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Ca®*-Permeable AMPA Receptors and Spontaneous Presynaptic
Transmitter Release at Developing Excitatory Spinal Synapses
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At many mature vertebrate glutamatergic synapses, excitatory
transmission strength and plasticity are regulated by AMPA and
NMDA receptor (AMPA-R and NMDA-R) activation and by pat-
terns of presynaptic transmitter release. Both receptors poten-
tially direct neuronal differentiation by mediating postsynaptic
Ca?" influx during early development. However, the develop-
ment of synaptic receptor expression and colocalization has
been examined developmentally in only a few systems, and
changes in release properties at neuronal synapses have not
been characterized extensively. We recorded miniature EPSCs
(MEPSCs) from spinal interneurons in Xenopus embryos and
larvae. In mature 5-8 d larvae, ~70% of mEPSCs in Mg? " -free
saline are composed of both a fast AMPA-R-mediated compo-
nent and a slower NMDA-R-mediated decay, indicating recep-
tor colocalization at most synapses. By contrast, in 39-40 hr
embryos ~65% of mEPSCs are exclusively fast, suggesting
that these synapses initially express predominantly AMPA-R. In

a physiological Mg?* concentration (1 mm), mEPSCs through-
out development are mainly AMPA-R-mediated at negative
potentials. Embryonic synaptic AMPA-R are highly Ca®"-
permeable, mMEPSC amplitude is over twofold larger than at
mature synapses, and mEPSCs frequently occur in bursts con-
sistent with asynchronous multiquantal release. AMPA-R func-
tion in this motor pathway thus appears to be independent of
previous NMDA-R activation, unlike other regions of the devel-
oping nervous system, ensuring a greater reliability for embry-
onic excitatory transmission. Early spontaneous excitatory ac-
tivity is specialized to promote AMPA-R-mediated synaptic
Ca?" influx, which likely has significant roles in neuronal
development.
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AMPA and NMDA glutamate receptor subtypes (AMPA-R and
NMDA-R) are colocalized postsynaptically at many mature cen-
tral glutamatergic synapses and are activated concurrently by
synaptic transmitter release (Nicoll et al., 1990). AMPA-R are
used for fast excitatory signaling, whereas NMDA-R-mediated
Ca?" influx is believed to underlie multiple forms of develop-
mental and activity-dependent synaptic plasticity, including long-
term potentiation (LTP). Because NMDA-R are usually not
functional until the postsynaptic membrane is depolarized by
AMPA-R activation, the proximity and degree of coactivation of
both receptors at individual excitatory synapses have important
implications for function and plasticity at both developing and
mature synapses.

A number of developmental studies support a predominant role
for NMDA-R in initial glutamatergic transmission (Constantine-
Paton and Cline, 1998; Feldman and Knudsen, 1998). NMDA-R
are detected first at developing excitatory synapses in mammalian
hippocampus (Durand et al., 1996; Liao et al., 1998), sensory
cortex (Crair and Malenka, 1995; Isaac et al., 1997) and spinal
cord (Ziskind-Conhaim, 1990), and in Xenopus optic tectum (Wu
etal., 1996). NMDA-R synaptic currents are also more prolonged
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initially than at later stages (Carmignoto and Vicini, 1992; Hes-
trin, 1992), and NMDA-R-mediated Ca?" influx may serve mul-
tiple roles in synaptic development (Sheetz and Constantine-
Paton, 1994; Sheetz et al., 1997; Constantine-Paton and Cline,
1998). Functional AMPA-R expression may be induced at ini-
tially “silent” synapses by NMDA-R activation (Malenka and
Nicoll, 1997). However, it remains unclear how NMDA-R pro-
vide this induction signal because transmission at immature, pure
NMDA-R synapses usually is revealed only at depolarized po-
tentials or in Mg?"-free saline. Depolarizing GABA responses
may have such a role in some immature neurons (Ben-Ari et al.,
1997; Constantine-Paton and Cline, 1998).

Alternatively, Ca®"-permeable AMPA-R may mediate Ca>*-
dependent developmental and plastic synaptic changes indepen-
dently of NMDA-R. Ca**-permeable AMPA-R are expressed
first on cultured rat hypothalamic and Xenopus spinal neurons
(van den Pol et al., 1995; Gleason and Spitzer, 1998) and underlie
mature excitatory transmission in chick cochlear nucleus (Otis et
al., 1995). Synaptic AMPA-R function can be modulated directly
by postsynaptic AMPA-R-mediated Ca®" entry (Gu et al., 1996;
Jia et al., 1996; Mahanty and Sah, 1998), but little is known about
the developmental appearance of Ca?*-permeable AMPA-R at
embryonic synapses in vivo. Additionally, few studies have exam-
ined changes in patterns of presynaptic transmitter release (Gao
et al., 1998; Wall and Usowicz, 1998) that may influence the
contribution of AMPA-R and NMDA-R to developing synaptic
responses.

We use whole-cell recordings of spontaneous mEPSCs to an-
alyze functional properties of glutamate receptors at developing
excitatory spinal synapses in Xenopus embryos and larvae. We
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find that both AMPA-R and NMDA-R are colocalized at most
mature larval synapses. At embryonic stages, mEPSCs are medi-
ated almost entirely by AMPA-R at negative membrane poten-
tials, have larger amplitudes, and frequently occur in bursts,
differing from mEPSC activity at mature stages. Furthermore,
AMPA-R are permeable to Ca®* from their earliest detection,
suggesting that AMPA-R activation provides a pathway for Ca®*
influx that may serve an important role in the plasticity of devel-
oping spinal synapses.

MATERIALS AND METHODS

Spinal cord preparations. Experiments were performed on Xenopus laevis
embryos and larvae at developmental stages between 39 hr after fertili-
zation and 8 d of age. Animals were staged by standard morphological
criteria (Nieuwkoop and Faber, 1967), and the results are grouped into
three developmental categories that we refer to as embryonic, early
larval, and mature larval stages. The embryonic stage is 39-40 hr after
fertilization (morphological stage 31/32), which precedes hatching by
~15 hr. The early larval stage (~54 hr; stage 37/38) corresponds to the
stage of hatching and the beginning of free swimming (Sillar and Rob-
erts, 1988). Mature larvae were 5-8 d of age.

Spinal cords were dissected and secured for recording by using meth-
ods similar to those reported previously (Rohrbough and Spitzer, 1996).
Larvae were decapitated in recording solution containing 0.1 pg/ml TTX
(see below) and pinned into small Sylgard (Dow Corning, Midland, MI)
wells in 35 mm culture dishes. Trunk skin and dorsal tail muscle were
removed with the aid of an electrolytically sharpened tungsten needle
and fine forceps. Then the needle was used to lightly score the meningeal
membranes along the dorsal midline of the spinal cord to expose the cell
bodies of dorsal and dorsolateral neurons. Embryos were removed from
their jelly membranes in recording solution containing TTX and 50 um
d-tubocurare to inhibit muscle movement, and the spinal cord was
transected with forceps just caudal to the hindbrain. Trunk skin was
removed with needle and forceps, and gut tissue was cut away to the
ventral edge of the myotomal muscle. Preparations were pinned through
the muscle and notochord into a Sylgard well and, in most cases, exposed
for 5-10 min to collagenase B (0.1 mg/ml; Boehringer Mannheim, Indi-
anapolis, IN), which facilitated the dissection of dorsal myotomal muscle
from the spinal cord. Collagenase-containing solution then was replaced
with fresh recording solution. We did not observe any differences in
mEPSC properties in collagenase-treated versus untreated preparations.

Electrophysiological recordings. Preparations were visualized at 500X
magnification with interference contrast optics on an upright Zeiss
microscope and superfused continuously with recording saline (~2 ml/
min) in a bath volume maintained at ~0.5 ml. Whole-cell voltage-clamp
recordings (Hamill et al., 1981) of spontaneous miniature synaptic cur-
rents (MEPSCs) and kainate-evoked whole-cell currents were made with
a Dagan 8900 amplifier (Dagan, Minneapolis, MN). Recording pipettes
were pulled from 100 ul capillaries (Drummond Scientific, Broomall, PA)
with a Flaming/Brown electrode puller (model P-87, Sutter Instruments,
Novato, CA) and had 3-5 M resistances when filled with pipette
solution. Seals were formed on exposed and clearly visualized cell bodies
(10-20 wm diameter) by applying gentle suction to the pipette, followed
by a manual suction pulse to achieve whole-cell configuration. All re-
cordings were obtained from neurons positioned in the dorsal quarter of
the spinal cord just lateral to Rohon-Beard sensory neurons. These
neurons are most likely either dorsolateral commissural or dorsolateral
ascending interneurons (Roberts and Clarke, 1982; Clarke and Roberts,
1984; Roberts et al., 1988; Sillar and Roberts, 1988; Sillar and Simmers,
1994). By previous convention (Sillar and Simmers, 1994; Rohrbough and
Spitzer, 1996) they are denoted here as dorsolateral interneurons (DLi).

DLi receive excitatory glutamatergic input from Rohon-Beard neu-
rons as well as inhibitory input from other interneurons (Dale, 1995). In
initial recordings from mature larvae in standard external saline (see
below) containing no added drugs, several classes of spontaneous synap-
tic currents were observed consistently. The most frequent class of
currents reversed near the expected Cl~ equilibrium potential, had
monoexponential decay time constants of ~10 msec, and were abolished
by 1 uM strychnine, indicating that they were glycinergic mIPSCs. To
unambiguously isolate glutamatergic mEPSCs, we made all recordings
that were analyzed for this study in the presence of 0.1 ug/ml TTX, 1 um
strychnine, and 50 uM bicuculline to block action potential-evoked syn-
aptic currents and mIPSCs mediated by glycine or GABA, respectively.
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mEPSCs were recorded at holding potentials between —70 and +60 mV.
Series resistance (Rg) estimated from current transients (digitized at 50
kHz) generated by a 10 mV depolarizing step from —70 mV was typically
4-10 MQ. Because the maximum amplitude of mEPSCs was several
hundred picoamps, electronic compensation for Rgq was usually not ap-
plied. Whole-cell access was monitored at regular intervals during re-
cordings, and data were discarded if Ry was not stable. Whole-cell
responses to kainate were evoked by focal pressure application (100-200
msec, ~3 psi) of 500 uMm kainic acid in external saline, using a patch
pipette positioned 30—-40 um from the cell.

Data acquisition and analysis. Continuous amplified current signals
were filtered at 1 kHz and stored on videotape (Neurocorder model
DR-390, Neuro Data Instruments, New York, NY). Selected portions
were digitized later at 5 kHz by using DM A TL-1 interface hardware and
pClamp Fetchex 5.5 software (Axon Instruments, Foster City, CA).
mEPSC detection and sorting were performed with analysis software
(ACSPLOUF) written and generously provided by Dr. Pierre Vincent
(University of California, San Diego), described elsewhere (Vincent and
Marty, 1993). Briefly, a user-defined detection window captured current
transitions when they exceeded a threshold above baseline within a
specified interval of three to four digitized points (0.6—-0.8 msec). The
detection threshold typically was set at 6-7 pA. Peak amplitude and
time-to-peak for each event were determined relative to the preceding
portion (2-5 msec) of the window, which was averaged and assigned as
baseline. Each detected event was displayed on a computer monitor
along with its idealized amplitude and rise time and visually reviewed so
that noise, superimposed events, and obvious artifacts could be rejected.
In most cases, >100 mEPSCs were collected under control conditions as
well as for each pharmacological condition that was assayed, except for
AMPA-R antagonists. Cells for which <50 mEPSCs were recorded in
control saline (usually embryonic neurons) were excluded from analysis.
For recordings in Mg?*-free saline, the set of accepted events for each
record then was reviewed and sorted further into several kinetic catego-
ries (i.e., fast, dual, slow). The individual events assigned to each cate-
gory, numbering from between 5 and 10 to several hundred events, were
aligned on the rising phase and averaged to generate a mean mEPSC.
The rise time, peak amplitude, and decay kinetics of the mean mEPSC
reliably reflected the properties of individual mEPSCs and provided a
convenient method for illustrating overall amplitude and kinetic properties
of mEPSCs during development. Peak amplitudes and decay time con-
stants of mean mEPSCs were measured with Clampfit 6 analysis software
(Axon Instruments). For recordings in 1 mm Mg?", mEPSC kinetic
properties were nearly homogeneous, and mean amplitude therefore was
determined by averaging the amplitudes of all mEPSCs in the record. In
a subset of these recordings, mEPSCs also were divided into fast and
dual categories. Dendritic filtering did not appear to contribute signifi-
cantly to mEPSC variability, because both small- and large-amplitude fast
mEPSCs had similar rise times and decay kinetics.

For a subset of recordings (eight embryonic neurons and nine mature
neurons) made at —70 mV in 1 mM Mg?*, a modified event-detection
protocol was applied to analyze properties of mEPSC bursts, in which
successive events were separated by brief intervals. The width of the
event detection window was reduced to four digitized points (0.8 msec),
with the baseline for each event determined by a single point preceding
the threshold crossing. Using these parameters, we reliably detected and
measured successive peaks and interpeak intervals as brief as 0.8-1.0
msec. Rare mEPSCs separated by briefer intervals or those with nearly
superimposed rising phases were not resolved as distinct events. No
correction was made for underestimated peak amplitudes of mEPSCs
occurring on the falling phase of the preceding event. However, because
fast mEPSC lifetime was <2 msec (~0.4 msec rise times and ~1 msec
decay constants), amplitude errors were limited to those events preceded
by intervals <2 msec. These mEPSCs represented only a small fraction
of all events occurring in bursts, which we arbitrarily defined as mEPSCs
separated by <20 msec.

Kainate-evoked whole-cell currents were recorded at potentials from
—90 to +60 mV, digitized directly to disk at 1 kHz, and analyzed with
pClamp6.

Reversal potential measurements and determination of calcium perme-
abilities. Estimations of relative Ca®" permeability of AMPA receptors
were made by using the Goldman-Hodgkin—Katz equation extended to
accommodate divalent cations, with the assumption that Cs ™, K™, and
Na™ are equally permeant (Mayer and Westbrook, 1987; Gilbertson et
al., 1991). Ionic activity estimates rather than concentrations were used
for these calculations, using activity coefficients of 0.8 for Cs™*, K", and
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Na* and 0.5 for Ca* (Jahr and Stevens, 1993). Liquid junction poten-
tials were measured (Neher, 1992) between the pipette and bath solutions
for each combination of solutions used in reversal potential experiments
and varied between —5 and —9 mV. Corrections for liquid junction
potentials and Rg errors were applied to measured reversal potentials.

Solutions and drugs. The standard external recording solution con-
tained (in mMm): 125 NaCl, 3 KCl, 2 CaCl,, and 5 HEPES, pH 7.4, as well
as TTX (0.1 ug/ml), bicuculline (50 uM), strychnine (1 um), and
d-tubocurare (50 pum). MgCl, (1 mm) was added for recordings in the
presence of Mg?*. Glycine (10 um), a required co-agonist for NMDA-R
activation, was included in the external solution in some experiments.
Solutions were changed by manually switching a four-way stopcock valve
(Hamilton, Reno, NV). The time to exchange the bath was estimated to
be 40-60 sec by measuring changes in liquid junction potential with an
open recording pipette while exchanging test solutions. To ensure com-
plete exchange during mEPSC recordings, we allowed ~2 min for each
solution change. In experiments that used the selective antagonists
GYKI 53655 and APV, complete blockade usually was achieved after
several minutes of drug perfusion, but much longer periods (>10 min) of
washing were necessary for complete or nearly complete reversal, par-
ticularly for GYKI (see Fig. 3). It also was difficult to reverse the effects
of Mg?™", which blocks NMDA-R in Xenopus spinal neurons with a Ky, of
~20 uM (Zhang and Auerbach, 1995), even after extensive washing in
saline with no added Mg?*. Therefore, once these antagonizing agents
had been applied, we avoided making recordings in standard saline from
a second cell in the same preparation.

mEPSC reversal potential measurements were made in external salines
containing 1 or 20 mm Ca®". The 1 mm Ca?* solution contained (in
mMm): 95 NaCl, 3 KCI, 1 CaCl,, 1 MgCl,, 30 N-methyl-p-glucamine-Cl
(NMG-CI), 50 um APV, and 5 HEPES, pH 7.4. In the 20 mm Ca*"
solution, NMG-CI was replaced with 20 mm CaCl, to maintain an
invariant concentration of permeable monovalent cations. CdCl, (100
uM) was included to reduce current noise at depolarized voltages caused
by Ca?" conductances, improving the resolution of mEPSCs near the
reversal potential. In cultured spinal neurons 200 um Cd>* has no
detectable effect on NMDA receptor current amplitude and reduces
AMPA receptor current by no more than 13% (Gleason and Spitzer,
1998). Kainate reversal potentials were recorded in 0-Na ™ external saline
containing (in mm): 95 NMG-CI, 20 CaCl,, 3 KCI, 1 MgCl,, and 5
HEPES, pH 7.4.

Standard pipette solution contained (in mm): 120 CsCl, 5 EGTA, 2
Mg-ATP, and 10 HEPES, pH 7.4. KCI was substituted for CsCl in the
patch solution in some recordings; no differences in mEPSC properties
were observed between these two solutions. NaCl, KCI, MgCl,, and
CaCl, were obtained from Fisher Scientific (Tustin, CA) and HEPES
from Research Organics (Cleveland, OH). Kainate, CNQX, and APV
(2-amino-5-phosphonovaleric acid) were obtained from Research Bio-
chemicals (Natick, MA). GYKI 53655 is a 2,3-benzodiazepine com-
pound that is a highly selective noncompetitive antagonist of AMPA-
preferring receptors without effect on kainate-preferring receptors
(Donevan and Rogawski, 1993; Zorumski et al., 1993; Paternain et al.,
1995). GYKI was a generous gift of Dr. D. Leander (Lilly Research
Laboratories, Indianapolis, IN). Other chemicals and drugs were ob-
tained from Sigma (St. Louis, MO).

Statistics. The two-tailed Student’s ¢ test was used for statistical anal-
ysis, and p values = 0.05 were taken to be significant. Variability in
mEPSC amplitudes recorded in each neuron is reported as SD. All other
data, including mean SDs, are reported as mean + SEM.

RESULTS

Three classes of spontaneous mMEPSCs are evident in
dorsolateral interneurons of mature larvae in the
absence of Mg?*
Whole-cell recordings of spontaneous mEPSCs were made from
cell bodies of visually identified neurons in the dorsolateral spinal
cord (Fig. 1). These DLi (Sillar and Simmers, 1994; Rohrbough
and Spitzer, 1996) are likely either dorsolateral commissural or
ascending interneurons (Roberts and Clarke, 1982; Clarke and
Roberts, 1984; Sillar and Roberts, 1988).

In mature (5-8 d) larvae three types of mEPSCs, distinguish-
able by their peak amplitudes and kinetic properties, are observed
in most recordings from DLi held at —70 mV in Mg?"-free saline
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Figure 1. Excitatory synapses on dorsolateral interneurons (DLi) are
examined in intact Xenopus embryonic and larval spinal cords. A sche-
matic representation of neurons in the early larval spinal cord is shown.
Glutamatergic mEPSCs described in this study originate from Rohon—
Beard cells. The DL also receive inhibitory input from other interneu-
rons (data not shown) and make excitatory connections onto motoneu-
rons. Whole-cell recordings were made between developmental stages 31
(39 hr after fertilization) and 48 (7-8 d) from interneurons identified by
the superficial location of their cell bodies in the dorsolateral spinal cord.

containing 0.1 pg/ml TTX (Fig. 24,B). These mEPSCs are cat-
egorized as “fast,” “slow,” or “dual” (dual component). Dual
mEPSCs are most common, constituting 71 = 2% of all mEPSCs
(range, 62-82%; n = 16; Table 1). Dual mEPSCs are composed
of an initial fast component with a rapid rise time (mean rise time
<300 usec) and decay time constant of ~1 msec, followed by a
smaller and much slower component of variable duration, in
which single channel current transitions of —4 to —5 pA occa-
sionally can be resolved (Fig. 2B). A minority (21 * 2%; range,
10-38%) of mEPSCs having only a fast current component also
is observed in nearly all (15 of 16) cells. Fast mEPSCs and the fast
component of dual mEPSCs have mean peak amplitudes of
—28 = 2 and —34 = 3 pA, respectively, and are kinetically
indistinguishable (Fig. 2B,C, Table 1). mEPSC rise times and
peak amplitudes exhibit only a slight, positive correlation (data
not shown), indicating that they are not influenced significantly by
electrotonic filtering. Both fast and dual mEPSCs also are re-
corded at strongly depolarized potentials (+60 mV; Fig. 2C). In
addition, a third class of slow, noisy mEPSCs resembling the slow
component of dual mEPSCs is observed with a low incidence
(8 = 2%; range, 0-23%; n = 16) in most records (Fig. 2B1). Slow
mEPSCs are initiated by the approximately synchronous opening
of two to three individual channels of —4 to —5 pA amplitude. In
addition, individual single channel openings by the same class of
receptors (see below) can be resolved in many recordings. Be-
cause it was impossible to discern whether this channel activity
results from synaptic receptor activation or from the diffusion of
transmitter to nonsynaptic receptors, it is not included in mEPSC
analyses.

To better quantify the properties of these three populations
of mEPSCs at mature larval synapses, we constructed mean
mEPSCs by averaging dual, fast, and slow mEPSCs recorded
from each neuron (Fig. 2B2,C2). Mean dual mEPSCs in most
cases are well fit by two exponentials, having fast time constants
of 1.1 = 0.1 msec (n = 16). The slow time constant of dual
mEPSCs is 10-50 times longer at —70 mV (mean, 26.8 * 5.4
msec; n = 16; Table 1), and is prolonged two- to threefold by
depolarization to +60 mV (Fig. 2B,C; n = 4). Although the slow
current component of dual mEPSCs averages only —8 to —10 pA
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Figure 2. mEPSCs recorded from mature excitatory synapses are predominantly dual component in Mg?*-free saline. 4, Continuous traces of mEPSCs
recorded at —70 mV (bottom trace) and +60 mV (top trace). All recordings in this and subsequent figures were made in the presence of TTX (0.1 ug/ml),
strychnine (1 uM), and bicuculline (50 uM) to block action potentials and mIPSCs. B, C, Examples of dual-component (dual mEPSCs), fast, and slow
mEPSCs recorded at —70 mV (BI) and dual and fast mEPSCs recorded at +60 mV (CI). Dual mEPSCs, consisting of a fast initial current component
followed by a variable slow decay, predominated at both potentials. B2, C2, Mean dual-component (n = 113, =70 mV; n = 49, +60 mV) and fast mEPSCs
(n =34, =70 mV; n = 3, +60 mV); slow mEPSCs were too infrequent to construct an average. Single-exponential (fast mEPSCs) and double-exponential
(dual mEPSC:s) fits are superimposed on the mean mEPSC traces. D, Distribution of fast, dual-component, and slow mEPSCs at both potentials. All data

are from a single DLi in a 6 d larva.

in amplitude, it constitutes ~90% of the current area of the mean
dual mEPSC. Mean fast mEPSCs are fit adequately in most cases
by a single time constant (Fig. 2B,C) that does not differ signif-
icantly at —70 mV (0.8 = 0.1 msec; n = 16) from the fast time
constant of dual mEPSCs (Table 1). Because slow mEPSCs occur
rarely and vary substantially in duration at —70 mV, their kinetic
properties were not quantified.

mEPSCs at mature synapses are mediated by both
AMPA-R and NMDA-R

To determine which glutamate receptor subtypes underlie mEP-
SCs at DLi synapses in mature larvae, we studied the effects of
specific AMPA-R and NMDA-R antagonists. GYKI 53655
(25-50 um), a highly selective noncompetitive antagonist of
AMPA-R (Donevan and Rogawski, 1993; Zorumski et al., 1993;
Paternain et al., 1995), completely and selectively abolishes both
fast mEPSCs and the fast component of dual mEPSCs after
several minutes of exposure, while sparing the slow current com-
ponent (Fig. 34,B; n = 6). In the presence of GYKI, the addition
of 1 mm Mg?*, a voltage-dependent blocker of NMDA-R chan-
nels, abolishes the remaining slow mEPSCs at —70 mV, revealing
occasional bursts of single channel openings. These channel
events have an estimated conductance of ~50 pS (assuming a
reversal potential of 0 mV; n = 3), which is close to the expected
size for NMDA-R channels undergoing periodic relief of Mg?*
blockade (Zhang and Auerbach, 1995). At strongly depolarized

potentials (+30 to +60 mV) expected to relieve the Mg block-
ade of NMDA-R, slow mEPSCs are revealed (n = 3) with decay
constants several-fold longer than at —70 mV (Fig. 3B; also
2B,C), demonstrating a positive effect of voltage on NMDA-R
synaptic current decay similar to that reported previously (Hes-
trin, 1992).

APV (50-100 uMm), a specific NMDA-R antagonist, selectively
abolishes the slow component of mEPSCs as well as background
single NMDA-R channel openings within 2-3 min exposure (n =
5). The mean mEPSC remaining in APV is indistinguishable
from the control fast mEPSC at both negative and positive po-
tentials (Fig. 3C,D). These results demonstrate that the fast and
slow mEPSC components are mediated by AMPA-R and
NMDA-R, respectively.

Glycine is a required co-agonist for NMDA-R activation
(Johnson and Ascher, 1987). The addition of 10 uM glycine to the
external saline in recordings from mature DLi does not change
the distribution of mEPSCs significantly (n = 4; data not shown),
suggesting that in control recordings glycine is present at endog-
enous levels sufficient to permit NMDA-R activation. Larval DLi
also receive strong glycinergic inhibitory synaptic input (Dale,
1995). In recordings from mature larvae in drug-free standard
saline (data not shown), we consistently observed frequent mIP-
SCs that were abolished after the addition of 1 uM strychnine;
thus endogenous glycine may be supplied by spontaneous release
at nearby inhibitory synapses.
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Table 1. Developmental changes in amplitudes and kinetics of mEPSCs recorded at —70 mV in Mg>*-

free and 1 mm Mg>*-containing salines

Embryonic Early larval Mature
(39-40 hr) (54 hr) (5-84d)
1. Mg**-free saline
a. Peak amplitudes (pA)
fast mEPSCs =55%+6(5) —46 =9 (6) —28 =2 (16)
dual mEPSCs =72+10 =56 £ 11 -34+3
b. Decay time constants (ms)
fast mEPSC 7 1.1x0.2(5) 12 =0.1(6) 1.1 = 0.1 (16)
dual mEPSC fast 7 09 *0.1 1202 0.8 0.1
dual mEPSC slow T 82x20 21.8 £7.6 268 =54
c. Incidence of dual mEPSCs 32+5%(5) 40 £ 3% (6) 71 = 2% (16)
IL 1 mm Mg?* saline
a. Peak amplitudes (pA)
mean mEPSC* =74 £ 7(17) — =30 *x2(13)
b. Decay time constants (ms)
fast mEPSC 7** 0.7 £ 0.7 (6) — 1.0=0.2(4)
dual mEPSC fast 7% 0.6 = 0.0 — 0.7+ 0.1
dual mEPSC slow 7** 55*+09 — 44+03
c. Incidence of dual mEPSCs 7+ 1% (6) — 14 =3% (4)

mEPSC amplitude, decay time constants, and incidence during development. I. mEPSC properties in Mg>*-free external
saline at embryonic (39-40 hr), early larval (54 hr), and mature larval (5-8 d) developmental stages. II. mEPSC properties
in 1 mm Mg?"-containing external saline at embryonic and mature stages. Mean mEPSC peak amplitude in 1 mm Mg?* (a;
*) was determined in 17 embryonic and 13 mature cells by averaging peak amplitudes of all mEPSCs in each record (see
Materials and Methods). In six embryonic and four mature recordings, mEPSCs were subcategorized further as fast or dual
(b; **) to measure decay time constants of fast and dual mEPSCs and incidence of dual mEPSCs (c). Number of experiments
(n) in each section is indicated in parentheses; n for the first value applies to those immediately beneath.

mEPSCs at embryonic synapses are mediated
predominantly by AMPA-R

To study the involvement of AMPA-R and NMDA-R at excita-
tory synapses during their development, we examined the phar-
macological and kinetic properties of mEPSCs in DLi in stage
31/32 embryos (39-40 hr). This stage is ~13 hr after reflex
movements are first detectable, but it precedes hatching and the
free-swimming larval stage by 15 hr (Nieuwkoop and Faber,
1967). mEPSC frequency at these early stages of development is
highly variable, and in some cells too few events were recorded for
statistically significant analysis. However, at —70 mV in Mg>"-
free saline, all neurons in which activity is recorded exhibit both
fast mEPSCs with rapid rise times and decays and dual mEPSCs
with slower decay components (Fig. 4; n = 5). The fast and slow
components of embryonic mEPSCs are blocked selectively by
GYKI (Fig. 44,B; n = 4) and Mg?* (n = 3) or APV (n = 2),
respectively (Fig. 4C,D), indicating that, as at mature synapses,
they are mediated by AMPA-R and NMDA-R.

Embryonic mEPSC distribution and peak amplitudes in Mg?>"-
free saline differ markedly from those at mature synapses, how-
ever (Fig. 5, Table 1). At —70 mV the majority (66 * 6%; range,
47-78%; n = 5) of embryonic mEPSCs is exclusively fast, with
peak amplitudes twofold larger than mature fast mEPSCs. Dual
mEPSCs occur more rarely (32 = 5%; range, 21-50%; n = 5) and
also have peak amplitudes over twofold larger than in mature
larvae. The rise times and decay kinetics of fast mEPSC current
components are indistinguishable from those at mature stages.
However, the slow NMDA-R-mediated component of embryonic
dual mEPSCs is less prominent and has a significantly faster
decay constant (8.2 * 2.0 msec; n = 5) than at mature synapses.
Single channel activity resembling NMDA-R channel openings is
also sometimes present, but slow mEPSCs are observed only
rarely (3 = 2%; range, 1-9%; n = 5).

The predominance of fast mEPSCs at embryonic excitatory
spinal synapses suggests that they differ in two possible respects
from mature larval synapses: (1) the majority of embryonic
synapses expresses only AMPA-R; or (2) NMDA-R are present,
but most are nonfunctional or blocked, even in the absence of
added Mg>". The large, predominantly fast AM PA-R-mediated
mEPSCs present at immature synapses gradually undergo a de-
velopmental transition to smaller dual-component mEPSCs me-
diated by both AMPA-R and NMDA-R in Mg?*-free saline.

At an early larval stage (54 hr), mEPSC pharmacology is
identical to that at embryonic and mature stages (n = 6; data not
shown). Mean mEPSC amplitudes and the distribution of dual
and fast mEPSCs at this stage are intermediate between embry-
onic and mature values (n = 6; Fig. 5, Table 1), indicating that
these properties are changing gradually during development. By
mature larval stages, AMPA-R and NMDA-R are colocalized at
most synapses, evidenced by the 71% incidence of dual-
component mEPSCs (Fig. 5). Depolarization to +60 mV slightly
increases the incidence of dual and slow mEPSCs (see Fig. 2D;
n = 4), probably attributable to relief of a small amount of
residual Mg?" block of NMDA-R at —70 mV, and prolongs the
decay constant of the NMDA-R component by two- to threefold.
However, as noted above, fast mEPSCs are still observed even at
+60 mV. These results indicate that both AMPA-R and
NMDA-R are colocalized at =70% of mature excitatory syn-
apses, whereas most of the remaining synapses express only
AMPA-R.

Early excitatory transmission at these spinal synapses thus is
mediated principally by AMPA-R rather than by NMDA-R. This
finding contrasts with several studies in mammalian hippocampus
(Durand et al., 1996; Liao and Malinow, 1996), sensory cortex
(Crair and Malenka, 1995; Isaac et al., 1997) and spinal motoneu-
rons (Ziskind-Conhaim, 1990), and in Xenopus optic tectum (Wu
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Figure 3.  mEPSCs at mature excitatory spinal synapses are mediated by both AMPA-R and NMDA-R. 4, B, GYKI and Mg?" selectively block the
fast and slow mEPSC components, respectively. A, Continuous traces of mEPSCs recorded at —70 or +60 mV, as indicated. B, Mean mEPSCs are shown
for each corresponding segment of the recording. @, Dual-component mEPSCs predominate in control 0-Mg?>" saline. b, GYKI blocks fast mEPSCs and
the fast component of dual mEPSCs; the mean mEPSC has a slow decay constant comparable to the slow component of the mean dual mEPSC in a. c,
In the continued presence of GYKI the addition of Mg>" blocks all mEPSCs at —70 mV (lower trace), although occasional single channel openings of
4-5 pA are observed that may be attributable to synaptic NMDA-R. At depolarized potentials (+60 mV; upper trace), outward mEPSCs with prolonged
decay constants are evident. These results indicate that fast mEPSC components are mediated by AMPA-R, and the slow component is mediated by
NMDA-R. d, Both dual-component and fast mEPSCs are recorded after >8 min washout of GYKI and Mg?2*. C, D, APV selectively abolishes the slow
mEPSC component. Traces (C) and averaged mEPSCs (D) at —70 mV are illustrated as in 4 and B. a, Dual-component and fast mEPSCs recorded in
control 0-Mg?* saline. b, In the presence of APV and GYKI all mEPSCs are abolished. ¢, After the washout of GYKI in (Figure legend continues)
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Figure 4. mEPSCs at embryonic excitatory spinal synapses are mediated primarily by AMPA-R. 4, B, GYKI and Mg?" selectively block the fast and
slow embryonic mEPSC components, respectively. 4, Continuous traces of mEPSCs recorded at —70 mV. B, Mean mEPSCs for each corresponding
segment of the recording. a, Fast mEPSCs predominate in control 0-Mg?" saline, and the slow component of dual mEPSCs is proportionately smaller
and briefer than in mature mEPSCs (see Fig. 3B). b, The addition of Mg?" reduces the incidence of dual mEPSCs to <10%. ¢, All mEPSCs are abolished
in the presence of Mg?*plus GYKI. d, After the washout of GYKI, fast mEPSCs again predominate. C, D, APV reveals a minor NMDA-R-mediated
component in embryonic dual mEPSCs. Continuous traces (C) and averaged mEPSCs (D) at —70 mV are illustrated as in 4 and B. a, The majority of
mEPSCs recorded in control 0-Mg?* saline are fast. b, In the presence of APV only fast mEPSCs remain, which are indistinguishable from the fast
control mEPSCs. 4, B and C, D were recorded from two cells in different stage 31/32 (39-40 hr) embryos. Mean mEPSCs are averages of =49 events
(fast) and =18 events (dual).
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the continued presence of APV, only fast mEPSCs are observed, which are indistinguishable from fast mEPSCs observed in control saline. 4, B and C,
D were recorded from two cells in different mature 7 d larvae; the recording in 4 and B was made in the presence of 10 um glycine, which did not change
the distributions of mEPSCs significantly (n = 4). Mean fast mEPSCs are averages of 7-21 events; other mean mEPSCs are averages of >50 events.
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Figure 5. The distribution of different classes of mEPSCs changes during
embryonic and larval development. The mean percentages = SEM of fast,
dual, and slow mEPSCs recorded at —70 mV in Mg?>"-free external saline
are plotted for three developmental stages. The incidence of dual,
AMPA-R- and NMDA-R-mediated, mEPSCs increases to >70% at
mature synapses, and the incidence of fast AMPA-R-mediated mEPSC
decreases. The percentage of dual mEPSCs in mature larvae (asterisk;
71 = 2%; n = 12) is significantly greater than the values at both embryonic
(38-40 hr; n = 5) and larval stages (54 hr; n = 6).

et al., 1996), where NMDA-R-mediated synaptic currents pre-
cede AMPA-R-mediated synaptic currents. Our finding is in
agreement, however, with a recent developmental study of cul-
tured Xenopus embryonic spinal neurons showing that AMPA-R
expression precedes NMDA-R expression and that AMPA-
evoked currents are 10-fold larger than NMDA-evoked currents
at 1 d in culture (~40 hr of embryonic development) (Gleason
and Spitzer, 1998).

mEPSCs at both embryonic and mature synapses are
mediated essentially by AMPA-R in the presence

of Mg?2*

The addition of 1 mm Mg?* to the external saline blocks nearly
all of the NMDA-R-mediated synaptic current at —70 mV at
embryonic as well as mature larval synapses, converting most dual
mEPSCs to fast mEPSCs and eliminating slow mEPSCs. As a
result, ~90% of both mature and embryonic mEPSCs in the
presence of Mg?" are exclusively fast, and the slow decay time
constant in the few remaining mature dual mEPSCs is shortened
significantly to ~5 msec (Table 1). Dual mEPSCs with prolonged
slow current components are revealed only at strongly depolar-
ized potentials (+30 to +60 mV; n = 4). At negative potentials
(=30 to =70 mV) the mean mEPSC in Mg?" is kinetically similar
to the fast mEPSCs described above, with a decay constant of ~1
msec. Consistent with earlier results, embryonic mEPSCs in
Mg?" are over twice as large as mature mEPSCs (Table 1). Thus,
over a broad range of negative potentials, synaptic NMDA-R are
functionally blocked in the presence of a physiological Mg?"
concentration. Under most normal conditions the excitatory cur-
rent at DLi synapses therefore must be mediated almost entirely
by AMPA-R, even at mature synapses that express NMDA-R.
This finding further strengthens the conclusion that initial exci-
tatory transmission in the embryonic spinal cord is mediated
mainly by AMPA-R.
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AMPA-R are permeable to Ca2*

AMPA-R in cultured embryonic Xenopus spinal neurons are
permeable to Ca?* (Gleason and Spitzer, 1998). Because trans-
mission at excitatory DLi synapses is mediated predominantly by
AMPA-R, we investigated the Ca®* permeability of these recep-
tors. AMPA-R at embryonic synapses are also permeable to
Ca?". The mEPSC reversal potential in the presence of APV and
Mg?" is shifted in the positive direction by 10 = 1 mV (n = 5)
when external Ca*" is raised from 1 to 20 mm (Fig. 64). Using
the Goldman-Hodgkin-Katz equation, we calculate a relative
Ca?* permeability (Pc/Pmonocation) Of 1.7 = 0.3 (range, 1.0 to
2.5; n = 6) for embryonic synaptic AMPA-R, a value similar to
that found for AMPA-R (relative P, of 1.9) in cultured spinal
neurons (Gleason and Spitzer, 1998).

As a second, independent test for AMPA-R Ca*" permeabil-
ity, we recorded whole-cell responses to puffer-applied 500 um
kainate (KA) in 0-Na ™, 20 mm Ca** saline (Gu et al., 1996; Jia
et al., 1996), which likely activates both synaptic and nonsynaptic
AMPA-R populations. KA reversal potentials for embryonic and
mature larval DLiare =22 = 4mV (n =4)and —30 = 1 mV (n =
3), respectively (Fig. 6 B), indicating significant Ca** permeabili-
ties for AMPA-R in both embryonic and mature neurons. For
embryonic AMPA-R, relative P, values determined from KA
reversal potentials (1.5 + 0.1; n = 4) and mEPSC reversal poten-
tial experiments do not differ significantly, suggesting that Ca®"
permeabilities of both synaptic and nonsynaptic receptors are
similar. For mature AMPA-R, relative P, determined from KA
reversal potentials is 1.0 = 0.1 (n = 3). This value is significantly
less than that for embryonic receptors, but nevertheless it indi-
cates a substantial P, for AMPA-R during the period of devel-
opment that was studied. The Ca®" permeability of these
AMPA-R raises the possibility that, in addition to mediating
excitatory transmission, they allow Ca" influx from the earliest
stages of synaptic activity, which regulates aspects of neuronal
maturation and synaptic plasticity.

Developmental changes in presynaptic activity
patterns and mEPSC amplitude distributions
Spontaneous activity patterns and amplitudes of AMPA-R-
mediated mEPSCs in 1 mm Mg?*-containing saline are strikingly
different at embryonic and mature larval synapses (Figs. 7, 8). At
embryonic synapses a component of spontaneous transmitter
release occurs in a nonrandom manner, with a disproportionate
number of mEPSCs occurring in bursts with a high incidence of
activity, interspersed with periods of much lower frequency (Figs.
7A, 9B). Bursts vary from pairs of mEPSCs to over a dozen
closely spaced events and are observed in all embryonic record-
ings. They appear to result from brief episodes of heightened
release probability at individual presynaptic inputs, because they
occur even when overall mEPSC frequency is low (<1 Hz). The
average embryonic mEPSC frequency (2.1 = 0.6 Hz; n = 17) in
the presence of these bursts is not significantly less than that in
mature neurons (3.0 = 0.9 Hz; n = 13).

To assay bursting behavior, we measured intervals between
mEPSCs. The distribution of inter-mEPSC intervals (IMIs) is
markedly different between embryonic and mature synapses (Fig.
7B-D). All embryonic IMI distributions exhibit a prominent
component of brief intervals (<20 msec; Figs. 7C, 94,B) regard-
less of overall mEPSC frequency (range, 0.7-9.9 Hz; n = 8). By
contrast, at mature synapses with comparable frequencies (0.7—
13.5 Hz; n = 9), brief intervals (<20 msec) are rare, and mature
IMI histograms have approximately single-exponential distribu-
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Figure 6. Embryonic synaptic AMPA-R and the total AMPA-R popu-
lation in both embryonic and mature larval DLi are Ca*"-permeable. 4,
Top, Mean AMPA-R-mediated mEPSCs recorded in 1 and 20 mM exter-
nal Ca?* at three holding potentials from a DLi in a stage 31 (39 hr)
embryo. Mg?" (1 mm) and APV (50 uM) were present to isolate
AMPA-R. Note that the mean mEPSCs at 0 mV have opposite polarity
at the two Ca?" concentrations. A, Bottom, mEPSC I-V relations in 1 and
20 mm Ca?" for the same cell. The mEPSC reversal potential (deter-
mined by interpolation) in 20 mM Ca?* is shifted by +10.5 mV, indicating
a significant Ca>* permeability for synaptic AMPA-R (estimated P, of
1.8 relative to monovalent cations). B, Whole-cell responses to kainate
(KA) in 0-Na™, 20 mm Ca?" external saline support the conclusion
that the AMPA-R population (synaptic plus nonsynaptic) is permeable
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tions consistent with the random occurrence of mEPSCs
(Fig. 7D).

In addition, both mEPSC mean amplitude and variability are
significantly greater at embryonic synapses (Figs. 7C,D, 8). Ma-
ture mEPSCs have amplitude distributions skewed toward larger
values, with mean amplitudes of —30 = 2 pA and SDs of 20 * 2
PA (n = 13). Embryonic mEPSCs have 2.5-fold larger mean
amplitudes (=74 = 7 pA) and SDs (51 = 5 pA; n = 17).
Interestingly, embryonic synapses appear to fall into “low” and
“high” subgroups on the basis of mEPSC mean amplitude and
variability, although both groups have significantly greater values
than those of mature synapses (Fig. 84—C). The embryonic “low”
group has a mean mEPSC amplitude of —53 = 1 pA and broadly
skewed amplitude distributions (SD, 38 = 2 pA; n = 10) that
usually have several wide peaks (Fig. 8 B). The embryonic “high”
group has significantly larger amplitudes (—104 = 10 pA) and a
much wider range in amplitude from cell to cell (Fig. 84,B).
mEPSC amplitude distributions for this latter group of neurons
are broader (SD, 70 = 7 pA; n = 7) and occasionally lack a
predominant peak (Figs. 7C, 8 B). Mean mEPSC amplitudes and
SDs are strongly correlated during development as well as within
each age group, suggesting a developmental reduction and refine-
ment in both mEPSC amplitude and variability (Fig. 8 B). How-
ever, the coefficient of variability (CV) does not change signifi-
cantly and remains surprisingly large (~0.65) even in mature
larvae (Fig. 8C).

The larger amplitude and variability of mEPSCs at embryonic
spinal synapses could be attributable to both pre- or postsynaptic
factors thought to contribute to large synaptic current variability
at other CNS synapses (Bekkers et al., 1990; Bekkers and
Stevens, 1995; Frerking et al., 1995; Nusser et al., 1997; Wall and
Usowicz, 1998). One possibility is that the simultaneous fusion of
multiple transmitter vesicles occurs with a greater probability at
embryonic presynaptic boutons, possibly as a result of spontane-
ous Ca*" influx at boutons with multiple release sites (Bennett et
al., 1995; Frerking et al., 1997). This would be expected to
generate broad mEPSC amplitude distributions with multiple
peaks, as we observed for all 17 embryonic neurons that were
analyzed. However, peak number differs greatly among different
distributions and peak intervals are highly inconsistent, thus
providing no clear evidence for quantal modes of release (Figs.
7C, 8B, 9C), and inflections or notches on the rising phase of
large mEPSCs indicative of multivesicular events (Wall and Uso-
wicz, 1998) are rare.

If large mEPSC amplitudes are generated by a Ca®*-
dependent multiquantal release mechanism, then reducing the
probability of spontaneous release should result in a decrease of
both mEPSC variability and mean amplitude (Frerking et al.,
1997; Wall and Usowicz, 1998). To test this possibility directly, we
recorded embryonic mEPSCs in both normal 2 mm Ca?" and in
saline without added Ca?* (0-Ca>* saline). mEPSC frequency is
greatly reduced (18 = 4% of control; n = 4) in 0-Ca>" saline, as

<«

to Ca?*. B, Top, Currents evoked by 500 um KA focally applied with a
pressure pipette (horizontal bar) in 0-Na*, 20 mm Ca?* saline to a DLi in
a stage 31 embryo. B, Bottom, The KA I-V in 0-Na*, 20 mm Ca?* is
shown for the same embryonic neuron ( filled symbols); the KA reversal
potential is —22 mV, and the estimated relative P, for AMPA-R is 1.5.
Open symbols show the KA I-V in 0-Na*, 20 mm Ca>* for a DLi in a
mature (7 d) larva; the reversal potential is —30 mV, and estimated
relative P, is 1.0.
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Figure 7. AMPA-R-mediated mEPSCs at embryonic synapses occur in spontaneous bursts and have large amplitudes, both of which are absent at
mature synapses. 4, B, Continuous records (top traces) of mEPSCs recorded at —70 mV in 1 mM Mg>" from an embryonic neuron (A4) and a mature
neuron (B). Note the difference in amplitude scales. Portions of the continuous traces contained in the boxed regions are shown on an expanded time
scale (bottom set of traces). Many mEPSCs at embryonic synapses occur in bursts separated by brief intervals (4, bottom trace) even when the overall
frequency is low, whereas at mature synapses (B, bottom trace) such bursts are absent. C, D, Inter-mEPSC interval (IMI) distributions (left panels) and
mEPSC amplitude distributions (right panels) for the cells illustrated in 4 and B. The proportion of brief IMIs (1-20 msec durations) is markedly greater
at the embryonic synapse (C) than at the mature synapse (D) because of events occurring in bursts, although both cells had the same overall mEPSC
frequency; note the different scale of ordinates. Insets show distributions of IMIs <50 msec in each cell in greater detail. All embryonic neurons had
disproportionately greater numbers of brief IMIs. Embryonic mEPSCs have significantly greater amplitudes and variability than mature mEPSCs.
Values above IMI distributions are overall frequency and number of events; values above amplitude distributions are mean amplitude * SD.

expected, but mEPSC mean amplitude (99 = 10% of control) and
variability (96 = 8% of control) are not significantly different
from those in 2 mm Ca®" (Fig. 9C). These parameters are thus
mainly Ca®*-independent and likely derive from factors other
than multiquantal release, such as differences in quantal transmit-
ter content (Frerking et al., 1995), synaptic transmitter concen-
tration (Kullmann and Asztely, 1998), and AMPA-R number or
availability at different release sites (Walmsley, 1995; Nusser et
al., 1997, Walmsley et al., 1998).

In contrast, spontaneous multi-mEPSC bursts are eliminated in
0-Ca*" saline, except for rare doublets (Fig. 9C; n = 4). This
result suggests that the bursts of mEPSCs observed at all embry-
onic synapses are triggered by spontaneous presynaptic Ca®*
entry, resulting in episodes of unsynchronized multiquantal re-
lease over a period of several milliseconds to tens of milliseconds.
The mechanism generating bursts at embryonic synapses is thus

pled with the spontaneous bursting of presynaptic transmitter
release underscore the possibility that AMPA-R are used as an
important source of spontaneous postsynaptic Ca** entry.

DISCUSSION

Early AMPA-R expression and later colocalization of

NMDA-R and AMPA-R at excitatory spinal synapses

mEPSCs at embryonic Xenopus DLi spinal synapses are already
dominated by fast, large-amplitude AMPA-R currents in Mg?*-
free saline within 13 hr after reflex movements begin. Previously,
intracellular mEPSP recordings from DLi in newly hatched (54
hr) larvae suggested that non-NMDA-R and NMDA-R were
primarily segregated at different postsynaptic sites (Sillar and
Roberts, 1991). In contrast, we show that NMDA-R and
AMPA-R are colocalized progressively to >70% of individual
synapses by mature larval stages, producing distinct mEPSC com-

distinct from that underlying larger mEPSC amplitude and vari-
ability. Bursts are equally prominent in embryonic neurons in the
“low” group, which have smaller mEPSC amplitudes and variabil-
ity (Fig. 94,C). Moreover, for all of the neurons that were ana-
lyzed, the mean amplitude of mEPSCs occurring within high-
frequency bursts (<20 msec IMI) does not differ significantly
from that of mEPSCs occurring outside of bursts (Fig. 9B). At
embryonic synapses in particular, large mEPSC amplitudes cou-

ponents similar to those observed at other mature central syn-
apses (Bekkers and Stevens, 1989; Hori and Endo, 1994; Isaacson
and Walmsley, 1995; Wu et al., 1996; O’Brien et al., 1997). In
parallel, AMPA-R mEPSC amplitudes decrease and NMDA-R
mEPSC decay constants lengthen, increasing the relative
NMDA-R contribution to mature synaptic currents. However,
mEPSCs throughout development are predominantly AMPA-R-
mediated under normal physiological conditions (+Mg?").
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Figure 8. mEPSC amplitude and variability decrease with development.
A, Histogram of mean mEPSC amplitudes recorded from embryonic and
mature neurons (—70 mV; 1 mm Mg?*). Mean mEPSC amplitudes at 13
mature synapses are tightly grouped ( filled bars), with an average value of
=30 * 2 pA (n = 13). Embryonic mean mEPSC amplitudes appear to fall
into two populations: a “low” group (n = 10; shaded bars) and a “high”
group (n = 7; open bars), with an overall average amplitude of —74 * 7
pA. B, Variability (SD) in mEPSC amplitude is plotted against the mean
amplitude for 17 embryonic and 13 mature neurons. mEPSC variability is
correlated strongly and positively with mean mEPSC amplitude; regres-
sion values in the panel inset were determined from straight line fits to the
data. A much wider range of mEPSC amplitudes and variability is ob-
served in embryonic neurons, which are plotted in two groups, as in A4.
Inset histograms show representative mEPSC amplitude distributions for
a neuron from each group. C, Mean mEPSC amplitudes (left panel),
variability in amplitude (SD, middle panel), and coefficients of variabil-
ity £ SEM (CV; right panel) for the two embryonic groups and mature
neurons shown in 4 and B. Mean mEPSC amplitude and variability are
significantly larger in both embryonic groups than in mature mEPSCs, but
there is no significant difference in CV during development.
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Properties of embryonic AMPA-R synapses: larger
mEPSC amplitude and variability and asynchronous
multiquantal release

AMPA-R-mediated mEPSCs at embryonic spinal synapses have
unusually large amplitudes and variability in TTX and frequently
occur in unsynchronized bursts. mEPSC variability decreases
with age, as observed at developing cerebellar (Wall and Usowicz,
1998) and hippocampal synapses (Hsia et al., 1998). However, our
finding that mEPSC amplitude decreases by ~60% contrasts
strikingly with studies at other developing central synapses (Wu
et al., 1996; Gao et al., 1998; Hsia et al., 1998; Wall and Usowicz,
1998). Most embryonic mEPSCs are probably monoquantal, be-
cause their amplitude and variability are unchanged after reduc-
ing the probability of synchronous multiquantal fusion with
0-Ca?" saline. By contrast, the dependence of bursts on external
Ca?" suggests that they are triggered by spontaneous presynaptic
Ca?" influx, resulting in episodes of unsynchronized multiquan-
tal release. mEPSCs have similar amplitude and variability
whether they occur in bursts or in isolation, indicating that they
occur at the same population of synapses. This form of multi-
quantal release, which has not been described previously at a
developing central synapse, may serve to increase the frequency
of immature spontaneous synaptic currents to a functionally
significant level.

Variability in miniature synaptic currents observed at many
central synapses may derive from several factors, including in-
trinsic variability at individual synapses, synaptic heterogeneity
such as different postsynaptic receptor densities, and multiquantal
release (Bekkers et al., 1990; Borst et al., 1994; Bekkers and
Stevens, 1995; Frerking et al., 1995, 1997; Liu and Tsien, 1995;
Walmsley, 1995; Isaacson and Walmsley, 1996; Auger et al., 1998;
Wall and Usowicz, 1998). The simplest explanation for our results
is that embryonic DLi synapses have both greater variability and
number of postsynaptic AMPA-R (Liu and Tsien, 1995; Wall and
Usowicz, 1998) than at mature larval synapses. Postsynaptic
AMPA-R and GABA, receptor number, respectively, underlie
activity-modulated changes in mEPSC amplitude in cultured rat
spinal neurons (O’Brien et al., 1998) and large variation in
mIPSC amplitude in mouse cerebellar stellate cells (Nusser et al.,
1997). However, embryonic AMPA-R that have greater conduc-
tance or are differently modulated (Benke et al., 1998) or differ-
ences in synaptic transmitter concentrations (Frerking et al.,
1995; Kullmann and Asztely, 1998) also could contribute to
mEPSC amplitude and variability. The large CV throughout
development suggests that some combination of these factors
maintains a large relative variability in quantal amplitude. Larval
DLi receive excitatory input from up to three to four Rohon-
Beard neurons, probably via en passant synaptic contacts, and
have compact dendritic arbors (Soffe et al., 1984; Roberts et al.,
1988; Sillar and Roberts, 1988). However, detailed synaptic struc-
tural features including synapse size, number, and distribution,
which could correlate to functional developmental changes (Ben-
nett et al., 1995; Walmsley et al., 1998), have not been examined.
Determining whether mIPSCs undergo similar changes will de-
termine whether similar mechanisms exist at embryonic inhibi-
tory spinal synapses.

Ca?* permeability of AMPA-R

Transmission mediated by Ca*"-permeable AMPA-R has been
reported at several mature synapses (Otis et al., 1995; Mahanty
and Sah, 1998), but it is unclear how the expression of these
receptors is regulated developmentally or whether they have a
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Figure 9. Ca®*-dependent unsynchronized multiquantal release under-
lies mEPSC bursts at embryonic synapses. 4, B, mEPSC amplitude at
embryonic and mature synapses is independent of spontaneous fre-
quency. A, Scatter plot of mEPSC amplitudes versus mEPSC intervals
(IM], in log scale) preceding each event for two embryonic neurons from
the “low” (a) and “high” amplitude groups (b) shown in Figure 8. Mean
mEPSC amplitudes = SD, number of events, and frequency in each
neuron are shown above the plots. mEPSCs occurring during bursts are
those preceded by brief duration IMIs (<20 msec). There is no correla-
tion between mEPSC amplitude and IMI, demonstrating that mEPSCs
within and outside of bursts have similar amplitudes; lines were fit to the
data by linear regression (r = 0.008, a; r = —0.053, b). B, Left, The
proportion of brief duration IMIs (<20 msec) is significantly larger for
embryonic (28 + 3%) than for mature (7 = 2%) synapses. Mean mEPSC
frequencies = SEM for the data shown are 3.3 = 1.1 Hz for embryonic
neurons (range, 0.7-9.9 Hz; n = 8) and 3.3 = 1.3 Hz for mature neurons
(range, 0.7-13.4 Hz; n = 9). B, Right, mEPSC amplitudes (normalized to
the mean value in each recording = SEM) are plotted against IMI bins of
increasing duration for embryonic (n = 8) and mature neurons (n = 9).
There is no significant difference in mEPSC amplitudes over a 1000-fold
range of IMI duration, indicating that amplitude is not affected by
intrinsic release frequency. C, Reducing the probability of spontaneous
release eliminates most spontaneous bursts but does not alter mEPSC
amplitude and variability. mEPSC amplitude (left plots) and IMI distri-
butions (right plots) are shown for an embryonic neuron (40 hr) in normal
2 mM Ca?* (a) and 0-Ca®* saline (b). Mean amplitudes = SD, number
of events, and frequency for both conditions are shown above the plots.
mEPSC amplitude and variability are not significantly different in 0-Ca>*

J. Neurosci., October 1, 1999, 79(19):8528-8541 8539

role at developing excitatory synapses in vivo. AMPA-R Ca?*
permeability in mammalian subunit coexpression studies is con-
ferred by the lack of the edited GluR2 subunit isoform (for
review, see Jonas and Burnashev, 1995). Relative Ca®" perme-
abilities (Pca/Pmonocation) from ~0.2 to ~2 reported for native
Ca?*-permeable AMPA-R, compared with values of 5-10 for
NMDA-R (Mayer and Westbrook, 1987; Jahr and Stevens, 1993),
presumably reflect different levels of GluR2-containing receptors
(Jonas and Burnashev, 1995). AMPA-R in cultured embryonic
Xenopus spinal neurons directly mediate Ca®" influx (relative
P, ~1.9) as well as Ca*" release from internal stores (Gleason
and Spitzer, 1998). We show that Ca®*-permeable AMPA-R
(relative P, ~1.7) are present at embryonic excitatory spinal
synapses, as well as extrasynaptically. Mature DLi also express
Ca?*-permeable AMPA-R, although relative P, (~1.0) is de-
creased as compared with embryonic DLi, potentially reflecting a
change in AMPA-R subtype expression as synapses mature.

Development of glutamatergic signaling at Xenopus
excitatory spinal synapses contrasts with other
developing central synapses

Many immature excitatory synapses in mammalian hippocampus
(Durand et al., 1996; Liao and Malinow, 1996; Liao et al., 1998;
Petralia et al., 1998), sensory cortex (Crair and Malenka, 1995;
Isaac et al., 1997; Golshani et al., 1998), and spinal motoneurons
(Ziskind-Conhaim, 1990), as well as in Xenopus optic tectum (Wu
et al., 1996), appear to lack functional AMPA-R. Initial trans-
mission at these synapses is thus nearly or completely absent,
except at strongly depolarized potentials or in Mg?*-free saline
that reveals NMDA-R currents or after LTP-inducing stimula-
tion paradigms that “unsilence” synaptic AMPA-R (Liao et al,,
1995; Durand et al., 1996; Wu et al., 1996; Isaac et al., 1997). A
postnatal increase in AMPA-R synaptic currents (Crair and
Malenka, 1995; Wu et al., 1996; Isaac et al., 1997) and a shorten-
ing of NMDA-R currents (Carmignoto and Vicini, 1992; Hestrin,
1992; Crair and Malenka, 1995) also occur at several mammalian
central synapses. These studies support the view that NMDA-R
activation is required for subsequent AMPA-R expression at
most developing glutamatergic synapses (Constantine-Paton and
Cline, 1998; Feldman and Knudsen, 1998), although they have
not resolved how NMDA-R at immature silent synapses become
sufficiently activated under physiological conditions to induce this
expression.

In contrast, we find that AMPA-R-mediated mEPSCs predom-
inate at immature Xenopus DLi glutamatergic spinal synapses and
observe an opposite developmental transition in AMPA-R and
NMDA-R currents. Why might these developing synapses depart
from the above model? We propose that, at these and possibly
other excitatory synapses, early expression of AMPA-R, particu-
larly Ca?"-permeable receptors, offers several advantages. Un-
like sensory areas of the brain that undergo extensive synaptic
integration and plasticity during a critical postnatal period, early
spinal reflex and sensory-motor circuitry may be mainly “hard-
wired,” rendering initial NMDA-R activity less important than
establishing functional motor output that enables early swimming
and escape behaviors. AM PA-R mediate faster, larger-amplitude
synaptic currents, ensuring early transmission. EPSPs in spinal

<«

saline, but mEPSC frequency is reduced to <10% of control, and bursts
of >2 mEPSCs are eliminated. Examples of normal mEPSC bursts and
rare doublets in 0-Ca>" are inset above the IMI histograms.
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motoneurons and DLi in early Xenopus larvae have similarly
prominent non-NMDA-R components (Clarke and Roberts,
1984; Dale and Roberts, 1985; Sillar and Roberts, 1988), indicat-
ing that AMPA-R are used preferentially at other embryonic
excitatory synapses.

Our finding that embryonic mEPSCs have amplitudes ~2.5-
fold larger than mature mEPSCs furthermore suggests that
AMPA-R number is greater at immature synapses. AMPA-R
density at cultured mammalian synapses has been shown to vary
inversely with synapse number (Liu and Tsien, 1995) and to be
downregulated by increased neuronal activity levels (Craig, 1998;
O’Brien et al., 1998; Turrigiano et al., 1998). The developmental
decrease in mEPSC amplitude therefore may coincide with in-
creased neuronal activity and the number of synaptic inputs, and
with a corresponding decrease in postsynaptic AMPA-R number.

Moreover, Ca®"-permeable AMPA-R are likely to mediate
postsynaptic Ca®" signals at early stages when activity level and
excitatory synapse number are probably low. Large mEPSCs
occurring in spontaneous bursts provide a mechanism for ampli-
fying and prolonging AMPA-R-mediated Ca*" influx in the
absence of action potentials. To our knowledge, functional Ca>"*-
permeable AMPA-R have not been reported previously at im-
mature glutamatergic synapses in vivo. However, Ca®"-
permeable AMPA-R support several forms of Ca?"-dependent
synaptic modulation independently of NMDA-R, including LTP
(Gu et al., 1996; Jia et al., 1996; Mahanty and Sah; 1998). There-
fore, it is plausible that developing synapses could use Ca?*-
permeable AMPA-R both for functional transmission and for
Ca?*"-dependent modulatory processes usually dependent on
NMDA-R.

These interpretations do not preclude a functional role for
NMDA-R in the developing spinal cord. mEPSC distributions in
Mg?"-free saline indicate that NMDA-R are present at ~35 and
~80% of embryonic and mature larval synapses, respectively.
NMDA-R-mediated EPSPs regulate interspike potential and the
cycle period of postembryonic rhythmic swimming output (Dale,
1995), demonstrating that NMDA-R contribute to synaptic sig-
naling under conditions that relieve voltage-dependent Mg?"
blockade. The postembryonic increase in the proportion of
NMDA-R-expressing synapses parallels the period during which
NMDA-R predominate at tectal synapses and may coincide with
a later period of plasticity in the spinal cord, supporting
experience-dependent modification of larval motor behavior.
NMDA-R-mediated Ca®* influx also may underlie chemotropic
responses in developing Xenopus spinal neurons (Zheng et al.,
1996). NMDA-R channel events often are recorded in embryonic
as well as mature neurons even in the presence of Mg?™, suggest-
ing that NMDA-R activation by extrasynaptic glutamate diffusion
(Kullmann and Asztely, 1998; Walmsley et al., 1998) may admit
sufficient Ca>* to serve such a role.

Our results suggest that different glutamatergic synapses meet
developmental and functional requirements in different ways.
Embryonic Xenopus excitatory spinal synapses are specialized to
achieve functional transmission and generate postsynaptic Ca®*
signals via AMPA-R activation. Postsynaptically, embryonic
AMPA-R are highly Ca?"-permeable and mediate large-
amplitude mEPSCs. Presynaptically, unsynchronized spontane-
ous multiquantal transmitter release prolongs receptor action.
Large, fast synaptic currents ensure transmission and motor func-
tion beginning well before hatching, which may be important for
the development of patterned swimming activity. AMPA-R-
mediated Ca®" signals are likely to have a role in synaptic
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differentiation, including the regulation of changes in postsynap-
tic receptor expression and function. Ca®*-permeable AMPA-R
thus may serve a primary role in transmission from early stages as
well as regulatory roles analogous to those suggested for
NMDA-R.
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