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Timothy C. Cope. Recruitment of cat motoneurons in the absence QBinder et al. 1996; Burke 1981a; Cope and Clark 1995;

homonymous afferent feedbackNeurophysioB6: 616—628, 2001. enneman and Mendell 1981; Stuart and Enoka 1983). This
This study provides the first test in vivo of the hypothesis that group &.ruitment order. named the 'size principle (Henneman et al

muscle-stretch afferents aid in preventing reversals in the orderly ret;r—i . AN .
ment of motoneurons. This hypothesis was tested by studying recruitmeAf22), Mmust emerge from systematic variation in the integra-

of motoneurons deprived of homonymous afferent input. Recruitmdi®n of synaptic input by the motoneuron component of motor

order was measured in decerebrate, paralyzed cats from dual intra-axuidls. However, the relative importance of the various pre- and
records obtained simultaneously from pairs of medial gastrocnempestsynaptic contributors to recruitment order remains unclear
(MG) motoneurons. Pairs of MG motor axons were recruited in eighiespite extensive study and discussion (Binder et al. 1996;
separate trials of the reflex discharge evoked by stimulation of the caud@irke 1981b; Cope and Pinter 1995; Pinter 1990).

cutaneous sural (CCS) nerve. Some reports suggest that reflex recruikecruitment order depends to some extent on properties

T bt ot et 3 Hinsc (o moloneurons. The most persuasive evidence comes
princip om behavioral studies demonstrating that motor units re-

in a pair is recruited to fire before the faster CV axon. Recruitment was . : - . ' .
studied in three groups of cats: ones with the MG nerve intact aﬁf]‘"!teci Into aCt'V',ty_are recruited in the same order by a_W'de
untreated (UNTREATED); ones with the MG nerve cut (CUT); and oné4ariety of synaptic inputs (Henneman et al. 1965b; Somjen et
with the MG nerve cut and bathed at its proximal end in lidocaindl. 1965; reviewed by Henneman and Mendell 1981). For
solution (CUT+). The failure of electrical stimulation to initiate a dorsalexample, motor units belonging to the medial gastrocnemius
root volley and the absence of action potentials in MG afferents demdMG) muscle in decerebrate cats are recruited in the same
strated the effective elimination of afferent feedback in the €lgFoup. sequence when activated in muscle stretch reflexes as they are
Recruitment order by the size principle predominated and was not Sfghen activated in a cutaneous reflex (Clark et al. 1993; Cope
tistically distinguishable among the three groups. The percentage of paifyy Clark 1991). The common element underlying this con-

recruited in reverse order of the size principle was actually smaller in ; P R o .
CUT: roup (3 i n CUT (55 crINTREATED (0 s 10 D7 L1 e 60 0 1samr et vt e
Thus homonymous afferent feedback is not necessary to prevent rectli? ’ y

ment reversal. However, removing homonymous afferent input did resBfoPerties might establish the F’nerarchy In motoneuron excit-
in the expression of inconsistency in order, i.e., switches in recruitméRility, whether the motoneuron’s physical size, voltage thresh-
sequence from one trial to the next, for more axon pairs in the-€uToOld, and/or membrane resistivity, has not been definitively
group (33%) than for the other groups combined (13%). Increased @stablished (reviewed by Binder et al. 1996; Burke 1981a;
consistency in the absence of increased reversal of recruitment order @ape and Pinter 1995; Pinter 1990). Nonetheless, biophysical
approximated in computer simulations by increasing time-varying flustudies of barbiturate-anesthetized cats demonstrate that the
tuations in synaptic drive to motoneurons and could not be reprodugggrinsic excitability of motoneurons, measured as current
simply by deleting synaptic current from group la homonymous affefreshold, does covary, although imperfectly, with those motor

ents, regardless of how that current was distributed to the motoneurgns: . . .
These findings reject the hypothesis that synaptic input from homogm%/-n properties that predict recruitment order (e.g., axonal

mous group la afferents is necessary to prevent recruitment reversals, %du]f:tlon Velgcgy andltEth'(_:rglorqef) (FIESthnan etfal' 1?181;
they are consistent with the assertion that recruitment order is establis tafsson and Pinter 1984). The inference drawn from these

predominantly by properties intrinsic to motoneurons. kinds of correlations is that orderly recruitment traces back, at
least in part, to variation in the intrinsic excitability of mo-
toneurons.

INTRODUCTION It is also evident that synaptic input has an important role in

) S the recruitment process. First, synaptic input is required for
A stereotypical sequence of activation is observed amopgcruitment and determines which motoneurons are selected
the motor units that are grouped together in an ensemble (Cop@ activity (Cope and Sokoloff 1999). Second, synaptic input

and Sokoloff 1999). The member motor units follow on@as the potential to reverse the usual order in which motoneu-
another in progression, for example, from the weaker to the
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RECRUITMENT ORDER IN THE ABSENCE OF AFFERENT FEEDBACK 617

rons are recruited (Clamann et al. 1983; Davies et al. 1998ijnciple and found with the MG nerve intact. This finding
Masakado et al. 1991; Nielsen and Kagamihara 1993). Faemonstrates that the basic structure of orderly recruitment
example, Garnett and Stephens (1980) reported that the ordiees not rely on homonymous group la afferent input. How-
in which motor units in the human hand are recruited durirgyer, the increased number of pairs that demonstrate trial-to-
voluntary contractions can be reversed by prolonged electritaal switches in recruitment order suggests a role for homon-
stimulation of the skin. The question addressed in the presgnious afferents in stabilizing motoneuron excitability.
study is whether there is a third role, one in which synaptRortions of these results were presented previously in abstract
input actually contributes to establishing or preserving recruferm (Haftel et al. 1997, 1998).
ment order.

Results of computer simulations reported by Heckman apd- 1, op s
Binder (1993) provide an assessment of the relative contribu-
tions of intrinsic motoneuron properties and synaptic input fourgical preparation

orderly relcrwtment. These investigators developed a Comp.UteExperiments were performed on 17 male and female cats (2.5-5 kg)
model using (_jata collected from MG motpneurons In barb.'“é’s approved by the Emory University Institutional Animal Care and
rate-anesthetized cats to test how synaptic current from diffgfse ' Committee. The surgical and recording procedures briefly de-
ent afferent sources influences recruitment order. Synapiigibed here were similar to those detailed in previous reports from
current from homonymous group la afferents was distributeigls laboratory (e.g., Cope and Clark 1991; Dacko et al. 1996).
among MG motoneurons such that motoneurons with lodnimals were anesthetized throughout surgery by a gaseous mixture
current threshold received greater excitatory current than th@dehalothane in 1:1 @and NO, with the halothane level adjusted
with higher thresholds (Heckman and Binder 1988). Wheetween 1 and 2.5% as required to completely suppress withdrawal
introduced into the model, synaptic input from la afferem@ﬂ_exe?- The \{olume and rate of artificial respiration were adjusted to
expanded the range of recruitment thresholds and reinfordBgintain end-tidal CObetween 3 and 4%. Mean blood pressure was

: ; P monitored via carotid artery catheter, and maintained above 70 mmHg
recruitment order by the size principle. By contrast, SYNAPU heeded either by intravenous infusion of Ringer solution or, on a

curre_nt from the rubrosplr_wal_tragt Compre_ssed the range ity occasions, by a sympathomimetic amine (Aramine). Radiant heat
recruitment threshold by distributing excitation more stronglys adjusted to maintain rectal temperature at 37°C

to motoneurons with intrinsically high thresholds than to mo- | aminectomy enabled recording from ventral or dorsal roots in
toneurons with lower thresholds (Powers et al. 1993). In tR@inal segments,r L., while dissection of the left hindlimb enabled
model, the rubrospinal input increased the number of reversstisnulation and/or recording from the medial gastrocnemius muscle
in recruitment order, but the addition of group la input courand nerve and the caudal cutaneous sural nerve. The cat was then fixed
teracted this effect and sharply reduced the incidence of re-a rigid frame to permit stable neural recording. The hip and knee
cruitment reversals. Based on these findings, Heckman Amgles were fixed at 140° each and the ankle at 90°. The MG tendon

Binder (1993) hypothesized that °.._ one major role of th) nserlon w ut and aiached tough  force wansduce o a
monosynaptic la afferent system is to preserve orderly recr %ssive tension. The MG nerve (intact or central cut end, see follow-

mgnt across a wide variety of input combinations .. " (seeal section), as well as the CCS nerve (intact) were positioned on
Grimby and Hannerz 1968, 1976; Harrison and Taylor 198 imulating)electrodes near the popliteal f(ossa. )Exposel?:i tissues were
Heckman and Binder 1990; Stein and Bertoldi 1981). Th&vered in warm (37°C) mineral oil.
present study tests this hypothesis with data collected in vivoFollowing decerebration by removal of all brain tissue rostral to
from the cat. intercollicular transection of the brain stem, gaseous anesthesia was

One test of this hypothesis is afforded by studying théiscontinued to permit reflex activation of motoneurons as described
recruitment order of motoneurons in the reflex initiated b the following text. To assist with recording stability, cats were
stimulation of the caudal cutaneous sural (CCS) nerve in tA@ralyzed by intravenous infusion of pancuronium bromide (0.04
decerebrate cat. Sural nerve stimulation, while able to diffdf.9/kg). Cats were killed by barbiturate overdose at the end of the
entially alter ongoing firing of MG motoneurons (Kanda et al©¢°"ding session.
1977), fails to disturb the usual sequence of recruitment order
(Clark et al. 1993; Cope and Clark 1991). This failure iblerve treatment
surprising given ewdence that sural nerve inputis dlstrlbuteq tOThe primary goal of this study was to test the dependence of
MG motoneurons in r_nuch the same manner as tha_t descr'gfgruitment order on homonymous afferent input. This goal was
Eligg\zle ;%wg\e/errug(ra?rﬁ:ggllnapgi (SurlkgeBS; agr%(g?;)c;szligtlgree;p k';:c(;omplished by comparing data collected from 17 cats in which the

; . . nerve was subjected to one, and in some cases, more than one of

nation for this surprising result (Binder et al. 1996) is that Ithe following threej acute treatments. In one treatment group (UN-
synaptic activity, which is generally present in intact animafBREATED), data were collected from 10 cats with the MG nerve
and particularly high in decerebrate cats (Matthews 1972), agttact and untreated. In a second group (CUT), data were sampled
to suppress recruitment reversals just as in the simulations avi¢h the MG nerve cut in the popliteal fossa during the terminal
in accord with the hypothesis of Heckman and Binder (199 >_<|c_)er|ment._ These data were collected from a total of 11 cats, 9 of
This possibility was tested here in decerebrate cats for MiCh contributed data to both UNTREATED and CUT groups, being
motoneurons recruited by sural nerve stimulation under t died both before and after nerve cut. In a third treatment group

dition i hich the MG t and treated wit UT+), the MG nerve was cut as just described, and the central end
conaition in-whic e nerve was cut and treated Wity qrawn into the tip of a suction electrode containing a dilute

lidocaine. This nerve treatment was found to completely elif@g)ytion of the fast sodium channel blocker, lidocaine (2% in isotonic
inate homonymous afferent feedback but did not reduce t§gine, pH= 6.9). This condition was studied in six cats, including
proportion of motoneuron pairs recruited in order from low tene examined both before and after the nerve was cut and treated with
high axonal conduction velocity (CV), as predicted by the siZielocaine. These three treatments proved the most practical means of

J Neurophysiol VOL 86 « AUGUST 2001 WWW.jN.0rg
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studying the dependence of recruitment order on homonymous affer- A Microelectrodes

ent input under the conditions of these experiments. Early attempts to
reversibly block action potential conduction in the intact MG nerve
with lidocaine proved impractical under these conditions in which
recording time is limited because blockade was slow to take effect and
to reverse.

Recording and stimulation procedures

Action potentials were recorded by penetrating individual axons
with glass micropipettes (2 M K-acetate, 20—3@Vin either dorsal
or ventral roots. For the purpose of determining recruitment order and
firing rate, two motor axons were penetrated simultaneously, each by

a separate micropipette, in intact ventral roots dr S, (Fig. 1). Caudal Cutaneous Sural Nerve

Intra-axonal recording was also used to study the effectiveness of MG B Consistent

nerve treatments in eliminating homonymous afferent activity. Affer-

ent axons supplying the MG muscle were penetrated by glass mi- Trial 1
cropipettes in intact dorsal roots &nd L;,. Motor or afferent axons l i ' 1 ‘
supplying the MG muscle were identified from action potentials Axon 1 ool l I \‘ \H.

evoked by stimulation of the MG nerve. All action potential records

were amplified (100 times), filtered (0.1 Hz10 kHz), digitized
(22-35 kHz), and stored on computer for later analysis.

Axonal CV (in m/s) was calculated from the conduction distance Axon 2
and delay measured from a micropipette in the ventral (or dorsal) root
to the bipolar electrode on the MG peripheral nerve. Extracellular Trial 2
action potentials recorded from the MG nerve were initiated by
injecting suprathreshold current (50-ms pulses, 1 Hz) through the Axon 1 } ] | LJ, , ‘ ’ 1 ‘ ,' "‘H
micropipette. Stimulus-triggered averages (50—100 records, digitized
at 40 kHz) of the action potentials recorded extracellularly at the
bipolar electrode were used to measure conduction delay off-line from
stimulus onset to the peak of the extracellular action potential. Axon 2

MG motoneurons were recruited in the segmental reflex initiated by 10mv b—n—
stimulation of the caudal cutaneous sural nerve. The CCS reflex was 0.5 sec
used because it is very effective in recruiting MG motoneurons
(Hagbarth 1952; Kanda et al. 1977; Sherrington 1910; Siegel et al.
1999). This reflex was also of interest because studies of synaptic Trial 1
potentials (Burke et al. 1970; Kanda et al. 1977; Pinter et al. 1982;
Powers and Binder 1985; but see LaBella et al. 1989) have suggested l l ’ l ‘ t \ ‘

that sural reflex pathways might recruit motoneurons in an order
reversed from that predicted by the size principle. The CCS reflex was '

|

C Inconsistent

Axon 1

useful therefore in testing the hypothesis that input from MG afferents

prevents reversals of recruitment order. The reflex was evoked by Axon 2 T
stimulation of the CCS nerve electrically (43 pulse duration, 100

Hz) at strengths incremented manually and rapidly (typically within Trial 2
1-2 s) to levels that recruited both MG motor axons under study. The

stimulus was repeated until both MG motor axons in a pair were Axon 1

recruited to fire action potentials in eight separate stimulus trials.
Trials were separated b%30 s to minimize the possible effects of
activation history on the CCS. Repetition of the stimulus permitted Hl H H 'Hl H
determination of the stability of recruitment order, and eight trials Axon 2 "
were selected because this number was generally obtainable before omy ——

axonal recording quality deteriorated. Whenever possible, motor ax- 0.5 sec

ons were also recruited by firm pinch applied by rat-toothed forceps ta-ic. 1. Measuring recruitment ordek: schematic diagram of method used
the CCS receptive field on the lateral aspect of the ipsilateral ankie.record action potentials from pairs of medial gastrocnemius (MG) motor
Skin pinch was used to compare recruitment order in responseat®@ns recruited in reflexes initiated by electrical stimulation of the caudal
electrical versus natural stimulation. Pinch trials were also used a¢dianeous nerv@& andC: action potentials shown in recruitment trials selected
produce action potential trains from which motor axon firing ratliom a total of 8 trials for 2 pairs of MG motor axor:. recruitment order was

could be measured without the contamination by stimulus entrainm%@ ?iiteg”i fn’}g] iﬁrﬁgﬁéfboﬁh:xiiﬁg ?ggf'glgen?/ﬁ;‘ g:xroenc rlui[t(ir?ggtugtic?gr ‘ﬁ;‘;cny
that was often observed with electrical stimulation. inconsistent with axon 1 (C\= 76 m/s) firing either beforetrifal 1) or after

(trial 2) axon 2 (CV= 94 m/s).

Data analysis . _ - . ) o
inter-trial variation were labeled inconsistent. Among pairs in the

Recruitment order was determined from the sequence in whichnsistent category, recruitment order was designated either in accord
paired axons began firing action potentials (Fig. 1). All axon pairsith the size principle, when the axon firing first had the slower CV,
were categorized by the consistency of their recruitment behavior owerin reverse order, when the axon firing first had the faster CV. Pairs
all eight recruitment trials. Pairs in which recruitment order was thia which axonal CV differed by=2 m/s were not reliably distinguish-
same across all eight trials were labeled consistent; pairs exhibitimigle by this property, owing to variation cE1 m/s in repeated
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RECRUITMENT ORDER IN THE ABSENCE OF AFFERENT FEEDBACK 619

measures for individual axons. Therefore those pairs were excludedJnder the condition in which the MG nerve was cut but not
from further examination. treated with lidocaine, spontaneous activity was observed in
In addition to firing sequence, firing rate was measured from thoggs intra-axonal records taken from several MG afferents.
pairs in which both motor axons fired 10 or more action potentials &,,ntaneous discharge in axotomized afferents occurring be-
response to each of three separate trials of skin pinch. The mean firj d the brief period of injury discharge has been reported by

rate was calculated and compared between axons during the tim . i
which the axons were simultaneously active. The purpose was 6'€1S (reviewed by Devor 1995; see also Seburn et al. 1999).

estimate the organization of synaptic excitation from the CCS pathl the present study, 21/47 (45%) MG afferents sampled from
way by observing the relative firing rates in each member of tiree cats fired spontaneoush5 min after cutting the MG
motoneuron pair. Since doublet firing (inter-spike intervalssdf0 nerve. In comparison, ongoing firing was observed in 12/45
ms) (Nelson and Burke 1967) is thought to originate from a postsy(27%) group | MG afferents in the same three cats with the MG
aptic mechanism (Bawa and Calancie 1983; Spielmann et al. 1983uscle held at a slackened length before the MG nerve was cut
Zajac and Young 1980), the doublets that were observed in sofg#, Botterman and Eldred 1982). Spontaneous activity was
motor axons were discarded from calculation of mean firing rates.gphserved in some afferents up to the longest postcut duration
examined, ca. 7 h, a period that extends through the typical
Statistical analysis duration of a recruitment order study. The spontaneous dis-
TEharge took the form of either high-frequency bursts or steady

The effects of homonymous afferent input on motoneuron behavigr. t In th f steady firi ¢ b din th
were tested statistically by comparing pooled data from each of t ng rates. In the case of steady 1inng, rateés observed in the

three treatment conditions of the MG nerve: UNTREATED, cuTCUT condition [34 + 24 (S,D) pps] were not significantly
and CUT+. Recruitment data were examined using Geest (log different (° > 0.05, Student's-test for independent samples)
likelihood ratio test) applied in tests of goodness-of-fit and in tests #1an for UNTREATED la fibers with the MG muscle held

independence (Sokal and Rohlf 1995). The goodness-of-fit test vaither at 100 g passive tension (4248 pps,n = 21) or at a
used to determine whether the observed recruitment order was dis§ilack length (34+ 43 pps). These findings established that
guishable from a random order. TRetest of independence was usedsimply cutting the MG nerve is not effective in eliminating
to test for differences in the observed frequency of pairs recruitggloup | homonymous afferent input to motoneurons. Nonethe-
according to the size principle among the three animal groups.  jags data from this CUT treatment group proved valuable for

distinguishing the effects of cutting motor axons from the
RESULTS effects of eliminating afferent feedback.

Eliminating homonymous afferent feedback
) ~ . Recruitment behavior
The present study was designed to reduce or eliminate

homonymous afferent feedback to MG motoneurons to test theAxon pairs expressed one of three kinds of recruitment
hypothesis that motoneuron recruitment order depends upmader. Order was either consistent across all eight trials,
this feedback. Elimination was achieved by cutting the M@ith either the low CV motor axon or the high CV motor
nerve in the periphery and treating the central cut end wittxon recruited first, or inconsistent across trials, exhibiting
lidocaine. Intra-axonal recording from dorsal roots in onat least one trial in which order switched. Table 1 lists the
CUT+ cat showed that 24/24 MG afferents within the groupproportion of units falling into these three categories.
range of axonal CV%$72 m/s) and sampled within 90 min of Within each treatment group, the distribution of axon pairs
lidocaine application were silent, exhibiting no occurrences atross recruitment categories was significantly different
spontaneous action potentials. In addition, dorsal root vollefrem a random model in which percentages were distributed
could not be evoked by electrical stimulation of the cut angi3:33:33% P < 0.005,G test). The nonrandom distribution
lidocaine-treated nerve ending at strengths exceeding fibet was observed reflects the majority of axon pairs that
times the threshold determined prior to lidocaine treatmemtere consistently recruited from low-to-high CV and there-
The re-emergence of an evoked dorsal root volley, typicalfgre in accord with the size principle in all three treatment
1-3 h after treatment, was taken as evidence that the actgmoups. Two additional points of primary importance to the
potential blockade was wearing off, and the recruitment stugyesent study are apparent in Table 1. First, eliminating
was discontinued until replenishing the lidocaine solution recomonymous afferent input did not increase the number of
established complete blockade of the dorsal root volley. Theszruitment reversals, as can be seen for the €Wjfoup in
procedures enabled study of motoneuron recruitment in thwhich the percentage of axons recruited from high-to-low
absence of feedback from homonymous afferents. CV (6%) was numerically smaller than for the other two

TABLE 1. Recruitment order for pairs of medial gastrocnemius motor axons

MG Nerve Low CV Axon High CV Axon Low or High CV Axon
Treatment Recruited First, % Recruited First, % Recruited First, %
Untreated 70 (33) 19 (9) 11 (5)
Cut 70 (33) 15 (7) 15 (7)
Cut + Lidocainett 61 (41) 6 (4) 33 (22)

Percentages of axon pairs distributed across three categories of recruitment order within each treatment group; numbers of axon pairs m parenth
Distribution of percentages in each group was significantly different from a random distribution of 33:3833%05;G test for goodness-of-fit). Distribution
of pairs across categories for the CutLidocaine group was significantly differers test of independence) than both the Untreated group &,0.005) and
the Cut group (¥P < 0.05). Untreated and Cut groups were not significantly different-(0.25).
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groups (19 and 15%). Second, eliminating homonymo@onsistent recruitment order
afferent input yielded a substantial percentage (33%) of
axon pairs expressing inconsistency in recruitment ord%rf
This increase in the proportion of axon pairs expressi

Figure 2 illustrates the recruitment order measured for pairs
MG motor axons sampled in each of the three treatment
. . . ; ) rbgoups. Only those axon pairs exhibiting consistent order in all
inconsistency in the CUF group was associated with de-gjght recruitment trials are presented; axon pairs expressing
creases in both categories of consistent order. Table 1 ﬁg’onsistency are considered in the next section. FigAriog
shows that cutting the peripheral nerve alone, without lid@;NTREATED motor axons replicates earlier findings (Clark et
caine, had no detectable effect on recruitment behavigf; 1993; Cope and Clark 1991) in showing that recruitment
UNTREATED and CUT groups were not significantly dif-gqer is strongly biased to proceed from slower to faster CV
ferent. motor axons during sural nerve reflexes. Data from two axon
pairs in the UNTREATED group (both from the same cat) fall
conspicuously below the line of identity in FigA2the result

of axons with relatively slow CV £65 m/s) being recruited
after axons with much faster CV=01 m/s). Reversals in
recruitment order of this magnitude are rarely observed in this
laboratory (see also Kanda and Desmedt 1983; Stein and
Bertoldi 1981), although preferential activation of fast over
slow CV axons on cutaneous stimulation has been emphasized
by others (Garnett and Stephens 1980; Kanda et al. 1977;
Nielsen and Kagamihara 1993).

The tendency observed in the UNTREATED group for the
first recruited axon in a pair to have the lower CV was also
observed for samples taken from CUT (FidB)2and CUT+
groups (Fig. Z). The bias toward recruitment order from
low-to-high CV was significantly different from a random
recruitment order for each of the three treatment gro@ps: (
0.005; G test for goodness of fit). For the UNTREATED
sample, the proportion of pairs recruited in order from low-to-
high CV (33/42; 79%) was similar to the proportion of 30/36
(83%) reported earlier by this lab (Sokoloff et al. 1999). Most
pertinent to the present study, comparison of data from the
three treatment groups revealed no significant differences in
the frequencies of axon pairs recruited in order from low-to-
high CV (P > 0.1; G test of independence). These findings
demonstrate that eliminating MG afferent feedback was not
sufficient to increase the proportion of MG motoneurons con-
sistently recruited in reverse order of the size principle.

Further inspection of Fig. 2 shows that the group samples are
comparable with respect to axonal CV. The ranges in CV
overlap extensively and spa0 m/s, which is a large portion
of the reported CV range (Zengel et al. 1985; cf. McDonagh et
60 . A LNPOAOLNA al. 1980). Note also the similarity in CV range for those axons

6 70 & % 100 10 120 sampled in each group that were not recruitable by sural nerve

stimulation in these experiments (Fig.2R). However, closer
120 inspection of Fig. 2 reveals that the CV range for axon pairs in
' the UNTREATED group exceeded that for the other two
groups. Taking this difference into account by comparing

120

110

100

90

80

70

CV 2nd Recruited Motor Axon (m/s)

60 ¥

120

110

100

90

80

70

CV 2nd Recruited Motor Axon (m/s)

110

FIG. 2. Recruitment order in motor axon pairs. Plots of axonal CV of 1st vs.

w

£

8

»

; 100 2nd recruited axon for those pairs recruited in the same or consistent order

2 across all 8 trialsa, CV for single axons that were unrecruitable in the

= 90 cutaneous reflexA: data from 7 cats with UNTREATED MG nerve; 33/42

E axon pairs recruited in order from low-to-high CV and 14 axons unrecruitable.

3 B: data from 6 cats with MG nerve CUT; 33/40 pairs recruited in order from

2 80 low-to-high CV and 16 axons unrecruitab&.data from 6 cats with MG nerve

5 CUT+ treated with lidocaine; 41/45 pairs recruited in order from low-to-high

& CV and 21 axons unrecruitable. The bias toward recruitment order by CV for

5 70 all 3 treatment groups was significantly different from that predicted by a

random distribution of 50% recruited from low-to-high and 50% recruited
from high-to-low CV @ < 0.025;G test of goodness-of-fit adjusted by Yates
60 ¥ AN MMV A

- correction factor). Observed proportions of recruitment order by CV were not
60 70 80 . % 100 110 120 significantly different P > 0.10; G test of independence adjusted by Yates
CV Ist Recruited Motor Axon (m/s) correction factor) among any of the 3 treatment groups.
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RECRUITMENT ORDER IN THE ABSENCE OF AFFERENT FEEDBACK 621

treatment groups over the same range in CV did not alter the LowCV HighCV

outcome obtained in comparison of the complete data sets. Axon First Axon First

This conclusion is supported by FigA2vherein the limits in

CV range taken from the CUT group (Fig. ) are superim-

posed as - -- on data taken from the UNTREATED group. I

Statistical comparison of the proportions of axons recruited in

order from low-to-high CV over this restricted range in CV

also revealed no significant differences among the three groups

(0.25> P > 0.10; G test of independence). Ty
Recruitment order was also assessed whenever both axons in a T LU

pair could be recruited by skin pinch applied to the sural receptive

field. For all pairs that were recruited in consistent order over ]

multiple trials of sural nerve electrical stimulation, skin pinch U u]

invariably yielded the same order. This was observed for 6/6 axon 0 .
pairs in the UNTREATED group and 17/17 axon pairs in the [ |

CUT+ group (no pairs were tested in the CUT group). This i 3
finding establishes that our observations on recruitment order are
not artifacts of electrical stimulation. It is also consistent with
earlier observations from this laboratory (Cope and Clark 1991)
that recruitment order does not depend on the strength of electrical
stimulation of the sural nerve, which varied across trials and
across pairs but which was not monitored in these experiments.

Inconsistent recruitment order

Some axon pairs in each group exhibited inconsistency in
recruitment order over eight trials of sural nerve stimulation.
The inter-trial variation in order gave no evidence of history —

dependence, i.e., there was no tendency for switches to occur 6 4 2 0 2 4 6
in relation to trial number. Neither was there any tendency for
inconsistencies to increase or decrease over the course of an Number of recruitment trials

experiment. Figure 3 shows the extent of Inconsistency for a”FIG. 3. Inconsistent recruitment order. Each horizontal bar represents a

pairs that expressed switches in recruitment order. The Pgfsor axon pair taken from the 3 groups: UNTREATED (black bars; 5),
centage of the total sample for the CTgroup (33% or 22/67 CUT (hatched bars) = 7), or CUT+ (open barsn = 22). The number of trials

pairs) was significantly largeP(= 0_0021;)(2 test) than for the in which the recruitment occurred for the low CV axon first extends the bars
UNTREATED and CUT groups combined (13% or 12/94° the left of the_vertical line at 0, and the number for the high CV axon first
pairs). Also, 11/22 pairs in the CUA group exhibited recruit- éxtends to the right

ment inconsistencies with order ratios of 3:5 or 4:4 trials, whilgecryitment order was assigned to the 28 pairs from all three
only 3/12 pairs in the UNTREATED and CUT groups cOMgreaiment groups for which either the low or the high CV axon
bined had this degree of variability in order. These findingg 5 pair was recruited first in a simple majority of trials/8
demonstrate that removing homonymous afferent input prpis: Fig. 3). Six pairs could not be assigned and were ex-
motes recruitment instability. o cluded from further analysis because order and reversed order
CV was not significantly different for axon pairs in thyere expressed in equal numbers of trials (4:4). When com-
CUT+ group that exhibited inconsistent versus consistefineq with data taken from the consistent pairs (Table 1), the
recruitment order (93.6: 10.4 m/sn =44 vs. 90.7% 9.4 frequency of pairs expressing recruitment order from low-to-
m/s,n = 90; P > 0.1, Kolmogorov-Smirnov tesk = 0.21, pigh Cv was 78% (36/46), 81% (38/47), and 87% (54/62),
Student’st-te_st for mdependent_samples). In add|t|on_, Fig. ﬂespectively for the UNTREATED, CUT, and CUTgroups.
shows that inconsistent recruitment order was neither rge,isiical analysis of these frequencies yields the same result
stricted to nor uniformly expressed by pairs with similagg the previous analysis for the subset of axon pairs selected for
CV. For example, 26% (7/27) of the pairs for which thengistency (Table 1), namely that all groups exhibited recruit-
difference in CV was greater than or equal to 10 Migent order that was significantly different from randon<(
expressed inconsistent order. For the remaining pairs wijf 1) but not significantly different from one anothét ©
CV difference <10 m/s, 37% (15/40) or only-1/3 ex- (o5 These observations demonstrate that whereas removal of
pressed inconsistency. These results give no support 10 [}gnonymous afferent input increased the proportion of motor

possibility that only those axon pairs for which recruitment, sns expressing inconsistency, it did not increase the inci-
thresholds were similar, as judged by similar CV, prior tQence of reversed order.

the removal of homonymous afferent input express greater
variability in order. . . Difstribution of sural excitation among MG motoneurons

The effect of inconsistent recruitment on our assessment o
the overall tendency of the MG population to express either The expected increase in frequency of pairs exhibiting re-
size-ordered or -reversed recruitment was evaluated as folloasiitment reversals following the elimination of homonymous
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DISCUSSION
100 W8 * I The present study provides the first direct test of the hypoth-
. PO : esis that synaptic current from homonymous group la muscle
& 80 a i afferents assists in establishing orderly recruitment among
S PR a-motoneurons. The role of muscle stretch afferents was tested
s 60 S indirectly in a study by Henneman et al. (1965a) in which
2 s g’ activity in muscle spindle afferents was presumably reduced as
& 40 2";* a consequence of eliminating gamma motoneuron drive to
g 20 ﬁA 0
N A
H 60
) . <
g 50
0 5 10 15 20 25 30 It
CV Difference (m/s) % 40t /
FIG. 4. Cumulative histogram for the difference in CV within motor axon ;E 0f
pairs for CUT+ treatment group. Pairs recruited in inconsistent orden(= ‘; b
22) overlap with ones recruited in consistent orderr( = 45). g 2ok
afferent input was based on the suggestion that sural reflex 0f
pathways have the potential to reverse recruitment order :
(Heckman and Binder 1993; Kanda et al. 1977). However, 0
given the discrepancy in findings on the distribution of sural 0 80 % 100 10
excitation onto MG motoneurons (Clark et al. 1993; Heckman
et al. 1992; LaBella et al. 1989), it seemed necessary to 70
estimate the distribution of sural input under the conditions of
these experiments. This estimation was made from the simul- 60| B
taneous repetitive firing evoked in both motor axons of a pair .
in response to sural stimuli. An advantage of this pairwise & 30
estimation technique is that firing is measured simultaneously &
from two motor axons in response to the identical sural nerve % 40
stimulus. £ 30
Figure SA illustrates the mean firing rates for those pairs ¢
driven by skin pinch to fire repetitively for a minimum of 10 %’ 20
spikes in each of three stimulus trials for pairs sampled from
the CUT+ group. A clear tendency appears for the axon with 10 —
faster CV to fire at a higher mean rate than the axon with
slower CV in 7/8 pairs. Among these seven pairs, the increase 05 20 % T 110
in mean firing rate between member units of each pair ranged
from 7 to 39 pps. This finding suggests that in the absence of
homonymous afferent feedback, the sural reflex pathway dis- 70
tributes excitation more strongly onto fast CV than onto slow
CV motoneurons and therefore might act to compress the range 6of C
of recruitment threshold (seetrobucTion). If this tendency
. . . . . . - e 50
resulted solely from differences in intrinsic excitability of &
faster versus slower CV motoneurons rather than from differ- g 4
ences in synaptic drive, then this same tendency for the faster &
CV axon to fire faster should occur regardless of the source of %" 30
synaptic excitation. To the contrary, FigC5hows a very =
different pattern, one in which stretch of the MG muscle § 20 o%‘—“
resulted in slower mean firing rates in the faster CV motoneu- = 0 -— .
ron for 5/7 pairs. This result lends further support for the utility
of this means of estimating the distribution of synaptic input 0 .
from relative firing rates. Interestingly, the differential ef- 70 80 90 100 110

fects of skin pinch were also less regular with the MG nerve

Axonal Conduction Velocity (m/s)

intact_ (Fig. EB_)- In this group, firir_1g rate was faster (2_—21 Fic. 5. Comparison of mean firing rates measured concomitantly in pairs of
pps) in 5/9 pairs, slower in 3/9 pairs (6—15 pps), and did ndIG axons identified by CV. Data from 8 pairs in CUTgroup @, for axon
differ in 1 pair, for the faster versus the slower CV axon jRairs recruited in consistent order, for pairs recruited in inconsistent order)

; ; M P . ) and from 9 pairs in UNTREATED grougj], with recruitment achieved by
each pair. This finding suggests that the distribution nching caudal cutaneous sural dermatof@iedata from 7 pairs in UN-

synaptic eXC_i'_[ation from the sural nerve onto MG motoNnewRrEATED group recruited by MG muscle stretch (ramp-hold-release stretches
rons is modified by MG afferents. 4-6 mm).
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spindles by cutting ventral roots. No change in recruitment
sequence was observed under this condition. By contrast, some 70
evidence was obtained for reversals among motor units re- 60
cruited volitionally in human subjects in whom afferent im-

pulses were blocked from reaching the spinal cord either by 50
nerve compression or by lidocaine injection (Grimby and Han- 2
nerz 1968, 1976). However, the experimental procedures were g 40
acknowledged to leave uncertainty about which afferents were 2 30
blocked and to what extent. In the present study, input to MG §
motoneurons from homonymous afferents including group | 20
afferents was verifiably blocked, thereby permitting definitive
conclusion that this input is not essential to the basic structure 10
of orderly recruitment. On elimination of homonymous affer- 0 . , ,

ent input, most MG motor axon pairs were recruited in a Size Reverse Inconsistent
consistent, orderly manner in accordance with the size princi- Principle Order Order
ple, such that the lower CV axon of the pair was recruited first. . . . o

. . . . " 'FIG. 6. Percent of axon pairs recruited in order by the size principle, i.e.,
T_here_ were exceptions to this order, but these Size P“_nC'PJ&n low-to-high CV, in reverse order, or in inconsistent order as determined
violations were no more frequent than with afferent inpuh computer simulatione; =, ) or in vivo (o, ). Percentages observed in the
intact. Elimination of homonymous afferent input was NOYNTREATED group () for axon pairs recruited by caudal cutaneous sural
without effect, however, as evidenced by increased variabiliﬁ?”’e stimulation match well with those obtained through simulated recruit-

. . . ent by rubrospinal input (se@PENDIX). Percentages observed in the CUT
in recruitment order. In sum, we find that homonymous affe roup (@), in which homonymous afferent input is removed, are poorly

ent input does not suppress consistent reversals of recruitm@ithed by percentages obtained after removal of synaptic current from la

order as predicted, but its presence does check recruitmaifarents in the simulation] but well matched when simulated recruitment by

instability. rubrospinal input ¢) was introduced to increased amplitude of time-varying
fluctuations in synaptic drives{ seeAPPENDIX).

Potential mechanisms for changes in recruitment behavior tjvely) in the percentages of axon pairs exhibiting size principle

Removal of homonymous afferent feedback produced 05der, reverse order, and inconsistent order. This finding for

threefold increase in the proportion of axon pairs exhibitirﬁcr”'tm?m obtained experimentally with sural input and sim-
inter-trial variation in recruitment order. This increase occurrdfjated with rubrospinal input is consistent with the assertion
together with small decreases in frequency in both categorfBdt these inputs are similarly distributed across MG motoneu-
of consistent recruitment, i.e., order as well as reverse order8ps (Burke et al. 1970). Evidence that sural nerve input
the size principle. None of these effects was attributable f@sembles rubrospinal input in compressing the recruitment
injury sustained by the MG motor axons since cutting the Mihreshold range is also given by our confirmation of one earlier
nerve alone did not alter the normal recruitment pattern (Tabkeport (Kanda et al. 1977) that MG motor axons with faster CV
1). We have found no previous reports that lidocaine appliedfice faster than those with slower CV in sural nerve reflexes
the MG nerve in the periphery acts retrogradely on motoneffig. 5). Most importantly the model simulates the normally
rons to alter their central excitability. The possibility of aobserved pattern of recruitment by sural nerve input. From this
retrograde effect seems unlikely because inconsistent recrpivsition, we determined whether removal of homonymous la
ment order occurred as frequently within hours after lidocairadferent input from the model could reproduce the effects of
treatment as it did later when potential retrograde effects migieimoving homonymous afferent input on recruitment behavior
have been expressed. We conclude, therefore, that the reciinitvivo. Figure 6 shows that removal of la input in the model
ment instability is caused by the elimination of homonymousas unable to yield the observed result. With la input modeled
afferent feedback to the spinal cord. to expand recruitment range as it does in the pentobarbital
To assist in identifying the plausible mechanism(s) by whickodium (Nembutal)-anesthetized cat (Heckman and Binder
elimination of afferent feedback produces inconsistency 988), its removal dramatically increased consistent reversals
recruitment order, we adapted the computer simulation afhd had little effect on recruitment inconsistency (FigA§,
Heckman and Binder (1993) to perform repeated recruitmefhis was not observed in the decerebrate cat (Figl)$,
trials following procedures of the present study (sereNDIX). A recent report calls for additional examination of the dis-
Recruitment of MG motoneurons was achieved by activatimgepancy just described between simulation and observation.
synaptic currents modeled after rubrospinal inputs. Effectiteee and Heckman (2000) report that for the decerebrate cat,
synaptic current from this input is much greater in the leasffective synaptic current from group la afferentereases
excitable MG motoneurons than in the more excitable onexgether with motoneuron input conductance, a tendency that is
(Powers et al. 1993), resulting in a strong compression of thiee reverse of that observed in Nembutal-anesthetized cats
recruitment threshold range across the MG motor nucleus. Tliteckman and Binder 1988). This distribution of effective
compression is thought to be similar to that produced by susainaptic current in decerebrate cats appears to involve ampli-
input (Binder et al. 1996; Heckman and Binder 1993). fication of the synaptic current, perhaps by voltage-sensitive
Figure 6 illustrates the observed and simulated recruitmesgnductances in MG motoneurons. However, Lee and Heck-
patterns under a variety of conditions. In the presence wian (2000) also report that amplification in the high-input
homonymous la feedback, there is good correspondence benductance cells begins at more depolarized membrane po-
tween observed and simulated data (FigC6and @, respec- tentials and therefore later in time as the membrane potential
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approaches threshold than in the low input conductance nmibeugh we cannot discount this possibility entirely, it seems
toneurons. Thus the magnitude versus the onset of amplifitéghly unlikely for the following reasons. In the present and in
tion presents competing influences on recruitment ord@revious studies from this laboratory (Clark et al. 1993; Cope
thereby leading to uncertainty about the ultimate effect aind Clark 1991), recruitment sequence was not sensitive either
amplification on order. Notwithstanding this uncertainty, w# the rate or to the strength of electrical stimulation of the sural
went on to simulate the effect on recruitment order of la inpuierve. In some instances, we studied recruitment by simply
distributed among MG motoneurons so as to compress theitching on the electrical stimulation of the sural nerve at
range in recruitment threshold. Similar to the result obtainestrengths previously determined to recruit both motor units and
upon removal of homonymous afferent input in the decerebrdtaind that the percentage of reversals by the size principle of
cat, removal of la input in the simulation did not yield amecruitment was no greater than when the units were recruited
increase in recruitment reversals. Unlike the result observedoy a ramp increase in stimulation strength. In addition, we
vivo, however, the incidence of inconsistent recruitment ordegport here that sudden skin pinch invariably yields the same
did not change in the simulation. These results demonstraderuitment sequence as does electrical stimulation. For these
that regardless of how la input is distributed among M@ asons, it seems reasonable to conclude that the tendency
motoneurons, whether it compresses or expands the thresholdard recruitment order by the size principle was not an
range, eliminating la input cannot reproduce the full range aftifact of the stimulus protocol.
effects observed in vivo.
By contrast, th_e changes in recruitment pattern observees. and postsynaptic dependence of recruitment
following elimination of homonymous afferent input could bg)qer revisited
reproduced in the model by amplifying time-varying fluctua-
tions in synaptic drive (seeePeNDIX). Increasing the amplitude Our study provides the first test of earlier assertions that
of these fluctuations in the model yields a large increase gnoup la input assists in establishing recruitment order by the
pairs with inconsistent order (40%) at the expense of pairs wiize principle (Grimby and Hannerz 1968, 1976; Heckman and
consistent size principle and reversed orders (Fign)6,This Binder 1993; Stein and Bertoldi 1981). The emergence of this
roughly matches the observations made in the decerebratearderly recruitment despite increased instability demonstrates
following elimination of afferent input (Fig. 6,1), suggesting that order among MG motoneurons is not dependent on syn-
that removal of homonymous afferent input acts to increasetic input from either group la afferents or any of the other
variance in either or both motoneuron excitability and synaptorimary afferents in the homonymous nerve. However, it is
drive. If this increased variance was uniformly distributegdossible that homonymous group la input is not the only
among MG motoneurons, then we should have observed synaptic source acting to expand the recruitment threshold
consistency predominantly among motor axon pairs with simange. For example, MG motoneurons receive group la input
ilar excitability as assessed from CV. The latter pattern was rfadbm the lateral gastrocnemius and soleus muscles, and this
observed, however (Fig. 4), so we suggest that increased vagteronymous input was not eliminated in these studies. How-
ance is distributed unevenly among MG motoneurons and rexer, in preliminary study, we determined that recruitment
in relation to CV. This uneven distribution of variance mighinconsistency in CUF cats was unaltered when heterony-
derive from fluctuations in membrane potential, originatinghous group la afferent input was manipulated by changing
pre- or postsynaptically, that are temporally uncorrelated passive muscle stretch or by applying vibration to the lateral
unequally distributed among MG motoneurons (Gossard et gastrocnemius and soleus muscles. It seems unlikely then that
1994). heteronymous stretch-sensitive afferent inputs produce any
substantial expansion of recruitment threshold range. No affer-
Recruitment by the size principle in the sural nerve reflex ©nts other than the homonymous group la afferents are known
to expand the recruitment threshold range, but such afferent
With the MG nerve intact or treated, the activation of suraystems cannot be ruled out. Powers and Rymer (1988) found
reflexes either by skin pinch or by electrical stimulation habat cutting the dorsal spinal cord compressed recruitment
little effect in reversing recruitment order by the size principléhreshold range, and reversed recruitment order in 4/14 pairs of
(Fig. 2). It is important to the validity of these findingsmotoneurons. An injury-induced change in motoneuron excit-
however, to carefully consider the way in which the sural nenability cannot be excluded as the basis for this effect (see
was activated. Single electrical stimuli applied to the surdiscussion in Carp et al. 1991). All considered, it remains
nerve can produce synaptic potentials that appear first aspassible that recruitment order is disrupted as a result of cutting
inhibitory postsynaptic potential (IPSP) followed by an excisome afferent system that distributes excitation onto MG mo-
tatory postsynaptic potential (EPSP), particularly in motoneteneurons in a pattern that assists in establishing orderly re-
rons with low CV (Kanda et al. 1977; Pinter et al. 1982¢cruitment.
Powers and Binder 1985). In addition, Heckman et al. (1992,Our findings are entirely consistent with the view that re-
1994) report that the early IPSP gives way to a steady-stat@itment order is determined predominantly if not completely
EPSP during high-frequency stimulation of the sural nervby intrinsic properties of motoneurons. The intrinsic excitabil-
These observations are relevant to the present work wherigynof MG motoneurons measured as rheobase current covers a
recruitment achieved by progressively increasing stimul@§-fold range in Nembutal-anesthetized cats (Zengel et al.
strength may have allowed time for early inhibition to give wa985). Perhaps the computer simulations used here and earlier
to excitation before either motoneuron in the pair was réHeckman and Binder 1993) overestimated the ability of syn-
cruited. In this way, the potential effect of an early IPSP oaptic input to reverse recruitment order because the range in
recruitment order might have been artificially obscured. Alntrinsic excitability was underestimated. It is possible that
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threshold range is even greater in decerebrate cats as a codisggibutions and both were added to thg.and CV values via
quence of voltage-dependent conductances. A motoneuféndard Monte Carlo techniques (Heckman and Binder 1993). Each
property that might expand the range of intrinsic excitability iaussian distribution was scaled so that three standard deviations fell
the persistent inward current that is activated by much Iegi/h'” a specified percentage of each motoneuron’s starigascand

e

TS . . values. For example, i, . onWas set to 30% foty,..s then a
depolarization in the most excitable motoneurons than in | Wen motoneuron’s value fok,... was randomly chosen from a

exmtabl_e ones (Lee an_d Heckman 1998). Whatever th_ey tribution in which 3 SDs encompassed a range of 0.7-1.3 times that
be, the intrinsic properties of motoneurons seem most likely tioneuron’s standaid, .. value.N,.,,..was usually set to 30% for
account for the abundant observations (Calancie and Bapéh |, ..and CV. Correlations betwedp, ..and CV forN, ,.on=
1990; Cope and Clark 1995; Henneman and Mendell 19830% averaged about= 0.6 to 0.7, which falls at the upper end of the
that orderly recruitment occurs during virtually all naturallyange seen in experimental data for correlations between these two
evoked reflexes and volitional contractions, and, as showarameters within individual animals (see the methods section of Lee
here, after removal of certain inputs. Synaptic inputs, by cofnd Heckman 1999). For each set of eight tridlg,,,..,was applied
trast, seem to play no part in establishing recruitment order, iy at the start of the set. In contralst,,.,;was reapplied for each
rather they determine which motoneurons are selected if{dn® eight trials to generate intertrial variability. Values K apic
activity as well as the recruitment gain (Burke 1981a; Hecka/ed between 2 and 20%.

man 1994; Kernell and Hultborn 1990), i.e., the number of .

motoneurons recruited per increment in net excitatory synapgénulation procedures

drive. Each simulated experiment was performed as follows. The synaptic
organization and percentages fd{.,,;onaNd NgynapricWere specified.
APPENDIX A specific value folt,,,.cand CV for each of the 100 motoneurons was

) ) set by adding the combined noise levels specified\py,,,., and
The purpose of these simulations was to evaluate whether remonal .- The recruitment threshold for each of the 100 motoneurons
of la input could account for the findings presented in the accompgas calculated based on thg,..values (as modified b, q.ronand
nying paper. Previous simulations of motoneuron recruitment (Heqi_ naptid @nd the synaptic weighting factors for the chosen synaptic
man and Binder 1993) tested the role of la input, but these studies giganization (Heckman and Binder 1993). Each of the motoneurons
not consider the consistency of recruitment in repeated trials f@@as then randomly paired with another one with each motoneuron

individual pairs as was done in the foregoing work. used in only one pair. The percentages of the 50 pairs showing normal
recruitment (low CV motoneuron first) and reversed recruitment (low
Basic methods CV motoneuron recruited second) were calculated. The run was then

repeated seven more times with precisely the same pairing of mo-

Methods for the simulations were identical to those presented @heurons and the same synaptic organization. However, time varying
Heckman and Binder (1991, 1993), with the exception that each philctuations from trial to trial were simulated by re-adding the noise
of recruited motoneurons was tested for recruitment order in eigbvel corresponding to thi.pcto thely,.sand CV values of the
repeated trials. The pool of simulated motoneurons consisted of 18@vious trial before each new trial began. Thus the valugg,gfand
motoneurons. The key motoneuron parameters for the present recroi- for each motoneuron set in the first trial by application of both
ment order simulations were the threshold current for generating B\, o, and Nqapic then varied in subsequent trials only by the
action potentiallg,.J and the CV of the axon (CV). The distributionamount specified b, A new experiment consisting of eight
of threshold values was closely matched to the distribution for the gapeated trials was initiated by selecting new valuek,of.and CV
medial gastrocnemius motoneuron pool (modeled in Heckman afidm the Gaussian distributions, by reapplying badth.,,., and
Binder 1991 based on experimental results from Kernell and Monsiy, .. and by randomly setting new pairings between motoneurons.
1981). CVs were assigned to each motoneuron with even spacin@xperiments were repeated 500 times for a given input organization
between 70 and 110 m/s, assuming a perfect correlation betyggn and noise level. The results for a set of 500 experiments were
and CV. Addition of random noise (see following text) typicallyexpressed in terms of the percentage of consistent normal pairs (low
expanded this range t650—-130 m/s and produceg,.sCV rela CV motoneuron recruited first in all 8 trials), the percentage of
tionships with a considerable degree of scatter. The organizationcehsistent reversals (low CV motoneuron recruited second in all 8
synaptic inputs was based on weighting factors derived from ti¢als) and the percentage of inconsistent paiesl (trial with a
systematic studies of effective synaptic currents from la input anifferent recruitment order than the others). All percentages were
various descending systems by Powers, Binder, and colleagues @erages of the values across all 500 experiments.
viewed in Binder et al. 1996). The synaptic current weighting factors
and the threshold currents together determined the recruitment thresh- _ .__.. .
old of the motoneuron. e6rr]gan|zatlon of synaptic input

To replicate the control conditions in the experimental data, three
Techniques for specifying noise levels assumptions were made about the organization of simulated synaptic
input. 1) The main excitatory drive during the sural input generated
Varying degrees of random noise were added td the.and CV of  relatively larger effective synaptic currents in high- than low-thresh-
each motoneuron to simulate normal biological noise. This noise walsl motoneurons. This input thus tended to compress the range of
divided into two components. The first compone,{,.) was recruitment thresholds set by thelO-fold range ofl,.s values
meant to mimic the biological variance inherent in the electricgB.5—40 nA before any noise was added) (Heckman and Binder 1993).
properties of motoneurons. This variance is likely caused by factorhis assumption is supported by the larger effect of sural input on
such as the differences between motoneurons in density of voltafigng rate of high-threshold units (see Fig. 2). A small, constant
sensitive channeld\, ..o thus specified the average scatter in thahibitory bias current existed. This inhibition was applied simply
relationship between,, .. and CV. The second component of thebecause it seemed unlikely that the sural drive was purely excitatory.
noise Neynaprd Was meant to represent the time-varying fluctuationié/hile much of the inhibition during the sural input fades within the
in membrane potential in motoneurons due to time-varying fluctufirst 50 ms of steady stimulation (Heckman et al. 1994), recruitment of
tions in their synaptic drive. Both forms of noise had Gaussiamits in the present study occurred near the onset of sural input, where
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inhibition is still likely to be important. In addition, there may existrecruitment reversals coupled with a small increase in inconsistent
some tonic baseline inhibition in the decerebrate due, for example p@irs (this was essentially what happened when the simulated la input
tonic firing in antagonist la afferent8) All motoneurons received a was removed in Fig. 6). Expansion had the opposite effects. Neither
steady bias of excitatory input from la afferents. This of course watange mimicked the experimental results for removing homonymous
the main assumption driving the experimental studies fse@bpuc-  input in which consistent recruitment reversals and inconsistent pairs
TIoN). The sensitivity of the simulations to these three assumptionBanged in opposite directions (see Fig. 6).
was evaluated (see following text). The amplitude of the inhibitory
bias was set to 1 nA and the excitatory bias from |a afferents was sginsitivity analyses for noise
to 2 nA. The inhibition was given a uniform distribution for all
motoneurons (the inhibitory systems studied thus far have uniformChanges inNg,,..ic had the expected effects: the larger the
distributions) (Binder et al. 1996). As pointed out in tkeropucTtion, amplitude of Ng,..ic the greater the percentage of inconsistent
the la input is distributed preferentially to low-threshold units and thygairs and the lower the percentage of both consistent size principle
tends to expand the range of recruitment thresholds (Heckman f@&irs and consistent reversed pairs. This is exactly what eliminat-
Binder 1988). ing homonymous input did (Fig. 6). In contrast, increases in
Nheuronhad inverse effects on consistent pairs, decreasing the size
principle pairs while increasing the reversed pairs. The percentage
of inconsistent pairs increased slightly with increaséd, .o, In

The main results are shown in Fig. 6 in thecussion An accurate Other words, increasindl,eronacted somewhat like compressing
recreation of the control data was achieved whth,,..Set to 30%, the range of recruitment thresholds, having parallel effects on
NgynapticSEt to 4%, and the sural synaptic drive distributed accordig@nsistent reversals and inconsistents. Thus changes,dp..,
to the weighting factors used for the rubrospinal system in Heckm&guld not produce the decrease for consistent reversals and large
and Binder (1993). As presented iiscussion removal of la input increase for inconsistents seen in the data and accurately simulated
without alteringNpeyron @8N0 Neynapic did not replicate the effect of by changes ifNgynapic (Fig. 6). _
removing the homonymous input (cf. Fig.&,and]). A good match ~ One aspect of the experimental results that could not be simu-
to removal of homonymous input was achieved WIN, ... Was !ated was the result illustrated in Fig. 5_, which sho_ws inconsistency
increased from 4 to 12% (la input was again eliminatdl,,,, [N recruitment among motoneuron pairs expressing the full range
remained at 30%; Fig. 6m). This replicated both facets of theof differences in CV. In the simulations, there was a strong
removal of homonymous input in the experimental data: slight déendency for inconsistent recruitment to occur more frequently
creases in both consistent size principle pairs and consistent reve@@@®ng pairs with close CVs. The reason for the lack of this relation
pairs coupled to a large increase for inconsistent pairs. in the experimental results is unclear, as one would expect it to be
easier to alter recruitment order in unit pairs with close thresholds,
s . - which presumably have close CVs. Perhaps this discrepancy can be
Sensitivity analyses for synaptic organization accounted for by the dynamic characteristics of the synaptic

The rubrospinal input is much stronger in high than low-thresholPise—for example, occasional large noise peaks that also have
cells (Binder et al. 1996). In the simulations, this differential actioffist rates of rise might be particularly effective at recruiting even
was captured by using a ninefold range of weighting factors (largestelatively high-threshold unit out of its normal order. Obviously,
weights to high-threshold units, smallest to low-threshold units) (sé¥namic phenomena cannot be simulated using the present tech-
Heckman and Binder 1993). Effective synaptic currents for sural inpidues, which assume steady conditions. However, these dynamics
have not yet been measured, but the assumption that the sural e¥@uld only apply toNg,pic N0t Nneyron D8CAUSEN 60 IS ONlY
tation also favors activation of high-threshold units is reasonable (J8€ant to capture the variability in intrinsic differences in motoneu-
piscussioy. However, the differential sural effect may not be a§on properties. Thus the basic conclusion of this subsection, that
strong as for the rubrospinal excitation. We therefore systematicafanges il ,picbut notN,..,on,could replicate the experimental
simulated the effects of reducing the preferential excitatory drive f§sults shown in Fig. 6, still holds. Similarly, the conclusion of the
high-threshold motoneurons by substituting vestibulospinal excitatiffevious section, that changes in synaptic organization alone can-
(which has only a twofold range of weighting factors) for rubrospindlot produce the experiment results of Fig. 6, would not be altered
excitation. For the la input, the key issue is whether the simulat8d including dynamic properties iNgynaptic
amplitude of 2 nA exaggerates the impact of the tonic firing of la
afferents in the homonymous nerve in the decerebrate prepara®uwmmary of sensitivity analyses
used in this study. The amplitude of la input used in the simulation o ) ) . o
was based on activation by tendon vibration in the pentobarbitalThe sen.smwty analysis presented |n.the precedlng text |nd|cat.es
anesthetized preparation (Heckman and Binder 1988), which Iikéfﬂ/ﬁlt the simulation results presented in Fig. 6 are representative
generated average firing rates of 180 Hz in la afferents. The lowfamples of a wide range of simulations with different synaptic
firing rates of tonically active la afferents (seesuLTs are at least Ordganizations and synaptic noise amplitudes. Thus the main con-
somewhat offset by dendritic amplification of la actions that agusion from Fig. 6, that increases My, .uicprovided the best
present in the decerebrate (Lee and Heckman 2000; Prather elsgnulqtlon of removing homO_nymoqs input, is Ilkely_to be correct
2001). We tested the effect of both lowering and raising the amplitug¥en if the specifics of the simulation did not precisely replicate
of the la bias current. Finally, we also evaluated the effect of lowerirgjelogical reality.
and raising the inhibitory bias currents. None of these changes in input
organization altered the main result of Fig. 6. In general, changes inThe authors thank Dr. Robert Lee fgr critical_review of the manusqript.
input organization, whether from different input systems or changes in'his research was supported by National Institute of Neurological Disorders
amplitudes of bias currents, impact recruitment order by compressfilfl Stroke Grants NS-21023 (T. C. Cope) and NS-34382 (C. J. Heckman).
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