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Pharmacological characterization of
D-aminophosphonovaleric acid antagonism ofamino
acid and synaptically evoked excitations on frog
motoneurones in vitro: an intracellular study
R. Corradetti1, Anne E. King, A. Nistri2, Catherine Rovira3 & Lucia Sivilotti

Department ofPharmacology, St Bartholomew's Hospital Medical College, Charterhouse Square, London
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1 The effect of D-aminophosphonovaleric acid (D-APV) on the depolarizations induced by N-
methyl-D-aspartate (NMDA), glutamate, aspartate or quisqualate was studied with intracellular
recordings from frog motoneurones in vitro.
2 D-APV (0.5-10 1M) produced a slight hyperpolarization of the motoneuronal membrane without
significant changes in input conductance.
3 In control and tetrodotoxin-containing solutions the depolarizations induced by NMDA were

strongly reduced by D-APV while quisqualate depolarizations were unaffected. Responses to
glutamate and aspartate were antagonized to an intermediate level. The relatively small conductance
increases evoked by excitatory amino acids were unaltered in solutions containing D-APV.
4 The amplitude of monosynaptic excitatory postsynaptic potentials (e.p.s.ps) was strongly
depressed by D-APV. The amplitude of polysynaptic e.p.s.ps was little changed but their decay time
was reduced.
5 It is suggested that D-APV is a powerful and selective NMDA receptor antagonist and that an

endogenous amino acid acting via NMDA receptors may be the transmitter of monosynaptic e.p.s.ps
on frog motoneurones.

Introduction

The pharmacological classification of excitatory
amino acid receptors has been greatly aided by using
selective antagonists to distinguish various receptor
classes (Watkins & Evans, 1981). Among several
phosphonic derivatives of amino acids apparently
displaying specific antagonism to the excitant N-
methyl-D-aspartate (NMDA), the D isomer of2-amin-
ophosphonovaleric acid (D-APV) seems to be very
potent on spinal cord preparations (Evans et al.,
1982). Other studies (reviewed by McLennan, 1983)
have found a similar pharmacology at a variety of
central nervous system sites, although most authors
have used the racemic mixture of 2-aminophosphon-
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ovaleric acid rather than its D form (the L form is
described as virtually inactive; Evans et al., 1982;
McLennan, 1982). In the original work by Evans et al.
(1982) extracellular recordings from the in vitro spinal
cord of the neonatal rat and the adult frog were
employed so that detailed information on the neuronal
membrane mechanisms underlying the observed
effects was not available. Many other investigators
have likewise based their experiments on extracellular
recording techniques (McLennan, 1983).
We therefore attempted to study the phar-

macological actions of D-APV, using intracellular
recordings from frog spinal motoneurones, as an
approach to a direct demonstration of its phar-
macological selectivity towards exogenous excitants
and excitatory postsynaptic potentials (e.p.s.ps). We
used the adult frog as the experimental animal rather
than the neonatal rat since we wished to record at low
temperature to reduce amino acid uptake (Davidoff&
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Adair, 1975), and also to avoid the possibility of
immaturity of the amino acid receptor systems (Saito
et al., 1982; Seno et al., 1984).

Methods

Experiments were carried out on lumbar moton-
eurones of the frog (R. temporaria) spinal cord slice
preparation as previously described (Nistri & Aren-
son, 1983). Animals were kept in an aquarium at
6-7 C before use. After decerebration and removal of
the spinal cord, a parasagittal spinal slice was prepared
and placed in a 0.2 ml bath continuously superfused
with oxygenated Ringer solution at about 10 ml min-l
for 1- 3 days. The composition of the Ringer solution
was as follows (mM): NaClI 1, KCl 2.5, NaHCO3 17,
NaH2PO4 .2H20 0.1, CaCl2 2, glucose 4, and the
solution was gassed with 95% 02 and 5% CO2. The
bath temperature was maintained at 7TC and mon-
itored with an electronic thermometer via a miniature
probe located near the slice.
Motoneurones were impaled with microelectrodes

filled with 3 M KCl (50-80M d.c. resistance) and
functionally identified on the basis of their characteris-
tic short latency, all-or-none antidromic spike elicited
by ventral root stimulation. Two dorsal and two
ventral lumbar roots contained in sealed bath side
chambers were connected to suction electrodes (filled
with Ringer solution) which provided rectangular
electrical pulses (0.20-0.25 Hz; 0.1Ims; variable inten-
sity) from isolated stimulators. A Ag/AgCl pellet was
used as ground electrode and placed downstream from
the slice. Intracellularly recorded responses were
amplified through a WPI M-707 electrometer with
facilities for bridge balancing, current injection and
capacity neutralization. Responses were displayed on
a storage oscilloscope, recorded on line on a two
channel pen recorder and also stored on FM magnetic
tape (frequency response d.c. - 2.5 kHz) for further
analysis. Retrieval and playback analysis were aided
by a Tektronix 5D10 waveform digitizer. Resting
membrane potential was measured, taking as zero the
potential recorded after electrode withdrawal from the
cell. Input conductance was calculated from electro-
tonic hyperpolarizing potentials regularly elicited by
intracellularly-applied current pulses (600 ms) and
from the slope of current/voltage plots usually con-
structed within ± 20 mV from resting membrane
potential. All drugs were applied to the bath through
pre-cooled individual flowlines.
The following compounds were used: sodium L-

glutamate (BDH), sodium L-aspartate (Sigma),
NMDA (Cambridge Research Biochemicals),
quisqualic acid (kindly donated by Dr H. Shinozaki or
purchased from Cambridge Research Biochemicals),
D-APV (Cambridge Research Biochemicals),

tetrodotoxin (Sigma). Results are expressed as mean
+ s.e.mean.

Results

Control responses to excitatory amino acids

Control data for this study were obtained from 53
motoneurones with stable resting potential
(- 63 ± I mV) and input conductance (96 ± 7 nS) and
with antidromic action potentials overshooting the
zero reference line by 15-20 mV. Control applications
ofglutamate (2 mM; 26 cells),NMDA (30 SAM; 20 cells),
aspartate (2 mM; 6 cells) or quisqualate (30 gM; 16
cells) produced matched amplitude depolarizations of
10±1, 10±2, 10±1 and 13±2mV respectively.
These responses were accompanied by an increased
voltage noise, as shown by the thicker baseline during
the glutamate amino acid application (see Figure 3 top
left). In about 30% of these cells the depolarizations
were preceded by a small hyperpolarizing component
acociated with a conductance increase (cf. Nistri et al.,
1985). The percentage apparent input conductance
increases at the peak of the depolarizing responses to
these amino acids were 21 ± 8, 22 ± 6, 39 ± 17 and
27 ± 20, respectively. For each cell the experimental
protocol consisted of initially testing dorsal root-
evoked excitatory synaptic transmission as well as
responses to at least two amino acids during super-
fusion with normal Ringer solution and subsequently
retesting synaptic potentials and amino acids effects in
the presence of D-APV (minimum exposure 15 min):
successful runs were completed with 31 cells.

Finally, five motoneurones were first tested for their
responsiveness to glutamate and later superfused with
tetrodotoxin (0.6-1.2 gM) which, after about 30 min,
fully blocked regenerative electrical activity including
that due to interneurones. The resting potential and
conductance values for these cells in tetrodotoxin
solution were - 79 ± 9mV and 46 ± 9 nS respective-
ly. Peak depolarizations to glutamate, NMDA and
quisqualate were 10 ± 2, 7 ± 1 and 9 ± 3 mV respec-
tively (cf. top tracings of Figure 3). Their correspond-
ing percentage actual conductance increases were
22 ± 8, 3 ± 1 and 39 ± 24, respectively. These cells,
too, were subsequently bathed in a solution containing
D-APV and tetrodotoxin.

Effects of D-APV on motoneurones and their
responsiveness to amino acids

On 31 motoneurones D-APV was applied in concen-
trations ranging from 0.5 to 1OjM. In the presence of
D-APV motoneurones displayed a slight hyper-
polarizations which reached an average maximum of
3.1 ± 1.4 mV after approximately 15 min. Applica-
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tions ofD-APV produced no change in the slope of the
current/voltage line, as shown in Figure 1 (only in one
cell was there a modest increase in the slope), or in the
amplitude of electrotonic hyperpolarizing potentials
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Figure 1 Current/voltage relation for a single frog
motoneurone in control Ringer (0), in the presence of
IO "M D-aminophosphonovaleric acid (D-APV) (U) and
30 min after D-APV washout (x). The relation, apparently
linear within the values of membrane potentials mon-
itored, is typical of that found for the majority of
motoneurones (Schwindt, 1976). Resting potentials in
control and D-APV Ringer were -57 mV and -58 mV
respectively.

elicited by a constant current pulse; both tests thus
indicated a lack of significant input conductance
changes following D-APV application. No alteration
in the configuration of the motoneuronal action
potential was observed in the presence of D-APV.
Changes in the amplitude of excitatory amino acid-

induced depolarizations (expressed as % ofcontrols in
normal Ringer) following 15-20 min exposure to
various concentrations of D-APV are depicted in
Figure 2. D-APV I JiM was found to ensure 85% block
of NMDA responses while glutamate and aspartate
responses were reduced by 37% and 39% respectively
(quisqualate responses were unchanged). Longer ex-
posures to D-APV (> I h) produced no further reduc-
tion in the amino-acid responses.

Attempts to measure D-APV antagonism of amino
acid-induced conductance changes were made difficult
by the variability of modest control conductance
increases. Hence in the presence of D-APV
(0.5-10IM) the apparently larger average increase in
conductance evoked by glutamate (49 ± 17%) and the
smaller one produced by NMDA (7 ± 6%) were not
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Figure 2 Plot of increasing concentrations of D-amino-
phosphonovaleric acid (D-APV) versus amplitude of
depolarizations (expressed as % ofcontrols) produced by
glutamate (A), N-methyl-D-aspartate (0) quisqualate
(-) and aspartate (A). Each point is the mean and
vertical lines s.e.mean of 4-16 responses. *P< 0.01 and
**P< 0.05, significantly different from control; Wil-
coxon signed ranks test (see Colquhoun, 1971).

significantly different from their control values
(P> 0.05; Wilcoxon signed-ranks test; see Colqu-
houn, 1971). Since indirect effects via activation of
interneurones may be a complicating factor, a solution
containing tetrodotoxin (0.6-1.2fM) was used for 5
neurones. D-APV (10 M) hyperpolarized these cells
by -4± I mV (conductance values were 85 ± 15% of
tetrodotoxin data). In the presence of D-APV and
tetrodotoxin the NMDA-induced depolarization was
suppressed while that to glutamate was reduced and
the response to quisqualate unaffected (Figure 3;
bottom tracings). Regarding the conductance values,
the average data (Table 1) confirm the lack of a
consistent effect of D-APV on this parameter.

Table 1 Effect of 10 pM D-aminophosphonovaleric acid (D-
APV) on amino-acid-evoked conductance changes of frog
motoneurones in Ringer solution solution containing
tetrodotoxin (TTX)

TTX TTX+ D-APV
AG AG

Glutamate (2 mM)
NMDA (30 pM)
Quisqualate (30 pM)

8 ± 2
1 ± 1

13 ± 7

8 ± 5
-3 ± 2
7±4

Data are expressed as changes (A G measured in
nS) in input conductance, during the application of
the amino acid, with respect to resting conductance
values. n= 5. NMDA = N-methyl-D-aspartate.
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Figure 3 Membrane potential records obtained from a single motoneurone showing the effect of D-aminophosphon-
ovaleric acid (D-APV) on responses to glutamate (G; 2 mM), quisqualate (Q; 301sM) and N-methyl-D-aspartate (N;
30gpM); the durations of application are represented by horizontal bars. Upper traces: NR indicates a glutamate
response in control Ringer and is followed by amino acid responses after 35 min exposure to 1.2 tM tetrodotoxin
(TTX), note dorsal root-evoked excitatory potentials (* DR) in NR. Lower traces: responses after superfusion with a
solution containing TTX and 1O!M D-APV and subsequent recovery after the removal of D-APV. The downward
deflections are hyperpolarizing electrotonic potentials evoked by intracellular current injection (- 0.87 nA and - 0.75
nA for top and bottom tracings respectively).

Effects of D-APV on synaptic transmission

The same motoneurones used for tests on the ex-
citatory amino acid pharmacology in the absence of
tetrodotoxin were also investigated for the effect of D-
APV on excitatory synaptic transmission. D-APV
80.5-1OELM) usually reduced the cell spontaneous
voltage noise arising from asynchronous discharges
from interneurones. Although it was not practical to
quantitate this reduction it was nevertheless clear that
there was no complete suppression of spontaneous
synaptic activity. It was possible to study quantitative-

ly the effects ofD-APV on e.p.s.ps elicited by electrical
stimulation of dorsal root fibres. Monosynaptic
e.p.s.ps were distinguished from polysynaptic e.p.s.ps
on the basis of their shorter latency, low activation
threshold (i.e. produced by stimuli < 1.5 times those
producing threshold response; cf. Eccles, 1946; Eccles
et al., 1957), rather small amplitude (2-3 mV; cf.
Shapovalov & Shiriaev, 1980) and inability to evoke
orthodromic action potentials (Eccles, 1946; Fadiga &
Brookhart, 1960). Some of these features are illus-
trated in Figure 4 in which (a) shows several superim-
posed polysynaptic e.p.s.ps near threshold for action

Table 2 Effect of D-aminophosphonovaleric acid (D-APV) on the amplitude of e.p.s.ps

Monosynaptic e.p.s.ps
Polysynaptic e.p.s.ps

Results are means (± s.e.mean) from 7 motoneurones; in each cell the amplitudes of mono- or polysynaptic e.p.s.ps
were averaged from a minimum of 5 tests in control Ringer and 5 in D-APV (1-1OI1M) solution (at least 15 min
exposure). As data with 1 or 1O gM D-APV were similar, they were pooled. Statistical analysis was done with the
Wilcoxon signed ranks test (Colquhoun, 1971). Values ofP< 0.05 were taken as indicative ofa statistically significant
difference.
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Figure 4 Polysynaptic (a) and monosynaptic (b) e.p.s.ps of frog motoneurones in normal Ringer solution (NR) or
after 26 min exposure to 0.5 AM D-aminophosphonovaleric acid (D-APV). Each panel shows several superimposed
oscilloscope tracings. Note depression of monosynaptic e.p.s.p. without reduction of polysynaptic one. In 0.5 AM D-
APV the polysynaptic e.p.s.p. reaches threshold to initiate action potential. Initial resting membrane potential of
-76 mV was not changed by D-APV.

potential generation whereas (b) displays monosynap-
tic e.p.s.ps. The latter were reduced by 30% after
26 min in the presence of a concentration of D-APV as
low as 0.5 pM (lower right hand panel of Figure 4)
while polysynaptic transmission was not depressed
(these e.p.s.ps actually produced action potentials;
upper right hand panel of Figure 4a). On this cell the
D-APV concentration decreased the NMDA-induced
depolarization by 40% without blocking the
quisqualate-induced response. Table 2 shows that the
mean reduction in monosynaptic e.p.s.p. amplitude in
the presence of higher concentrations of D-APV (1 or
1OfiM) was 61% (in 3 of these cells the e.p.s.ps
disappeared within the baseline noise which was
approximately 0.3 mV).
Any apparent depression of polysynaptic e.p.s.p.

amplitude was not statistically significant (Table 2).
However, during exposure to 1-10 M D-APV the
decay of polysynaptic e.p.s.ps (from peak to baseline
crossing) was significantly (P= 0.05) reduced from

1.9 ± 0.2 to 1.1 ± 0.2 s (38% decrease). Conversely,
there was no significant difference in the decay of the
monosynaptic e.p.s.ps.

Discussion

The principal finding of our study is the direct
demonstration ofthe high potency and selectivity ofD-
APV as an antagonist ofNMDA-induced depolariza-
tions and of monosynaptic e.p.s.ps on frog spinal
motoneurones. These actions of D-APV were
associated with a small membrane hyperpolarization
probably in part caused by reduction in the tonic
activity of interneurones impinging upon recorded
motoneurones. This notion is supported by the
absence of significant changes in neuronal conduc-
tance (which make a direct inhibitory action of the
antagonist unlikely) and by the observed depression of
spontaneous synaptic activity (cf. also extracellular
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data of Evans et al., 1982). A slight direct hyper-
polarizing action of D-APV was observed by Evans et
al. (1982) and confirmed in the present experiments
performed in tetrodotoxin solution. While the precise
mechanism of this hyperpolarization remains unclear,
it is unlikely to result from activation of an elec-
trogenic pump since the present experiments, as well as
those of Evans et al., were conducted at low tem-
peratures which would largely depress the activity of
energy-dependent membrane carrier processes. In our
study D-APV was a far more potent antagonist of
NMDA than ofglutamate and aspartate and is to date
the most powerful antagonist of NMDA-induced
depolarizations on frog motoneurones.
Whereas antagonism of depolarizing responses to

NMDA (and, to a lesser extent, to glutamate and
aspartate) was clearly observed in solutions containing
D-APV, it was not possible to detect significant
alterations in amino-acid-induced conductance res-
ponses even when interneuronal activity was blocked
by tetrodotoxin. The present data thus support the
notion that glutamate and related analogues produce
only small alterations in membrane conductance of
spinal motoneurones (Engberg et al., 1979; Nistri et
al., 1985). On cultured spinal neurones a glutamate-
induced conductance increase was revealed by D-APV
(Mayer & Westbrook, 1984). This finding was not
obtained in the present study. The discrepancy may
arise for a variety of reasons; for example, cultured vs
in vitro neurones, immature vs mature cells. In
particular the composition of the bathing solutions
should be considered since, unlike in this study, Mayer
& Westbrook (1984) used solutions with high concen-
trations of Ca2" and Mg2" which are known to affect
amino acid responses (Ault et al., 1980).
The much stronger antagonism by D-APV for

NMDA depolarizations than for similar responses to
glutamate and aspartate (quisqualate responses were
not blocked ) supports previous receptor classification
based on extracellular recordings from the spinal cord
(Watkins & Evans, 1981) and accords with previous
work on mammalian cortical neurones (Perkins et al.,
1981). Interestingly, there was an apparent saturation
in the D-APV antagonism of glutamate responses at
about 60% of control ones; these results thus indicate
that glutamate is probably a mixed agonist acting
partly on NMDA receptors and partly on APV-insen-
sitive quisqualate receptors (Watkins & Evans, 1981;
Mayer & Westbrook, 1984). In analogy to a recent
intracellular study on rat hippocampal neurones in
vitro (Crunelli et al., 1983), the present investigation
did not find evidence for preferential antagonism by D-
APV of responses to glutamate or aspartate. In fact as
aspartate responses were only partially blocked by D-
APV, it is likely that aspartate is also a mixed agonist
on frog motoneurones.

Unlike the e.p.s.ps on hippocampal granule cells

(Crunelli et al., 1983) the monosynaptic e.p.s.ps offrog
motoneurones were antagonized by D-APV. Moto-
neuronal polysynaptic e.p.s.ps were not blocked as
they could still elicit action potentials, although the
e.p.s.p. decay time was reduced possibly because D-
APV was bound to the excitatory amino-acid recep-
tors in the interneuronal network (Ryan et al., 1984)
responsible for the late components of the synaptic
response (cf. also depression of spontaneous synaptic
discharges). In an extracellular study by Evans et al.
(1982) it was suggested that APV antagonized
polysynaptic rather than monosynaptic e.p.s.ps.
Nevertheless, extracellular recordings are by necessity
not very suitable for distinguishing between these
synaptic potentials since monosynaptic e.p.s.ps in the
frog are typically very small (Shapovalov & Shiriaev,
1980) and even unable to generate a motoneuronal
action potential (Eccles, 1946; Fadiga & Brookhart,
1960). The differential blockade by D-APV of mono-
and polysynaptic potentials cannot be attributed to
the fact that the monosynaptic e.p.s.p. is simply a
small response mediated by submaximal receptor
activation and hence more susceptible to antagonism.
In fact, the motoneuronal monosynaptic e.p.s.p. is
believed to be generated in an all-or-none manner by
receptor saturation at each subsynaptic site (Redman
& Walmsley, 1983; Shapovalov & Shiriaev, 1980) and
any apparently graded nature of the composite mono-
synaptic e.p.s.p. is probably due to summation of all-
or-none transmission processes at individual synaptic
boutons. Consequently, the preferential block by D-
APV of monosynaptic e.p.s.ps highlights a phar-
macological difference in the receptor mechanisms
mediating mono- and polysynaptic transmission
rather than a mere difference in synaptic receptor
numbers. In the rat cerebral cortex a low threshold
e.p.s.p. is also apparently mediated by NMDA recep-
tors (Thomson et al., 1985).
From the present results the possibility exists that

the natural transmitter of the monosynaptic e.p.s.p. in
the frog spinal cord is an excitatory amino acid acting
via D-APV-sensitive receptors. However, it is not
possible at this stage to say whether glutamate or
aspartate (or a mixture of both) is such a transmitter.
The answer to this question will probably be aided by
neurochemical experiments on the release of these
endogenous amino acids. Even though the brief time
scale of the synaptic events must make it difficult to
obtain accurate correlations between released com-
pounds and synaptic potentials, some powerful
analytical techniques which have recently been used
for this work (Takeuchi et al., 1983) might clarify this
issue.
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