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The specificity of the convergence of primary afferent pro- 
jections from ankle muscles onto motoneurons that inner- 
vate these muscles was studied in lumbar spinal cords of 
embryonic and neonatal rats. The connectivity pattern was 
determined for each motoneuron by stimulating nerves from 
ankle flexor and extensor muscles and recording the syn- 
aptic potentials in identified motoneurons. In mature mam- 
mals, muscle spindle afferents make direct excitatory con- 
nections with motoneurons that innervate homonymous and 
synergistic muscles, and with interneurons that inhibit mo- 
toneurons innervating antagonistic muscles. Therefore, ap- 
propriate primary afferent-motoneuron connections were 
identified when stimulation of homonymous and synergistic 
muscle nerves evoked monosynaptic EPSPs. Two criteria 
were used for identification of EPSPs as monosynaptic po- 
tentials: (1) the monosynaptic potentials were evoked at the 
shortest latency, and (2) they were more resistant to fatigue 
by repetitive nerve stimulation than the longer-latency, po- 
lysynaptic potentials. Functionally inappropriate primary af- 
ferent-motoneuron contacts were identified when stimula- 
tion of an antagonistic muscle nerve produced monosynaptic 
EPSPs instead of polysynaptic IPSPs in homonymous mo- 
toneurons. 

At days 18-21 of gestation, about 30% of motoneurons 
were innervated by primary afferents of antagonist muscles. 
Such functionally inappropriate synapses persisted at birth, 
but their percentage was significantly reduced within 3-5 d 
after birth. The findings suggested that in the developing 
spinal cord of the rat, a significant percentage of motoneu- 
rons were initially innervated by inappropriate primary af- 
ferents of antagonistic muscles. The decrease in percentage 
of such inappropriate connections was correlated temporally 
with the increase in the frequency of spontaneous activity 
and the onset of myelination. 

[Key words: synaptogenesis, sensorimotor synapse, spe- 
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The function of the nervous system is based on stereotyped 
patterns of synaptic connections between specific neurons. Ex- 
amples of such precise interactions between central neurons are 
the spinal reflex pathways, which have been studied extensively 
in mature mammals (reviewed by Burke, 1990; Munson, 1990). 
In stretch reflex, stretch-sensitive sensory neurons that supply 
muscle spindles make specific connections with various groups 
of spinal motoneurons. Primary afferents of a particular muscle 
monosynaptically excite two groups of motoneurons: those that 
innervate the same muscle (homonymous) and those that con- 
tact muscles with related function (synergists). These primary 
afferents also project onto interneurons that inhibit motoneu- 
rons innervating muscles with opposite function (antagonists) 
(Eccles et al., 1957a; Mendell and Henneman, 1971; Binder, 
1980; Kirkwood and Sears, 1982; Fritz et al., 1989). Therefore, 
a specific primary afferent monosynaptically excites homony- 
mous and synergistic motoneurons and disynaptically inhibits 
antagonistic motoneurons. Similar patterns of synaptic contacts 
between muscle spindle afferents and motoneurons have also 
been described in the spinal cords of mature frogs (Frank and 
Westerfield, 1982). 

In the spinal cord of rat embryos, dorsal root afferents estab- 
lish monosynaptic contacts with lumbar motoneurons at days 
17-18 of gestation (Kudo and Yamada, 1985, 1987; Ziskind- 
Conhaim, 1990). The physiological and pharmacological prop- 
erties of these initial synapses have been characterized (Saito, 
1979; Ziskind-Conhaim, 1990; Wu et al., 1992) but little was 
known about the initial pattern of convergence of muscle affer- 
ent projections onto embryonic motoneurons that innervate 
muscles of synergistic and antagonistic functions. Preliminary 
results of a study that examined the specificity of sensorimotor 
innervation in the spinal cords of neonatal rats imply that, at 
4-10 d after birth, appropriate contacts are formed between 
primary afferents of flexor and extensor muscles and their spe- 
cific motoneurons (Jahr and Yoshioka, 1986). Only a small 
number of experiments, designed to analyze the specificity of 
innervation, were conducted in this study. 

Intracellular recordings have been used in extensive studies 
that examined the development of functional synapses between 
muscle afferents and spinal motoneurons in frogs (Frank and 
Westerfield, 1983) and in chicks (Eide et al., 1982; Lee et al., 
1988; Lee and O’Donovan, 199 1; Mendelson and Frank, 199 1). 
In the developing spinal cord of the frog, afferents of the arm 
muscles (triceps) generate larger EPSPs in triceps motoneurons 
than in either pectoral or subscapular motoneurons that inner- 
vate the forelimb. Those findings suggested that, like the syn- 
aptic organization in mature frogs (Frank and Westerfield, 1982), 
the growing muscle afferents established monosynaptic contacts 
with homonymous and synergistic motoneurons but not with 
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motoneurons innervating unrelated muscles. In the chick spinal 
cord, the pattern of sensorimotor connectivity does not change 
during development, which ‘implies that appropriate synapses 
are formed from the onset. However, because stretch reflex path- 
ways had not been characterized in adult chickens, it is uncertain 
whether the pattern of innervation in developing chicks is sim- 
ilar to that of adult animals (Lee and O’Donovan, 199 1). 

The objective of our study was to determine the specificity 
of the initial monosynaptic connections between afferent pro- 
jections and the motoneurons that innervate ankle flexor and 
extensor muscles ofembtyonic and neonatal rats. The functional 
organization of the sensorimotor synaptic contacts at the time 
that initial monosynaptic connections were formed was com- 
pared to their organization after birth when rats began making 
simple coordinated leg movements. Our findings suggested that 
both appropriate and inappropriate synapses were formed in 
spinal cords of rat embryos, but within a week after birth most 
muscle afferent-motoneuron contacts were appropriate. 

A brief report of some of the results has been published (See- 
bath and Ziskind-Conhaim, 1992). 

Materials and Methods 
Preparation of isolated spinal cord with hindlimb nerves. Sprague-Daw- 
ley rat embryos at days 19-21 of gestation (E19-E2 1; birth is at E21- 
E22) and 0-5-d-old postnatal rats (PO-PS) were used in this study. 
Pregnant rats were lightly anesthetized with ether and decapitated, and 
the embryos were quickly removed and placed in cold solution, follow- 
ing the procedure described by Ziskind-Conhaim (1988a, 1990). Neo- 
nates were anesthetized with hypothermia. Ventral laminectomy ex- 
posed the lumbosacral spinal cord without damaging the ventral and 
dorsal roots. The spinal cord was hemisected sagittally, and the attached 
lumbosacral plexus, sciatic nerve, and individual hindlimb muscle nerves 
were dissected free (Fig. I). The hemisected spinal cord with intact 
muscle nerves was pinned on its medial surface to a Sylgard-coated 
recording chamber, and five nerves were drawn into tight-fitting glass 
stimulating electrodes. The preparation was continuously perfused with 
oxygenated (95% 02, 5% CO?) recording solution at room temperature 
(2 l-24%). The recording solution contained (in mM) NaCl, 116.4; KCl, 
5.4; CaCIZ, 4.0; MgSO,, 1.3; NaHCO,, 26.2; NaHPO,, 0.92; glucose, 
I1 .O. The solution was gassed with 95% O,, 5% CO, (pH 7.2-7.4). The 
following substances were added to the recording solution at known 
concentrations: 2-amino-5-phosphonovaleric acid (APV), 6-cyano-7- 
nitroquinoxaline-2,3-dione (CNQX), strychnine, and bicuculline (Re- 
search Biochemicals, Inc.). 

Two groups of lower hindlimb (calf) muscle nerves were used: (1) the 
ankle extensors and their synergists the digit flexors, and (2) the ankle 
flexors and their synergists the digit extensors. The first group included 
lateral gastrocnemius (LG), soleus (SOL), medial gastrocnemius (MG), 
flexor digitorum superficialis (FDS), and flexor digitorum profundus 
(FDP), and the second group included tibialis anterior (TA), and ex- 
tensor digitorum longus (EDL). Because myelination of peripheral nerves 
begins a few davs after birth (Peters and Muir. 1959: Ziskind-Conhaim. 
1988b), most of the nerves used in this study were’still unmyelinated: 
As a result, it was sometimes difficult to separate the LG and SOL 
branches of the common lateral gastrocnemius/soleus nerve (LGSOL). 
In embryonic rats this common nerve was often drawn into one stim- 
ulating electrode. 

Electrophysiology. Motoneurons in L,-L, were impaled with micro- 
electrodes (90-180 Mfi) filled with 3 M potassium acetate, and data were 
collected only from motoneurons with stable membrane resting poten- 
tials (>30 min) more negative than -55 mV. The average resting po- 
tential was -67.4 f  4.2 mV (n = 88 motoneurons, 39 rats). Motoneuron 
resting potentials were similar in embryos and neonates (also Ziskind- 
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Fzgure 1. Diagram of spinal cord-hindlimb preparation. The dorsal 
root ganglia (DRG) and the ventral and dorsal roots remained attached 
to the hemisected lumbar spinal cord. The major nerves innervating 
the flexor and extensor lower hindlimb muscles are the sciatic, sural, 
tibia& and common peroneal nerves. The nerves of the following mus- 
cles were used in this study: the medial gastrocnemius (MC), lateral 
gastrocnemius/soleus (LGBOL). flexor dinitorum suoerficialis (FDA? 
that extended the ankle, the flexor digitorum profundus (FDP) and FDS 
that flexed the digits, the tibialis anterior (TA) which flexed the ankle, 
and the extensor digitorum longus (EDL) that extended the digits. The 
tibia1 nerve was separated into four nerves: MC, LG/S’OL, FDS, and 
FDP. The common peroneal was separated into two nerves: TA and 
EDL. The nerves were drawn into the stimulating electrodes, and mo- 
toneurons in segments L,L, were impaled for intracellular recordings. 

motoneurons was often more than twofold higher than that required to 
evoke orthodromic synaptic potentials. To determine whether stimu- 
lating currents applied to one suction electrode could induce a nonspe- 
cific excitation of several nerves, the stimulating electrodes were placed 
close to the nerves but without drawing the nerves into them. Under 
these conditions, electrical stimuli at intensities < 50 V failed to generate 
potentials in motoneurons. Therefore, it is unlikely that current spread 
between electrodes can nonselectively stimulate several nerves. 

Nerve-evoked potentials were displayed on a digital analyzer (Data 
6000, Data Precision) and stored on magnetic disks for later analysis 
and plotting (Hewlett-Packard pen recorder). 

Rats were divided into three age groups: El 9-E2 1 (n = 2 1 motoneu- 
rons), PO-P2 (n = 34 motoneurons), and P3-P5 (n = 33 motoneurons). 
The statistical significance of the difference between the percentages of 
motoneurons with inappropriate synapses at various ages was deter- 
mined using the x2 test of independence. 

Conhaim et al., 1993). 
The diameter of the stimulating electrodes was adjusted at each age Results 

to provide a tight fit around the nerves. Nerve stimulation that consisted Nerve-evoked antidromic and orthodromic Dotentials 
of brief square pulses (0.3 msec) and intensities of 2.5-5 V generated 
short-latency synaptic potentials. Five consecutive synaptic potentials 

To identify the impaled motoneuron and the afferents that pro- 

were averaged to minimize the contribution of spontaneous potentials. jetted onto it, five nerves of extensor and flexor muscles were 

Motoneurons were identified by antidromic nerve stimulation. The stimulated. Nerve stimulation generated three types of poten- 
stimulus intensity required to generate antidromic action potentials in tials: antidromic action potentials, electrotonic potentials, and 
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Figure 2. Antidromic and orthodromic potentials evoked in a TA 
motoneuron at P5. a, At 0.1 Hz, nerve stimulation generated an initial 
segment action potential (diamond) followed by synaptic potentials that 
were blocked by a mixture of glutamate antagonists (APV and CNQX; 
not shown). b, To block the antidromic action potential, the motoneuron 
was briefly depolarized (not shown) before the TA nerve was stimulated 
(arrow). The soma action potential was subtracted from the trace. In- 
hibition of antidromic action potential unmasked the electrotonic po- 
tential (cross), which was not blocked by the mixture ofAPV and CNQX. 
c, At higher stimulus frequency (1 .O Hz) the amplitude of the synaptic 
potential but not the electrotonic potential was reduced. All records are 
averages of five nerve-evoked potentials generated at 0.1 Hz (a, b) and 
1 .O Hz (c). The resting membrane potential (-6 1 mV) is indicated by 
the dashed line. 

orthodromic synaptic potentials (Fig. 2). Motoneuron identifi- 
cation was based on the production of antidromic action po- 
tentials that were evoked only in response to homonymous nerve 
stimulation. The latency between nerve stimulation and the 
antidromic propagation of an action potential into motoneuron 
somata ranged between 10 and 30 msec. The long and variable 
latencies were probably due to the slow and variable conduc- 
tance velocities of immature nerves at different stages of mye- 
lination (Ziskind-Conhaim, 1988b). 

Short-latency synaptic potentials were generated at nerve 
stimulus intensities of 2.5-5 V, which were 1.5 times the thresh- 
old intensity. They were generated 3-7 msec after antidromic 
action potentials were evoked (see below). Nerves that did not 
produce short-latency potentials at low stimulus intensities often 
evoked long-latency potentials at higher stimulus intensities. 
These results suggested that, similar to the pattern of synaptic 
activation in mature mammals, primary afferents (group I) were 
activated at lower stimulus intensities than afferents of groups 
II and III (reviewed by Baldissera et al., 198 1). 

Short-latency synaptic potentials evoked by homonymous 
nerve stimulation were sometimes masked by the antidromic 
action potential (Fig. 2). To record such synaptic potentials, the 
propagation of the antidromic potential was blocked by induc- 
tion of somatic action potential 5-l 5 msec prior to nerve stim- 
ulation. The soma action potential was evoked by a brief (10 
msec) intracellularly injected depolarizing current and presum- 
ably collided with the antidromic potential without affecting the 
generation of electrotonic and synaptic potentials (Fig. 2b). 

Stimulation of homonymous nerves generated short-latency 

electrotonic potentials in 20% of the motoneurons (n = 18). 
Unlike the short-latency synaptic potentials, the amplitude of 
these electrotonic potentials was not affected by repetitive nerve 
stimulation (1 .O Hz; Fig. 2c; n = 18) low Ca”/high Mg*+ so- 
lution (1 mh4 Cal+, 10 mM Mg’+; y1 = 3) or antagonists of 
glutamate receptors, which blocked excitatory synaptic trans- 
mission (n = 3). Such potentials can be produced in response 
to antidromic nerve stimulation, which excites electrically cou- 
pled homonymous but not antagonistic motoneurons (Walton 
and Navarrete, 199 1). 

IdentiJication of mono- and polysynaptic potentials 
To determine the specificity of synapses between muscle affer- 
ents and motoneurons, it was essential to distinguish between 
nerve-evoked monosynaptic EPSPs and polysynaptic IPSPs. 
Furthermore, stimulation ofhomonymous and synergistic nerve 
muscles always generated both mono- and polysynaptic EPSPs, 
and criteria were established to distinguish between them. Nerve- 
evoked synaptic potentials were classified as monosynaptic only 
if they were both induced at the shortest latency and were sup- 
pressed less by repetitive stimulation than the long-latency po- 
tentials. 

To estimate the synaptic delays of monosynaptic potentials, 
we measured the latency between antidromic action potential 
and the short-latency potential. Such delays ranged from 3 to 7 
msec, similar to the delays of monosynaptic potentials in neo- 
natal rats (Kudo and Yamada, 1985) and embryonic chicks 
(Mendelson and Frank, 199 1). A more reliable method for es- 
timating the synaptic delay is to measure the delay between 
dorsal root volleys and the evoked synaptic potentials (Kuno, 
1964; Mendell and Henneman, 1971; Eide et al., 1982; Men- 
delson and Frank, 199 1). However, we could not use this tech- 
nique because it was difficult to record the small extracellular 
potentials (co.2 mV) without damaging the nonmyelinated ax- 
ons. 

The attenuating effect of repetitive nerve stimulation on the 
amplitude of synaptic potentials was the second criterion used 
in our study to distinguish between mono- and polysynaptic 
potentials (Berry and Pentreath, 1976; Lee and O’Donovan, 
199 1). Repetitive stimulation can effectively fatigue synaptic 
transmission, and the magnitude of this suppression increases 
with the number of stimulated synapses. Therefore, attenuation 
of synaptic potentials was more effective in polysynaptic than 
monosynaptic pathways. In our study, repetitive stimuli at fre- 
quencies >0.2 Hz reduced the amplitude of both the short- and 
long-latency potentials, but they reduced the amplitude of the 
long-latency potentials by about 20-40% more than the ampli- 
tude of the short-latency potentials. The frequency at which 
repetitive stimuli attenuated the synaptic potentials varied with 
developmental ages. For example, at El 9-E2 1, nerve stimula- 
tion at 0.5 Hz was more effective in reducing the amplitude of 
the long-latency potentials than the amplitude of the short-la- 
tency potentials (Fig. 3a). However, at PO-P5, this differential 
resistance to fatigue by the frequency of nerve stimulation was 
apparent only at 1.0 Hz (Fig. 3b). 

If the shortest-latency potential was more resistant to fatigue 
by repetitive nerve stimulation than the long-latency potential, 
the potential was classified as monosynaptic. However, if similar 
attenuation was recorded for both short- and long-latency po- 
tentials, both potentials were considered polysynaptic. 

Another method that can be used to distinguish between mono- 
and polysynaptic potentials is based on their differential sen- 
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Figure 3. Repetitive nerve stimulation was more effective in suppressing long-latency, polysynaptic potentials than short-latency, monosynaptic 
potentials. a, In an EDL motoneuron at E21, stimulation of the homonymous nerve EDL produced mono- and polysynaptic potentials, while 
stimulation of the nerve of the antagonistic muscle FDS generated only polysynaptic potentials. Stimulation of the EDL nerve at 0.5 Hz reduced 
the peak amplitude of the monosynaptic potentials (star) by 40% while the peak amplitude of the polysynaptic potentials (asterisk) was reduced 
by 60%. The amplitude of the polysynaptic potentials generated by the FDS nerve was reduced by 75%. b, In an FDS motoneuron at P3, the 
amplitude of the monosynaptic potentials generated by stimulation of the FDS nerve (star) was not reduced at 1 .O Hz, while the peak amplitude 
of polysynaptic potentials (asterisk) was reduced by 40%. The peak amplitude of the polysynaptic potentials generated by the antagonistic nerve 
TA was reduced by 45%. 

sitivity to the extracellular concentration of divalent ions (Berry 
and Pentreath, 1976). High concentrations of divalent cations 
reduced the amplitude of polysynaptic potentials more than that 
of monosynaptic potentials in neonatal rats (Jahr and Yoshioka, 
1986), but their effect was inconsistent in chick motoneurons 
(Lee and O’Donovan, 199 1). Furthermore, in our preliminary 
experiments, high-divalent solution (4 mM Ca’+, 8 mM Mg*+ ) 
did not consistently reduce the amplitude of the synaptic po- 
tentials (n = 3), while 1 mM Ca?+, 10 mM Mg’+ solution effec- 
tively reduced both the short- and long-latency potentials (n = 

3). 

EPSPs and IPSPs 

In the spinal cord of embryonic and neonatal rats, dorsal root- 
evoked potentials consist of EPSPs and depolarizing IPSPs 
(Thakahashi, 1984; Jahr and Yoshioka, 1986). To identify the 

-30 - 

-40 - 

z -50 - 

-60 - 
- 

-70 - 

Tibia1 n. 
(homonymouskynergist) 

inhibitory component, all motoneurons were transiently de- 
polarized to potentials more positive than the estimated equi- 
librium potential for Cl- (Gao and Ziskind-Conhaim, 1992; Wu 
et al., 1992). In immature motoneurons, the depolarizing IPSPs 
were long-latency, polysynaptic potentials that reversed at mem- 
brane potentials of -45 to -60 mV (Fig. 4). Because the po- 
lysynaptic potentials consisted of EPSPs and IPSPs, motoneu- 
ron depolarization did not always reverse the polarity of the 
polysynaptic potentials. Membrane depolarization did not sig- 
nificantly change the amplitude of the short-latency potentials, 
indicating that these were monosynaptic EPSP (Figs. 4, 5; see 
also Ziskind-Conhaim, 1990). When a motoneuron was depo- 
larized to action potential threshold, the monosynaptic EPSP 
triggered an action potential (Figs. 5, 6). 

To distinguish further between EPSPs and depolarizing IPSPs, 
the EPSPs were blocked with APV (20 PM) and CNQX (10 PM), 

Common peroneal n. 
(antagonist) 

Figure 4. Membrane depolarization 
reversed the potentials produced by the 
antagonistic (common peroneal), but 
not the synergistic (tibial) nerve in a PO 
motoneuron. At resting potential, both 
nerves generated depolarizing poten- 
tials, but only the potentials produced 
by the common peroneal nerve re- 
versed at around -50 mV. These find- 
ings suggested that EPSPs were gener- 
ated by the tibia1 nerve, while 

, , depolarizing IPSPs were produced by 

20 ms 
stimulation of the common peroueal 
nerve. 
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Figure 5. Appropriate synaptic con- 
nections between an MC motoneuron 
and primary afferent projections at P3. 
a, At 0.1 Hz, antidromic action poten- 
tials and orthodromic synaptic poten- 
tials were generated, but at 10 Hz only 
the antidromic action potential was 
produced. b, Low-intensity stimuli of 
MG and SOL nerves generated mono- 
synaptic potentials (star). During mem- 
brane depolarization to -54 mV, the 
monosynaptic potentials triggered ac- 
tion potentials (truncated) with pro- 
longed afterhyperpolarizing potentials. 
Membrane depolarization to -54 mV 
reversed the polysynaptic depolarizing 
potentials generated by the nerve of the 
weak synergistic muscle FDP, and the 
nerves of the antagonistic muscles EDL 
and TA. All records are averages of five 
nerve-evoked potentials generated at 0.1 
Hz. The resting membrane potential is 
indicated by the dashed line, and de- 
polarization to -54 mV is marked by 
the dotted line. 
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antagonists of NMDA and non-NMDA receptors, respectively. 
However, blocking glutamate-induced synaptic transmission 
eliminated both EPSPs and IPSPs, suggesting that inhibitory 
interneurons were activated by glutamate-mediated pathways. 
The IPSPs that reversed during membrane depolarization were 
selectively blocked by strychnine (10 FM) or bicuculline (20 PM; 

n = 6), antagonists of glycine and GABA, receptors, respec- 
tively. Within 20 min of antagonist application, the disinhibi- 
tion of excitatory synapses induced a significant increase in the 
amplitude and duration of polysynaptic potentials, which re- 
sulted in a prolonged repetitive firing (not shown, but see Wu 
et al., 1992). 

Identification of appropriate and inappropriate monosynaptic 
connections between primary afferents and motoneurons 
To determine the specificity of afferent projections onto iden- 
tified motoneurons, five nerves of homonymous, synergistic, 
and antagonistic muscles were stimulated, and monosynaptic 
EPSPs were distinguished from polysynaptic EPSPs and IPSPs. 
Monosynaptic innervation was regarded appropriate if afferents 
monosynaptically excited homonymous and synergistic moto- 
neurons and polysynaptically inhibited antagonistic motoneu- 
rons. For example, an MG motoneuron was monosynaptically 
innervated by MG and SOL afferents and polysynaptically con- 
tacted by afferents of the antagonistic muscles EDL and TA (Fig. 
5). Stimulation of the nerve of the weak synergistic muscle FDP 

I I I 

40ms 

depolarization (-54 mV) 

*1 \ 

- s . . . . . . . . . . . . . . . . 
-I 5 

20 ms 

generated IPSPs instead of EPSPs, probably due to stimulation 
of the tendon organ afferents (group Ib) that polysynaptically 
inhibited synergistic motoneurons (Eccles et al., 1957b). 

Functionally inappropriate innervation was identified when 
a motoneuron was monosynaptically innervated by afferents of 
antagonistic muscle. For example, the monosynaptic innerva- 
tion of MG motoneuron by afferents of the antagonistic muscle 
TA (Fig. 6) was regarded as inappropriate. In an appropriate 
innervation of another MG motoneuron (Fig. 5), stimulation of 
the TA nerve generated polysynaptic IPSPs rather than mono- 
synaptic EPSPs (Fig. 6). 

Appropriate and inappropriate monosynaptic potentials had 
similar latencies (Fig. 7), indicating that inappropriate synapses 
had been identified correctly. Twenty-seven percent of moto- 
neurons received functionally inappropriate synapses, and 98% 
of these were between afferents of antagonistic ankle muscles 
and motoneurons innervating homonymous ankle muscles. Only 
two of the inappropriate connections were between afferents of 
weak antagonistic digit muscles and motoneurons of ankle mus- 
cles. 

In 83% ofthe motoneurons that received inappropriate mono- 
synaptic innervation, appropriate synapses were also formed 
between afferents of homonymous nerves and their motoneu- 
rons (Fig. 6b). For example, the MG motoneuron that was in- 
appropriately innervated by primary afferents of the antagonis- 
tic muscle TA, was also innervated by afferents of the 



The Journal of Neuroscience, July 1994, 14(7) 4525 

a appropriate innervation inappropriate innervation 

MG FIX LGlSOi TA 

EDL 

MG 

b resting potential (-65 mV) 

MG 
* 

Ir 

FDS 
I 

LG/SOL 
---I, --_--------- 

TA * 
N 

C 

MG FDS LI \ t 
EDL 

motoneuron 

depolarization (-51 mV) 

+.---2L..\ . . . . . . . . . . . . . . . . . . . . . 
,__;/...* 

. . . . ---iy . . . . . . . . . . . . . . . . . . . . . . . 

homonymous muscle MG, and the synergistic muscle FDS (Fig. 
6~); stimulation of these three nerves induced monosynaptic 
potentials (Fig. 6b). During motoneuron depolarization the 
monosynaptic EPSPs triggered action potentials, while depo- 
larization to - 5 1 mV reversed the polarity of the polysynaptic 
IPSPs generated by the nerve of the antagonistic muscle EDL 
(Fig. 6~). It is possible that the long-latency depolarizing IPSPs 
generated by the synergistic nerve LG/SOL were due to (1) 
stimulation of the tendon organ afferents (Ib), or (2) formation 
of inappropriate polysynaptic connections through inhibitory 
interneurons. 

In 17% of motoneurons with inappropriate monosynaptic 
innervation, appropriate synapses were not yet established, and 
homonymous nerve stimulation failed to generate monosyn- 
aptic EPSPs. Figure 8 illustrates an EDL motoneuron that was 
monosynaptically excited by afferents of the antagonistic muscle 
LG/SOL, while the homonymous afferents of EDL muscle gen- 
erated polysynaptic IPSPs but failed to evoke monosynaptic 
EPSPs (Fig. 86). The IPSPs reversed at -49 mV (Fig. 8d), and 
were blocked by strychnine (Fig. 8~). 

The specijicity of innervation as a function of age 
To examine whether the inappropriate innervation changed dur- 
ing the period of synapse formation, experiments were carried 
out at the onset of formation of monosynaptic connections (E19- 
E21), during the first 2 d after birth (PO-P2), and in 3-S-d-old 
neonates (P3-P5). The percentage of inappropriate monosyn- 

Figure 6. Inappropriate connection 
between afferents of antagonist mus- 
cle nerve and an MG motoneuron at 
PO. a, A diagram of an MG moto- 
neuron with appropriate afferent pro- 
jections of MG, FDS, and LG/SOL 
nerves (left) and inappropriate con- 
tacts between afferents of the antag- 
onistic muscle TA and the motoneu- 
ron (right). Inhibitory intemeurons are 
indicated by the solid circles. 6, Stim- 
ulation of the homonymous MG, the 
synergistic FDS, and the antagonistic 
TA muscle nerves evoked monosyn- 
aptic potentials (star), while the syn- 
ergistic LG/SOL, and the antagonistic 
EDL generated polysynaptic poten- 
tials. c, During motoneuron depolar- 
ization to - 5 1 mV, the monosynaptic 
potentials reached action potential 
threshold, and action potentials (trun- 
cated) with prolonged afterhyperpo- 
larizations were generated. The po- 
lysynaptic depolarizing potentials 
reversed at this potential. All records 
are averages of five nerve-evoked po- 
tentials generated at 0.1 Hz. The rest- 
ing membrane potential (-65 mV) is 
indicated by the dashed line, and de- 
polarization to -5 1 mV is marked by 
the dotted line. 20 ms 

aptic innervation declined with developmental age (Fig. 9). At 
El 9-E2 1, 29% of motoneurons received inappropriate mono- 
synaptic innervation, while at PO-P2 4 1% of motoneurons were 
inappropriately innervated (Fig. 9). By P3-P5 there was a sig- 
nificant decrease in the percentage of motoneurons with inap- 
propriate monosynaptic contacts (12%). These findings sug- 
gested that, although inappropriate synapses formed initially, 
the majority of primary afferent-motoneuron synapses were ap- 
propriate within a week after birth. 

Discussion 

The connectivity pattern between spindle afferents of leg mus- 
cles and lumbar motoneurons that innervated these muscles was 
studied in embryonic and neonatal rats. 

Formation of transient inappropriate monosynaptic pathways 

Our findings suggested that the pattern of synaptic pathways 
changed during spinal cord differentiation. During the early stages 
of synapse formation a significant percentage of lumbar moto- 
neurons was innervated by afferent projections of their antag- 
onistic muscle nerves. Such synapses were functionally inap- 
propriate because their activation resulted in simultaneous 
contractions of both homonymous and antagonistic muscles, 
which prevented coordinated leg movement. The percentage of 
functionally inappropriate synapses decreased significantly by 
3-5 d after birth, when the connectivity pattern of primary 
afferent projections onto motoneurons was similar to that of 
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6- 

Figure 7. The latencies of appropriate (square) and inappropriate (tri- 
angle) monosynaptic potentials as a function of developmental ages. 
Synaptic latencies were measured as the delays between antidromic 
action potentials and monosynaptic potentials. In both embryonic (E 19- 
E2 1) and postnatal (PO-P2) motoneurons, the latencies of inappropriate 
monosynaptic potentials were similar to those of appropriate mono- 
synaptic potentials. Data points are means + SE. 

mature spinal cords (Eccles et al., 1957a; Mendell and Henne- 
man, 197 1; Binder, 1980; Kirkwood and Sears, 1982; Fritz et 
al., 1989; reviewed by Burke, 1990; Munson, 1990). Our data 
support preliminary findings indicating that in the spinal cords 
of O-lo-d-old neonates, the latencies of EPSPs in extensoi mo- 
toneurons were similar for homonymous and antagonistic nerve 
stimulation (Navarrete et al., 1987). However, by 4-10 d after 
birth, primary afferents project to their appropriate motoneu- 
rons (Jahr and Yoshioka, 1986). 

The conclusions of our study were based on accurate iden- 
tification of EPSPs as monosynaptic potentials. The criteria used 
in our study to distinguish between mono- and polysynaptic 
potentials were the latency ofthe potentials and their attenuation 
by repetitive nerve stimulation. If  the latency of the potential 
was the only criterion used, the number of inappropriate con- 
nections would have increased by more than 15%. We assumed 
that the shortest-latency potentials were monosynaptic poten- 
tials if repetitive stimulation attenuated their amplitude at least 
20% less than the amplitude of long-latency potentials. Increas- 
ing the percentage difference of the fatigue from 20% to 30% 
would have reduced the number of inappropriate synapses by 
less than 10%. 

Our assumptions regarding the specificity of primary afferent- 
motoneuron contacts were based on the pattern of such synapses 
in spinal cords of mature cats, because stretch reflex pathways 
had not been described in adult rats. Therefore, we cannot rule 
out the possibility that the neuronal pathways in the spinal cord 
of mature rats are different from that of the cat. However, even 
if the pattern of innervation is different in the two species, it 
does not detract from our conclusion that the connectivity be- 
tween primary afferents and motoneurons significantly changes 
during the first week after birth. 

The mechanisms underlying the increase in percentage of ap- 

Figure 8. Inappropriate synapses between afferents of the antagonistic 
muscle LG/SOL and an EDL motoneuron at E20. a, A diagram of 
appropriate connection between an EDL motoneuron and its homon- 

a appropriate innervation 

LG/SOL 

EDL 

motoneuron 
\ 

EDL 

b resting po;T,ntia; (-72 mv), 

EDL 
+ -------- 

c resting potential, 0.5 Hz 

TA 
ir 

FDP 
II 

d depolarization (-49 mv) 

EDL 
+-- 

FDP 
I/ 

MG 
-1, 

inappropriate innervation 

LG/SOL 

motoneuron 

\ 
‘\ 

e depolarization + strychnine 

ymous nerve (left) and of inappropriate contact between the EDL mo- 
toneuron and the afferents of the antagonistic muscle LG/SOL (right). 
Inhibitory intemeurons are indicated by the so/id circles. b, Stimulation 
of LG/SOL produced the shortest-latency potential (star). c, Repetitive 
nerve stimulation at 0.5 Hz reduced the LG/SOL-evoked potential by 
about 50%, while the longer-latency potentials generated by all other 
nerves were either blocked or reduced by at least 70%. d, To distinguish 
between EPSPs and depolarizing IPSPs, the motoneuron was depolar- 
ized to -49 mV. Stimulation of the antagonistic nerve LG/SOL trig- 
gered an action potential (truncated), while the amplitude of the initial 
FDP- and MG-evoked potentials did not change significantly. However, 
the potentials generated by the FDP and MG nerves after a latency of 
60 msec and that produced by the homonymous nerve EDL reversed 
at -49 mV. e, Strychnine (IO FM) blocked the potentials that reversed 
at membrane depolarization, suggesting those were mediated by glycine- 
containing inhibitory intemeuron. 
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El g-E21 PO-P2 P3-P5 

Figure 9. A histogram of the percentage of inappropriate synapses as 
a function of developmental age. The percentage of inappropriate con- 
nections was significantly reduced within a week after birth (p < 0.025). 
At E 19-E2 1, 29% of the connections were inappropriate (n = 2 l), and 
4 1% inappropriate synapses were recorded at PO-P2 (n = 34). However, 
by P3-P5 only 12% of motoneurons were inappropriately innervated 
by the antagonist nerves ‘(n = 33). 

propriate innervation during postnatal development are not 
known. It is possible that (I) functionally inappropriate projec- 
tions are physically eliminated, or (2) they are not withdrawn 
but become functionally inactive. A careful electron microscopic 
study may provide the morphological data necessary to,distin- 
guish between the two mechanisms. Electrophysiological studies 
in spinal cords of mature cats have suggested that the functional 
state of the connectivity between afferent axons and motoneu- 
rons can be modulated by recruiting existent but inactive syn- 
apses (reviewed by Liischer, 1990). Evidence for the existence 
of inactive connections requires stimulation of identified single 
primary afferents (reviewed by Mendell et al., 1990), which is 
difficult to perform in developing spinal cords of rats. 

Phylogenetic d$erences between rats, chicks, and frogs 
The reasons for the initial formation of functionally inappro- 
priate synapses in the rat but not in the frog or chick are not 
well understood, but the inability of embryonic and neonatal 
rats to execute coordinated limb movements may be advanta- 
geous to their development. The absence of coordinated limb 
movements may prevent them from harming nearby embryos, 
and increase their chances of staying near the mother for nursing. 

A number of phylogenetic differences in the pattern and time 
course of neuronal differentiation may contribute to the different 
pattern of synaptogenesis in rats and other vertebrates. A pos- 
sible explanation for the differences between species is that func- 
tionally inappropriate innervation in the rat is due to low level 
of synaptic activity in spinal cords of embryonic rats. Neural 
activity influences the development of the vertebrate nervous 
system (reviewed by Fields and Nelson, 1992; Goodman and 
Shatz, 1993) and it plays a major role in the establishment of 
appropriate connectivity in the visual system (Hubel and Wie- 
sel, 1970; Stryker and Harris, 1986; Dubin et al., 1988; Simon 
et al., 1992). The effect of neuronal activity was examined in 
chick and frog spinal cords, where disrupting the pattern of 
coordinated muscle and neural activities did not affect the for- 
mation of appropriate sensorimotor contacts (Frank, 1990; 
Mendelson and Frank, 1991). However, the role of interneu- 
ronal activity in the formation of appropriate synapses was not 

studied in developing spinal cords. It is possible that high-fre- 
quency spontaneous activity, like the patterns recorded in em- 
bryonic chick spinal cords (O’Donovan, 1989) influences the 
formation of specific connectivity in the chicks. In the spinal 
cord of embryonic rats, the level of spontaneous activity is low 
despite the early formation ofboth neuromuscular contacts (El 5- 
E 16, Dennis et al., 198 1) and monosynaptic connections (El 7- 
E 18, Saito, 1979; Kudo and Yamada, 1987; Ziskind-Conhaim, 
1990). Spontaneous activity may be low due to inhibitory path- 
ways that are predominant at the onset of the formation of 
sensorimotor synapses (Wu et al., 1992). The significant increase 
in spontaneous activity within l-2 d after birth (B. S. Seebach 
and L. Ziskind-Conhaim, unpublished observations) was tem- 
porally correlated with the reduction in the percent of inappro- 
priate synapses. 

Another factor that may contribute to the formation of in- 
appropriate spinal synapses is the slower time course of mye- 
lination in mammals. In rats, myelination begins at birth (Zis- 
kind-Conhaim, 1988b), while in chicks and tadpoles peripheral 
nerves are at least partially myelinated during the period of 
formation of sensorimotor contacts (Carpenter and Berg, 1957; 
Frank and Westerfield, 1983). It is possible that nonmyelinated 
nerves are physically less constrained than myelinated nerves, 
and the probability of afferent projections deviating from their 
pathways to the appropriate motoneurons may thus be higher 
in the rat than in chicks or frogs. Numerous studies have de- 
scribed the initial growth of dorsal root axons into the motor 
nuclei of spinal cords of rat embryos (Kudo and Yamada, 1987; 
Ziskind-Conhaim, 1990; Snider et al., 1992) but more com- 
prehensive studies will be necessary to characterize the growth 
pattern of homonymous muscle afferent projections onto their 
motoneurons. 

Our findings suggested that transient, functionally inappro- 
priate sensorimotor synapses were formed in the spinal cords 
of rat embryos, but their functional contribution to reflex path- 
ways declined within a few days after birth. The delayed for- 
mation of appropriate connections may explain the inability of 
neonatal rats to execute coordinated limb movements. 
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