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NMDA Receptors Mediate Poly- and Monosynaptic Potentials in

Motoneurons of Rat Embryos

Lea Ziskind-Conhaim

Department of Physiology and Center for Neuroscience, University of Wisconsin, Madison, Wisconsin 53706

We determined the contribution of glutamate receptor sub-
types to developing excitatory synaptic transmission in iso-
lated spinal cord of rat embryos. Using electrophysiological
and morphological techniques, we studied the pattern of
development of synapses between dorsal root afferents and
motoneurons in lumbar spinal cords of 15- to 21-d-old rat
embryos. Motoneuron dendritic fields and afferent projec-
tions onto motoneurons were identified by labeling with HRP.
Afferents first entered the gray matter at Day 15 of gestation,
and by Day 16 they terminated close to motoneuron dendritic
trees. Afferent axons projected onto motoneuron dendritic
fields at Day 17, when boutons were detected on motoneu-
ron dendrites that were crossed by afferent axons.

To determine the time course of formation of functional
sensorimotor synapses and their pharmacological proper-
ties, a dorsal root was stimulated while recording intracel-
lularly from segmental motoneurons. At Day 16, excitatory
postsynaptic potentials (EPSPs) with long latencies, slow
rates of rise, and long durations were recorded. The ampli-
tudes of these EPSPs increased with membrane depolari-
zation and in the absence of extracellular Mg?:. These EPSPs
were blocked by p-2-amino-5-phosphonovalerate (APV) and
ketamine, which are selective antagonists of N-methyl-D-
aspartate (NMDA) receptors. These findings suggest that
initial synaptic transmission in embryonic motoneurons is
mediated solely by NMDA receptors.

Short-latency EPSPs with fast rates of rise were first re-
corded in most motoneurons by Day 17. These EPSPs were
composed of fast- and slow-rising potentials. The slow com-
ponent was blocked by APV, while the fast component was
eliminated by 6-cyano-7-nitroquinoxaline-2,3-dione and kyn-
urenate. This indicates that the short-latency EPSPs are me-
diated by both NMDA and non-NMDA receptors.

Dose-response curves of motoneurons to L-glutamate,
NMDA, and kainate demonstrated that motoneurons are sen-
sitive to these agonists prior to the formation of synapses
between afferents and motoneurons. Motoneuron responses
to NMDA and kainate increased immediately after the onset
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of short-latency EPSPs. This increased sensitivity could be
due to extracellular factors influenced by growing sensory
axons or intrinsic properties of differentiating motoneurons.

L-Glutamate has been implicated as an excitatory neurotrans-
mitter in the mammalian CNS (reviewed by Puil, 1981; Watkins
and Evans, 1981; Foster and Fagg, 1984). It has been suggested
as an excitatory transmitter in mammalian primary afferents
based on its distribution in the spinal cord (Graham et al., 1967),
its depolarizing effect on spinal motoneurons i#n vivo (Curtis and
Watkins, 1963; McLennan and Lodge, 1979) and in vitro
(MacDonald et al., 1982; Nelson et al., 1986), and its endoge-
nous release during dorsal root stimulation (Takeuchi et al.,
1983). L-Glutamate receptors can be broadly divided into 2
subtypes: N-methyl-p-aspartate (NMDA) and non-NMDA re-
ceptors. The first is activated by NMDA and is selectively in-
hibited by the competitive antagonist p-2-amino-5-phosphono-
valerate (APV) (Davies et al., 1981) and by the noncompetitive,
voltage-dependent antagonists Mg?* (Ault et al., 1980; Mayer
etal.,, 1984; Nowak et al., 1984) and ketamine (Anis et al., 1983;
MacDonald et al., 1987). Non-NMDA receptor subtypes are
preferentially activated by other glutamate analogs such as kai-
nate and quisqualate. Non-NMDA receptors are not blocked
by APV and extracellular Mg?* but are blocked by quinoxali-
nediones, non-NMDA antagonists (Honoré et al., 1988), and
kynurenate, which is a wide-spectrum antagonist of excitatory
amino acids (Ganong et al., 1983; Jahr and Jessell, 1985).

It has been suggested that NMDA receptors mediate poly-
synaptic EPSPs in mammalian spinal cord (Lodge et al., 1978;
Davies and Watkins, 1983; Polc, 1985), while non-NMDA re-
ceptors generate monosynaptic excitatory potentials (Haldeman
and McLennan, 1972; Jahr and Yoshioka, 1986). Little is known,
however, about the pharmacological properties of the initial
sensorimotor synapses in mammalian spinal cord. Our phys-
iological findings supported by the morphological observations
have suggested that long-latency EPSPs are generated by acti-
vation of polysynaptic pathways and are present -2 d prior to
the formation of short-latency monosynaptic connections. Dor-
sal root-evoked long-latency EPSPs were mediated solely by
NMDA receptors, while short-latency EPSPs were evoked by
activation of both non-NMDA (kainate/quisqualate) and NMDA
receptors. Our observation that motoneurons are sensitive to
kainate prior to the formation of functional sensorimotor con-
tacts indicates that the establishment of active sensorimotor
synapses is not essential for inducing the appearance of kainate
receptors. Increased sensitivity to NMDA and kainate imme-
diately after sensorimotor synapses are formed suggests that
dorsal root afferents influence the number, location, or binding
affinity of glutamate receptors.
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Figure 1. Camera lucida tracing of Day 15 dorsal root afferent pro-

jections and motoneurons in L, labeled by application of HRP to the
spinal roots. Afferents penetrated the gray matter and projected medi-
ally; a few afferents grew ventrally. Most afferents terminated more than
50 um away from the motoneuron dendrites, and afferent branching
was not apparent. At this stage, most motoneurons were clustered in
motor nuclei and their dendrites projected medially. Numerous growth
cones were seen on the tips of afferents and motoneuron dendrites. One
neuron with several short dendrites and growth cones on their tips can
be seen at the intermediate zone. A group of 4 bipolar neurons was also
present in this area.This was the only preparation in which such cells
were seen. To follow the pattern of afferent projections, tracing was done
from 2 successive sections (60 um). The dotted line is the border between
gray and white matter.

Materials and Methods

Preparation. We used hemisected lumbar segments of spinal cord of rat
embryos at Days 15-21 of gestation (birth is at 21-22 d), as described
previously (Ziskind-Conhaim, 1988a). The medial surface of each cord
(L,-L) was pinned to a Sylgard-coated recording chamber and main-
tained in recording solution for up to 9 hr. The recording solution was
gassed with 95% O,~5% CO, and maintained at 27-29°C. A Wild mi-
croscope (M5A) was mounted on Newport vibration-free table. The
recording chamber was placed on the gliding stage of the microscope,
and the cord was viewed at a 50-100 x.

HRP labeling. For retrograde labeling of motoneurons and antero-
grade labeling of dorsal root afferent projections, the cords of Days 13—
21 embryos were removed and the ventral and dorsal roots of L, or L,
were sucked into tight-fitting glass electrodes. The suction electrodes
contained 30-50% HRP (type VI, Sigma) in dissecting solution (Ziskind-
Conhaim, 1988a). After 4-9 hr of labeling, the cords were fixed overnight
at 4°C in 0.1 m phosphate buffer containing 2% glutaraldehyde. They
were then embedded in a gelatin-albumin mixture and immersed in a
25% sucrose solution at 4°C. Frozen 50-70 um transverse sections were
cut and processed with diaminobenzidine by the procedure of Graham
and Karnovsky (1966). Cobalt and nickel were used to intensify the
reaction product (Adams, 1981). The sections were counterstained with
cresyl violet and reconstructed with a camera lucida (Zeiss).

Intracellular recording and stimulation. Intracellular recording and

stimulation are similar to those described previously (Ziskind-Conhaim,
1988a). Motoneurons were impaled with microelectrodes (140-200 MQ)
filled with 3 M potassium acetate. Data presented are from motoneurons
with stable (more than 1 hr) resting membrane potentials of —55 to
—72 mV (n = 127). Motoneuron input resistance decreased from 100-
175 MQ at Day 15 of gestation to 40-80 MQ at Day 21. Ventral and
dorsal roots were sucked into stimulating electrodes for antidromic and
orthodromic stimulation. Motoneurons were identified by antidromic
potentials evoked by ventral root stimulation. EPSPs were produced by
brief (0.2-1 msec) dorsal root stimulation but because the whole root
was stimulated, multiple rather than unitary EPSPs were often generated
even at threshold stimulation for synaptic activation. Motoneurons were
depolarized or hyperpolarized by currents injected intracellularly through
the recording electrode (Axoprobe, Axon Instruments). Input conduc-
tance was estimated by injecting inward current (0.05-0.2 nA) through
the recording electrode while monitoring the voltage change. The signal
was amplified, displayed on a digital analyzer (Data 6000, Data Pre-
cision) and recorded on a computer disk. Membrane input conductance
and EPSP latency, amplitude, and rate of rise were analyzed digitally
from the disk. Signals were later plotted with a multipen plotter (Hew-
lett-Packard).

Solutions. The recording solution contained (in mm):; NaCl, 116.4;
KCl, 5.4; CaCl,, 4.0; MgSQO,, 1.3; NaHCO,, 26.2; NaH,PO,, 0.92; glu-
cose, 11.0 (pH 7.2-7.3). Some solutions included the following: gluta-
mate, NMDA, and kainate (2-2000 um; Sigma); APV (10-100 umMm;
Cambridge Research Biochemicals and Sigma); ketamine (30-50 um;
Bristol-Myers); kynurenate (0.5-4 mm, Sigma); CNQX (5-20 um; Tocris
Neuramin); strychnine (10-20 uMm; Sigmay); and picrotoxin (100-200 uMm;
Sigma).

Results

Development of dorsal root afferent projections

The time course of development of dorsal root afferent projec-
tions and the morphological differentiation of motoneurons were
determined from the HRP labeling pattern. When HRP was
applied to spinal roots, motoneurons were retrogradely labeled,
and afferent axons were anterogradely labeled (Ziskind-Con-
haim, 1988a). At Day 13 of gestation motoneurons with short
dendrites (20—40 um) were distributed medially and laterally in
the intermediate and ventral horn, but their dendrites did not
extend into the white matter. By Day 14, some motoneurons
were clustered and their processes extended into the white mat-
ter. At this stage, dorsal root afferents penetrated into the white
matter but terminated at the border between gray and white
matter (Ziskind-Conhaim, 1988a). By Day 15, dorsal root af-
ferents projected into the gray matter but did not reach the motor
lateral column (Fig. 1).

Afferent projections grew ventrolaterally, and by Day 16 they
terminated near motoneuron dendritic fields. Afferent axons
projected into motoneuron dendritic fields at Day 17, when
boutons were first detected on motoneuron dendrites (Fig. 2).
These boutons were located where dorsal root afferents crossed
motoneuron dendrites. Our observations suggest that synapses
between afferent terminals and motoneurons form at Day 17.

We qualitatively examined the branching pattern of afferent
projections as they extended toward the motor nuclei. An in-
crease in the number of branches was evident only when afferent
projections reached the motor nuclei and boutons could be seen
on motoneuron dendrites (Fig. 2). The number of branches per
afferent peaked at around Days 19-20 (L. Ziskind-Conhaim,
unpublished observations).

Development of functional synapses between dorsal root
afferents and motoneurons
To determine when functional sensorimotor synapses were

formed, we recorded intracellularly from motoneurons at var-
ious developmental stages (Fig. 3). Dorsal root stimulation
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Figure 2. Drawings of afferent projections and motoneurons in L,, stained with HRP. Each drawing includes one motoneuron (asterisk) and most
of the afferent axons in its proximity. These were traced at high magnification to demonstrate growth cones (gray areas) and boutons on dendrites
(arrows). At Day 16 of gestation (D16), most afferents projected ventrally and terminated closer to motoneuron dendrites than at Day 15. Some
afferents crossed motoneuron dendrites, but synaptic boutons that appeared to be on the dendrites (arrows) were first seen only at Day 17 (D17).
Afferent branching increased significantly at Day 17. Starting at Day 15 most motoneurons were clustered in motor nuclei, where it was difficult to
trace individual motoneurons. Drawings of single motoneurons were therefore made from sections where individual neurons could be identified.
To follow the pattern of afferent projections, processes in 2 successive sections (60 xm) were drawn.

evoked long- and short-latency EPSPs that had different char-
acteristics. The long-latency EPSPs were generated after a delay
of at least 10 msec, while the short-latency EPSPs were evoked
within 10 msec after stimulation (Fig. 3). The rate of rise of the
initial component of long-latency potentials (Fig. 3, D16 aster-
isk) varied between 0.09 to 1.1 mV/msec, while a faster rate of
rise was measured for the short-latency EPSPs; 0.8—4.7 mV/
msec (Fig. 3, D18 and D21 stars). The long-latency EPSPs were
prolonged, lasting for more than 150 msec.

Long-latency compound EPSPs were recorded 1 d prior to
the appearance of short-latency potentials. Long-latency com-
pound EPSPs were first recorded at Day 15 in 27% (4/15) of
motoneurons. The percentage of motoneurons with long-latency
EPSPs increased to 94% (16/17) at Day 16 (Fig. 3) and to 100%
(n = 25) by Day 17. Short-latency EPSPs were first recorded at
Day 16 in 29% (5/17) of motoneurons, in 72% (18/25) at Day
17, and in all motoneurons (n = 23) by Day 18.

To determine if the long-latency synaptic potentials were gen-
erated by polysynaptic pathways, we studied the effect of re-
petitive dorsal root stimulation on the latencies and amplitudes
of EPSPs and examined the effect of anesthetics on their am-
plitude. In developing nerves the amplitude of the compound
action potential recorded extracellularly was significantly re-
duced at stimulation frequency of 1 Hz (Ziskind-Conhaim,
1988b); therefore, dorsal root was stimulated at <0.2 Hz. Such
repetitive stimulation reduced the amplitude of the first com-
ponent of long-latency EPSPs (Fig. 4, D17 asterisk) and changed
its latency and rate of rise. Repetitive stimulation did not change,

however, the latency, amplitude, and rate of rise of short-latency
EPSPs (Fig. 4, D20 star), suggesting that these are evoked by
monosynaptic contacts.

Pentobarbital and mephenesin are more effective in atten-
uating poly- than monosynaptic responses because they increase
the threshold for the firing of neurons (Longo, 1961; Richens,
1969). In the presence of pentobarbital (500 uM) or mephenesin
(1 mm), the amplitude of long-latency EPSPs (Fig. 5, asterisks)
was reduced to about 15-30% of normal values (n = 4), while
the amplitude of the short-latency responses (Fig. 5, stars) de-
creased to about 60-80% of control. These results suggest that
short-latency EPSPs are generated by monosynaptic contacts,
while long-latency responses are mediated by excitatory inter-
neurons.

Glutamate-mediated EPSPs

Appearance of long-latency EPSPs 1-2 d prior to the onset of
short-latency EPSPs enabled us to determine the glutamate re-
ceptor subtypes responsible for the early responses. To block
inhibitory postsynaptic potentials (IPSPs) that might be evoked
by dorsal root stimulation, most experiments were done in the
presence of strychnine (10-20 uM) and picrotoxin (100-200 um),
antagonists of glycine and GABA receptors. Long-latency de-
polarizing IPSPs first recorded after Day 17, were completely
blocked by strychnine and picrotoxin (Ziskind-Conhaim, un-
published observations).

Long-latency EPSPs. At the onset of sensory innervation, a
brief dorsal root stimulation generated long-latency, prolonged
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Figure 3. Excitatory synaptic potentials recorded in motoneurons at
various developmental stages (Days 16-21). EPSPs were evoked by
dorsal root stimulation at threshold intensity for synaptic activation.
At Day 16, the latency between the stimulus artifact and the first com-
ponent of EPSP (asterisk) was 30 msec, the amplitude of the initial
component was 1.1 mV, and its rate of rise was 0.1 mV/msec. The
latency and duration of EPSPs decreased, while their amplitude and
rate of rise increased between Days 16 and 18 of gestation. At Day 20,
the latency of the first component (star) was 4.5 msec, its amplitude
was 7.3 mV, and its rate of rise was 1.6 mV/msec. EPSPs were recorded
in the presence of strychnine (10 um) and picrotoxin (100 um).
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Figure 4. Effects of repetitive dorsal root stimulation on long- and
short-latency afferent synaptic potentials. EPSPs were generated by re-
petitive stimuli at 0.2 Hz for 50 sec. For clarity, only 4 of the responses
during such stimulus train are illustrated, as indicated by the stimulus
number (to the right of the traces). At Day 17 (D7), multiple synaptic
potentials with variable long-latencies were recorded. Repetitive stim-
ulation produced a variable latency, amplitude, and rate of rise of the
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Figure 5. Actions of mephenesin (1 mm) and pentobarbital (500 um)
on long- and short-latency EPSPs recorded in spinal motoneurons at
Days 16 and 20. In the presence of these drugs, the amplitude of the
long-latency potentials (asterisks) was reduced more than that of the
short-latency responses (stars).

EPSPs (Figs. 3-5). The amplitude of these potentials increased
in the absence of extracellular Mg?* and was significantly re-
duced by APV (10-20 um, Fig. 6, D16) and ketamine (30-50
uM, Fig. 6, D17), selective antagonists of NMDA receptors.
Ketamine is a voltage-dependent antagonist of NMDA chan-
nels; therefore, it blocked most, but not all, polysynaptic po-
tentials. The increased amplitude in the absence of extracellular
Mg?+ was probably due to elimination of Mg?* block of NMDA-
activated channels, although other mechanisms cannot be ruled
out (see Discussion).

In 2 motoneurons (at Days 15 and 16), afferent EPSPs could
not be detected in normal recording solution, but a prolonged
large-amplitude depolarization (>7 mV) was evoked after re-
moval of extracellular Mg?* (Fig. 6, D16). These prolonged po-
tentials lasted for 0.5-2 sec and were blocked by APV. Our
results suggest that at early stages of synaptogenesis the long-
latency polysynaptic EPSPs are mediated solely by NMDA re-
ceptors.

NMDA receptors that mediate polysynaptic EPSPs may be
present on excitatory interneurons or motoneurons. To examine
whether NMDA receptors were present on motoneurons, we
studied the effects of membrane polarization on the amplitude
of long-latency, slow-rising EPSPs. The amplitude of these EPSPs
was voltage-dependent: Hyperpolarizing currents decreased it,
while depolarizing currents increased it. Dorsal root potentials
evoked at a membrane potential of —50 mV (mean resting
potential: —62 mV, n = 6) often exceeded threshold and gen-
erated 1-3 action potentials (Fig. 7). The decreased amplitude
during membrane hyperpolarization is characteristic of NMDA -
mediated EPSPs (Dingledine, 1983; Forsythe and Westbrook,
1988), and it results from removal of voltage-dependent Mg?*
block of NMDA channels (Ault et al., 1980; Mayer et al., 1984;

—

first component of EPSPs (asterisk). At Day 20 (D20), however, the
latency, amplitude, and rate of rise of the first component of EPSP (star)
was relatively constant during the stimulus train.
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Figure 6. The amplitude of long-la-
tency synaptic potentials increased in
the absence of extracellular Mg+ and
was reduced by NMDA antagonists. At
Day 17 (D17), dorsal root stimulation
evoked an action potential after re-
moval of extracellular Mg?*. The re-
generative potential and most of the
subthreshold EPSPs were blocked by
ketamine (50 um). At Day 16 (DI6),
high-intensity dorsal root stimulation
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Nowak et al., 1984). These findings indicate that NMDA re-

ceptors are present on motoneurons. It is not known whether
NMDA receptors are also present on excitatory interneurons.

Short-latency EPSPs. Short-latency EPSPs consisted of fast-
and slow-rising potentials. The existence of slow-rising, pro-
longed NMDA-mediated potentials was revealed when the syn-
aptic response evoked in the presence of APV was subtracted
from the response recorded in normal solution (Fig. 8, n = 3).
The antagonistic action of APV on both short- and long-latency
EPSPs is demonstrated in Figure 9, 4, B. The slow-rising com-
ponent of short-latency EPSP was also apparent when the fast-
rising component was blocked by 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX; 5-10 um), an antagonist of non-NMDA
receptors (Fig. 9B). Although initially CNQX was more effective
in reducing the amplitude of short-latency EPSPs, it also reduced
the amplitude of long-latency potentials when it was applied at
higher concentrations or when motoneurons were exposed to it
for more than 7 min (Fig. 9C, n = 4). The mechanism for
CNQX-delayed block is not known. One possibilityis that CNQX
has a delayed effect on NMDA receptors. It is unlikely that
CNQX-delayed block is on non-NMDA receptors because these
are effectively blocked immediately after CNQX application
(Fig. 9B). In all motoneurons (n = 9), kynurenate (2-4 mm)
completely eliminated the component of the synaptic potential
not blocked by APV or CNQX.

To further assess the contribution of NMDA and non-NMDA
receptors to short-latency EPSPs, we examined the effect of low
extracellular Mg?* on their amplitude. Removal of extracellular
Mg?* increased (n = 4) or did not significantly change (n = 3)
the amplitude of short-latency EPSPs (Fig. 10). The mixed ac-
tion of Mg?* reflects the contribution of both NMDA and non-
NMDA receptors to short-latency EPSPs (see Discussion). The
finding that Mg?* is not an effective voltage-sensitive antagonist
of short-latency EPSPs was confirmed by changing the moto-
neuron membrane potential. Unlike long-latency potentials, the

—Mg 2+ APV

failed to generate synaptic potentials
(>0.2 mV). After the removal of extra-
cellular Mg?* (—Mg**), however, the
same stimulus intensity produced large
(8.5 mV), prolonged synaptic depolar-
izations that were blocked by APV (20
UM).

amplitude of short-latency EPSPs decreased with membrane
depolarization and increased with hyperpolarization (r = 4). In
2 motoneurons, however, the amplitude of short-latency EPSPs
did not change with membrane hyperpolarization (Fig. 7). Our
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Figure 7. Effects of membrane polarization on the amplitude of long-
latency EPSPs recorded in a motoneuron at Day 19 (D19). The ampli-
tude of long-latency EPSPs (asterisk) decreased with increased hyper-
polarizing currents (bottom trace) and increased with depolarizing
currents. During membrane depolarization, the amplitude of EPSPs
often exceeded the action potential threshold (top trace). Such mem-
brane depolarization (to —45 mV) did not generate an action potential
in the absence of dorsal root stimulation. Note that the amplitude of
short-latency EPSPs did not change with hyperpolarizing currents. The
EPSPs shown were generated before (middle trace) and after intracellular
injection of 0.15 nA inward and outward currents. Resting potential is
marked by the dashed line.
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Figure 8. APV reduced the amplitude of monosynaptic EPSPs re-
corded in a motoneuron at Day 20 (D20). The EPSPs were generated
by the same stimulus intensity (at threshold intensity for synaptic ac-
tivation) before and after application of APV. Bottom trace (sub.), syn-
aptic potential in the presence of APV (10 um) digitally subtracted from
a potential evoked in normal recording solution. This trace therefore
represents the NMDA -mediated synaptic potential. Kynurenate (2 mm)
eliminated the component of synaptic potential not blocked by APV
(not shown). EPSPs were recorded in the presence of strychnine (10 um)
and picrotoxin (100 um).

L

results suggest that short-latency monosynaptic EPSPs are com-
posed of fast non-NMDA and slow NMDA-mediated poten-
tials.

Motoneuron sensitivity to L-glutamate, NMDA, and kainate

To compare motoneuron sensitivity to L-glutamate, NMDA,
and kainate, we analyzed membrane conductance and voltage
changes induced by perfusing the spinal cord with these agonists.
Agonist-induced conductance change was measured as the dif-
ference between the resting conductance and the maximal con-
ductance recorded in the presence of the agonist. At all devel-
opmental stages, both NMDA and kainate induced conductance
changes that were larger than those induced by glutamate.
L-Glutamate produced depolarizations that were preceded by a

Figure 9. APV and CNQX reduced
the amplitude of EPSPs recorded in a
motoneuron at Day 21. A short-laten-
cy, fast-rising potential and long-laten-
cy small EPSPs were recorded in the
presence of 20 um APV (4). Ten min-
utes after removal of APV, the same
stimulus intensity produced a short-la-
tency potential that exceeded the
threshold for action potential, and the
amplitude of long-latency synaptic po-
tentials (wash, arrow) significantly in-
creased. Four minutes after the appli-
cation of CNQX (10 um), the amplitude
and rate of rise of short-latency EPSP
decreased more than the amplitude of
long-latency EPSPs (B). Nine minutes
after CNQX application, however, both
short- and long-latency EPSPs were al-
most completely blocked (C). The effect
of CNQX was reversed in normal re-
cording solution (D). The evoked po-
tentials were generated by the same
stimulus intensity (at threshold inten-
sity for synaptic activation) and were

A

-45
£ -65
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decrease in membrane conductance at low concentrations of
glutamate (50-200 uM, n = 9) or a conductance increase at higher
concentrations (#n = 15). Glutamate also produced TTX-resis-
tant spontaneous potentials. Slow desensitization of glutamate-
induced conductance increase was apparent in about 80% (19/
24) of motoneurons examined (Fig. 11).

To determine if glutamate acts as a mixed agonist activating
various receptor subtypes, the effects of several antagonists were
studied. Glutamate-induced depolarizations were partly blocked
by APV (20-100 um, n = 5) and kynurenate (0.5-1 mm, Fig.
11, n = 4). At these concentrations, these antagonists did not
significantly change resting membrane conductance or the
threshold for action potential.

At all developmental stages, motoneuron sensitivity to L-glu-
tamate was 10-fold lower than to kainate and Mg?*-free NMDA.
The low response to glutamate was not caused by the antago-
nistic effect of extracellular Mg?* because motoneuron response
to glutamate (n = 5) did not increase after the removal of ex-
tracellular Mg?+ (see also Mayer and Westbrook, 1985).

Application of NMDA (2-100 um) produced the following
responses: (1) In normal recording solution, low concentrations
of NMDA (5-20 um) induced a conductance decrease, while in
the absence of extracellular Mg** the same concentration pro-
duced a conductance increase in the same motoneuron (Fig. 12,
n = 7). The conductance increase was also recorded in the pres-
ence of Mg?* when the NMDA concentration was higher than
20 uMm (also Dingledine, 1983). (2) Whether membrane con-
ductance increased or decreased, NMDA always triggered TTX-
resistant spontaneous potentials (Fig. 12, arrows). (3) In the
absence of extracellular Mg?*, desensitization to NMDA (20~
50 uM) was apparent in about 50% of motoneurons (8/15). (4)
NMDA-induced conductance changes and depolarizations were
completely blocked by APV (50-100 um, n = 4) and kynurenate
(2-4 mmMm, n = 3).

Bath application of kainate produced a conductance increase
and membrane depolarization that were blocked by kynurenate
but not APV. The threshold of membrane sensitivity to kainate
was similar (5 pm) to that of NMDA (in the absence of extra-

C CN?X (4 min)

APV

y

S

wash

CNQX (9 min)
/

+r

wash

recorded in the presence of strychnine f
(10 um) and picrotoxin (100 um).
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Figure 10. Effects of removal of extracellular Mg?* on the amplitude of short- and long-latency EPSPs recorded at Days 19 and 21. Superimposed
are synaptic potentials evoked before (normal) and after the removal of Mg?* (—Mg?+). In the absence of extracellular Mg*+, the latency of the
short-latency EPSPs (stars) decreased, while the amplitude increased (D19) or slightly decreased (D21). The generation of action potential in the
absence of extracellular Mg+ (D19) may be due to the reduction in action potential threshold. In both motoneurons the amplitude of long-latency

potentials (asterisks) increased after removal of Mg>*.

cellular Mg?*). However, unlike NMDA, kainate always induced
an increase in membrane conductance that did not densensitize.
Furthermore, kainate did not generate spontaneous potentials,
even at high concentrations (20-50 uM) that evoked large de-
polarizations (>20 mV).

To determine if motoneuron sensitivity to L-glutamate,
NMDA, and kainate changes after the formation of sensori-
motoneuron contacts, we compared their dose-response curves
before and after the establishment of such synapses. Our results
show that the conductance increase produced by NMDA and
kainate increases immediately after synapse formation between
dorsal root afferents and motoneurons (Fig. 13). Before mono-
synaptic contacts were established (Fig. 13, open symbols), 20
uM NMDA and kainate produced a conductance increase of
about 4 nS, while a conductance increase of about 10 nS was
measured after the onset of short-latency EPSPs (Fig. 13). Mo-
toneuron sensitivity to glutamate, however, seemed to decrease
after the establishment of these synapses (see Discussion).
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Figure 11.

Discussion

In the spinal cord of rat embryos, long-latency EPSPs were
recorded intracellularly at Days 15-16 of gestation, 1-2 d before
short-latency EPSPs were apparent. Early long-latency excita-
tory potentials have been demonstrated previously using extra-
cellular recordings (Saito, 1979; Kudo and Yamada, 1985). The
possibility, however, that the long-latency potentials resulted
from transmission along polysynaptic pathways was not tested
in those studies. Using intracellular recordings, we have dem-
onstrated that during repetitive stimulation, the long-latency,
slow-rising potentials had variable latencies and amplitudes,
while the short-latency EPSPs had relatively constant latency.
Furthermore, pentobarbital and mephenesin, which increase the
threshold for action potential (Longo, 1961; Richens, 1969),
were more effective in reducing the amplitude of long-latency
EPSPs than the amplitude of short-latency EPSPs. It is unlikely
that pentobarbital reduces NMDA-mediated long-latency po-

glutamate + kynurenate

mmm"m"“mmm*wwwwuwwmmmmmmmm

Responses of a motoneuron to bath application of L-glutamate and its antagonists. At Day 15 (D15), 2 mm glutamate produced a

conductance increase of 34.4 nS (from 7.2 nS in normal solution to 41.6 nS) accompanied by a membrane depolarization of 34 mV. In the
continuous presence of glutamate, membrane conductance decreased to 8.2 nS and membrane potential was hyperpolarized by 20 mV. Spontaneous
activity (arrows) was recorded in the presence of glutamate before the conductance increase. Spontaneous potentials were not recorded, however,
when the motoneuron was desensitized. This was the largest glutamate-induced response recorded. Membrane conductance and potential returned
to their resting values after removal of glutamate. In the presence of APV (100 um), glutamate (2 mm) produced a conductance increase of 5.7 nS
and membrane depolarization of 19 mV. After 10 min wash in recording solution, membrane conductance and potential returned to their resting
values. In the presence of kynurenate (1 mm), glutamate induced a conductance increase of 4.4 nS and membrane depolarization of 6 mV.
Desensitization was not apparent in the presence of these antagonists. There was a 1-2 min delay before drugs reached the preparation. The traces
demonstrated here began 2 min after glutamate and its antagonists were added to the reservoir. Asterisks mark a time interval of 5 min. To estimate
the membrane conductance 0.2 nA current pulses were injected at 0.33 Hz.
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Figure 12. NMDA-induced responses in a Day 16 (D16) motoneuron.
In normal recording solution (+AMg?*), 5 um NMDA produced a con-
ductance decrease of 1.2 nS (resting conductance was 6.2 nS) and a
depolarization of 2 mV. Membrane conductance and potential returned
to their resting values after removal of NMDA. In the absence of ex-
tracellular Mg?* (—Mg?+), membrane conductance increased by 0.9 nS
and a depolarization of 8 mV was recorded. NMDA induced sponta-
neous activity in both the presence and absence of extracellular Mg+
(arrows). To estimate membrane conductance, 0.1 nA current pulses
were injected at 0.2 Hz.

tentials by blocking NMDA receptors/ionophores because it has
been shown that pentobarbital selectively blocks kainate cur-
rents (Miljkovic and MacDonald, 1987). Our experiments sug-
gest that long-latency EPSPs are generated by activation of poly-
synaptic pathways rather than by slow activation of
monosynaptic connections. Moreover, the physiological data
are supported by our morphological observation that at this
stage (Days 15-16) dorsal root afferent projections did not reach
the motor nuclei. Our studies support the suggestion that in
mammals polysynaptic reflexes develop 1-2 d before the estab-
lishment of monosynaptic reflexes (Saito, 1979; Kudo and Ya-
mada, 1987). Similar results have been observed in spinal cords
of frog (Frank and Westerfield, 1983) and chick (Lee et al., 1988),
suggesting that the development of excitatory sensory—inter-
neuron-motoneuron pathways prior to sensory-motoneuron con-
nections is characteristic of vertebrate spinal differentiation.
Many afferent projections reached the motor nuclei at Day
17, when boutons were first seen on motoneuron dendrites
crossed by afferent projections. These boutons might represent
synaptic contacts between dorsal root afferents and motoneuron
dendrites. Electron microscopic examination at Day 17 has
demonstrated that immature synapses with few synaptic vesicles
and synaptic densities are indeed present in the ventral horn
(Ziskind-Conhaim, unpublished observations). At this stage we
found that dorsal root stimulation evoked short-latency, fast-
rising EPSPs in 72% of motoneurons. Our physiological and
morphological observations suggest that monosynaptic contacts
are established at Day 17, 1-2 d after the formation of poly-
synaptic contacts. It has been previously suggested that poly-
synaptic reflexes are first present in rat lumbar segments at Day
17, while initial monosynaptic reflexes are established at Day
19 (Kudo and Yamada, 1985). In our study we were able to
record poly- and monosynaptic EPSPs in the same segments 2
d earlier. In the previous study, however, the peripheral nerve
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Figure 13. Dose-response curve of conductance increase as a function
of concentration of L-glutamate, NMDA, and kainate. To estimate
membrane conductance, small inward currents (0.05-0.2 nA; duration,
100—400 msec; frequency, 0.2-0.4 Hz) were injected intracellularly and
the resultant voltages were measured (see Figs. 11 and 12). To verify
the establishment of monosynaptic EPSPs, dorsal root was stimulated
before agonist application. Data for motoneurons with short-latency
EPSPs (filled symbols, Days 17-21) were grouped separately from those
with long-latency EPSPs (open symbols, Days 15-17). The mean resting
conductances are shown on the small vertical scale. Changes in mem-
brane conductance induced by the agonists are shown on the large
vertical scale. Data points: means + SD (n = 3-6 motoneurons). At the
highest concentrations (50 uM for NMDA and kainate, 2 mm for glu-
tamate), these agonists induced depolarizations of 15-25 mV. Moto-
neurons that responded with larger depolarizations were not included.
To rule out the possibility that glutamate and its analogs stimulated
neighboring neurons and caused presynaptic activation, these experi-
ments were conducted initially in the presence of TTX (1-2 um). In later
experiments, motoneuron excitability and synaptic responses were stud-
ied in the presence of the agonists and immediately after their removal.
TTX was, therefore, omitted from these recording solutions. Because
the dose-response curves were identical in the presence and absence of
TTX, the results of experiments with and without TTX were pooled.
Some experiments were done in the presence of strychnine (10-20 pm)
and picrotoxin (100-200 um), although these antagonists did not affect
the membrane response to the agonists studied.

was stimulated and the synaptic response was recorded extra-
cellularly in the ventral root. It is likely that the amplitudes of
synaptic potentials generated by single nerve stimulation are
smaller and, therefore, would be detected later in development
than EPSPs evoked by stimulating many axons in the dorsal
root. In a recent report, however, Kudo and Yamada (1987)
concluded that monosynaptic transmission occurs at Day 18, a
day earlier than previously reported (Kudo and Yamada, 1985).
This is still a day later than the short-latency EPSPs we recorded
intracellularly.

Previous morphological observations have demonstrated that
in thoracic and lumbar segments of rat embryos, dorsal root
afferents reach the motor nuclei at Day 18 (Smith, 1983; Kudo
and Yamada, 1987), 1 d after such connections were detected
in our study. Technical variations in staining procedures and
application of HRP might explain the 1 d difference between
those studies and ours.

The number of afferent branches increased when afferents
reached the motor nuclei and functional sensorimotor synapses
were formed. Similar findings have been reported in chick spinal
cord (Lee et al., 1988). It is possible that the onset of functional
synapses between dorsal root afferents and motoneuron den-
drites provides a signal for afferent branching.



In our study, the formation of functional sensory innervation
was assessed by intracellular recording and dorsal root stimu-
lation. Stimulation of several dorsal root axons would be likely
to evoke multiple EPSPs, even at threshold intensity. At the
onset of sensory innervation, polysynaptic EPSPs had slower
rates of rise and longer durations than monosynaptic EPSPs
recorded 1-2 d later. These polysynaptic EPSPs were generated
via excitatory interneurons and were mediated solely by NMDA
receptors. Early NMDA-mediated polysynaptic EPSPs have been
recorded in chick motoneurons (Lee et al., 1988), but it is not
clear if NMDA receptors are present only on excitatory inter-
neurons or on both interneurons and motoneurons. Our finding
that the amplitude of polysynaptic EPSPs decreased during hy-
perpolarization and increased during membrane depolarization
indicates that NMDA receptors are present on spinal motoneu-
rons of rat embryos. It is not known whether NMDA receptors
are also present on excitatory interneurons.

The decrease in amplitude of long-latency EPSPs during
membrane hyperpolarizaton could have resulted from anom-
alous rectification. This is unlikely, however, because the input
resistance of embryonic motoneurons is linear between —50
and —80 mV (Ziskind-Conhaim, unpublished observations).
Furthermore, if anomalous rectification caused the decrease in
amplitude of long-latency EPSPs, it should have the same effect
on short-latency EPSPs. In most (4/6) motoneurons, however,
the amplitude of short-latency EPSPs increased during mem-
brane hyperpolarization.

The amplitude of NMDA-mediated potentials increases when
extracellular Mg?* is removed, probably due to elimination of
Mg?* block of NMDA-activated channels. Two other mecha-
nisms may, however, contribute to the increased amplitude in
the absence of extracellular Mg?*: (1) a reduction in action po-
tential threshold and (2) an increase in transmitter release. Na*
inward current increases when divalent cation concentration is
markedly lowered, from 112 to 4.4 mm (Frankenhaeuser and
Hodgkin, 1957), and transmitter release is suppressed when
Mg?* concentration is raised (Katz and Miledi, 1967). In our
experiments, removal of extracellular Mg?* reduced the thresh-
old for action potentials evoked by intracellular current pulses
by about 3-S5 mV. Such a reduction was sufficient to evoke a
second action potential in 40% of motoneurons (3/7). It is there-
fore possible that removal of Mg?* increased polysynaptic trans-
mission in some motoneurons by reducing the threshold for
neuron action potentials. One reason that removal of Mg2+ did
not affect action potential threshold in all motoneurons may be
the high concentration of divalent cations in the recording so-
lution. High Ca?* (4 mm) has been used to improve intracellular
recordings. Removal of Mg?+ alone reduced the total divalent
cation concentration by 25%. The high Ca?*/Mg?* concentration
ratio may also explain why removal of Mg?* did not affect all
monosynaptic EPSPs as might be expected from its antagonistic
action on transmitter release.

It has been proposed that in mammalian spinal cord, poly-
synaptic transmission is mediated by NMDA receptors while
non-NMDA receptors contribute mainly to monosynaptic
transmission (Lodge et al., 1978; Davies and Watkins, 1983;
Polc, 1985). Our experiments demonstrate, however, that
NMDA-mediated potentials contribute to a slow component of
monosynaptic EPSPs. Similar dual-component synaptic poten-
tials have been recorded in developing motoneurons of Xenopus
(Dale and Roberts, 1985) and in dissociated mouse spinal neu-
rons (Forsythe and Westbrook, 1988). It has been well docu-
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mented that during tetanic stimulation, activation of NMDA
receptors modulates synaptic transmission and produces long-
term potentiation (reviewed by Nicoll et al., 1988). There is
increasing evidence, however, that NMDA receptors also con-
tribute to low-frequency synaptic transmission in a number of
pathways in mammalian CNS. The contribution of NMDA re-
ceptors to synaptic potentials has been documented in hippo-
campus (Wigstr6m and Gustafsson, 1984), cerebral cortex
(Thomson et al., 1985), and thalamus (Salt, 1986).

There are several possible explanations for the slow-rising
prolonged NMDA-mediated EPSPs. (1) L-Glutamate acts as a
mixed agonist with a higher affinity for NMDA receptors. Low
concentrations of glutamate in extrasynaptic regions might ac-
tivate only NMDA receptors located away from the synaptic
site. (2) NMDA channels have long open time. In dissociated
mouse central neurons (Ascher and Nowak, 1988; Ascher et al.,
1988) and in embryonic chick motoneurons (O’Brien and Fisch-
bach, 1986a), the conductances and mean open times of NMDA -
activated channels are larger than in non-NMDA channels.

Motoneurons are sensitive to kainate at Days 15-16, although
at this stage polysynaptic transmission is mediated predomi-
nantly by NMDA receptors. The precise role of kainate receptors
In monosynaptic transmission is not known because of the ab-
sence of specific antagonists that can distinguish between kainate
and quisqualate receptors. Nevertheless, it is assumed that kai-
nate receptors contribute to monosynaptic transmission (Halde-
man and McLennan, 1972; Jahr and Jessell, 1985; Jahr and
Yoshioka, 1986). It is possible that kainate receptors are dis-
tributed on dendrites that are not innervated by afferents of
polysynaptic pathway. An alternative possibility is that prior to
the establishment of synapses between afferents and motoneu-
rons, kainate receptors are diffusely distributed at extrasynaptic
regions. The newly formed synapses might then induce aggre-
gation of kainate receptors at the synaptic site. A similar mech-
anism has been suggested for increased glutamate sensitivity in
dissociated embryonic chick motoneurons (O’Brien and Fisch-
bach, 1986b), and for the redistribution of ACh receptors on
developing myotubes of rat embryos (Ziskind-Conhaim and
Bennett, 1982; Ziskind-Conhaim et al., 1984).

TTX-resistant spontaneous activity was recorded in most mo-
toneurons in the presence of NMDA and glutamate. It has been
suggested that an NMDA -induced conductance decrease is suf-
ficient to generate repetitive firing in rat hippocampal pyramidal
neurons (Dingledine, 1983) and in dissociated spinal neurons
(Mayer and Westbrook, 1985). The measured conductance de-
crease can be explained by the negative slope of the current-
voltage relationship at membrane potentials more negative than
—30 mV (Mayer and Westbrook, 1984). In the absence of ex-
tracellular Mg?*, the negative slope is changed to a positive one,
similar to that of glutamate. The effect of Mg?* on the current-
voltage relationship can explain our observation that, in the
presence of Mg+, low concentrations of NMDA produce a con-
ductance decrease, while a conductance increase is produced
after the removal of extraceltular Mg2*.

Our study demonstrates that motoneuron conductance change
induced by kainate and NMDA increases immediately after the
establishment of sensorimotor synapses. The increased sensi-
tivity to kainate and NMDA might be regulated by the newly
arrived afferent projections or by intrinsic changes of the dif-
ferentiating motoneurons.

Motoneuron sensitivity to glutamate seems to decrease after
the establishment of monosynaptic contacts. It is possible that
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the rate of desensitization of glutamate receptors (Trussell et al.,
1988) increases during motoneuron differentiation. The record-
ed maximal glutamate-induced conductance increase would
therefore be smaller than at earlier stages. It is also possible that
development of an uptake mechanism for glutamate reduced
its actual concentration in the motoneuron extracellular space.
The reduction in motoneuron sensitivity to glutamate can be
associated with a decrease in the number of glutamate receptors
or their affinity for glutamate.

We have used electrophysiological and morphological meth-
ods to study the pattern and time course of development of
sensory innervation in the spinal cord of rat embryos. We have
demonstrated that long-latency, polysynaptic pathways are es-
tablished 1-2 d before the formation of short-latency mono-
synaptic contacts. Pharmacological characterization of dorsal
root evoked EPSPs indicates that NMDA receptors mediate
both poly- and monosynaptic potentials, while the major con-
tribution of non-NMDA receptors is to monosynaptic trans-
mission. Establishment of sensorimotor synapses increases mo-
toneuron sensitivity to NMDA and kainate, but the role of
dorsal root afferents in inducing the increase is not clear.
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