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Motoneuron
responses
to the inhibitory amino acids glycine
and GABA, and the contribution
of inhibitory
synapses
to
developing
sensorimotor
synapses were studied in rat spinal
cords during the last week in utero. In differentiating
motoneurons,
glycine and GABA induced Cl--dependent
membrane depolarizations
and large decreases
in membrane
resistance.
These
responses
gradually
decreased
during
embryonic development,
and at birth they were significantly
smaller than in embryos.
In motoneurons
of embryos
and
neonates, dorsal root stimulation
produced only depolarizing
potentials,
some of which reversed at -50 mV membrane
potential.
Reduction
of extracellular
Cl- concentrations
increased the amplitude
of these potentials,
suggesting
that
they are generated
by Cl- current. Contribution
of Cl--dependent potentials
to compound
dorsal root-evoked
potentials was studied by determining
the effects of glycine and
GABA antagonists
on them. In motoneurons
of embryos at
days 16-17
of gestation
(D16-D17),
strychnine
or bicuculline blocked
dorsal root-evoked
potentials.
This suppression
was neither the result of a decrease
in neuronal
excitability
nor the inhibition
of glutamate
receptors.
Strychnine-evoked
depression
was not blocked by atropine,
indicating that it was not due to disinhibition
of muscarinic
synapses. By D19, strychnine
and bicuculline
significantly
increased
dorsal root-evoked
potentials
rather than blocking them. This reversed function did not result from an increase in neuronal excitability
or changes in the specificity
of strychnine
and bicuculline
antagonism.
The number of glycine- and GABA-immunoreactive
cells
increased
20% between
D17 and D19. The number of immunoreactive
cells and fibers significantly
increased
in the
motor nuclei and dorsal horn laminae. These morphological
changes may contribute
to establishment
of new synaptic
contacts
on motoneurons,
thus changing
the actions of
strychnine
and bicuculline
on dorsal root-evoked
potentials.
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The amino acids glycine and GABA act as inhibitory neurotransmitters in the adult spinal cord (Werman et al., 1968;
Krnjevii: et al., 1977, reviewed by Curtis and Johnston, 1974;
Davidoff and Hackman, 1983; Young and MacDonald, 1983).
Glycine and GABA are found in high concentrations in mammalian spinal cord (Aprison and Werman, 1965; Berger et al.,
1977) and the amino acids coexist within cell bodies in the
dorsal horn of adult rats (Todd and Sullivan, 1990). Glycineand GABA-gated channelsare permeableto Cl- ions, and although the subunits of thesereceptors are different (Pritchett et
al., 1989; Grenningloh et al., 1990), glycine- and GABA-activated channels have similar multiple levels of conductance
(Hamill et al., 1983; Bormann et al., 1987).
The complex influence of inhibitory synapseson spinal cord
excitation has been examined in adult mammals (reviewed by
Burke and Rudomin, 1977; Davidoff and Hackman, 1984; Rudomin, 1990), but little is known about the interactions between
inhibitory and excitatory synaptic pathways in developing rat
spinal cords (Saito, 1979; Seno and Saito, 1985; Miyata et al.,
1987) and in dissociatedspinal neurons (Nelson et al., 1977;
Jackson et al., 1982). Recent physiological and morphological
studies have described the pattern and time course of development of excitatory sensorimotorsynapsesin rat spinal cords
(Kudo and Yamada, 1987; Ziskind-Conhaim, 1990) but the
time course of formation of inhibitory synapsesis unknown.
Electrical activity is believed to play an important role in
neuronaldifferentiation and synaptogenesis
(Nelsonet al., 1990).
The excitation level dependson the temporal activation of both
excitatory and inhibitory pathways. However, stimulation of
immature inhibitory pathways can evoke excitation rather than
inhibition (reviewed by Cherubini et al., 1991). For example,
Cl--mediated depolarizing potentials have beenrecordedin spinal motoneurons of newborn rats (Fulton et al., 1980; Takahashi, 1984; Jahr and Yoshioka, 1986) and embryonic chicks
(Obata et al., 1978; Velumian, 1984; O’Donovan, 1989).
The objectives of our study were to (1) examine motoneuron
responseto glycine and GABA during the establishmentof sensorimotor synapses,(2) determine the influence of newly formed
inhibitory synapseson dorsal root-evoked potentials, and (3)
study the changesin the distribution of glycinergic and GABAergic cellsin lumbar spinal cord during the last week in utero.
A brief report of some of these results has been published
previously (Wu and Ziskind-Conhaim, 1991).
Materials and Methods
Lumbar spinal cords of embryonic and neonatal rats at days 16-2 1 of
gestation (D16-D21; birth is at D21-D22) and l-2 d after birth were
used. The procedures for preparing the spinal cord, for intracellular
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Figure 1. GABA- and glycine-in-60
duced depolarizations in D 19 motoneurons. a, GABA (1 mM) induced de- 2 -70 LdX
polarization of 14 mV and resistance
decrease of 54%, which was completely
reversible. Similar depolarization (14 2 0.5[ FrrmrmV) was induced in the presence ofTTX
(0.5~M)and 10mMMg2+/1 mMCa*+,
which blocked synaptic activity. After
the removal ofGABA (wash) and membrane repolarization to resting potenGABA + TTX + 10 Mg251 Ca2+
tial, membrane resistance did not
change during transient depolarization
-60
by intracellular current injection. b,
z
Glycine (2 mM) produced depolariza-70 [[ tion of 5 mV and resistance decrease of
57% in another motoneuron. Depolarization of 4 mV and resistance decrease -2 0.5[
of 65% were recorded in the same motoneuron, in the presence of TTX (0.5
PM) and high-Mg2+/low-Ca2+
solution.
Glycine responses were reversible (not
shown). Upper traces are digitized records of the membrane potentials in response to continuous applications of
b
GABA or glycine. The downward deglycine
flections in the upper traces are the elec-60
trotonic potentials evoked by intracel>E -70
lularly
injected
constant-current
hyperpolarizing pulses (500 msec du-80
ration at 0.2 Hz; bottom truces). Mem2 0.5[
brane resistance was estimated during
the brief hyperpolarization to the resting potential value (dashed line).
recording, and for stimulation were similar to those described previously
(Ziskind-Conhaim,
1988a, 1990). In summary, the medial surface of a
hemisected spinal cord was pinned to a Sylgard-coated recording chamber and perfused with recording solution at 28-30°C. Motoneurons were
impaled with microelectrodes filled with 3 M potassium acetate, and
identified by antidromic potentials evoked by ventral root stimulation.
Compound synaptic potentials were evoked by brief (0.5 msec) dorsal
root stimuli.
To shift Cl- equilibrium potential to a more positive value, 50% of
the extracellular Cll was substituted with either isethionate or glucuronate. Junction potentials of about - 12 mV developed during the
perfusion with low-cl- solution. An alternative method for changing
Cl- concentrations across the membrane was to increase intracellular
Cl- concentrations with KCl-filled microelectrodes (Barker and Ran-

Concentration
b-N
0.5
2

wash
r”“”
,------

glycine + TTX + 10 Mgzf/lCa2’

-mmI
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100s

som, 1978). In embryonic motoneurons, however, only unstable resting
potentials ofless than -40 mV were recorded with KCl-filled electrodes,
Immunocytochemistry
Segments of lumbar spinal cord were fixed with 2.5% glutaraldehyde
and 1% paraformaldehyde in 0.1 M phosphate buffer. Embryonic spinal
cords were lightly stained with cresyl violet and embedded in gelatinalbumin mixture (Ziskind-Conhaim,
1988a, 1990). After storing overnight in 30% sucrose solution at 4°C 50 pm transverse sections were
incubated for 1 hr in 1 M ethanolamine to reduce nonspecific staining.
Glycine. Sections were incubated for 4045 hr in the primary antibody, rabbit anti-glycine serum diluted 1:500 (Wenthold et al., 1987).
The diluent was a solution of 0.2% gelatin (Difco), 0.3% Triton X-100,

Table 1. Glycine- and GABA-induced
Glycine
Membrane
depolarization
(mv)
1.2 IL 1.0
(n = 3)
10.4 + 4.0*
(n = 7)

-w

dose-dependent depolarizations

Resistance
decrease
(W
16.9 ? 5.6
53.1 k 21.7**

in D19-D21 motoneurons

GABA
Membrane
depolarization
(mv)
5.4 + 1.5***
(n = 5)
18.2 t 2.4*,***
(n = 7)

Resistance
decrease
v4
17.2 t 12.1
46.5 f 18.9**

This table shows dose-dependent
depolarization
and decrease in membrane resistance induced by glycine and GABA
in D19-D2 I motoneurons
(mean * SDM; n = number of motoneurons).
Higher concentrations
of glycine and GABA
significantly increased the depolarization
and decreased membrane resistance. At concentrations
of 0.5-10 mM, GABAmediated depolarizations
were larger than those evoked by glycine. Glycine- and GABA-induced
responses were recorded
in the presence of TTX (0.5 WM) and 10 rnM Mg*+/l rnM Cal+.
* Significantly larger than at 0.5 rnM @ i 0.01).
** Significantly larger than at 0.5 rnM @ i 0.05).
*** Significantly larger than glycine-induced
depolarizations
(p < 0.01).
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Table 2. The amplitude of glycine- and GABA-mediated
depolarizations increased in low concentrations of extracellular
Membrane
depolarization

Substance
Glycine (2 mM)
Glycine in low Cl-

(mv)

10.4 * 4.0
(n = 7)
16.2 + 2.3*
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Resistance
decrease (%)
53.1 t 21.7
37.2 + 10.0

(n = 5)
GABA (1 mM)
GABA in low Cl-

11.3
(n =
18.2
(n =

+ 3.5
13)
* 2.s**
4)

35.1 ? 12.2
35.8 -t 10.5
l **
l

Larger depolarizations
were induced by glycine and GABA when 50% of the
extracellular Cl was replaced by isethionate or glucuronate. Data are from D 19D21 motoneurons,
in the presence of TTX (0.5 PM) and 10 Mg*+/l rnM Caz+,
presented as mean f SDM; n = number of motoneurons.
* Significantly larger than depolarization
produced by glycine in normal Clk concentration (p i 0.05).
** Significantly larger than depolarization
produced by GABA in normal Cl- concentration (p < 0.01).

1% goat serum (Sigma), and 0.0 1% Na azide. The sections were washed
in phosphate-buffered saline and treated according to the avidin-biotin
method (Hsu et al., 198 1). The immunocytochemical reaction product
was developed in 0.1 M Tris buffer containing 0.035% 3,3-diaminobenzidine hydrochloride (Sigma) and 0.003% H,O,.
The specificity of glycine antibody was determined by incubating the
sections with antiserum preabsorbed with glycine-bovine serum albumin conjugate.
GA&l. The procedure for staining with GABA antiserum was similar
to that ofglycine. Rabbit anti-GABA serum was diluted 1:3000 (Incstar).

Data analysis
To determine the distribution of glycinergic and GABAergic immunoreactive cells in various laminae, stained cells were counted in more
than seven sections/spinal cord (n = 3 or 4 spinal cords), and at least
60 cells were counted per section. At early developmental ages, it was
difficult to distinguish between laminae II and III; therefore, cells in
dorsal laminae I-III were pooled. The statistical significance of differences between the means was determined using independent t test.

Solutions
The recording solution contained (in mM) NaCl, 116.4; KCl, 5.4; CaCl,,
4.0; MgSO,, 1.3; NaHCO,, 26.2; NaHPO,, 0.92; glucose, 11 .O (pH 7.27.4). The solution was gassed with 95% 0,, 5% CO,. In solutions in
which extracellular Cl- was reduced, isethionic or glucuronic acid was
used to replace 50% of NaCl. The following substances were added to
the recording solution at known concentrations: 2-amino-5-phosphonovaleric acid (APV), baclofen, bicuculline methchloride, and 6-cyano7-nitroquinoxaline-2,3-dione
(CNQX) from Research Biochemicals, Inc.,
and GABA, glycine, glucuronic acid, isethionic acid, muscimol, and
strychnine from Sigma.

Results
Glycine- and GABA-mediated depolarizations
In embryonic and neonatal motoneurons,application of GABA
and glycine

induced

membrane

depolarizations

that were as-

sociated with large decreasesin membrane resistance(Fig. 1).
These depolarizations were not mediated by synaptic activity,
becausesimilar depolarizations were produced when synaptic
activity wasblocked by TTX (0.5 PM) and 10 mM Mg2+/1 mM
CaZ+(Fig. 1). At theseconcentrations, either TTX or high Mg2+
blocked dorsal root-evoked potentials.
The evoked depolarizations were dosedependent at glycine
and GABA concentrations of OS-10 mM, and at all agesthe
average amplitude of GABA-mediated depolarization was sig-

I

I

Days

16-18

I

Days

19-21

I

Newborn

Age

Figure 2. The amplitude of glycine- and GABA-induced
depolarizations decreased during embryonic development. The depolarizations
produced by glycine and GABA (1 mM) in neonatal motoneurons were
significantly smaller than those produced in D 19-D2 1 embryonic motoneurons. Similar age-dependent reduction was apparent for the decrease in membrane resistance produced by the agonists. Data points
are the means (n = 4-12 motoneurons); error bars are SDM. *, significantly smaller than at D19-D21 (P < 0.05); **, significantly smaller
than at D16-D17 (P < 0.02); ***, significantly smaller than at D 19D21 (P < 0.005).

nificantly larger than that induced by glycine (Table 1). For
example, at D19-D21, 0.5 mM glycine generatedan average
depolarization of 1.2 mV compared to the 5.4 mV depolarization generatedby GABA. Despite the larger depolarization produced by a given concentration of GABA, both amino acids
induced a similar decreasein membrane resistance(Table 1).
Baclofen, a GABA, agonist, did not changemotoneuron membrane potential (l-2 mM; n = 3), indicating that GABA, receptors do not contribute to motoneuron depolarization.
To determine whether increasedCl- conductancesgenerated
motoneuron depolarizations, the concentration of extracellular
Cl- was reduced by 50% to shift the Cl- equilibrium potential
to a more positive value. In low concentration of extracellular
Cl-, both glycine and GABA induced significantly larger depolarizations than those evoked in normal recording solution
(Table 2).
Motoneuron responsesto glycine and GABA decreasedduring
embryonic development
The depolarizations produced by glycine and GABA gradually
decreasedduring the last week in utero (Fig. 2). For example,
motoneuron responsesto 1 mM glycine were reduced from 8.6
mV at D16-D18 to 5.4 mV at D19-D21 and to 2.0 mV at birth.
Those depolarizations were associatedwith apparent decreases
of 42.2%, 28.6%, and 7.0% in membrane resistance.Similar
reductions

were recorded

for GABA-mediated

depolarizations

and resistancedecreases.
The reduced responsesto GABA were probably not due to
the development of a GABA uptake mechanism,which could
have reduced GABA concentrations at the receptor sites. A
similar age-dependentdecreasewas recorded with muscimol,
an agonist of GABA, that is not taken up effectively by GABA
uptake carriers. The depolarization produced by muscimol(O.2
mM) was reduced from 18.9 mV at D17-D18 [-+0.6 standard
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Figure 3. Membranedepolarization
reversed some of the dorsal rootevoked potentialsin D 16andD21motoneurons.
Transientdepolarizing

currentinjectedintracellularlydepolarized
the motoneurons
fromabout
-65 mV restingmembrane
potentials(dashed
lines)to -49 mV (dotted
lines).At D16, somedepolarizingpotentials(arrows) reversed after
latenciesof more than 150 msec,while at D21 they reversedat less

than 50 msec. The records at D21 are averages of five dorsal rootevoked potentialsgenerated
at 0.1 Hz.

deviation of the mean (SDM); n = 31to 11.9 mV at D19-D21
(k3.7 SDM; n = 5).
Dorsal root-evoked inhibitory potentials
During embryonic and neonatal development, the compound
dorsal root-evoked potentials consistedof short- and long-latency depolarizing potentials. The short-latency responses(< 10
msec)were monosynaptic potentials, while the long-latency potentials (> 10 msec)were polysynaptic potentials (Ziskind-Conhaim, 1990). These synaptic potentials were mediated by both
NMDA and non-NMDA receptors.
Becauseglycine and GABA induced membrane depolarizations in embryonic motoneurons,it is possiblethat glycine- and
GABA-mediated potentials constituted someof the depolariz-

ing potentials evoked by dorsal root stimulation. The finding
that membranedepolarization to around - 50 mV reversedsome
of the dorsal root-evoked potentials (Fig. 3) indicatesthat their
reversal potential is between - 50 mV and the membraneresting
potential (-62 mV; n = 89). These, therefore, were not glutamate-mediated potentials. It was difficult to examine the amplitude of hyperpolarizing potentials asa function of membrane
depolarization, becauseit required large depolarizing currents
that could not be injected through the high-resistancemicroelectrodes.
At D16-D17, dorsal root stimulation produced prolonged
(> 150msec)depolarizing potentials, and someof the potentials
reversed after latencies of more than 100 msec (Fig. 3, D16).
During membranedepolarization, the averageamplitude of dorsal root-evoked hyperpolarizing potentials was 2.9 mV (kO.6
SDM), compared to 2.1 mV depolarization (~0.5 SDM; n = 6)
of the same potentials evoked at resting membrane potential
(Fig. 3, arrows). Although somepotentials were reversed only
after long latencies,a decreasein the amplitude of earlier polysynaptic potentials was also apparent. The duration of dorsal
root-evoked potentials decreasedduring embryonic development, and by D20-D2 1 reversedpotentialswith latenciesshorter
than 50 msecwere recorded (Fig. 3, D21). Motoneuron depolarization to -50 mV produced dorsal root-evoked hyperpolarizing potentials with an average amplitude of 1.9 mV (kO.1
SDM), compared to 0.5 mV (kO.25 SDM; n = 7) for the same
potentials recorded at resting membrane potentials. The amplitude of the monosynaptic potentials did not change significantly during motoneuron depolarization (seealsoZiskind-Conhaim, 1990).
The polysynaptic potentials were blocked by either APV (20
/IM) or CNQX (10 KM), antagonistsof NMDA and non-NMDA
receptors, respectively. These antagonistsalso blocked the potentials that reversed at -50 mV, suggestingthat glutamatemediated neuronssynapseon the intemeurons that generatethe
hyperpolarizing potentials.
To determine whether the reversed potentials were Cl- dependent, extracellular Cl- concentration wasreduced.Changing

a
D16

’ normal

b
D16
normal

-7oL

low Cl -

I

1
100 ms

Figure 4. a, At all ages, the amplitude of poly- but not monosynaptic potentials (star) was increased in low concentrations of extracellular Cl-.
The records at D20 are averages of five dorsal root-evoked potentials produced at 0.1 Hz. Resting membrane potentials are marked by the dashed
lines(seeFig. 3). b, Polysynaptic potentials that were reversed at -50 mV in normal recording solution (arrows) could not be reversed at that
potential in low concentrations of extracellular Cl-. Recordings are from the same D16 motoneuron shown in Figure 3.
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1
50 ms

b
-60

-60
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I
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Fi,qure 5. Strychnine and bicuculline blocked dorsal root-evoked
biiuculline (26 pM; b) were reversible.

potentials in D17 motoneurons.

to a low-Clsolution increased the amplitude
of the polysynaptic potentials (Fig. 4~). Moreover, membranedepolarization

to -50 mV failed to reverse these potentials (Fig. 4b). These
findings suggestthat some of the depolarizing potentials were
generatedby Cl- current (seeDiscussion).
Strychnine and bicuculline blocked dorsal root-evoked
potentials in 016-017 motoneurons
The effects of strychnine and bicuculline were studied to determine whether glycine- and GABA-activated synapsesproduced
the Cl--dependent potentials. At D 16-D 17, strychnine (10 PM)
or bicuculline (20 PM) blocked dorsal root-evoked potentials
(Fig. 5; n = 33). At these concentrations, the antagonists significantly reducedthe amplitude of glycine- and GABA-induced
depolarizations (Table 3). This inhibitory action was slow,
reaching its maximal effect more than 15 min after the antagonists were added to the solution. Most substancesaffect motoneurons,which are located laterally in the ventral horn, within
5 min after their application. The effect of strychnine and bicuculline may be slow to develop becauseof their diffusion to
deeper,medial zonesof the spinal cord where interneurons may
be located. The effect of the antagonistswas largely reversible,
and dorsal root-evoked potentials were recorded within 20-30
min after the removal

of the antagonists.

Picrotoxin

However, atropine (5 PM), an antagonist of muscarinic receptors, did not prevent the inhibition produced by strychnine (Fig.
6; n = 3).
Strychnine and bicuculline increasedthe amplitude of dorsal
root-evoked potentials in DI 9-021 motoneurons
At late embryonic ages(D 19-D2 l), strychnine and bicuculline
significantly increasedthe amplitude of the polysynaptic potentials, which resulted in high-frequency firing (Fig. 7; n = 30).
Their potentiating action developed slowly, reachinga maximal
effect more than 20 min after their application. The firing rate

Table 3. The specificity of strychnine and bicuculline antagonism did
not change during embryonic development
Membrane
D16-D18
Glycine”
Glycine + strychnineb
Glycine + bicucullinec

(100 FM),

a noncompetitive antagonist of GABA, receptors,was aseffective as bicuculline and strychnine in blocking those potentials
(n = 3).
The inhibitory effectsof strychnine and bicuculline are probably not due to a decreasein neuronal excitability, becausethe
antagonistsdid not increasethe threshold for action potential
produced by depolarizing current injected intracellularly (n =
19). Strychnine and bicuculline did not depressdorsal rootevoked potentials by blocking glutamate receptors, becausethe
antagonistsdid not block glutamate-induced motoneuron depolarizations (n = 3).
It is possible that the inhibitory actions of strychnine and
bicuculline werecausedby disinhibition of cholinergic synapses.
ACh can block monosynaptic potentials by acting on presynaptic muscarinic receptors located on primary afferent fibers
(Evans, 1978; Yoshioka et al., 1990; Jiang and Dun, 1991).

The effects of strychnine (10 PM; a) and

GABAd

8.6 IL 3.1
(n = 6)
3.6 k 0.8*
(n = 4)
7.5 + 4.2
(n = 7)
9.2 i 2.3
(n = 9)

GABA + strychnine

7.1 IL 1.7
(n = 4)

GABA + bicuculline

3.7 f 1.2**
(n = 8)

depolarization (mV)
D19-D21
10.4 2 4.0
(n = 7)

1.0 +I 1.3**
(n = 8)
7.6 f 2.8

(n = 11)
11.3 f 3.5
(n= 13)
9.8 + 2.7

(n = 5)
2.4 IL 0.9**

(n = 5)

At all ages,strychnine significantly reduced glycine- but not GABA-induced

depolarizations.
Bicuculline, however, was effective in decreasing GABA- but not
glycine-mediated
depolarizations.
Data are presented as mean f SDM; n = number
of motoneurons.
y 1 rn~ glycine at D16-D18,
and 2 rn~ glycine at D19-D21.
b 20-50 MM strychnine.
C50 MLM bicuculline.
d0.5 rn~ GABA at D16-D18,
and 1 rn~ GABA at D19-D21.
* Significantly smaller than depolarizations
produced by glycine @ c 0.05).
** Significantly
smaller than depolarizations
produced by glycine and GABA
(p < 0.01).
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D17

6. The inhibition induced by
strychnine was not mediated via muscarinic receptors. In a D17 motoneuron, atropine (5 PM) did not prevent
the suppression produced by strychnine. The records are averages of five
dorsal root-evoked potentials generated at 0.1 Hz.
Figure

atropine

normal

atropine

-60
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--------I
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40

declined to control levels within 30 min after the removal of
the antagonistsfrom the recording solution. Strychnine-induced
increasesin dorsal root-evoked synaptic potentials were independent of the increasesproduced by bicuculline. The firing rate
generatedin the presenceof strychnine (after 25 min) wasfurther
increasedby bicuculline (not shown).
The induction of a prolonged burst of action potentials was
not due to an increasein motoneuron excitability. Strychnine
and bicuculline had no effect on action potential threshold and
input resistances(n = 29).
The reversedfunction of strychnine and bicuculline from inhibitory to excitatory action at D 19-D2 1 did not result from a
changein their specific antagonism.At all ages,strychnine significantly reduced the amplitude of glycine- but not GABAevoked depolarizations. Similarly, bicuculline effectively decreasedGABA-mediated but not glycine-induced depolarizations (Table 3).
Distribution of glycine- and GABA-containing cells
In embryonic spinalcords,glycinergic and GABAergic cellswere
diffusely distributed in various laminae, and numerous immunoreactive fiberswerealsoapparent in the ventral and lateral
funiculi (Figs. 8, 9; Table 4). Intensely stained, small cellswere
located only in laminae I-III of the dorsal horn, and only a few
immunoreactive cellswere present in the motor nuclei (lamina
IX). Immunoreactive cells and fibers were not apparent in sections of spinal cords that were incubated with antisera preabsorbed with glycine- and GABA-bovine serum albumin conjugates.
Between D 17 and D19, the number of immunoreactive cells
significantly increased(Table 4). The increasein glycinergic cells

D19

Figure 7. Strychnine and bicuculline
increased
the amplitudeof dorsalrootevokedpotentialsin D 19 andD20 motoneurons. Strychnine (10 PM) and bicuculline (20 PM) did not affect the
monosynaptic potentials (stars).
At least
some of the repetitive firing occurred at
constant latencies as illustrated by the
averaged records (five dorsal root stimuli at 0.1 Hz). The effect of the antagonists was completely (bicuculline) or
partially reversible (strychnine).

-50

ms

was apparent in laminae IV, V, and IX (Fig. 8, Table 4) and
more GABAergic cellswere counted in laminae I-III and lamina
IX (Fig. 9, Table 4). Furthermore, during this period, more
glycinergic fibers and GABAergic cells were in closeapposition
to motoneuron somata (Figs. 8, 9). We cannot rule out the
possibility that the number of glycine- and GABA-containing
cellsdid not change,but the concentration of glycine and GABA
increasedwith age making the existing cells more visible.
Discussion
In spinal motoneurons of rat embryos, glycine and GABA produced Cl--dependent membranedepolarizationssimilar to those
described in dissociatedspinal neurons (Barker and Ransom,
1978; Mandler et al., 1990) and other developing central neurons (reviewed by Cherubini et al., 1991). In spinal motoneurons, glycine and GABA generated membranedepolarizations
until at least l-2 d after birth, but it is not known at what age
the agonistsbeganto produce membranehyperpolarization. In
rat CA3 and CA1 hippocampal neurons, the transition from
GABA-induced Cl--dependent depolarizations to hyperpolarizations occurs at the secondweek after birth (Ben-Ari et al.,
1989; Zhang et al., 1990).
The ionic mechanismunderlying glycine- and GABA-induced
depolarizations in embryonic motoneurons is unknown. However, becausethesedepolarizations are Cl--dependent, they may
be produced by an outward Cl- current that is generated by
modified Cll concentrationsacrossdeveloping membranes(Andersenet al., 1980). It hasbeen suggestedthat the internal Clconcentration in hippocampal neurons is regulated by inward
and outward Cl- transport mechanisms(Misgeld et al., 1986).
The inward pump mechanism can increase intracellular Cll

I n

bicuculline

D20

+ strychnine

bicuculline
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D19

D

Figure 8. Light micrographs of transverse sections of D17 (left) and D19 (right) lumbar spinal cords, stained with antiserum to glycine. Ai both
ages, most immunoreactive cells were distributed in laminae V, VI, and VII. Immunoreactive fibers were densely distributed throughout the ventral
and lateral funiculi. By D 19, the number of glycinergic cells increased in laminae IV, V, and IX (Table 4). At this age, glycinergic fibers surrounded
large somata in the motor nuclei (lamina IX). The lower four micrographs are enlargements of dorsal (0) and ventral (v) areas marked by the
dotted lines. Laminae II-IV and IX are marked. Ventral is down; lateral is right. Scale bar: 100 pm for top two micrographs; 60 pm for bottom four
micrographs.
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D19

D

Figure 9. Micrographs of transverse sections of D17 (left) and D19 (right) lumbar spinal cords, stained with antiserum to GABA. By D19, the
number of GABAergic cells increased in laminae I-III and IX. At this stage, GABAergic cells were close to large somata in motor nuclei. The
bottom four microgruphs are enlargements of areas marked by the dottedlines(D and v). Laminae II-IV and IX are marked. Ventral is down;
lateral is right at D17 and left at D19. Scale bar: 100 pm for top two microgruphs; 60 pm for bottom four microgruphs.
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Table

4.

The number

Laminae
I-III
IV
V
VI
VII
VIII
IX
Cells/section

of immunoreactive

cells in certain

Glycine
D17

D19

12.4 -I 0.7
(19.5)
10.6 + 1.4
(16.5)
9.4 + 1.4

12.6 f 1.4
(15.8)
17.2 + 2.0*
(21.6)
18.8 t- 2.8*

(14.6)

(23.5)

10.6 k 1.6

12.4 t- 1.2

(16.8)

(15.4)

17.6 + 2.8

13.8 + 1.2

(27.4)

(17.3)

1.2 + 0.6
(1.9)

1.2 1. 0.2

2.0 t- 0.6

(1.5)
4.0 5 0.6**

(3.3)
64.0 f 7.2

(4.9)
80.2 + 6.0***

laminae

increased

between

GABA
D17
40.6
(23.3)

+ 7.6

6.6

5.4

39.2 i 10.8
k 1.0

(3.2)
3.6 f 0.6

(2.1)
i- 14.2

Data are counts of immunoreactive
cells in lumbar spinal cord of D 17 and D 19 embryos,
average percentage of immunoreactive
cells is given in parentheses.
* Significantly larger than at D17 @ < 0.01).
** Significantly larger than at D17 @ i 0.02)
*** Significantly larger than at D17 (p < 0.04).

concentration and shift Cl- equilibrium potential to a more
positive value. Active accumulation of intracellular Cl- persists
in sensory neurons of adult frog (Alvarez-Leefmans et al., 1988).
An alternative explanation for the induced depolarization is that
other permeable anions with equilibrium potentials more positive than membrane resting potential, are the carriers ofglycineand GABA-gated currents (Araki et al., 196 1; Eccles et al., 1977;
Bormann et al., 1987). This has been shown in crayfish muscle
fibers, in which an outward HCO,- current through GABAgated channel produces membrane depolarization (Kaila et al.,
1989). In these fibers, the increase in intracellular Cll concentration during GABA-induced depolarization is due to passive
redistribution of Cl-.
GABA-induced depolarization may be important for neuronal differentiation, because it activates voltage-sensitive Ca2+
channels and increases intracellular Ca2+ in neonatal but not
mature cortical (Yuste and Katz, 199 1) and cerebellar neurons
(Connor et al., 1987). The elevated intracellular Ca*+ can act
as a modulator that increases neuronal survival (Collins et al.,
199 1; reviewed by Miller, 1988).
Our data illustrate that the depolarization, but not the resistance decrease produced by GABA, is significantly larger than
that evoked by glycine. It is possible that glycine- and GABAgated channels are different in their relative ionic conductances
to small anions. GABA may produce larger depolarization if its
channel is more permeable to HCO,- than glycine-gated channel. However, it is unlikely that glycine generated smaller potentials because its receptors are inserted onto membranes of
more distal dendrites than GABA receptors. Attenuation due
to activation of remote receptors should affect the resistance
and potential changes similarly.
It is not clear why, at D16-D17, membrane depolarization
reversed some dorsal root-evoked potentials after latencies of
more than 100 msec while potentials with shorter latencies were
reversed only at later ages. One possibility is that early Cll-
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D17 and D19

79.4 t 2.4*
(32.5)
34.6 + 1.0
34.0 iz 3.6

(15.9)

29.8 +

174.0

1992,

(16.7)

? 4.4

(17.1)
(22.5)
5.6

October

D19

29.0 *
(16.7)
26.2
(15.1)

of Neuroscience,

33.2 k 2.4
(15.5)
30.8 f 0.6
(14.4)
3.6 t 1.0
(1.7)
7.2 k 1.4**
(3.3)
213.8

& 8.2**

presented as mean f SDM,

activated synapses are located on distal dendrites while later
synapses are established more proximal to the soma. Another
possibility is that the early inhibitory inputs that synapse on
motoneurons are activated by a chain of synapses similar to the
cutaneous pathways while pathways with fewer synapses, such
as the Ia inhibition, become more prominent later in development (Fig. 10). The conductance velocity of intercostal nerves
increases twofold during embryonic development (ZiskindConhaim, 1988b), but it is unlikely that such an increase could
account for the difference in the latencies.
This is the first study to illustrate that the actions of glycine
and GABA antagonists on dorsal root-evoked potentials change
during development. The mechanisms underlying strychnine
and bicuculline inhibition of dorsal root-evoked potentials are
unknown. The simplest explanation is that at the onset of synaptogenesis (D16-D17) most ofthe synaptic contacts are formed
by glycinergic and GABAergic neurons (Fig. 10, D 17). Therefore, dorsal root-evoked potentials are Cl--dependent and are
blocked by strychnine and bicuculline. NMDA-mediated
synapses are important for neuronal excitation of such glycinergic
and GABAergic pathways, because at this age APV blocks the
long-latency polysynaptic potentials (Ziskind-Conhaim,
1990).
At D 16-D17, short-latency monosynaptic potentials were recorded in 35% of motoneurons. Although those potentials were
not Cl--dependent, they were also blocked by strychnine and
bicuculline. It is possible that early in development of synaptic
pathways an inhibitory neurotransmitter
other than glycine,
GABA, or ACh acts presynaptically to block synaptic transmission in primary afferent fibers. Such an inhibitory pathway,
which is generally suppressed by glycinergic and GABAergic
synapses, may be unmasked when the inhibitory synapses are
blocked.
Excitatory synapses are established on all motoneurons by
D19, and the relative strength of the inhibitory and excitatory
synapses determines the amplitude of compound dorsal root-
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anismscan contribute to the attenuated responsesto glycine and
GABA. For example, developmental changesin the molecular
structures of glycine and GABA receptors (Akagi and Miledi,
1988; Becker et al., 1988; Hoch et al., 1989) or establishment
of inhibitory synapseson more distal dendrites can result in
smaller depolarizations. It is unlikely that the decreasein motoneuron responses
is due to a shift in Cl- equilibrium potential,
becauseduring the last week in utero the changein membrane
resistancewas also reduced.
Our study showsthat during embryonic development, GABA
and glycine induce Cl--dependent depolarizing potentials. The
data suggestthat inhibitory synapsesare first formed when dorEXCITATORY
(-J---+
STRONG
sal root afferentsbeginto establishsynaptic contactswith spinal
----_INHIBITORY
WEAK
neurons. At this age, dorsal root stimulation evokes Cl--meFigure 10. Schema
of possibleinhibitory andexcitatory synapses
bediated depolarizing potentials that are blocked by strychnine
tweendorsalrootafferents,intemeurons,
andmotoneurons
of D 17 (left)
and bicuculline. Strong excitatory synaptic inputs are formed
and D19 (right) embryos.At D17, stronginhibitory connectionsare
formedon motoneurons
(Mn) whileexcitatorysynapses
areeitherweak by D 19, and disinhibition by strychnine and bicuculline induces
large depolarizing synaptic potentials. The changesin the relor arenot yetestablished
(D17, dashedline). This explains the inhibitory
ative contribution of inhibitory inputs to dorsal root-evoked
action of strychnine and bicuculline on dorsal root-evoked potentials.
At this age,the reversalof the long-durationpotentialsafter long lapotentials may be the result of both reorganization of neuronal
tencies may be due to innervation of inhibitory neurons by multisypathways and changesin the location and structure of glycine
naptic pathways (broken circle, 017). At the onsetof synaptogenesis, and GABA receptors.
NMDA-activated synapses (asterisk) play animportantrolein neuronal
D17

D19

excitation. By D19, the duration of dorsal root-evoked potentials is
shorter, and somepotentialsreverseafter shorterlatencies,probably
due to the elimination or weakening of some multisynaptic contacts
(DI 9, broken line). At this age, mono- and polysynaptic excitatory pathways are established, and the amplitude ofdorsal root-evoked potentials

increases
whenthe inhibitory synapses
areblocked.Furthermore,suppressingmultipleinhibitory pathways(broken circle, D19) can explain
the observed prolongedandrhythmic firing of motoneurons.
evoked potentials (Fig. 10, 019). Although Cl--dependent potentials depolarize rather than hyperpolarize motoneurons,their
inhibitory action is attributed to the large decreasein input
resistance.A decreaseof 50% in membraneresistancecan probably shunt the membrane to incoming excitatory potentials.
Therefore, inhibition of glycine- and GABA-activated synapses
increasesthe amplitude of the depolarizing potentials.
At D 19, strychnine and bicuculline produced repetitive firing
that occurred at almost constant intervals, suggestingthat the
disinhibition unmasksneuronal pathways that are effectively
blocked by glycine- and GABA-mediated synapses(Fig. 10,
D19). Our finding that the number of glycinergic and GABAergic cells increasesin the dorsal horn and motor nuclei
during the last week in utero suggests
that new synaptic contacts
are formed during this period. In rat embryos, numerous synaptic connectionsare formed betweenD 15and D 19ofgestation.
At D 16, dorsalroot afferentsdo not extend into the motoneuron
dendritic field and in most motoneuronsdorsal root stimulation
producesonly polysynaptic potentials(Ziskind-Conhaim, 1990).
By D18-D19, however, monosynaptic contacts are formed on
all motoneurons. It is possible,therefore, that the apparent reversed action of strychnine and bicuculline by D19 is due to
reorganization of synaptic contacts.
During the last week in utero, the gradual decreasein the
duration ofdorsal root-evoked potentials may result from weakening or elimination of multisynaptic pathways (Fig. 10, D 19).
The gradual decreasein motoneuron responsesto glycine and
GABA may also be related to the rearrangement of synaptic
contacts. Elimination of multisynaptic pathways can initiate a
decreasein the number ofglycine and GABA receptors,resulting
in reducedresponsesto the amino acids. However, other mech-
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