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Functionally effective neuronal circuits are constructed 
through a competitive process that requires patterned neu- 
ronal activity elicited by structured input from the environ- 
ment. To explore the mechanisms of this activity-dependent 
synaptic restructuring, we have developed an in vitro prep- 
aration of mouse spinal cord neurons maintained in a 
3-chambered cell-culture system. Sensory afferents that re- 
ceived chronic electrical stimulation for 3-5 d developed 
stronger synaptic connections than unstimulated afferents 
converging onto the same postsynaptic spinal cord neuron. 
Exposure to 100 PM DL-2-amino+phosphonovaleric acid 
(APV), an antagonist of the NMDA channel, during the stim- 
ulation period prevented the competitive advantage asso- 
ciated with electric stimulation. However, when APV was 
applied with a higher concentration of calcium (3 mM), ac- 
tivity-dependent synaptic plasticity was no longer inhibited 
by the NMDA receptor antagonist. This reversal of APV block 
of the plasticity was not impaired by reducing transmitter 
release with 3 rnh! magnesium (in addition to 3 rnh! calcium 
and APV). 

A suppressant effect of APV on spontaneous activity was 
observed, which was attributed to loss of the NMDA com- 
ponent of the EPSP. Activity-dependent plasticity was also 
blocked if spontaneous activity was suppressed with dilute 
tetrodotoxin (TTX; 5-10 nM), a dosage that reduces excitabil- 
ity of neurons but is insufficient to block sodium-dependent 
action potentials. 

These experiments bring into question how NMDA channel 
activation is involved in the processes of synaptic remod- 
eling during development. The data suggest that postsynap- 
tic activity is required for synaptic remodeling, but this ac- 
tivity need not involve NMDA receptor activation specifically 
for activity-evoked synaptic plasticity. Instead, the mecha- 
nism for plasticity appears to operate through calcium-de- 
pendent processes in general. 

Synaptic connections are formed and strengthened, weakened 
and broken in a pattern imposed in part by electrical activity 
in developing neural circuits. Another form of synaptic modi- 
fication is the long-term potentiation (LTP) of EPSP amplitude 
initiated by high-frequency stimulation in the adult hippocam- 
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pus. The mechanism for this synaptic enhancement is incom- 
pletely understood alld controversial (cf. reviews by Nicoll et 
al., 1988; Wickens, 1988); however, activation ofNMDA chan- 
nels has been implicated in the initiation phase of LTP in some 
hippocampal regions (Collingridge et al., 1983; Harris et al., 
1984; Morris et al., 1986; Collingridge and Bliss, 1987; Larson 
and Lynch, 1988) and in the mammalian visual cortex (Artola 
and Singer, 1987) and goldfish optic tectum (Schmidt, 1990). 
The resemblance between these 2 forms of synaptic plasticity 
raises the question of whether NMDA-dependent LTP and syn- 
aptic restructuring during development share a common cellular 
mechanism. 

NMDA channel activation has been implicated in the de- 
velopmental processes of synaptic restructuring by the demon- 
stration of impaired activity-dependent synaptic segregation of 
axon terminals in the visual system under conditions of NMDA 
receptor blockade (Cline et al., 1987; Kleinschmidt et al., 1987; 
Cline and Constantine-Paton, 1989; Gu et al., 1989; Scherer 
and Udin 1989; Debski et al., 1990). We wished to investigate 
the premise that NMDA channel activation is necessary for 
activity-dependent synaptic plasticity in neurons having these 
receptors. The results of this study and previous results (Nelson 
et al., 1990) show that this premise is not valid. In addition, 
these experiments provide evidence that an essential require- 
ment for activity-dependent synaptic plasticity relates to cal- 
cium influx into the postsynaptic neuron. While influx of cal- 
cium through the NMDA channel is one means to this end, 
NMDA channel activation does not constitute a sufficient or 
necessary condition for plasticity in this in vitro preparation of 
spinal cord neurons. 

Four factors that are important in activity-dependent synaptic 
plasticity have been identified through studies on many different 
types of neurons: (1) the amount and pattern of ufferent stim- 
ulation (Wiesel and Hubel, 1963, 1965; Martin et al., 1979; Le 
Vay et al., 1980; Rauschecker and Singer, 198 1; Archer et al., 
1982; Schmidt and Edwards, 1983; Fawcett and O’Leary, 1985; 
Dubin et al., 1986; Magchielse and Meeter, 1986; Stryker and 
Harris, 1986; Callaway et al., 1989) (2) postsynaptic activation 
(Thompson, 1983; Wigstrom and Gustafsson, 1985; Kelso et 
al., 1986; Malinow and Miller, 1986; Wigstrom et al., 1986; 
Reiter and Stryker, 1988), (3) calcium influx (Dunwiddie and 
Lynch, 1979; Wigstrom et al., 1979; Bairnbridge and Miller, 
1981; Eccles, 1983; Lynchet al., 1983; Lynch andBaudry, 1984; 
Malinow and Miller, 1986; Izumi et al., 1987; Swanson and 
Vrbova, 1987; Malenka et al., 1988) (4) NMDA receptor acti- 
vation in neurons with these receptors. Unfortunately, all 4 fac- 
tors are tightly interlinked, making it difficult to isolate the 
relative significance of each factor in the process leading to 
modification in strength or number of synaptic connections in 
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Figure 2. Intracellular recording of EPSPs from VH neuron in central 
compartment of 3-compartment culture chamber, in response to stim- 
ulating action potentials in DRG afferents from one side compartment. 
Three superimposed responses (each averaged 5 times) to afferent stim- 
ulation at different intensities of stimulation demonstrate the method 
by which the number of functional inputs to each VH neuron was 
estimated from each side compartment. In this neuron, gradually in- 
creasing the stimulation intensity resulted in 3 discrete responses rep- 
resenting at least 3 functional inputs from this side compartment that 
differ slightly in their threshold to stimulation (Redfem, 1970). The 
amplitude of the peak and lowest-threshold monosynaptic component 
were recorded. The longer latency peaks (greater than 15 msec) represent 
polysynaptic inputs that were not analyzed. All recordings were made 
in 3 mM Ca2+, 3 mM Mg2+ and 5 nM TTX to reduce action potentials 
and polysynaptic responses. Calibration pulse: 2 msec, 2 mV. 

a functional neuronal circuit. For example, the NMDA receptor 
antagonist m,-2-amino-5-phosphonovaleric acid (APV) will 
suppress not only NMDA channel activation, but calcium influx 
into the postsynaptic neuron, and postsynaptic activity via in- 
hibition of polysynaptic connections with the postsynaptic neu- 
ron (Fox and Armstrong-James, 1986; Fox et al., 1989; Miller 
et al., 1989; Brenneman et al., 1990a,b) and reduce monosyn- 
aptic EPSP amplitude to a variable extent (Tsumoto et al., 1987; 
Forsythe and Westbrook, 1988; Fox et al., 1989; Ziskind-Con- 
haim, 1990). These interactions are difficult to isolate and con- 
trol in intact preparations, but a high degree ofcontrol is afforded 
by reconstructing the circuit in vitro from neurons dissociated 
from the CNS of fetal animals. We have used such a preparation 
derived from neurons dissociated from the spinal cord and dor- 
sal root ganglia (DRG) of mice and organized in a multicom- 
partmented cell-culture chamber. A bilaterally symmetrical de- 
sign enables selective stimulation of one population of afferents 
that converge with unstimulated afferents onto the same post- 
synaptic neuron (Nelson et al., 1989a). Electrophysiological re- 
cording methods can be used to assess changes in synaptic 
strength or number of functional neuronal contacts from the 2 
sets of convergent afferents. 

A general theory originating from studies of associative leam- 
ing and conditioning, and further articulated by Hebb (1949), 
proposes that the coincidence of activation between an afferent 
and sufficient activation of the postsynaptic neuron provides 
the logical condition for initiating an increase in the efficacy of 
the connection. Dissonant firing of an afferent and the postsyn- 
aptic neuron should promote the weakening of the afferent (Stent, 
1973). What constitutes an “adequate level” of postsynaptic 
activity is unknown. It might be the threshold for action-po- 
tential generation reached by the near-simultaneous firing of a 
sufficient number of excitatory afferents, or a sufficient elevation 
in intracellular calcium ([Ca2+],), or depolarization of the post- 

synaptic membrane to a level that permits activation of NMDA 
channels, or some other critical level of depolarization. [It, is, 
however, known that generation of action potentials in the post- 
synaptic neuron is not necessary for LTP (Kelso et al., 1986; 
Wigstrom et al., 1986)]. 

In the present experiments, the level of postsynaptic activity 
was manipulated independently of activity provided by afferent 
input, by suppressing spontaneous activity in the network of 
spinal cord neurons that contribute activity to the postsynaptic 
target. This was accomplished by suppressing the excitability of 
spinal cord neurons with a dilute concentration of tetrodotoxin 
(TTX; 5-10 nM; with or without elevating divalent cations), a 
treatment that increases the failure of polysynaptic connections, 
but leaves monosynaptic afferent inputs and the axon of the 
postsynaptic neuron free to respond to stimulation (Berry and 
Penreath, 1976; King et al., 1989). The importance of calcium 
was investigated by elevating the concentration of calcium in 
the extracellular medium to 3 mM from a normal value of 1.8 
mM. The involvement of NMDA channels was studied by using 
the competitive antagonist APV to block NMDA channel ac- 
tivation (Watkins and Evans, 1981). The role of disparity in 
electrical activity of afferents converging onto the same post- 
synaptic neuron was studied by providing patterned electrical 
stimulation to 1 of 2 sets of convergent afferents. 

Portions of this study have been reported previously (Fields 
et al., 1989; Nelson et al., 1989b, 1990). 

Materials and Methods 
Cellculture. Teflon inserts were attached with siliconegrease to collagen- 
coated 35mm culture dishes to form chambers with 3 compartments 
(Camnenot. 1977). The inserts were machined from 4-mm-thick Teflon 
disks ‘to provide’2 bilaterally symmetrical compartments flanking a 
central notch-shaped compartment (Fig. 1). A series of shallow parallel 
scratches were made in the bottom of each dish, and a drop of 1% 
methylcellulose in Eagle’s minimum essential medium (MEM) was ap- 
plied to this area before assembly. This procedure forms a fluid-tight 
seal under the barrier but provides sufficient space for the growth of 
neurites from DRG neurons in the side compartments to innervate 
ventral horn (VH) neurons in the central compartment. 

Neurons from the spinal cord were dissociated from 13-d mouse 
fetuses, and cortical glia and support cells were dissociated from the 
cortex of newborn mice (see Nelson et al., 1989a, 1990). Neurons from 
VH of the spinal cord were dissociated and plated into the central 
compartment on a confluent layer of non-neuronal cortical cells plated 
1 week previously. These neurons were maintained in medium con- 
taining 5% horse serum and 15 rig/ml NGF. Neurons were dissociated 
from the DRG of the same spinal cords and plated into the side com- 
partments in medium containing 30 rig/ml NGF. Mitosis was inhibited 
after 2 d by the addition of 13 j&ml fluoro-2’-deoxyuridine. After 1 
week, DRG neurons begin extending axons under the barrier and form- 
ing synapses with the VH neurons. VH neurons are not able to extend 
axons or dendrites under the barrier. 

This procedure is modified from Nelson et al. (1989a), where DRG 
neurons were plated 1 week after the VH neurons. The amplitude of 
the EPSPs tended to he smaller in the younger VH neurons, but synaptic 
strength was more uniform across the central compartment. 

Chronic stimulation. Nine to 12 d after plating the DRG neurons, 
one of the side compartments in each culture was stimulated electrically 
for a period of 3-5 d. Stimulation was provided through 3-extracellular 
platinum electrodes fitted into the lid of the culture dishes. Current 
pulses were passed between an electrode in one of the side compart- 
ments, and a remote electrode in the medium surrounding the insert 
and in continuity with the central compartment. A constant-voltage 
pulse generator was used to deliver a train of 5 stimuli at 10 Hz, repeated 
every 2 sec. Each stimulus was comprised of 2 biphasic pulses of 200- 
psec duration, 6 V amplitude, and separated by 5 msec. The adequacy 
of stimulation was confirmed by recording responses in VH neurons in 
preparations stimulated in parallel with those in the incubator. This 
stimulation excites preferentially those neurons with axons under the 
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barrier. The intensity of stimulation is 2-3 times the threshold for action random locations in the central compartment. A x2 test failed to detect 
potential generation in DRG neurons. A minority (ca. 5%) of VH neu- any difference in the number of recordings from afferents ipsilateral and 
rons were also antidromically activated by stimulation (Nelson et al., contralateral to the stimulated barrier in any experimental group. As a 
1989a; Neale et al., 1990). further check, if a linear regression of EPSP amplitude and VH location 

Electrophysiological recording. Three to 5 d after stimulation, micro- is applied to correct for possible error in measurements of mean EPSP 
electrodes or patch electrodes were used to record EPSPs in VH neurons amplitude due to spatial effects (using the slope of the regression times 
in response to DRG stimulation (Fig. 2). DRG inputs from each side the mean difference in distance between stimulated and unstimulated 
compartment were stimulated in turn, and the strength and number of 
functional inputs were quantified. Recordings were carried out in HEPES- 
buffered medium (pH, 7.4) containing 3 mM Ca*+, 3 mM MgZ+, and 5 
nM TTX to suppress action potentials and reduce polysynaptic activity. 
I f  action potentials were encountered, they were blocked by hyperpo- 
larization. Hyperpolarizing and depolarizing currents were injected into 
the cell to differentiate unambiguously EPSPs from possible IPSPs, and 
active orthodromic and antidromic conductances. Recordings were re- 
jected from any cells where these methods failed to differentiate the 
EPSP unambiguously for both afferent inputs. The hyperpolarizing cur- 
rent was generally held constant during measurements of the maximum 
EPSP amplitude from the 2 sides, but in some cases, amplitudes were 
determined with hyperpolarizing currents just sufficient to block any 
spikes that occurred from either side; either of these procedures provides 
an index of the relative synaptic strength of the afferent connection. The 
peak amplitude of the monosynaptic component of the EPSP was re- 
corded in response to stimulating each side. (Data were recorded from 
only 1 input in 3 cells: 2 from the stimulated side and 1 from the 
unstimulated side in medium 1 of Table 1. Excluding these values did 
not materially affect the results, and they have been included for com- 
pleteness.) The polysynaptic component of the EPSP, when present, was 
distinguished by its variable and longer latency (greater than 15 msec). 
The number of functional inputs was determined by gradually increasing 
the strength of stimulation to recruit afferents sequentially according to 
differences in threshold of excitabilitv (Fia. 2: Redfem. 1970: Nelson et 
al., 1989a, 1990). The amplitude of ihe lowest threshold input was also 
recorded to assess changes in strength of unitary inputs. 

Experimental design. NMDA channel activation was blocked by in- 
cluding DL-APV (100 PM) in the central compartment at the time of 
stimulation. Spontaneous activity in the network of ventral horn neu- 
rons was suppressed in some cultures by adding 5 nM tetrodotoxin (TTX) 
and increasing the Mg2+ and Ca2+ concentration of the medium to 3 
rnM each to reduce the excitability of axons. This network-suppression 
medium was added at the time of stimulation, and recordings showed 
that it did not lower excitability sufficiently to block monosynaptic or 
electrically evoked connections. The effect of APV treatment was tested 
in both normal medium and medium with elevated calcium or reduced 
network activity. 

A high dosage of APV was chosen for these experiments to assure 
complete blockade of the NMDA receptor during the period of chronic 
stimulation. The dosage of 100 PM DL-APV is within the range used in 
other studies to demonstrate the dependence of various forms of syn- 
aptic plasticity on NMDA channel activation (e.g., Harris et al., 1984; 
Morris et al., 1986; Cline et al., 1987; Kleinschmidt et al., 1987; Larson 
and Lynch, 1988; Muller et al., 1988; Gu et al., 1989). As a test for 
nonspecific effects of the drug at this concentration, changes in EPSP 
amplitude were measured in paired intracellular recordings during 100 
PM APV perfusion. This confirmed the efficacy of the drug in eliminating 
the NMDA component of the EPSP in medium with normal and 3 mM 
Ca2+. These measurements failed to provide any evidence for presynap- 
tic effects of the APV (cf. Collingridge and Lester, 1989), such as re- 
duction in transmitter output or change in the non-NMDA component 
ofthe EPSP. Peak amplitudes of the EPSP were not significantly different 
before and after perfusing 100 PM APV in tests of 7 pairs of cells (mean 
change in amplitude = 0.41 mV increase after APV perfusion, which 
was not significant by a paired t test). 

afferents in each medium), the statistical significance of the results are 
not changed. The slopes of the regression of EPSP amplitude and dis- 
tance of the VH from the barrier ranged from -0.3 mV/lOO brn (not 
significantly different from 0) to - 1 mV/lOO pm in treatments 1, 2, 3, 
4, and 6 (of Table 1); r2 = 0.003-0.193. In media 5 and 7 of Table 1, 
the length of the convergent afferents was not measured in each re- 
cording, but the number of ipsilateral and contralateral stimulated af- 
ferents were not significantly different. 

The bilaterally symmetrical design of the multi-compartmented cul- 
ture dish provides the necessary control for comparing the effects of 
different media on the activity-induced plasticity between afferents con- 
verging onto the same postsynaptic neuron. According to this design, 
plasticity is considered a significant difference in EPSP amplitude or 
number for the stimulated convergent afferent. The absolute number or 
strength of EPSPs from the stimulated or unstimulated afferents in 
different experiments would be subject to additional sources of varia- 
tion, and such cross-experimental comparisons must be made with more 
caution. In testing the effects of any given treatment on the activity- 
induced synaptic plasticity, the different media were distributed as even- 
ly as possible from among 6-10 culture dishes from each dissection. 
Experiments were carried out in 3 such balanced experiments: Exper- 
iment 1, normal medium, medium containing 3 mM Ca*+, 3 mM Mgz+, 
and 5 nM TTX, and these 2 media supplemented with 100 PM APV, 
Experiment 2, medium containing 3 mM Caz+, with and without APV; 
Exneriment 3. medium containing 10 nM TTX. with and without APV. 

statistical &zalysis. The distribution of EPSP amplitudes is skewed 
to the right; therefore, a nonparametric method of statistical analysis 
was used to test the hypothesis that there was no difference in amplitude 
of EPSPs from the pairs of afferents to VH neurons after stimulating 
the afferents from one side for 3-5 d. The Mann-Whitney U test was 
chosen because it is based on differences in ranked values and is therefore 
not biased by excessively large EPSP amplitudes nor non-normality of 
EPSP distributions. In a separate analysis, the amplitude of the EPSP 
from the stimulated afferent was subtracted from the amplitude of the 
unstimulated afferent for each intracellular recording to obtain the mean 
difference in EPSP amplitude in each experimental medium. The hy- 
pothesis that these differences were not greater than 0 (i.e., that the 
EPSPs were not larger on the stimulated side) was tested with a t test 
because the distribution of these differences was normally distributed. 
Media in which the results of this test were not statistically significant 
were considered to have blocked the activity-dependent plasticity. The 
number of functional inputs were also analyzed by the Mann-Whitney 
U test because these are discontinuous ordinal variables. The Kruskal 
Wallace nonparametric test was applied for multiple group comparisons. 
In Experiment 1 (described above) a 3-way analysis of variance (ANO- 
VA) of EPSP amplitudes (N = 387) and an analogous nonparametric 
multifactorial partitioning of variance procedure on the number of func- 
tional inputs (Winer, 1971) were used to determine the main factors 
affecting synaptic strength (comparing treatment with chronic stimu- 
lation, APV, and medium with 3 mM Ca2+, 3 mM Mg*+, and 5 nM TTX) 
and any significant interactions among these treatments. Calculations 
for data analysis were performed with the assistance of the computer 
programs MINITAB (Minitab Inc.), CRUNCH (Crunch Software Corp.), and 
NCSS (Pacific Ease Co.). 

To randomize variation associated with the experimental preparation 
(e.g., the dissection and plating technique, amount of axonal outgrowth 
under the barriers, and spatial factors), data were pooled from multiple 
preparations made from different dissections over a period of several 
weeks or months. Usually, the results from about 4 dissections were 
pooled for any given treatment. In all but one experiment [medium 4 
(see Table l)], recordings were made by two observers independently 
and their results were nooled. 

Both the mean and median EPSP amplitudes were calculated. In our 
opinion, the mean is a better indicator of central tendency of the dis- 
tributions of EPSP amplitudes, because the electrophysiological re- 
sponse of the postsynaptic neuron is a summation of EPSP amplitudes, 
and thus, the mean has more biological relevance than the median. 

Results 
Electronhvsioloaical DroDerties of the in vitro mevaration 

There is a weak correlation between EPSP amplitude and length of 
*.. - .- _ _ 

the afferent fiber from the barrier to the VH neuron: coefficient of 
Intracellular recordings from spinal cord neurons in the central 

determination (r*) = 0.046 for all data pooled; slope = -0.63 mV/lOO compartment showed considerable spontaneous activity that 

pm (n = 493). To avoid a bias due to location effects, it is important was characterized by periodic bursts of action potentials (Fig. 
that spinal cord neurons are selected for intracellular recording from 3A,E). DRG neurons lacked spontaneous activity, but respond- 



138 Fields et al. - Synaptic Plasticity and NMDA 

2mV L 

2ms 

C 

10mV 
l- 

2 mm.  

Normal Medium 

5nMllX,3mMMg++,3mMCat+ 

0.0 mM Mg’ 

E 
Normal Medium 

B a . -J,-’ “\ Normal Medium 

D 

.+ 1.8 mM Ca*+ 

APV 

0.0 mM Mg++, 3.0 mM Cat+ 

Wash 

I 30 mV 

Figure 3. Effects of NMDA antagonism and dilute TTX on spontaneous activity and synaptic responses measured in VH neurons. A, Spontaneous 
activity arises from polysynaptic activity in the network of VH neurons in the central compartment, which is suppressed by perfusing dilute TTX 
(5-10 nM) and increasing the concentration of Ca*+ and Mg*+ to 3 mM to reduce the excitability of neurons and diminish transmitter output. B, A 
paired intracellular recording between a DRG and a VH neuron shows that this treatment results in failure of polysynaptic responses in the VH 
neurons (cf. a and b), but this concentration of TTX does not block action potentials to evoked stimulation, as is evident from the sustained 
monosynaptic response to evoked stimulation of DRG afferents (short-latency EPSP in b). C, The presence of NMDA channels in DRG-VH 
synapses and their sensitivity to APV antagonism is demonstrated by pressure ejection of 10 PM APV from a pipette placed near a VH neuron in 
medium containing 2 mM Caz+ and 0 mM Mg 2+. The NMDA component of the EPSP elicited by intracellular stimulation of the presynaptic DRG 
neurons is demonstrated by the reduction in the slow component of the EPSP in the presence of APV. This effect of APV at doses up to 100 /LM 

is independent of calcium concentration, as is illustrated by the paired VH neuron recording in 3 mM Ca2+ (D). Inhibition of the NMDA component 
of the EPSP has been shown to be due to postsynaptic NMDA receptor blockade, and not to a presynaptic mechanism (unpublished observations). 
E, Spontaneous activity in the network of spinal cord neurons was reduced by 100 WM APV, as is shown here in a recording made in a manner 
similar to that in A. This may be explained by loss of the long-latency NMDA component of the EPSP in APV, which reduces the EPSP amplitude 
resulting from temporal summation of multiple excitatory inputs. The inhibitory effect of APV subsided over several hours, but the frequency of 
bursting was significantly less after several days in APV. Time in seconds is indicated (upper trace in E). 

ed to electrical stimulation. Stimulating DRG afferents, by ex- 
tracellular current passed across the barrier, elicited monosyn- 
aptic EPSPs in the VH neurons, which often activated action 
potentials. Polysynaptic EPSPs and, more rarely, IPSPs were 
also elicited in response to stimulating DRG afferents, which 
activated VH neurons through intervening VH synapses. Ad- 
ministration of dilute TTX (5 nM TTX in 3 mM calcium and 3 
mM magnesium, or 10 nM TTX in 1.8 mM calcium and 0.8 mM 
magnesium) suppressed the spontaneous and polysynaptic ac- 
tivity, thus reducing the network activity of VH neurons (Fig. 

3A). This inhibition did not prevent activation of EPSPs from 
DRG afferents that were stimulated electrically (Fig. 3B). How- 
ever, this test does not completely exclude the possibility that 
monosynaptic activation during the chronic stimulation period 
might have been depressed in some inputs. 

An NMDA component of the EPSP is revealed by the ap- 
plication of APV, which blocks the slow component of the EPSP 
(Fig. 3C,D). The inhibition of NMDA channel activation by 
APV was not affected by increasing the calcium concentration 
to 3 mM (Fig. 30). As in other types of neurons (Forsythe and 
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Table 1. Amplitude of EP!SP (mV) for afferents converging onto the same spinal cord neuron in vitro 

Mediuma 

Amplitude of EPSP (mv) 
Stimulated afferents Unstimulated afferents 
Mean Median Nb Mean Median Nb II< < 

Postsynaptic activity 
1. TTX 
2. TTX + APV 

NMDA channel activation 
3. Normal* 
4. Normal + APV* 

Increased extracellular calcium 
5. 3/3/TTX 
6. 3 mM Ca2+ + APV* 
I. 3/3/TTX + APV 

6.53 5.0 51 6.67 4.5 56 NS (0.8) 

6.21 4.0 51 6.43 5.0 51 NS (1) 

7.88 4.0 41 3.68 1.5 41 0.04 

10.1 10.0 61 10.46 6.0 61 NS (0.7) 

15.0 9.0 50 12.0 6.5 50 0.1 
8.94 5.0 33 3.00 0.0 33 0.02 

10.3 8.0 35 5.90 3.0 35 0.05 

Synaptic strength following chronic stimulation of one set of convergent afferents is compared under different condifions 
of NMDA channel blockade with APV, increased calcium concentration, suppressed spontaneous activity in spinal cord 
network using dilute TTX, and reduced transmitter output with 3 rnM magnesium. 
n The media had the following compositions: I: 10 nM TTX, 1.8 rnM Ca2+, and 0.8 rnM Mg*+; 2: Medium 1 + 100 PM 
APV: 3: 1.8 rnM Ca*+ and 0.8 rnM MI?+: 4: Medium 3 + 100 I.CM APV: 5: 3 rnM Ca*+, 3 rnM Mg2+, and 5 nM TTX; 6: 
3 rnb Ca’+, 0.8 rnM Mg’+, and 100 pi APV, 7: Medium 5 with 100 pi APV. 

h Numbe- of sides recorded. 
c Mann-Whitney U test, stimulated versus unstimulated; NS = p > 0.1. 
* These data have been reported previously (Nelson et al., 1990). 

Westbrook, 1988), the fraction of the EPSP that was mediated 
by NMDA receptors varied widely among different cells. De- 
spite the slow onset rate, the NMDA-mediated EPSP compo- 
nent does contribute to the peak amplitude of the EPSP to a 
variable extent (though not to the degree that its abolition would 
prevent significant postsynaptic depolarization). A pronounced 
transient suppression of network activity was detected following 
administration of 100 PM APV to the central compartment (Fig. 
3E). This inhibition was largely relieved within l-2 hr, but the 
frequency and duration of spontaneous bursts of action poten- 
tials remained suppressed in chronically treated cultures com- 
pared to matched cultures not exposed to APV (Brenneman et 
al., 1990a,b). 

NA4DA channel activation 

Plasticity induced by afferent stimulation (Nelson et al., 1989a) 
was replicated independently in these experiments (Table 1, 
medium 3). The afferents that had been stimulated for 3-5 d 
(Fig. 4a’) were significantly stronger than the unstimulated con- 
vergent afferents (Fig. 4a; mean EPSP amplitudes, 7.9 vs. 3.7 
mV; p < 0.04; n = 47 cells). There was also a greater number 
of inputs from the stimulated side (1.3 vs. 0.89; Table 2), but 
this difference was not statistically significant (p < 0.15). This 
also is consistent with previous results (Nelson et al., 1989a). 

Inclusion of 100 PM APV in the medium during this stimu- 
lation period prevented the plasticity (Fig. 4, b’ vs. b). The mean 
EPSP amplitudes were 10.4 and 10.1 mV from the unstimulated 
and stimulated convergents, respectively (NS; n = 61 cells). 
There was no difference in the number of functional inputs from 
the stimulated and unstimulated sides (1.3 vs. 1.1; Table 2). 

Postsynaptic activity 
As illustrated in Figure 3E, APV treatment also suppressed 
network activity. A different method of suppressing network 
activity, which did not antagonize NMDA receptor activation, 
was used to test for effects on activity-dependent synaptic plas- 

ticity. After 3-5 d of afferent stimulation in the presence of 10 
nM TTX, the amplitudes of the EPSPs from the stimulated (Fig. 
5a’) and unstimulated sides (Fig. 5a) were not significantly dif- 
ferent (Table 1; 6.5 vs. 6.7 mV; n = 57 cells). There was also 
no significant difference in the number of functional connections 
formed by active and inactive afferents on the spinal cord neuron 
following 3-5 d of stimulation in the presence of 10 nM TTX 
(1.16 vs. 1.04; n = 57; Table 2). It is important to note that this 
concentration of TTX does not block sodium-dependent action 
potentials, but suppresses spontaneous activity in the network 
of spinal cord neurons by reducing neuronal excitability (Fig. 
3B). This blockade of plasticity could be consistent with the 
interpretation that the network suppressing effect of APV is 
sufficient to explain the absence of plasticity when this antag- 
onist is used, rather than being an effect due to a specific receptor. 

Plasticity was also blocked if 10 nM TTX and 100 I.IM APV 
were administered in combination (Fig. 5, b’ vs. b; 6.2 vs. 6.4 
mV and 1.23 vs. 1.21 inputs per spinal cord neurons from 
stimulated and unstimulated afferents, respectively; n = 57 cells). 

Increased extracellular calcium 

The blockade of plasticity in APV was prevented by increasing 
the concentration of calcium in the medium from a normal 
concentration of 1.8 mM to 3 mM during the stimulation period 
(Table 1, medium 6). The mean amplitude of the EPSPs from 
the stimulated afferents (Fig. 6a’) was 8.9 mV after chronic 
stimulation in the presence of 100 MM APV and 3 mM calcium, 
vs. 3.0 mV for the unstimulated convergent afferents (Fig. 6a; 
p < 0.02; n = 33). 

We were unable to detect any impairment in the ability of 
APV to antagonize the NMDA channel in 3 mM calcium; there- 
fore, this result shows that activation of NMDA channels is not 
necessary for activity-dependent synaptic plasticity. Many ex- 
tracellular and intracellular enzymatic reactions are affected by 
the concentration of calcium. Although this is a modest increase 
in external calcium concentration, it is of sufficient magnitude 
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Figure 4. Effect of chronic electrical stimulation on strength of syn- 
apses from convergent afferents in normal medium and during NMDA 
receptor blockade. EPSPs were measured by intracellular recordings in 
VH neurons. The amplitude of EPSPs were compared between pairs of 
DRG afferents converging onto the same neuron, after stimulating one 
of the pairs of afferents in a phasic pattern for 3-5 d. The amplitude of 
the stimulated afferents (a’) was significantly greater than the unstim- 
ulated convergent afferents (a). There was no significant difference in 
EPSP amplitudes for stimulated (b’) and unstimulated (b) afferents if 
NMDA receptors were blocked with 100 PM APV during the stimulation 
period. Mean amplitudes are indicated by a horizontal line, and the 
median of the distributions are indicated by an open asterisk (appearing 
solid when superimposed on a data point). Data have been rounded to 
integers and distributions have been truncated for display purposes. 
Statistical analysis was by the Mann-Whitney U test because EPSP 
amplitudes are not normally distributed. 

to cause a marked increase in calcium influx and transmitter 
output (Nelson et al., 1983). Elevated external calcium concen- 
tration might influence plasticity via effects on presynaptic 
transmitter release (cf. Jia and Nelson, 1986) or through in- 
creased calcium influx into the postsynaptic neuron as a con- 
sequence of non-NMDA channel activation. In order to inves- 
tigate whether the relief of the APV blockade of plasticity is 
dependent on increased transmitter output (and any additional 
effects on network activity), calcium was elevated to 3 mM in 
medium containing 100 PM APV with 3 mM magnesium to 
reduce transmitter output and 5 nM TTX to reduce network 
activity. Under these conditions, activity-dependent plasticity 
was restored despite the blockade of NMDA channel activation 
(Table 1). The amplitudes of the EPSPs from the stimulated 
(Fig. 6b’) and unstimulated convergent afferents (Fig. 6b) were 
significantly different (10.3 vs. 5.9 mV; p < 0.05; n = 35 cells). 
Plasticity was also suggested in terms of the number offunctional 
inputs under conditions where calcium was elevated to 3 mM 
in the presence of 100 PM APV (Table 2, p < 0.08 and 0.008). 
Other unknown presynaptic effects of increased calcium are not 
ruled out by these experiments. Stimulus-associated changes in 
calcium influx into growth cones were investigated in this prep- 
aration, but the effects on growth cone motility do not explain 
the activity-dependent changes in synaptic strength and number 
(Fields et al., 1990a). 

Elevated calcium also appears to have relieved the blockade 
of plasticity caused by suppressing network activity with dilute 
TTX, but this effect is uncertain. Stimulation in the presence 
of 3 mM CaZ+, 3 mM Mg2+, 5 nM TTX, and no APV resulted in 
more inputs from the active side (1.67 vs. 1.31; p < 0.05; n 
= 61 cells), and the amplitudes of the EPSPs were larger from 
the stimulated side (Fig. 6, c’ vs. c; 15 vs. 12 mV; p < 0.099; 
n = 50 cells), but the difference in amplitudes failed to reach 
the 0.05 probability level with a Mann-Whitney U test. Al- 

Table 2. Number of functional inputs to spinal cord neorons from each side compartment after chronic stimulation of afferents on one side 

Medium0 

Stimulated side Unstimulated side 

Number of DRG inputs Number of DRG inputs 

0 1 2 3 >3 Nb Mean 0 1 2 3 >3 Nb Mean pc -c 

Postsynaptic activity 
1. TTX lp 56 14 10 0 57 1.16 27 50 16 7 0 56 1.04 NS (0.5) 

2. TTX + APV 23 46 19 10 2 57 1.23 30 32 26 12 0 57 0.862 NS (1) 
NMDA channel activation 

3. Normal* 30 30 24 9 6 46 1.30 35 44 20 2 0 46 0.891 0.1 
4. Normal + APV* 29 29 26 15 0 61 1.26 34 28 29 6 2 61 1.13 NS (0.5) 

Increased extracellular calcium 
5. 3/3/TTX 13 36 29 16 5 61 1.67 21 47 18 7 7 61 1.31 0.05 

6. 3 mM Ca2+ + APV* 27 36 27 9 0 33 1.18 54 36 9 0 0 33 0.545 0.008 
7. 3/3/TTX + APV 19 45 19 19 2 42 1.36 33 43 21 2 0 42 0.929 0.08 

The mean number of functional synaptic inputs is compared under different conditions of NMDA channel blockade with APV, increased calcium concentration, 
suppressed spontaneous activity in spinal cord network using dilute TTX, and reduced transmitter output with 3 rnhr magnesium. 
aThe media had the following compositions: 1: 10 nM TTX, 1.8 rnM Ca*+, and 0.8 mM Mgz+; 2: Medium 1 + 100 PM APV, 3: 1.8 mM Ca” and 0.8 mM M@+; 4: 
Medium 3 + 100 PM APV, 5: 3 rnM CY+, 3 rnM Mg l+, and 5 nM TTX; 6: 3 rnM Ca”, 0.8 rnhr Mg*+, and 100 FM APV, 7: Medium 5 with 100 PM APV. 
b Number of sides recorded. 

r Mann-Whitney (I test, stimulated versus unstimulated, NS = p > 0.1. 
d Frequency (% occurrence). 
* These data have been reported previously (Nelson et al., 1990). 
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though this suggests a trend toward plasticity under conditions 
of reduced network activity and elevated calcium, the lack of 
statistical significance would render equivocal any interpreta- 
tion for or against plasticity in this case. 

In general, the changes in synaptic strength parallel the changes 
in number of functional inputs; however, the amplitude differ- 
ences are not caused entirely by differences in connectivity. This 
is shown by comparing the amplitude of the lowest threshold 
unitary inputs to each spinal cord neuron. The amplitude of the 
unitary inputs was significantly different between the stimulated 
and unstimulated afferents (e.g., 5.6 vs. 2.1 mV; p < 0.01; n = 
33 neurons in 3 mM Ca2+, 3 mM Mg*+, 5 nM TTX, and 100 pM 

APV). 
Although elevated calcium in the presynaptic terminal may 

have important effects, and the results of these experiments must 
be tested in vim, a summary of the conditions tested in this 
preparation and organized according to whether or not afferent 
stimulation induced synaptic plasticity reveals that the only 
variable consistently associated with plasticity is adequate cal- 
cium for influx into the postsynaptic neuron (Fig. 7, Table 3). 

Discussion 
The strength, and under some conditions the number, of syn- 
apses was increased from afferents that were stimulated com- 
pared to convergent afferents that were not stimulated. This 
activity-dependent plasticity was blocked by APV, which in- 
dicates that activation of NMDA receptors interacts with the 
mechanism leading to the difference in synaptic strength and 
number of synapses in stimulated and nonstimulated afferents. 
However, when calcium was elevated and network activity was 
suppressed (using 5 nM TTX, 3 mM calcium, and 3 mM mag- 
nesium), blocking NMDA receptor activation no longer inhib- 
ited the activity-related difference in synaptic strength or num- 
ber of functionally connected axons. Collectively, the results 
show that 2 conditions support activity-dependent synaptic 
plasticity: (1) sufficient postsynaptic activity with NMDA ac- 
tivation, or (2) elevated calcium concentration (Table 3). NMDA 
activation is neither necessary nor sufficient. 

There is good reason to believe that the first condition may 
be a physiological means of bringing about the situation pro- 
vided under the second condition, namely, providing adequate 
influx of calcium into the postsynaptic neuron in an activity- 
dependent manner. Activation of NMDA channels is believed 
to produce persistent changes in synaptic efficacy through cell 

>25 - 

-2o- 
> 
3 

$ 15- 
.z 
“a 

$ 
lo- 

E 
w 5- 

o- 

a ns. a’ b “S. b 
. . . . . . . . 

. . 

. 

. . . 
. . . 

“Y’ . 
.  .  .  .  

.  .  .  .  .  .  .  .  .  

.  

e. . . . . . . . . . . .  

. . 

. . . . . . 
. 

A . . 
. . . . . . . . 

. . 

. . 
. . . . . . . . . 
. . . . . 

. . . . . . . . . 

. . 
. . . 
. . . 

..*... 
. . 
. . . 
. . 
. 

. . . . . . . . . . . . . . . . . 

. . 

. . . 
. . . . . . . 
. . . . 
. . 

. . . 

.a.. 
. . . . . . 

Stimulated Stimulated 

Ca2+ (mM) 1.8 1.8 
Mg2+ (mM) 0.8 0.8 

TTX (nM) 10 10 
APV (uM) 0 100 

Figure 5. Suppressing polysynaptic activity abolished plasticity in- 
duced by afferent stimulation. There was no significant difference in 
amplitude of EPSPs from stimulated (a’) or unstimulated (a) convergent 
afferents when spontaneous activity was suppressed by 10 nM TTX. 
This concentration of TTX increases the failure of polysynaptic con- 
nections, thus decreasing spontaneous activity, but it leaves the mono- 
synaptic connection responsive to afferent stimulation (cf. Fig. 39. 
Plasticity was also blocked under these conditions in the presence of 
100 PM APV (b vs. b’). These results suggest that the molecular mech- 
anism for the activity-dependent synaptic plasticity observed in normal 
medium (Fig. 4) depends on sufficient postsynaptic activity. Symbols 
are as described in Figure 4. 

biological mechanisms dependent on influx of calcium through 
the activated channels (MacDermott et al., 1986; Bear et al., 
1987; Mayer and Westbrook, 1987; Mayer et al., 1987; Ascher 
and Nowak, 1988). Calcium also passes into the cell in an ac- 
tivity-dependent manner via voltage-sensitive calcium channels 
(Hagiwara and Byerley, 1981; Stanfield, 1986; Miller, 1987; 
Llinas, 1988). A cell biological mechanism operating as a func- 
tion of calcium influx need not require receptor specificity. The 
concentration of [Ca”], is a function of the dynamic balance 
between influx, efflux, sequestration, and release from internal 
stores. All of these are sensitive to electrical activation and are 

Table 3. Association between activity-dependent plasticity and the predicted effects of different media on [Ca*+]; 

Medium Increased plasticity Decreased plasticity 

M 1.8 mM Ca*+ 3 mM Ca*+ 3 mM Ca*+ 
e 3 mM Mg*+ 
d 5 nM TTX 10 nM TTX 10 nM TTX 
1 0.1 mM APV 0.1 mM APV 0.1 mM APV 0.1 mM APV 
aa 

Factor 

Network activity + 0 (+) (+) 0 0 
NMDA activation + 0 0 0 + 0 
High calcium 0 + + 0 0 0 

+, tendency to increase [Cal+],; 0, lack of tendency to increase [Ca*+],; (+), reduced tendency lo increase [Ca2+],. 
a Normal medium contains 1.8 mM Ca*+, 0.8 mM Mg2+, no TTX, and no APV. 
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Figure 6. Activity-dependent plasticity occurred during NMDA channel blockade when concentration of calcium was increased from normal 
value of 1.8 rnr+r to 3 mM. The EPSP amplitudes elicited by stimulated afferents (a’) were significantly greater than unstimulated convergent afferents 
(a) in the presence of 100 PM APV and 3 mM calcium. This calcium-dependent effect was also observed when transmitter output was reduced by 
elevating the concentration of magnesium to 3 mM and suppressing network activity with 5 nM TTX (b vs. b’). Elevating the calcium concentration 
also tended to restore the activity-dependent plasticity that is blocked by suppressing polysynaptic activity, though this effect was not significantly 
different at the 0.05 level (c vs. c’). These results suggest that the mechanism for activity-dependent plasticity can operate via calcium-dependent 
processes that are not dependent on NMDA receptor activation. Symbols are as described in Figure 4. 

independently regulated by various physiological mechanisms. 
In a calcium-mediated mechanism of plasticity, the postsynaptic 
neuron would not only be responsive to activity of a specific 
receptor subtype to control changes in efficacy, but also to a 
considerably wider scope of activity-dependent phenomena, in- 
cluding the general level of activity in the postsynaptic network 
and the activity-dependent history of physiological mechanisms 
maintaining calcium homeostasis (e.g., Fields et al., 1990a,b). 
The blockade of plasticity in dilute TTX is support for this 
interpretation (Table 3). Furthermore, this result would inval- 
idate an interpretation of the Hebbian model stated strictly in 
terms of NMDA activation, because NMDA channels were not 
blocked by the dilute TTX used to suppress network activity. 
In Hebbian terms, the “adequate level of postsynaptic response” 
must include some variable significantly impacted by the level 
of network activity. Activity-dependent calcium influx through 
both NMDA and non-NMDA channels may represent such a 
response. 

Superficially similar phenomena of activity-dependent plas- 
ticity in different types of neurons appear to operate through 
different mechanisms. Even within the hippocampus, NMDA- 
dependent and NMDA-independent forms of LTP have been 
described (reviews by Brown et al., 1989; Nicoll et al., 1988). 
Both forms of plasticity are sensitive to changes in [Ca2+ll, how- 
ever (Wickens, 1988; Jaffee and Johnston, 1989; Williams and 

Johnston, 1989). Moreover in hippocampal regions where ev- 
idence suggests NMDA is involved in the mechanism of LTP, 
long-lasting potentiation can be initiated without NMDA ac- 
tivation, either by intracellular release of Ca2+ (Malenka et al., 
1988), or by incubation of the hippocampal slice in elevated 
calcium concentration (Turner et al., 1982; Bliss et al., 1984; 
Mody et al., 1984; Feasy et al., 1985; Reymann et al., 1986). 
Blocking voltage-sensitive calcium channels (Izumi et al., 1987) 
or reducing the concentration of extracellular calcium to below 
2 mM (Dunwiddie and Lynch 1979; Wigstrom et al., 1979) 
impairs the ability to initiate LTP in hippocampal slice prep- 
arations. 

The extent to which the plastic phenomenon in our in vitro 
preparation is related to the mechanism of LTP is uncertain. 
The 2 phenomena have very different time courses of initiation 
(hours as compared to days). In addition to persistent changes 
in gain for existing synapses, long-term developmental changes 
modeled in this in vitro preparation are presumed to involve 
synaptogenesis and synapse elimination. The data in their pres- 
ent form do not permit us to differentiate between these 2 an- 
tagonistic processes that determine the number of functional 
DRG inputs to VH neurons. These questions could be inves- 
tigated in this preparations by serial electrophysiological re- 
cording and morphological techniques. The data concerning the 
number of functional inputs (Table 2) show that the restored 
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Figure 7. Summary of effects of postsynaptic activity, NMDA channel activation, and calcium concentration on synaptic plasticity. Values 
represent the mean of differences in EPSP amplitude between the stimulated and unstimulated afferents to each spinal cord neuron (stimulated 
minus unstimulated). Activity-dependent synaptic plasticity is defined here as a mean difference between convergent afferents to the same postsynaptic 
neuron, which is significantly greater than 0 mV (t test). When the calcium concentration is 1.8 mM, plasticity is not observed if NMDA channel 
activation is blocked with APV (D, E), or network activity is suppressed with dilute TTX (E, F). Plasticity is observed in media with 3 mM calcium, 
despite APV blockade of NMDA channel activation (C) or NMDA channel blockade with TTX and 3 mM Mg*+ F to reduce transmitter output 
(B). Network activity, NMDA channel activation, and increased extracellular calcium all affect the magnitude of calcium influx into the postsynaptic 
neuron. Tabulating these results according to the presumed effects of the different media on [Ca*+], (Table 3) supports the argument that plasticity 
is dependent on sufficient postsynaptic activation to bring about a critical level of calcium influx. Error bars represent +SEM. 

plasticity in elevated calcium under conditions of NMDA chan- 
nel blockade is due to the small number of unstimulated con- 
vergent inputs. Additional experiments will be necessary to test 
whether this effect is due to a calcium-dependent process that 
increases elimination in a competitive manner, rather than a 
calcium-induced inhibition of processes that increase synaptic 
stabilization or synaptogenesis. This difficult distinction is not 
peculiar to this in vitro preparation, but is an important con- 
sideration in any study of synaptic restructuring during devel- 
opment. 

It is possible that factors increasing the strength or number 
of synaptic connections are dependent on NMDA receptor ac- 
tivation, but processes decreasing synaptic efficacy or promoting 
synapse elimination are controlled by second-messenger cas- 
cades that are linked to non-NMDA receptors (Nicoletti et al., 
1986; Sugiyama et al., 1987) or that have no receptor specificity 
but are calcium dependent (e.g., calcium-dependent protease; 
O’Brien et al., 1984; Connold et al., 1986; Simon et al., 1987; 
Swanson and Vrbovl, 1987). Evidence is beginning to emerge 
from studies of the visual system (Dudek and Bear, 1989) and 
hippocampus (Chattaji et al., 1989) that NMDA activation may 
not be involved in the processes that decrease synaptic efficacy. 

A comparison of EPSP amplitude across different media in 
Experiment 1 provides some insight into the reasons for the 
pharmacological blockade of plasticity, which must be tested 
directly in other experiments. Consistent with previous results, 
a 3-way ANOVA of these data (Tables 4,5) shows that a primary 
factor affecting the strength of EPSPs is afferent stimulation, 
which caused a significant increase in EPSP amplitude (p < 

0.02; mean = 11.3 and 8.3 mV for the stimulated and unstim- 
ulated afferents, respectively, collapsed across all other factors). 
In addition, EPSP amplitude was increased significantly by the 
3 mM Ca2+, 3 mM Mg2+, 5 nM TTX medium (p < 0.023) but 
the effect of this medium depended on whether or not APV was 
included. This is shown by the highly significant antagonistic 
interaction between APV and treatment with the medium con- 
taining 3 mM Ca2+, 3 mM MgZ+, and 5 nM TTX 0, < 0.0001). 
In normal medium, APV caused a significant increase in EPSP 
amplitudes 0, < 0.00 18; 2-way ANOVA), but in medium con- 
taining 3 mM Ca*+, 3 mM Mg2+, and 5 mu TTX, APV caused a 
significant decrease in EPSP amplitude (p < 0.009; 2-way ANO- 
VA). This antagonistic interaction between the effects of APV 
and the medium containing elevated Ca2+ is consistent with the 
possibility that the positive effects of APV are related to changes 
in [Ca’+],. The blockade by APV of stimulus-induced increase 
in EPSP amplitude may also operate through changes in cal- 
cium, because APV was not effective in blocking activity-de- 
pendent plasticity if the calcium concentration was increased to 
3 mM. Several inferences can be drawn from this analysis: (1) 
Synaptic strength may be increased by stimu.lation when NMDA 
channels are blocked (10.1 vs. 7.88 mV, stimulated afferents in 
APV and normal medium, respectively; p = 0.1; Mann-Whitney 
U), but the selective decrease in synaptic strength of unstimu- 
lated afferents is abolished in APV (10.1 vs. 10.4 mV, stimulated 
vs. unstimulated afferents, respectively, in APV). (2) Elevating 
external calcium to 3 mM (also containing 3 mM Mg2+ and 5 
nM TTX) increases EPSP amplitude without regard to afferent 
stimulation (stimulated afferents increased from 7.88 mV in 
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Table 4. Multifactorial analysis on the effects of afferent stimulation, APV, and medium containing 3 
mM Ca*+, 3 mM Mg*+, and 5 nM TTX on EPSP amplitude of DRG inputs to VH neurons 

Factora df ss P< 

Three-factor ANOVA on EPSP amplitude (mv) 
Between subjects 386 56,655.ll 

Stimulation 1 752.95 
3/3/TTX 1 716.76 
APV 1 17.95 

Second-order interactions 
3/3/TTX + stimulation 1 67.13 
3/3/TTX + APV 1 2320.18 
Stimulation + APV 1 51.53 

Third-order interactions 
3/3/TTX + stimulation + APV 1 201.38 

Subjects within groups 319 52,478.86 
Two-factor ANOVA on EPSP amplitudes (mv) in normal medium 

Between subjects 216 25,147.48 
Stimulation 1 212.72 
APV 1 1108.28 

Stimulation + APV 1 212.3 1 

Subjects within groups 213 23,596.41 
Two-factor ANOVA on EPSP amplitudes (mv) in medium with 
3 mM Ca2+, 3 mM MgZ+, and 5 nM TTX 

Between subjects 169 30,660.64 
Stimulation 1 562.18 
APV 1 1215.93 

Stimulation + APV 1 19.32 
Subjects within groups 166 28,882.47 

L1 APV: 100 WM; 3/3/TTX: medium with 3 rnM Caz+, 3 rnM Mg’+, and 5 no TTX. 

0.020* 
0.023* 
NS (0.72) 

NS (0.49) 
0.0001*** 

NS (0.52) 

NS (0.23) 

NS (0.17) 
0.0018*** 

NS (0.12) 

0.074 
0.0090** 
NS (0.74) 

normal medium to 15 mV in the 3 mM Ca*+, 3 mM Mg*+, 5 nM 
TTX medium; p < 0.002; Mann-Whitney U, unstimulated af: 
ferents increased, respectively, from 3.68 to 12 mV; p < 0.0002), 
but there is still evidence for activity-dependent competition, 
because unstimulated afferents exhibit less increase in amplitude 
than stimulated afferents (12 vs. 15 mV, p < 0.1; Mann-Whit- 
ney v). (3) The effects of APV in increasing the EPSP amplitude 
nonselectively and in antagonizing activity-dependent synaptic 
increase in synaptic strength are mediated through a mechanism 
interacting with [Ca*+], via calcium influx through channels oth- 
er than the NMDA channel. This analysis provides useful hy- 
potheses for further study, which could evaluate other phenom- 
ena that might be affected by these treatments, including any 

Table 5. Three-factor partition of x2 analysis on the numbers of 
functional DRG inputs to VH neurons 

Factor0 df Y* D< 

Between subjects 
Stimulation 1 4.289 0.04* 
3/3/TTX 1 0.915 NS (0.3) 
APV 1 1.602 NS (0.2) 

Second-order interactions 
3/3/TTX + stimulation 1 0.133 NS (0.7) 
3/3/TTX + APV 1 4.027 0.04* 
Stimulation + APV 1 0.133 NS (0.7) 

4 APV: 100 PM; 3/3/TTX: medium with 3 rnM W+, 3 rnM Mgz+, and 5 no TTX. 

presynaptic effects, or processes that may be unique to tissue 
culture. 

This set of results do not fit the dual receptor hypothesis 
(NMDA activation involved in increased synaptic strength and 
non-NMDA activation involved in decreased synaptic strength; 
cf. Bear and Cooper, 1990; Nelson et al., 1990) as well as would 
be expected from first principles. An interpretation worthy of 
further consideration is one where activity-dependent synaptic 
plasticity results from 2 antagonistic processes: one increasing 
synaptic strength and another decreasing synaptic strength, but 
both acting through changes in intracellular calcium (Nelson et 
al., 1990). Such a mechanism would also incorporate and be 
compatible with the effects of reduced spontaneous network 
activity on synaptic strength, assuming postsynaptic activity 
increases [Ca2+], or regulates calcium buffering capacity. Future 
studies directed at elucidating the activity-dependent changes 
in [Ca2+], and calcium homeostatic mechanisms, and the relative 
sensitivity to calcium of processes increasing synaptic efficacy 
versus decreasing synaptic efficacy, are feasible and would be 
helpful in improving our understanding of how activity modifies 
development of the nervous system according to sensory or 
functional experience. 
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