
Long-Term Unit Recording from Somatosensory Neurons 

in the Spinal Ganglia of the Freely Walking Cat 

Abstract. A new technique has been developed for stable, long-term recording 
from groups of individual primary afferent neurons in the freely walking cat. A num- 
ber offine, flexible wires are inserted into dorsal root ganglia via a small laminotomy 
in the lumbar spine.'The cut end of each wire can record stable and separable action 
potentials from one to three dorsal root ganglion neurons; each unit has typically 
held for I to 4 days. A broad range of myelinated somatosensory afferents (con- 
duction velocities of 30 to 120 meters per second) have been studied during locomo- 
tion. Most cutaneous and proprioceptive afferents studied have been sensitive moni- 
tors of complex combinations of step-cycle components, and their firing patterns 
would often have been difficult to predict from existing information. 

Recent progress in the study of motor 
systems has been greatly facilitated by 
the introduction of long-term single-neu- 
ron recording, as, for example, from 
neurons in the motor cortex of monkeys 
performing tasks (1). No comparable 
technique has been developed for moni- 
toring primary somatosensory feedback, 
known to be vital to the fine control of 

locomotion, although short-term records 
have been obtained for the specialized 
movements of mastication in the intact 
animal (2) and fine finger positioning in 
man (3). Previous attempts to record for 
a long period from peripheral nerve or 
dorsal root fibers in walking animals 
have produced short-term single- or 
multiple-unit records only from the 
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largest myelinated proprioceptive fibers 
(4). Studies of afferent input during "au- 
tomaton" walking, as in the acute mes- 
encephalic cat preparations (5), are less 
than satisfactory because of the necessi- 
ty for restraining the animal and abnor- 
mal supraspinal activity. We now pre- 
sent a method for long-term recording of 
activity from individual dorsal root gan- 
glion (DRG) afferent neurons in a freely 
walking cat. Myelinated afferents with 
conduction velocities from 30 to 120 m/ 
sec have been routinely held for 1 to 4 
days, with new units usually replacing 
those which have drifted away. As many 
as seven microelectrodes have been in- 
serted into one DRG, and each typically 
records from one to three units with dis- 
tinctive waveforms, which can be stud- 
ied separately through the use of a win- 
dow discriminator (6). The DRG site, al- 
though somewhat awkwardly situated in 
the spinal canal, has the advantage of 
containing large cell bodies (40 to 80 uim) 
packed tightly together in a tough stabi- 
lizing matrix of connective tissue. Rela- 
tively large but flexible electrode wires 
(having large tips, low impedance, and 
excellent noise immunity) can readily re- 
cord large extracellular unit action po- 
tentials from several cell bodies (7). 

Figure 1 shows a typical preparation 
and the surgical technique for fixing and 
implanting the 50-pTm (diameter) in- 
sulated wires (8). The wires are passed 
through a shielded, flexible Silastic tube, 
which is fixed by sutures through holes 
drilled in the spinous process. The wires 
are cut at an oblique angle to expose a 
beveled tip, which is pushed by hand 
through the dural-epineural sheath into 
the ganglion while the tip impedance is 
being monitored. A small amount of 
slack is left to take up the sliding move- 
ment undergone by the DRG during 
walking because of normal traction on 
the sciatic nerve. The electrodes "float" 
in the DRG (9) and sample units at ran- 
dom from a population that appears to 

Fig. 1. (A) Long-term unit recording from 
dorsal root ganglion (DRG) cells. Drawing ap- 
proximately to scale showing the preamplifier 
and flexible connector, which is sutured to the 
lumbar fascia. Leads pass subcutaneously 
from seven DRG microelectrodes, an im- 
planted ankle-joint angle transducer (19), and 
an electromyographic electrode sewn into the 
medial gastrocnemius muscle (MG) to a per- 
cutaneous "saddle" connector for pre- 
amplification. (B) Anchoring of the DRG 
electrode assembly to the dorsal spine of the 
seventh lumbar (L7) vertebra and the manual 
preparation and insertion of the flexible wire 
microelectrodes into the L7 DRG through the 
small bur hole. No adhesives or other fixation 
techniques are used on either the micro- 
electrodes themselves or the DRG. 
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have little or no spatial or sensory mo- 
dality organization (10). After the lami- 
jnotomy incision is closed, the saddle 
connector is sewn through the skin to the 
fascia on either side of the incision, and 
the electrode leads are soldered to the 
connector and potted in Medical Adhe- 
sive A. Such saddle assemblies are well 
tolerated for weeks without any sign of 
infection or discomfort to the cat (1). 
The laminotomy is minimal and the dura 
is not opened; the animals usually walk 
normally in 24 to 48 hours without any 
limp that is visible on videotape record- 
ings. 

On each day after the operation, a 
multichannel frequency-modulated (FM) 
tape recording is made of the signals 
from the microelectrodes, electromyo- 
graphic (EMG) electrodes, and other 
implanted transducers (Fig. I) along 
with a synchronized videotape recording 
of gait at various treadmill speeds and 
with various perturbations (for example, 
upgrade walking and electrical stimula- 
tion). The animal is then lightly anesthe- 
tized with ketamine, and the units on 
each electrode are identified by manipu- 
lation and electrical and mechanical 
stimulation of the leg. Small dissections 
may be undertaken to further identify 
units, obtain conduction velocities, or 
implant additional EMG electrodes. Ad- 
ditional electrodes can be connected to 
unused amplifier channels during the 
next day's run to provide further infor- 
mation on proprioceptors related to the 
muscle. Spike amplitude and shape are 
usually stable and distinctive, permitting 
reliable reidentification of units from day 
to day (12). 

Figure 2 shows the simultaneous unit 
activity of three DRG cells during walk- 
ing. Two of the units were recorded from 
one electrode (K-X5) and separated by 
spike shape as shown in the unit records 
at the left. Unit shape and amplitude 
were essentially unchanged 12 hours lat- 
er when the receptors were character- 
ized during a dissection under pen- 
tobarbital anesthesia. During locomo- 
tion, each unit in Fig. 2 responded 
consistently during certain phases of 
each step cycle. 

The two guard hair-cell receptors (13) 
(Fig. 2) exhibit sensitive and stereotyped 
responses that would be difficult to pre- 
dict. Unit K-X5A (from L7 DRG) was a 
reliable indicator of footlift and -fall, de- 
spite its location on the dorsum of the 
toes, probably because of small rubbing 
motions between hairs on adjacent toes. 
Unit K-Y7A [from the DRG at the first 
sacral spinal level (S1) in the same ani- 
mal] had a receptive field on the plantar 
surface between the central and lateral 
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Fig. 2. Activity in three DRG afferents in a freely walking cat, prepared from multichannel FM 
tape recordings during videotaped treadmill walking. Ankle angle (F, flexion, upward deflec- 
tion), calibrated from videotape stills, showed small variations among the four step cycles. Foot 
contact (stance) was taken from the videotape and is indicated by shading across all traces. The 
L7 DRG electrode K-X5 recorded several discriminable unit potentials as shown at left, with 
several superimposed action potentials [obtained through the window discriminator (6) a digital 
trigger and delay line] from each of three units active during the four step cycles shown. The 
largest unit, a hair-cell receptor, is shown in the detail at the left, and discriminator output in 
trace K-X5A with the receptive field indicated by the dotted area (arrow) on the line drawing 
(far right). One of the two smaller discriminable units was the knee-joint receptor K-X5D. The 
bottom trace is another hair-cell receptor, K-Y7A, discriminated from unit activity recorded 
simultaneously from another microelectrode in the S1 DRG; note activity during the swing 
phase when receptive field (dotted area of line drawing, marked by arrow) was not in contact 
with any object. 

toe pads, yet it generated much of its ac- 
tivity during the late swing phase and 
had variable silent periods while the foot 
was on the ground (stance phase of gait) 
(14). Such sensitive and reproducible re- 
sponses in rapidly conducting fibers 
might be useful for signaling timing infor- 
mation from step to step but might be la- 
bile from day to day as hairs grow, shed, 
or are damaged. 

Joint receptors, while exhibiting little 
sensitivity to midrange joint angle 
changes alone, are sensitive to the com- 
bination of joint position and capsule 
tension produced by inserting muscles 
(15). Unit K-X5D was a knee-joint recep- 
tor identified under anesthesia by dis- 
section and stimulation of the posterior 
articular nerve (16). The firing pattern of 
this unit during walking could not be ex- 
plained by a simple consideration of 
knee-joint angle, joint loading, or veloci- 
ty of movement alone. Knee extension in 
the late swing phase was accompanied 
by an accelerating discharge and fol- 
lowed by a variable burst just after foot- 
fall. Small fluctuations in ankle angle 
(which are necessarily reflected in knee 
angle during stance) were clearly reflect- 
ed in the firing pattern during the stance 
phase of each step cycle. The unit could 
be modulated from 0 to 200 pulses per 
second by movements of less than 5? 
even when we partially unloaded the 
knee by supporting the hips. Two other 
knee-joint receptors studied responded 
to very small external rotations of the 
joint (independent of flexion-extension 
and before appreciable resistance was 

encountered); one had almost no activity 
during walking, and the other was 
smoothly modulated during stance over 
the range 0 to 150 pulses per second (17). 

Our records of muscle receptors are 
still too scattered among the many hind- 
limb muscles for us to state general con- 
clusions beyond agreement with Pro- 
chazka et al. (4), that spindle primaries 
are apparently responsive to both pas- 
sive stretch and, more variably, coacti- 
vation of the alpha and gamma motor 
systems. 

Although most units showing any ac- 
tivity during walking were modulated by 
some aspect or aspects of the step cycle, 
others appear to respond to non- 
locomotory rhythms. Proprioceptors 
from the lower back and hip can respond 
in phase with respiration, even during lo- 
comotion. Rhythmic bursting uninflu- 
enced by any apparent physiological 
function (for example, pulse, respiration, 
attentiveness, and gait), by mechanical 
stimuli (including visceral pressure), or 
by anesthesia has been seen. 

To date, a total of 67 units from 11 cats 
have been identified (52 from L7, 15 from 
Sl DRG). Most of the units on which 
conduction velocity was measured were 
in the range 30 to 120 m/sec, but we have 
identified one cutaneous A-delta class fi- 
ber (7 m/sec) and one cutaneous C fiber 
(0.8 m/sec). We suspect that some of the 
unidentified spontaneously active cells 
(for example, those showing rhythmic 
bursting) (ten total to date) may have 
been sympathetic, thermal, or other 
small afferent cells with free endings, 
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and that other inactive sympathetic or 
high-threshold slow afferents may have 
been overlooked. Of the physiologically 
identified units, 33 were cutaneous (18 
hair, 8 pressure, 7 other) and 24 were 
proprioceptive (11 spindle primaries, 4 
spindle secondaries, 4 Golgi tendon or- 
gans, 5 knee joint). Of the 18 hair recep- 
tors, 13 had stable activity patterns dur- 
ing walking, although 7 of the 13 had re- 
ceptive fields not contacted by any 
object during walking. Units responsive 
to light touch were usually active when 
their fields were directly contacted, but 
in two of four units exhibiting skin- 
stretch sensitivity, events not associated 
with contact dominated the firing pat- 
terns. About 30 to 40 percent of all units 
identified under anesthesia were either 
inactive or unseparable from other units 
and noise during walking. Units active 
during walking are almost always record- 
ed during the identification process but 
may defy attempts at physiological iden- 
tification even with extensive dissection. 

We have been impressed by the com- 
plexity and individuality of the firing pat- 
terns of most receptors studied. Many of 
these patterns would have been difficult 
to predict despite the availability of ex- 
tensive information on receptor proper- 
ties obtained by short-term studies. In 
extrapolating from receptor responses to 
artificial stimuli applied to immobilized 
animals, one is handicapped by the in- 
ability to predict accurately the occur- 
rence of the effective stimuli during nor- 
mal movements. The method we de- 
scribe should be useful in determining 
the conditions during which a given af- 
ferent could contribute to modulation of 
motor output. It remains to be deter- 
mined whether the special information 
content apparent in each unit's firing pat- 
tern is "used" by the central nervous 
system. 

Long-term recording from peripheral 
afferents may also find clinical applica- 
tion in the new field of neural prosthesis. 
Recent progress in restoring function to 
limbs paralyzed by spinal cord injuries 
has demonstrated the feasibility of elec- 
trically stimulating existing musculature 
(18). As unit stability and electrode lon- 
gevity are improved, devices for func- 
tional neuromuscular stimulation should 
benefit from the application of sensory 
feedback, which may be obtainable from 
intact skin and proprioceptors according 
to this technique. 
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Electrochemical Growth of Organic Charge-Transfer Complexes Electrochemical Growth of Organic Charge-Transfer Complexes 

There has been a surge of interest in 
the properties of highly conducting in- 
organic and organic salts. In many stud- 
ies high-quality single crystal samples 
are a prerequisite for meaningful experi- 
ments. Single crystals are generally pro- 
duced either by evaporation from solu- 
tion or by solution diffusion techniques. 
In a recent report (1) Miller showed that 
some highly conducting inorganic crys- 
tals such as K,Pt(CN)4Xo., 3H20 (where 
X = Cl or Br) can be grown directly on a 
needle electrode by electrolysis. 

This same method of electrolysis was 
used earlier to prepare some organic 
charge-transfer complexes (2). These 
crystals are produced by the electrolysis 
of a tetrahydrofuran solution of pyrene 
and the supporting electrolyte tetrabu- 
tylammonium perchlorate. The process 
consists of the oxidation of the parent 
hydrocarbon at a platinum electrode fol- 
lowed by the immediate interaction of 
this cation with the anion of the support- 
ing electrolyte, giving rise to crystal for- 
mation. The crystals appear as black 
needles which can grow up to 3 mm long. 
In the particular case mentioned above, 
stoichiometric analysis showed the crys- 
tals to be pyrene2perchlorate, but, if the 
electrolysis parameters are changed, py- 
rene perchlorate can be produced. Crys- 
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tal growth is very rapid initially; in less 
than 1 second very fine crystals (up to 3 
mm long) form and then fall away from 
the electrode as a result of the movement 
of the liquid. This rapid growth shows 
that the crystals are at least as conductive 
as the solution; they have a very low re- 
sistance. A thicker, slower growth then 
follows from which single crystals can be 
harvested. This growth sequence has 
been recorded on film (3). 

The technique of electrolytic growth 
of single crystals has a far wider applica- 
tion than just inorganic materials. With 
organic systems it is possible to prepare 
high-quality single crystals of complexes 
which seemingly cannot be prepared by 
the more well-known methods. The im- 
portance of this feature in the light of the 
current interest in such conducting or- 
ganics as the tetracyanoquinodimethane 
(TCNQ) salts is obvious. 
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