A). Because the joint afferent fiber had an approximately
linearly graded response as a function of the strength of capsular
indentation, this was translated to a similar graded response in
the cuneate neuron (Fig. 2A,B). Furthermore, at the relatively
low rates of afferent drive (usually <20 impulses per second)
achieved in the joint afferent fibers by these static displacement
stimuli, the individual input spikes often elicited a pair or burst of
spikes in the target neuron. Because of the time scale used, this
amplification across the linkage is not immediately apparent in
the impulse traces of Figure 2 A. However, such amplification is
clear in the stimulus—response relationships of Figure 2B and in
the RCH of Figure 2C. The relationships in Figure 2B show the
high gain of the transmission process in the form of the steeper
slope of the stimulus—response relationship for the cuneate neu-
ron (2°) compared with the joint afferent fiber (1°). On average,
there is an approximate doubling of the spike output across the
synapse at each indentation amplitude plotted in Figure 2 B over
the focal indentation range of 400 wm. This amplified response,
reflected in the doubling of spike output, may provide for a form
of temporal summation to ensure secure transmission at the next
synaptic junction, in the ventroposterior thalamic nucleus. The
RCHs of Figure 2C, constructed from five consecutive cuneate
responses to the 400 wm stimulus, show the fixed latency (5.6 =
0.1 msec) for the onset of the amplified, double-spike response
relative to the peripheral spike (time 0 on abscissa). The trans-
mission security, calculated as the proportion of joint afferent
spikes that evoked any response in the cuneate neuron, was 93%,
which reflects the high security of the linkage and the rarity of
transmission failures associated with single joint afferent input at
discharge rates generated by static joint displacement.
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Figure4. Response tracesand quantified output measures for the linkage in wrist joint afferent— cuneate neuron pairs as a function of the frequency and cycle number for focal vibration delivered
tothe joint capsule. A-D, For one pair, one representative trace is shown of the response of the peripheral fiber (1°) and three representative traces are shown for the central neuron (2°) over the first
10 cycles at each frequency from 20 to 200 Hz. At each frequency, the vibration amplitude applied was sufficient to produce a one-to-one following in the fiber over the first 10 cycles, except at 200
Hz, where one-to-one following could only be sustained over the first seven to eight cycles. £, Graph of the spike output of this cuneate neuron (2° spike output per cycle) as a function of vibration
cycle number when the fiber was driven at a one-to-one level over the first 10 cycles. Each data point represents the mean == SE response level of the cuneate neuron for five repetitions of the
stimulus. At 200 and 300 Hz, a one-to-one response level could not be sustained in the input fiber beyond seven to eight vibration cycles. The vertical calibration in D represents 0.10 mV for the
afferent fiber traces and 0.20 mV for the cuneate neuron traces. f, Security of the linkage for a sample of wrist joint afferent— cuneate neuron pairs quantified as the averaged spike output of
the neuron on successive cycles of the focal vibratory stimulus. This measure of cuneate neuron output was obtained at vibratory stimulus frequencies of 50, 100, and 200 Hz for each pair when the
wrist joint afferent fiber was responding to the vibration with a regular one-to-one pattern of activity. The mean spike output on each cycle was calculated, up to cycle number 10, and plotted along
with SE (error bars). The averaged responses from 14 pairs are shown for the 50 Hz plot and for 15 pairs for the 100 Hz plot. At 200 Hz, the number of pairs that contributed to the plot fell from 11
in each of the first eight cycles to 10 over the last two cycles.

In other pairs studied in this way, there was also evidence of ~ Transmission security between single joint afferent
potent amplification across the synaptic connection, with up to  fibers and cuneate neurons for signaling dynamic
four cuneate spikes generated in response to individual joint af-  features of joint stimulation
ferent spikes. Among nine pairs activated by static indentation of ~ Because the response levels generated in individual joint afferent
the joint capsule, the quantified transmission security values  fibers by focal static indentation of the capsule were usually lower
reached 100%, and in all cases, they exceeded 85%. (<25 impulses per second) than those reported in response to
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Figure 5.  Bandwidth of vibrokinesthetic responsiveness for wrist joint afferent fibers (dashed lines) and their target cuneate neurons (solid lines). Frequency—response graphs are shown for six

wrist joint afferent— cuneate neuron pairs. The response levels plotted at each vibration frequency were for the lowest amplitude that produced a one-to-one (or near one-to-one) impulse rate in
the peripheral fiber over the entire 1 sec period of the vibration stimulus. For the six joint afferent fibers in A-F, the average vibration amplitudes required for one-to-one firing in the frequency range
of 20 —200 Hz (where most observations were made and where one-to-one discharge was attained) were as follows: 78 yum at 20 Hz (n = 6), 88 um at 30 Hz (n = 4), 77 um at 50 Hz (n = 6), 68
umat80Hz (n = 3),87 umat100Hz (n = 6),70 wmat 150 Hz (n = 2),and 77 um at 200 Hz (n = 6). These 33 values ranged from 20 to 140 um and showed little systematic change as a function

of vibration frequency.

maintained joint flexion (Burgess and Clark, 1969; Tracey, 1978,
1979), and because the majority of wrist joint afferents displayed
purely dynamic responses to focal capsular indentation, we used
sustained forms of dynamic stimuli (in particular, focal vibration
at frequencies up to 400 Hz) to examine the transmission char-
acteristics at higher levels of peripheral afferent drive. Further-
more, because the dynamic forms of sensory stimuli generally
convey information about change or novelty in the incoming
pattern of sensory input, these inputs may be of greater impor-
tance in the adaptive behavior of the animal.

The effectiveness of focal vibratory stimuli for generating high
levels of synchronized activity in individual joint afferent fibers is
shown in the paired impulse traces of Figure 3 in response to 50
Hz vibration at four amplitudes. The linkage for this joint affer-
ent—cuneate neuron pair displays remarkable security and high
amplification as the impulse rate in the afferent fiber increases
from the low rate at 40 wm to a regular one-to-one pattern (one
impulse for each vibration cycle) at 75 wm. Transmission security
was 100% at each amplitude of the 50 Hz vibration, because every
peripheral impulse elicited a response in the cuneate neuron, and
at a consistent latency (Fig. 3).

Transmission characteristics were quantified for 20 joint af-
ferent—cuneate neuron pairs activated by focal vibration of the
joint capsule. With systematic variation of the vibration fre-
quency and amplitude, it was possible to generate a regular one-
to-one pattern of response in the joint afferent fiber, at least up to
impulse rates of ~150—200 per second in most fibers (Fig. 5).
Where one-to-one following could not be sustained in the affer-

ent fiber throughout the 1-sec-duration stimulus, the graphs
plotted in Figure 5 were for the maximum response rate (<1:1)
attained in the fiber. The input—output relationships plotted in
Figure 5 for six representative joint afferent—cuneate neuron
pairs (dashed line and solid line, respectively) show that for four of
the six pairs, there was an amplification of input at low rates of
afferent drive. However, a crossover or deviation occurred in the
graphs (except in Fig. 5C) as the response of the central neuron
fell below that of its afferent fiber and reached a plateau, ranging
from ~20 (Fig. 5F) to ~200 (Fig. 5C) impulses per second and, in
the overall sample of 35 pairs analyzed in this way, from ~20 to
280 impulses per second (113 = 62 impulses per second; mean *+
SD; n = 35). Although the data in Figure 5 show the limitations
on responsiveness of the central target neurons, it is nevertheless
striking that such potent amplification and responsiveness can be
sustained across this synaptic relay for the minimum kinesthetic
input, that which is derived from a single joint afferent fiber.
These highly secure transmission characteristics across the DCN
are very similar to those that we observed recently for single hair
follicle afferent fibers (Zachariah et al., 2001) and for other tactile
fiber classes in previous studies (Ferrington et al., 1987a,b; Vick-
ery et al., 1994; Gynther et al., 1995).

The paired impulse traces in Figure 4 A-D illustrate directly
the potent, high-gain nature of the linkage in response to trains of
10 input spikes at 20, 50, and 100 impulses per second (Fig.
4 A—C) and the disappearance of amplification in response to the
input of 200 impulses per second (Fig. 4 D). The graphs in Figure
4 E quantify the mean spike output as a function of vibration cycle
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Figure 6.

RCHs constructed for six wrist joint afferent— cuneate neuron pairs when the peripheral fiber was driven at a one-to-one or near one-to-one level by a 50 Hz vibration train that lasted

1secand that was applied focally to the joint capsule. The security of the linkages for the representative pairs illustrated ranged from transmission security (T.5.) values of >95% ( A-D) to linkages,
for which values were ~40% (E, F). The mean cuneate response (mean 2°) and its latency (£, = SD) are indicated on each histogram (see Results).

number for this cuneate neuron at five different afferent driving
frequencies from 20 to 300 impulses per second. Amplification,
reflected in a cuneate spike output of >1.0, was well sustained at
20, 50, and 100 impulses per second over the first 10 cycles. Fur-
thermore, the cuneate response was maintained, albeit without
amplification, over these 10 cycles even at the 200 and 300 sec '
driving frequencies. Quantification of the input—output rela-
tionships over the first 10 cycles for up to 15 joint afferent—cu-
neate neuron pairs in Figure 4 F confirmed the generality of the
capacity for sustained amplification in the linkage at input fre-
quencies of up to 100 impulses per second and the potency of
transmission even at the 200 sec ' input rate.

With small changes in the position of the central recording
electrode to optimize the cuneate neuron recording, there is a
second, smaller spike apparent in the 2° traces in Figure 4 D. We
cannot be certain whether this was from a second cuneate neuron
activated by the divergent actions of the selectively activated joint
afferent fiber or, because it preceded the large cuneate neuron
spike, whether it was from the incoming afferent axon.

Quantification of transmission characteristics for responses

of joint afferent— cuneate neuron pairs to protracted stimuli

Transmission security over more protracted (1 sec) periods of
afferent input was quantified by construction of RCHs that were
effectively cross-correlograms (see Materials and Methods) based
on the accumulation of the time of occurrence of any cuneate
neuron response to each joint afferent spike. This was done for 32
pairs and is illustrated in Figure 6 A—F for six representative pairs
when the afferent spike rate was fixed in each case at 50 impulses
per second by means of a 50 Hz focal vibratory stimulus, a rate
that may be encountered physiologically in association with joint
flexion (Burgess and Clark, 1969; Tracey, 1979). Transmission
security was at or near 100% for the four pairs for which the
RCHs are illustrated in Figure 6 A—D. Thus, almost every afferent

spike over the 1 sec period of input was effective in eliciting a
cuneate response, whereas for the two pairs in Fig. 6E,F, the
transmission security dropped to ~40%, and with this poorer
security, there was greater variability in response latency, in par-
ticular in Fig. 6 E. However, for all six pairs, the cuneate response
was amplified, because the mean response (Fig. 6, mean 2°) elic-
ited by each afferent spike exceeded 1.0 and, in Figure 6 A, was
almost 3.0, which indicates a response burst of three spikes per
input spike. For the 32 pairs examined at 50 Hz, the mean re-
sponse per input spike was 1.85 * 0.55 (SD; range, 1.1-3.0), and
the mean transmission security value was 77.5 = 27 (SD), with
more than one-half of the sample (20 of 32) having values of
90-100%.

For most pairs, when the input spike rate was increased above
~50 impulses per second, the transmission security and mean
cuneate response level (mean 2°) declined, as has been observed
in the transmission characteristics for single tactile afferent fiber
classes (Zachariah et al., 2001). Furthermore, there was some
increased variability in response latency, as reflected in the values
associated with the RCHs obtained for a representative pair in
Figure 7A when the input rate in the joint afferent fiber was
systematically increased by being driven in a one-to-one manner
by 50, 100, 200, and 300 Hz vibration trains. In some other pairs,
however, as represented in the RCH data in Figure 7B, high trans-
mission security was well maintained, along with rather stable
values for latency and mean cuneate response, even with input
driving rates of 200 and 300 impulses per second.

Temporal patterning in the responses of wrist joint afferent—
cuneate neuron pairs

The extent to which the vibration-induced temporal pattern in
the joint afferent input was preserved in transmission across the
cuneate linkage was quantified by constructing the paired CHs of
Figure 8. These histograms, which have an analysis time (abscis-
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Figure 7.  Changes in transmission characteristics for two representative wrist joint affer-

ent— cuneate neuron pairs (4, B) as a function of increased rates of peripheral drive. RCHs were
constructed for each pair in response to focal stimulation of the joint capsule at vibration fre-
quencies that ranged from 50 to 300 Hz. Transmission security (T.5.), latency (£, = SD), and
mean central response (mean 2°) are indicated on each RCH.

sa) corresponding to the cycle period of the particular vibration
stimulus, permit direct comparison of the tightness of phase
locking in the responses of the input fiber (Fig. 8 A, 1° fiber dis-
tribution) with that of its target neuron (Fig. 8 B, 2° neuron).
They were constructed when the joint afferent fiber was respond-
ing to each of the five vibration frequencies (20—-300 Hz) with a
one-to-one metronome-like impulse pattern, as reflected in the
very high vector strengths (R values of =0.93). The almost iden-
tical R value for the cuneate response at 20 Hz shows that the
temporal precision in the input was preserved in the impulse
pattern of the central neuron. The temporal dispersion in the
cuneate responses exceeded that of the input fiber at higher vi-
bration frequencies, reflected in the lower R values. However,
even at 300 Hz, the temporal patterning in the input signal (R =
0.93) was remarkably well preserved in the process of synaptic
transmission to the cuneate neuron (R = 0.71). This was also
confirmed from the SD values (in milliseconds), which represent
an alternative measure of scatter in the CH distributions of Figure
8. The SD values show that for both the primary fiber and the
central neuron, the absolute temporal scatter of responses fell as
vibration frequency increased, presumably because the effective
dynamic component of the stimulus waveform became more
abrupt and therefore better able to synchronize or phase lock the
impulse occurrences.
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Figure8.  Comparison of the precision of temporal patterning observed in the responses of a

wrist joint afferent fiber and its target cuneate neuron to vibration, applied to the receptive field
focus on the joint capsule, at several frequencies (20 —300 Hz). CHs were constructed from the
responses of the fiber (1° fiber) on the left side and the central target neuron on the right (2°
neuron). The width of the horizontal axis for each CH corresponds to the duration of one vibra-
tion cycle period. Resultant vectors ( R) and SDs were calculated from the CH distributions of the
fiber and its target neuron as measures of phase locking and absolute temporal dispersion,
respectively, in the responses of the wrist joint afferent and its target neuron.

Some variation was seen in the capacity of different pairs to
preserve the precise temporal patterning generated in the afferent
fibers by these vibrokinesthetic stimuli. For example, for the three
pairs in Figure 9, the responses for all three afferent fibers (dashed
lines) were tightly phase locked, with R values of >0.9 at all fre-
quencies from 10 to 300 Hz. However, marked differences are
apparent in the capacities of the associated cuneate neurons (solid
lines) to preserve this tight phase locking. In Figure 94, the pres-
ervation was striking, with R values of =0.87 at all frequencies up
to 300 Hz. However, in Figure 9B, C, the cuneate neuron R values
declined as a function of frequency, falling to 0.42 at 200 Hz in
Figure 9B and to =0.17 at frequencies of =150 Hz in Figure 9C,
which indicates that phase locking had effectively disappeared in
the cuneate responses according to the criteria of Durand and
Greenwood (1965). Nevertheless, for many pairs, the preserva-
tion of phase locking in postsynaptic responses was striking (Figs.
8, 9A) and emphasizes the temporal fidelity of transmission
across this cuneate kinesthetic relay. Even in those cases in which
double spikes were elicited in the cuneate neuron in response to
individual vibration cycles, the pairs of spikes were usually tightly
grouped (Fig. 4, 20, 50 and 100 Hz). Thus, the emergence of
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Figure 9. Quantitative evaluation of changes in the tightness of phase locking in responses of three representative wrist joint afferent fiber— cuneate neuron pairs (A—C) as a function of the

frequency parameter of focal vibratory stimuli applied to the joint capsule. The dashed lines plot the vector strength (R) derived from the afferent fiber responses, whereas the solid lines plot these
values for the synaptically linked cuneate neurons. The pair that retained precise temporal patterning in transmission across this synaptic linkage ( A) also had a high transmission security (e.g., 100%
at 50 Hz), whereas those in B and ( that had less faithful retention of temporal patterning had poorer measures of transmission security (40 and 36%, respectively, at 50 Hz).

two-to-one firing need not degrade the fundamental patterning
of the response.

Discussion

Location of wrist joint-related cuneate neurons

All 53 cuneate neurons activated by single joint afferent fibers
were located in the cluster zone because our recordings were
confined to this region. However, the representation of wrist
joint input presumably extends over the entire rostrocaudal ex-
tent of the cuneate nucleus, because Tracey (1980) recorded from
wrist joint-related neurons from ~4 mm rostral to the obex to 5
mm caudal to the obex. Tracey’s observed range of response la-
tencies (typically 8—15 msec) overlapped our range of ~5-11
msec. However, he argued that some neurons in his sample may
have been activated by indirect, non-monosynaptic input.

Security of transmission for the linkage between single joint
afferent fibers and cuneate neurons
The present paired recording study provides the first direct evi-
dence that individual kinesthetic afferent fibers, in this case of
joint origin, can exert potent synaptic actions on central target
neurons within the ascending pathways concerned with kines-
thetic sensory experience. Selective activation of individual joint
afferent fibers demonstrated that the minimum sensory input,
one impulse in a single sensory fiber, could generate spike output
from the cuneate target neuron, which indicates that in this cir-
cumstance, the unitary EPSPs generated in the cuneate neuron
must be suprathreshold. Because this was observed for 53 wrist
joint-related cuneate neurons, we may infer that these potent
synaptic linkages between joint afferent fibers and their cuneate
target neurons are far from rare. Furthermore, even at input rates
in excess of 100 impulses per second, the synapse displayed
prominent amplification, because pairs or bursts of cuneate
spikes were often generated by individual spikes in the peripheral
fiber (Figs. 2-5), which presumably ensured that there was tem-
poral summation at the thalamic level, enhancing the capacity of
higher centers for detecting these kinesthetic perturbations. Fur-
thermore, because there is evidence for suprathreshold conver-
gent and divergent actions of joint afferents on cuneate neurons
(Coleman et al., 1999a), these attributes could also serve to en-
hance the transmission efficacy of the afferent signals.

The observations of high security transmission for joint affer-
ents in the cuneate nucleus complement previous findings (Bax-
endale et al., 1988; Ferrell et al., 1990) of potent reflex actions

exerted by knee joint afferents on quadriceps motor units. Al-
though the entrainment of motor units to the joint afferent input
was occasionally observed for a single joint afferent fiber, it was
usually dependent on activity arising in two or more fibers. Nev-
ertheless, the observations of Baxendale et al. (1988) and Ferrell et
al. (1990) emphasize the probable importance of joint afferent
input in motor control.

Limitations on transmission efficacy at high input rates

Even with the striking security observed for this linkage, it was
found for each pair studied that as input rate increased, a point
was reached at which sporadic and then more frequent transmis-
sion failures occurred. This may be attributable to afterhyperpo-
larization, relative refractoriness, and adaptation associated with
accumulation of extracellular K" ions at these higher levels of
activity (Somjen, 1978; Sykova and Orkand, 1980; O’Mara et al.,
1988) and may also involve presynaptic transmitter depletion
(Koerber and Mendell, 1991; Walmsley et al., 1998; Wang and
Kaczmarek, 1998). Another explanation could be a conduction
failure in the input fiber at some point along the central axon,
specifically at branch points at which there may be a low safety
factor (Wall et al., 1956; Swadlow et al., 1980; Liischer et al.,
1994). These branch points occur in the dorsal root ganglion, at
the spinal cord entry zone, and near the terminal regions of the
axon within the cuneate nucleus. However, by recording simul-
taneously from peripheral and central segments of single afferent
fibers (Coleman et al., 1999b), we have found no evidence for
propagation failures at either the ganglion or major intraspinal
branch points. Nevertheless, for some fibers for which the central
intracuneate recording site was near the presumed terminal
branches of the afferent axon, there was evidence for sporadic
propagation failure into one of the terminal branches at high
rates of afferent drive (Coleman etal., 1999b), which suggests that
declining cuneate transmission security at very high rates of pe-
ripheral drive may be attributable in part to terminal axonal
propagation failures, as well as to an actual decline in synaptic
efficacy.

Synaptic mechanisms accounting for the high security in the
linkage between single joint afferents and cuneate neurons
Although the synaptic terminations of joint afferent fibers within
the DCN have not been described anatomically, they may resem-
ble those formed by individual cutaneous or muscle afferent fi-
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bers, which are larger and more densely distributed (Rozsos,
1958; Walberg, 1966; Rustioni and Sotelo, 1974; Ellis and Rus-
tioni, 1981; Fyffe et al., 1985, 1986; Weinberg et al., 1990) than
those formed by afferent fibers on spinal motoneurons (Red-
man and Walmsley, 1983). Presumably differences of this kind
account for the much larger unitary EPSPs recorded intracel-
lularly in cuneate or in dorsal spinocerebellar tract neurons in
response to input from, respectively, single tactile or single
muscle afferent fibers (Andersen et al., 1964, 1970; Tracey and
Walmsley, 1984) compared with those induced in motoneu-
rons by single muscle afferent fibers (Mendell and Henneman,
1971; Watt et al., 1976; Asanuma et al., 1979; Kirkwood and
Sears, 1981; Redman and Walmsley, 1983). Nevertheless, the
cuneate unitary EPSPs described in these intracellular studies
were subthreshold, in contrast to the indirect evidence for
suprathreshold unitary EPSPs in both the present study and
our previous studies of cuneate transmission (Ferrington et
al., 1987a,b; Vickery et al., 1994; Gynther et al., 1995; Zacha-
riah et al., 2001). The discrepancy may be attributable to dam-
age when the intracellular electrode impales the relatively
small cuneate neurons (Andersen et al., 1970).

Implications for kinesthetic coding of secure transmission
from single joint afferents to cuneate neurons

The high security of the synaptic linkage formed with cuneate
neurons by these single joint afferents meant that many neurons
could be driven at high rates (up to 280 impulses per second) by
1-sec-long inputs arriving over a single joint afferent fiber. This
allowed the central neurons to display a sensitive grading of re-
sponse output as a function of changes in presynaptic input rate.
Furthermore, the high impulse rates and tight phase locking in
cuneate responses to vibratory stimuli (Figs. 8, 9) demonstrated
that temporal features of dynamic kinesthetic perturbations, in
this case, of a vibratory kind, could be relayed reliably across the
cuneate synaptic linkage and preserved with high fidelity in an
impulse pattern code.

Although there is no direct kinesthetic counterpart to the tac-
tile vibratory sense, the precision of impulse patterning in joint-
related cuneate neurons may be important for kinesthesia, for
example, when vibratory or other dynamic perturbations are im-
posed on the joints in locomotor movements over uneven or
unstable surfaces. Furthermore, in human subjects, complex dy-
namic perturbations for which the precision of impulse pattern-
ing in kinesthetic inputs may be crucial will arise in grasping
objects, especially moving ones; in the use of serrated cutting
devices such as a knife or saw; or in a musical performance that
involves the use of the forearm and hand in playing a stringed
instrument. In the latter case, the use of vibrato, based on rapid
variations in the tone, will impose a vibratory “carrier frequency”
on the rapid postural adjustments that take place in the joint
while playing the instrument.

Transmission characteristics for single joint afferent

fibers: relation to perceptual effects generated by

intraneural microstimulation

The present observation that single joint afferent fibers can
activate central target neurons of the DCN is entirely consis-
tent with the demonstrated capacity of these fibers to generate
akinesthetic percept, felt as a sense of deep pressure or sense of
movement in the associated joint, when activated singly in
conscious human subjects after intraneural microstimulation
(Macefield et al., 1990). In contrast, selective activation of
single muscle afferent fibers almost always fails to generate a
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kinesthetic percept (Macefield et al., 1990; Ni et al., 1998).
However, a similar differential capacity is observed among the
different classes of tactile afferent fibers (Ochoa and Toreb-
jork, 1983; Vallbo et al., 1984). For example, the SAII fibers
and many SAI fibers fail to elicit a tactile percept when acti-
vated singly, in contrast to PC and rapidly adapting afferent
fibers. Presumably, before a contribution can be made to sen-
sory experience by SAII, muscle spindle, or some SAI fibers,
there is a need for the concurrent activation of at least a small
population of the afferent fiber class before adequate central
activation is achieved.

Despite systematic differences among the tactile fiber
classes in their capacity for generating tactile percepts, when
individual fibers are activated selectively in human microneu-
rography experiments, we have found that all classes of tactile
afferents examined (including PC, SAI, SAII, and hair follicle
afferent fibers) share a high security of transmission at the
DCN relay when tested in a paired recording paradigm (Fer-
rington et al., 1987a,b; Vickery et al., 1994; Gynther et al.,
1995; Rowe, 2001; Zachariah et al., 2001). The present study
extends this finding to kinesthetic sources of input by demon-
strating that single joint afferent fibers can also exert potent,
suprathreshold excitatory actions on DCN neurons. If secure
transmission is also found to operate for single muscle spindle
afferent fibers, it may mean that the failure of individual SAII,
muscle spindle afferents, and some SAI fibers to generate per-
ceptual responses when activated selectively in conscious hu-
man subjects may be related to a transmission breakdown at
higher levels of the pathway or, for example, to a limited di-
vergence pattern in the central projection, with a failure of the
single afferent input to activate the “critical mass” of cortical
tissue necessary for perceptual recognition. However, the
present observations establish that there is no simple dichot-
omy between exteroceptive or tactile afferents on the one hand
and deep or kinesthetic afferents on the other in their capacity
for exerting potent synaptic actions on DCN target neurons.

Finally, we should emphasize that in more physiological cir-
cumstances than those that prevailed in the present experiments
(for example, in a conscious behaving animal), the transmission
characteristics for tactile or kinesthetic inputs to the cuneate nu-
cleus may be subject to modulation from both afferent and de-
scending inhibitory influences (Bystrzycka et al., 1977; Canedo,
1997).
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