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Abstract: Excitatory synaptic transmission in many neurons is mediated by two co-expressed ionotropic 37 

glutamate receptor subtypes, AMPA and NMDA receptors, that differ in kinetics, ion-selectivity, and 38 

voltage-sensitivity. AMPA receptors have fast kinetics and are voltage-insensitive, while NMDA 39 

receptors have slower kinetics and increased conductance at depolarized membrane potentials. Here 40 

we report that the voltage-dependency and kinetics of NMDA receptors act synergistically to stabilize 41 

synaptic integration of excitatory postsynaptic potentials (EPSPs) across spatial and voltage domains. 42 

Simulations of synaptic integration in simplified and morphologically realistic dendritic trees revealed 43 

that the combined presence of AMPA and NMDA conductances reduce the variability of somatic 44 

responses to spatiotemporal patterns of excitatory synaptic input presented at different initial membrane 45 

potentials and/or in different dendritic domains. This moderating effect of the NMDA conductance on 46 

synaptic integration was robust across a wide range of AMPA-to-NMDA ratios, and results from 47 

synergistic interaction of NMDA kinetics (which reduces variability across membrane potential) and 48 

voltage-dependence (which favors stabilization across dendritic location). When combined with AMPA 49 

conductance, the NMDA conductance compensates for voltage- and impedance-dependent changes in 50 

synaptic driving force, and distance-dependent attenuation of synaptic potentials arriving at the axon, to 51 

increase the fidelity of synaptic integration and EPSP-spike coupling across both neuron state (i.e., initial 52 

membrane potential) and dendritic location of synaptic input. Thus, synaptic NMDA receptors convey 53 

advantages for synaptic integration that are independent of, but fully compatible with, their importance 54 

for coincidence detection and synaptic plasticity. 55 

 56 

Significance Statement: Glutamate is an excitatory neurotransmitter that, at many synapses, gates 57 

two coexpressed receptor subtypes (AMPA and NMDA receptors). Computational simulations reveal 58 

that the combined synaptic presence of AMPA and NMDA receptors reduces variability in synaptic 59 

integration in response to identical patterns of synaptic input delivered to different dendritic locations 60 

and/or at different initial membrane potentials. This results from synergistic interaction of the slower 61 

kinetics and voltage-dependence of NMDA receptors, which combine to enhance synaptic currents 62 

when synaptic driving forces are otherwise reduced (e.g., at depolarized membrane potentials or in 63 

distal, high-impedance dendrites). By stabilizing synaptic integration across dendritic location and initial 64 

membrane potential, NMDA receptors provide advantages independent of, but fully compatible with, 65 

their well-known contribution to synaptic plasticity.  66 
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Introduction 67 

In the vertebrate central nervous system, fast excitatory synaptic transmission is mediated primarily 68 

by the amino acid glutamate, which at many synapses gates two coexpressed ionotropic receptors: α-69 

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) recep-70 

tors. While both receptor subtypes are gated by glutamate, and are permeable to monovalent cations, 71 

NMDA receptors are distinct in having slower kinetics, permeability for calcium, and voltage-depend-72 

ence due to channel blockade by extracellular magnesium ions at hyperpolarized membrane potentials 73 

(for review, see Iacobucci and Popescu, 2017). These features of NMDA receptors, which are highly 74 

conserved across phyla (Greer et al., 2017), are critical for their well-established role in gating associa-75 

tive synaptic plasticity, including certain types of long-term potentiation and depression (for review, see 76 

Luscher and Malenka, 2012). NMDA receptors also influence synaptic integration, as the voltage-de-77 

pendence of NMDA receptors can promote linear (Cash and Yuste, 1998) or supralinear (Schiller et al., 78 

2000) summation of excitatory postsynaptic potentials (EPSPs) that occur in sufficient spatial and tem-79 

poral proximity to relieve magnesium block of NMDA channels, and can reduce the voltage-dependent 80 

variability of mixed AMPA/NMDA synaptic currents (Diamond and Copenhagen, 1993; Connelly et al., 81 

2016).  82 

Because the input impedance of dendrites increases with distance from the soma, distal synapses 83 

generate larger, more depolarizing local dendritic EPSPs than do proximal synapses (Jaffe and Carne-84 

vale, 1999; Gulledge et al., 2005; Lajeunesse et al., 2013). Yet the ability of an individual AMPA-medi-85 

ated EPSP to recruit synaptic NMDA conductance is tempered by its rapid kinetics (~0.2 and 2.0 ms 86 

activation and decay, respectively), which, when combined with the limited local capacitance of narrow 87 

dendrites and dendritic spines, generates EPSPs that decay too rapidly to efficiently recruit slower acti-88 

vating (> 2 ms) NMDA conductances (Stern et al., 1992; Gulledge et al., 2012). Instead, network-driven 89 

patterns of synaptic input interact within the dendritic tree based on their spatiotemporal relationships to 90 

recruit NMDA conductances (Polsky et al., 2009; Grienberger et al., 2014; Palmer et al., 2014; Cichon 91 

and Gan, 2015), especially when they occur in high-impedance dendritic branches or spines (Branco 92 

and Hausser, 2011; Gulledge et al., 2012; Harnett et al., 2012). NMDA conductances are also recruited 93 

when barrages involve repetitive activation of the same synapses, as the extended occupancy of gluta-94 

mate sites on NMDA receptors (~100 ms) “prime” them for immediate gating during subsequent AMPA-95 

mediated local depolarization (Schiller et al., 2000; Polsky et al., 2004). With sufficient levels of synaptic 96 
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activation, inward NMDA currents become self-sustaining “NMDA spikes” that amplify and prolong syn-97 

aptic depolarization to generate supralinear summative events at the soma and axon (for reviews, see 98 

Antic et al., 2010; Branco and Hausser, 2010; Major et al., 2013; Grienberger et al., 2015).  99 

While most prior studies examining the impact of synaptic conductance on the location- and/or 100 

voltage-dependence of synaptic transmission have focused on single synaptic events (e.g., Jaffe and 101 

Carnevale, 1999; Lajeunesse et al., 2013), we reasoned that the voltage-dependency of NMDA 102 

receptors, combined with the distance-dependent electrotonic structure of dendritic trees, should reduce 103 

the variability of somatic drive (as measured as somatic depolarization and/or action potential 104 

generation) in response to spatiotemporal patterns of synaptic input occurring at different dendritic 105 

locations and/or from different initial membrane potential states. Here we test this hypothesis using 106 

computational simulations to compare the impact of synaptic conductance (AMPA-only, NMDA-only, or 107 

both conductances together) on the integration of patterns of afferent input delivered to different 108 

dendritic locations and/or at different initial membrane potentials. Our results reveal that AMPA and 109 

NMDA conductances interact in a complementary fashion to stabilize synaptic integration and EPSP-110 

spike coupling in ways that are independent of, yet fully compatible with, their well-established roles in 111 

coincidence detection and synaptic plasticity.  112 

 113 

Materials and Methods 114 

Code Accessibility 115 

The code used to generate the data in this paper is freely available online at 116 

http://modeldb.yale.edu/266802. The code is also available as Extended Data 1. 117 

Computational models 118 

Simulations were made using NEURON 7.7 software (Carnevale and Hines, 2006; RRID: 119 

SCR_005393) run on MacOS 10.14 and/or on the Neuroscience Gateway portal (Sivagnanam et al., 120 

2013). Morphologies used include “ball-and-stick” model neurons, consisting of somata connected to 121 

spinous dendrites of variable length, a hippocampal CA3 pyramidal neuron (Hemond et al., 2009), and 122 

a hippocampal dentate granule neuron (Schmidt-Hieber et al., 2007). Table 1 lists the dimensions and 123 

membrane parameters for all neuron morphologies. Active mechanisms consisted primarily of fast-124 

inactivating voltage-gated sodium and delayed-rectifier potassium conductances (source codes 125 
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available in ModelDB, entry 144385). Spines with neck resistances of 500 MΩ (Harnett et al., 2012) 126 

were positioned at 1-µm intervals along dendrites. Axons in all models were 2,000 µm long, had 127 

diameters of 0.5 µm, and were attached to the soma via a 40 µm axon initial segment (AIS) that tapered 128 

from 2.0 µm (at the soma) to 0.5 µm (at the axon). Except for the AIS, voltage-gated conductances were 129 

evenly distributed in axons (i.e., axons were modeled as unmyelinated; see Table 1 for sodium and 130 

potassium channel densities in each neuronal compartment). Unless otherwise noted, ball-and-stick 131 

neurons included somata (20 x 10 µm) attached to a single tapering (5 µm to 1 µm) dendrite of variable 132 

length (0.2 to 1 mm; input resistances (RN) ranging from ~125 to ~310 MΩ). Because RN can influence 133 

the impact of dendritic location on synaptic integration, for some simulations we delivered synaptic input 134 

to a 200-µm dendrite attached to a larger neuron typically having three additional 600-µm dendrites that 135 

did not receive synaptic input (Figure 3A shows results from a range of neurons having from 1 to 5 136 

additional 600-µm dendrites). In all simulations, models were initiated following a 1 s passive run to 137 

allow active conductances to reach a steady-state. Simulations were run with time steps of 10 or 25 µs 138 

at a nominal temperature of 37°C. 139 

Simulated synaptic inputs 140 

In most simulations, synaptic conductances were located on spine heads. AMPA conductances 141 

(ModelDB entry 120798) typically had exponential rise and decay time constants of 0.2 ms and 2 ms, 142 

respectively, a reversal potential of 0 mV, and a maximum conductance of 500 pS, unless otherwise 143 

noted. NMDA inputs were based on the AMPA conductance, with added voltage-dependence (as in 144 

Model DB entry 184725), and unless otherwise noted had nominal maximum conductances of 1 nS 145 

(typically reaching ~46 pS during individual AMPA+NMDA synaptic events occurring from a membrane 146 

potential of -55 mV; see also Figures 1B and 4A), reversal potentials of +5 mV, and exponential rise 147 

and decay time constants of 3 ms and 90 ms, respectively. Single synaptic potentials were monitored 148 

at the soma and at the dendritic site of synaptic input. For barrages of synaptic input, dendritic voltage 149 

responses were measured at the soma and at the mid-point of the dendritic span receiving synaptic 150 

input. During spike threshold tests, synaptic thresholds were determined by monitoring action potentials 151 

in the midpoint of the axon. During non-spike threshold tests, synaptic thresholds were determined as 152 

somatic events reaching 5 mV (for the dentate granule cell) or 3 mV (for the CA3 neuron) above the 153 

resting membrane potential (RMP). 154 
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Synaptic barrages of n synaptic activations, delivered to discrete dendritic compartments, were de-155 

fined by sampling two random variables n times for a set of n pairs. The first random variable in the pair 156 

determined the site of the nth synaptic input and was chosen from a uniform distribution spanning inte-157 

gers 0 to 49 (for a 50-µm range), which was then applied to the dendritic segment of interest (i.e., from 158 

620-669 µm from the soma). The second random variable, which determined synaptic timing, was cho-159 

sen from a Gaussian distribution (width of 50 ms). Each pattern maintained a single ordered set of 160 

sampled pairs. The size of the set varied depending on the number n, but the content and order of the 161 

pairs did not change for a given pattern. For instance, within one pattern, barrages with n and n+1 162 

synaptic activations were identical except for the n+1th additional activation. These spatiotemporal pat-163 

terns of synaptic input were iteratively moved along dendrites at 10- or 20-µm intervals to compare the 164 

effect of input location on local and somatic synaptic responses. Ten different randomized spatiotem-165 

poral patterns of synaptic input were utilized to determine the stability of EPSP-spike coupling over input 166 

pattern, dendritic location, and RMP. Nominal RMPs were set by uniformly adjusting the reversal poten-167 

tial for the passive leak conductance in all model compartments. 168 

Variation of EPSP-spike coupling and somatic drive was quantified as coefficient of variation (CV; 169 

standard deviation normalized by mean), which provides a relative measure of variability in synaptic 170 

thresholds across all dendritic locations and/or membrane potentials independent of response 171 

magnitudes (as opposed to measures of absolute range or standard deviation, which are difficult to 172 

compare across models having different mean thresholds, and which may overestimate effective 173 

variability if functions [e.g., vs distance or voltage] are non-linear). In the longest dendrites tested (the 174 

1,000-µm ball-and-stick and CA3 neurons), inputs to distal dendritic locations became so remote that 175 

threshold numbers of synaptic inputs rose exponentially to infinite values (i.e., beyond our maximum 176 

tested value of 10,000), as at very distal distances even voltage-clamping a 50-µm dendritic segment 177 

to 0 mV would fail to generate action potentials in the axon. Trials with AMPA-only inputs always hit this 178 

limit earliest (i.e., at slightly more proximal dendritic locations than other conductances), and so CVs for 179 

all conductances (AMPA-only, NMDA-only, or both AMPA and NMDA) were calculated only across 180 

dendritic locations where AMPA synaptic thresholds were measurable. 181 

 182 

 183 
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Statistical analyses 184 

Results are reported as means ± standard deviations. Because our simulations are deterministic, 185 

we know a priori that differences in synaptic responses are “real” (that is to say, we know they result 186 

from the changes in synaptic conductance coded into the simulation). To quantify the relative impact of 187 

synaptic conductance on variability of synaptic integration (as measured by CV of synaptic thresholds) 188 

across RMPs and/or dendritic locations, we calculated the effect size (d) for each synaptic conductance 189 

as the mean difference in CV (relative to AMPA-only trials) normalized by the standard deviation (s) of 190 

the AMPA-only trials, according to the following formula:  191 

 192 

𝑑 =
(𝑥𝑡𝑒𝑠𝑡−𝑥𝐴𝑀𝑃𝐴−𝑜𝑛𝑙𝑦)

𝑠𝐴𝑀𝑃𝐴−𝑜𝑛𝑙𝑦
  193 

 194 

where x̅AMPA-only and x̅test are the means of CVs of synaptic thresholds calculated across trials (e.g., 195 

across patterns of synaptic input, dendritic locations, and/or RMPs) for AMPA-only simulations and 196 

those with modified synaptic conductances, respectively, and sAMPA-only is the standard deviation for CVs 197 

in AMPA-only trials. Thus, d represents both the direction (by sign) and magnitude (in units of sAMPA-only) 198 

of differences in mean variability of synaptic thresholds. This generates a more conservative measure 199 

of effect size than other approaches (such as Cohen’s d) because the standard deviation of synaptic 200 

thresholds for AMPA+NMDA trials was typically much smaller than for AMPA-only trials (see, for in-201 

stance, the error bars in Figures 2D and 6C). Quantifying effect size in this manner allows direct com-202 

parison of the relative impact of synaptic conductance on variability in neurons of different sizes and 203 

across different RMPs. 204 

 205 

Results 206 

Effect of synaptic conductance type on individual EPSPs 207 

We first compared the relative efficacy of individual synapses consisting of AMPA-only, NMDA-only, 208 

or both (AMPA and NMDA) conductances in depolarizing the soma of a simplified and fully passive ball-209 

and-stick model neuron (see Methods) with the resting membrane potential (RMP) set to one of seven 210 

values (-85 to -55 mV; see Methods). As expected, given the cable properties of dendrites (Gulledge et 211 

al., 2005), the amplitude and kinetics of the resulting EPSPs depended on synaptic conductance type, 212 
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RMP, and the dendritic location of synaptic input (Figure 1A). NMDA conductances were larger at 213 

depolarized RMPs and/or in distal dendritic compartments (Figure 1B), generating NMDA-mediated 214 

EPSPs that were largest under those conditions (light-blue plots in Figure 1C). On the other hand, 215 

AMPA-only and AMPA+NMDA EPSPs had maximal amplitudes at the most hyperpolarized RMPs, 216 

where driving force was greatest (dark yellow plots in Figure 1C). Across all dendritic locations and 217 

RMPs, somatic EPSP amplitudes averaged 0.48 ± 0.10, 0.11 ± 0.07, and 0.52 ± 0.09 mV for AMPA-218 

only, NMDA-only, and AMPA+NMDA responses, respectively. Somatic EPSPs generated by 219 

AMPA+NMDA conductances were less variable across dendritic locations and RMPs (CV = 0.18; effect 220 

size, d, of +0.33 vs AMPA-only inputs) than EPSPs generated by AMPA-only (CV = 0.22) or NMDA-221 

only (CV = 0.65) inputs. Similarly, AMPA+NMDA somatic EPSPs had smaller absolute amplitude ranges 222 

across RMPs for each dendritic location (mean range of 0.14 ± 0.04 mV; d = -1.96 relative to AMPA-223 

only inputs) relative to ranges for AMPA-only (0.21 ± 0.03 mV) or NMDA-only (0.21 ± 0.02 mV) EPSPs. 224 

While somatic EPSP amplitudes decremented with synaptic distance from the soma, amplitudes at the 225 

site of synaptic input became progressively larger at distal dendritic locations (Figure 1C), and averaged 226 

0.96 ± 0.68, 0.15 ± 0.11, and 1.00 ± 0.69 mV for AMPA-only, NMDA-only, and AMPA+NMDA inputs, 227 

respectively. AMPA+NMDA dendritic EPSPs were marginally larger than AMPA-only EPSPs (d = +0.06) 228 

and had slightly smaller absolute ranges across RMPs (d = -0.24). These data demonstrate that adding 229 

an NMDA conductance to individual AMPA-only EPSPs generates marginally larger EPSPs with slightly 230 

reduced variability across dendritic location and RMP.  231 

Impact of synaptic conductance on EPSP-spike coupling 232 

Although the impact of the NMDA conductance on somatic EPSP variability was small for individual 233 

EPSPs (compare yellow and green traces in Figure 1A), we reasoned that its impact might be amplified 234 

when dendrites experience barrages of excitatory synaptic input. To test this, we measured EPSP-spike 235 

coupling in ball-and-stick model neurons with dendrites of various lengths (200 to 1000 µm) and 236 

compared, across dendritic locations and RMPs, the threshold number of synaptic activations necessary 237 

for action potential initiation in the axon. Figure 2A shows results for the most proximal dendritic location 238 

in a model neuron with a 1000-µm dendrite with a resting membrane potential of -70 mV. In each model 239 

neuron, ten stochastic spatiotemporal patterns of synaptic input (“synaptic barrages,” see Methods) 240 

were delivered to progressively more distal 50-µm-spans of the dendrite. For simulations involving 241 
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AMPA-only, NMDA-only, or both synaptic conductances, the number of activated synapses within each 242 

barrage was iteratively increased at each dendritic location until an action potential was initiated. For 243 

each pattern of synaptic input, the threshold number of synapses necessary for action potential 244 

generation was determined for inputs occurring at different dendritic locations (incremented at 10-µm 245 

intervals) and across seven RMPs (-85 to -55 mV). As with single EPSPs, identical barrages of synaptic 246 

input generated ever-larger local dendritic depolarization at progressively more distal dendritic locations. 247 

Whereas the increase in local response amplitude with distance was linear when inputs involved AMPA 248 

conductances only, incorporation of the NMDA conductance, by itself or in combination with the AMPA 249 

conductance, allowed for supralinear distance-dependent increases in response amplitude and width, 250 

including long-lasting regenerative NMDA spikes, at distal dendritic locations. This can best be seen in 251 

Figure 2B, which shows somatic and local dendritic responses to identical patterns of subthreshold 252 

input (determined for each conductance type as the maximal number of synapses that remained 253 

subthreshold across all dendritic locations) in a neuron with an RMP of -70 mV. 254 

For AMPA-only synapses, the mean threshold number of synaptic inputs increased with distance 255 

from the soma or with hyperpolarization of the RMP (Figure 2C, left). This result reflects 1) distance-256 

dependent voltage attenuation of summated EPSPs as they transfer to the soma, 2) smaller synaptic 257 

currents occurring when driving force is reduced during EPSPs in narrow, high-impedance dendrites 258 

(where local EPSP amplitudes are intrinsically larger and bring the membrane potential closer to the 259 

synaptic reversal potential), and 3) the necessity for greater depolarization to reach action potential 260 

threshold from hyperpolarized RMPs. On the other hand, when synapses contained only the NMDA 261 

conductance, the threshold number of synapses decreased with depolarization of the RMP but was 262 

fairly uniform across distance in the proximal dendrite before becoming lower at distal locations (Figure 263 

2C, middle). This shape resulted from distance-dependent voltage attenuation of somatic EPSPs 264 

combined with progressively larger synaptic currents at more distal, high-impedance dendritic locations, 265 

where NMDA spikes of increasing amplitude and duration were observed (see Figure 2B). Remarkably, 266 

when synapses contained both AMPA and NMDA conductances, synaptic thresholds for action potential 267 

generation were less sensitive to changes in RMP and less variable across distance than were 268 

thresholds for AMPA-only or NMDA-only synaptic inputs (Figure 2C). While this reduced variability was 269 

evident from the mean ranges of synaptic thresholds (Figure 2C), they were just as robust when 270 

threshold variability was normalized as CV. Whether measured across all dendritic locations (within any 271 



  NMDA receptors stabilize synaptic integration, page 10 

 10 

given RMP; Figure 2D, left), across all RMPs (for any given dendritic location; Figure 2D, middle), or 272 

across all dendritic locations and RMPs (“total CV”; Figure 2D, right), and regardless of dendritic length, 273 

CVs of synaptic thresholds were always lowest when synapses contained both AMPA and NMDA 274 

conductances. Effect sizes were amplified in longer dendrites, likely reflecting their greater electrotonic 275 

diversity across input locations (see also Figure 3, below).  276 

Total CVs for synaptic thresholds, measured across all dendritic locations and RMPs for AMPA-only 277 

trials, ranged from a low of 0.32 ± 0.03 (in the 200 µm dendrite) to 2.07 ± 0.08 (in the 1,000 µm dendrite; 278 

n = 10 patterns of synaptic input). When synapses incorporated both AMPA and NMDA conductances, 279 

CVs ranged from 0.32 ± 0.04 to 0.40 ± 0.01 (in the 200 µm and 1,000 µm dendrites, respectively), with 280 

effect sizes (relative to AMPA-only trials) ranging from negligible (-0.02 sAMPA-only; see Methods) in the 281 

200-µm dendrite, to enormous (-22 sAMPA-only) in the 1,000-µm dendrite. Synaptic thresholds for NMDA-282 

only conductances were always more variable than for inputs having both conductances, with total CVs 283 

ranging from 0.46 ± 0.01 to 0.61 ± 0.01 (in dendrites of 200 and 1,000 µm, respectively) and effect sizes 284 

ranging from +3.28 sAMPA-only (in the 600-µm dendrite) to -19.3 sAMPA-only (in the 1,000-µm dendrite; Figure 285 

2D). 286 

To test whether the impact of dendritic length on synaptic threshold variability was reflective of 287 

electrotonic structure of the neuron, we measured synaptic thresholds in a 200-µm dendrite attached to 288 

larger neurons having 1-to-5 additional dendrites (each of 600 µm; Figure 3A). Even as the measured 289 

dendrite remained static (at 200 µm), the effect size of combining AMPA and NMDA conductances on 290 

synaptic threshold variability was enhanced as neurons became progressively larger, ranging from 291 

almost nothing (-0.02 sAMPA-only) in the smallest neuron having no additional dendrites, to very large (-292 

9.65 sAMPA-only) in the largest neuron with five additional dendrites (Figure 3A). Similarly, making our 293 

normal ball-and-stick neurons electrotonically “tighter” by removing dendritic spines moderately reduced 294 

the impact of synaptic conductance on threshold variability (Figure 3B).  295 

To test whether the impact of NMDA conductance depended on passive dendrites, in some 296 

simulations we added dendritic voltage-gated sodium and potassium conductances (see Table 1). 297 

Combining AMPA and NMDA conductances continued to reduce the variability of synaptic thresholds 298 

relative to AMPA-only inputs when dendrites contained active conductances (Figure 3C). 299 

Finally, to test whether the reduced variability in synaptic thresholds for AMPA+NMDA inputs was 300 

due to their larger peak conductance magnitudes, we repeated simulations using a range of AMPA-only 301 
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conductances (100 pS to 1 nS) in a 600-µm dendrite. We found no consistent relationship between peak 302 

AMPA conductance and total CV of EPSP-spike coupling measured across all dendritic locations and 303 

RMPs (Figure 3D; see also Figure 7, below). This suggests that, rather than reflecting larger total 304 

synaptic conductance, the enhanced fidelity of EPSP-spike coupling observed with AMPA+NMDA 305 

inputs depends instead on properties intrinsic to the NMDA conductance. 306 

Synergistic interaction of voltage-dependence and slow kinetics of the NMDA conductance 307 

 The NMDA conductance differs from the AMPA conductance in two key ways: it is voltage-dependent 308 

and has slower kinetics. To determine the relative impact of these properties on EPSP-spike coupling, 309 

we modified our simulations to measure variability in synaptic thresholds independently across location 310 

and RMP (Figure 4). To do this, we started with our AMPA-only model (500 pS) and then replaced a 311 

portion of that conductance (100 or 250 pS) with either a) the normal NMDA conductance, b) a 312 

conductance having NMDA-like voltage-dependence with AMPA-like kinetics (“fast-NMDA”), or c) a 313 

conductance with NMDA-like kinetics but lacking voltage-dependence (“slow-AMPA”). These added 314 

conductances were titrated so that each model exhibited a similar synaptic threshold for inputs to the 315 

proximal end of the 600-µm dendrite at -70 mV (~51 synapses). The resulting synaptic conductances 316 

are shown to scale in Figure 4A following activation of individual synapses under voltage-clamp 317 

(voltage-dependent conductances shown for activations at -85 and -55 mV, as indicated). As in Figure 318 

2, for each dendritic location (50-µm spans, incremented at 10-µm intervals), and RMP (from -85 to -55 319 

mV, in 5-mV increments), we measured synaptic thresholds for action potential generation in response 320 

to each of ten randomized spatiotemporal patterns of synaptic input (Figure 4B). We then calculated 321 

the CV of synaptic thresholds across RMPs for each dendritic location (Figure 4C), across all dendritic 322 

locations at a given RMP (Figure 4D), and across all dendritic locations and RMPs (“total CV”; Figure 323 

4E). This allowed us to dissociate the relative impacts of voltage-dependance and conductance kinetics 324 

on the fidelity of EPSP-spike coupling. Adding back an AMPA conductance with slower kinetics (the 325 

brown plots from simulations including the “slow-AMPA” conductance in Figure 4C) modestly reduced 326 

the CV of synaptic thresholds measured across RMP at a given dendritic location, especially in shorter 327 

dendrites or in proximal locations in longer dendrites. On the other hand, adding NMDA-like voltage-328 

dependence with fast, AMPA-like, kinetics (“fast-NMDA”; purple plots in Figure 4C) increased the CV 329 

of synaptic thresholds measured across RMP at individual dendritic locations in small and/or proximal 330 
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dendrites. Both of these effects were “dose-dependent,” in that they were larger when they contributed 331 

proportionally more to the total synaptic conductance (compare dashed vs solid lines in Figure 4C).  332 

When our normal NMDA conductance (titrated, as above) was added to these smaller AMPA 333 

conductances (green traces in Figure 4C), CVs for synaptic thresholds measured across RMP were 334 

intermediate to those generated by fast-NMDA and slow-AMPA conductances, being only marginally 335 

larger than for AMPA-only inputs in short dendrites (or at proximal dendritic locations in longer dendrites) 336 

but becoming progressively lower at more distal dendritic locations. Overall, mean CVs of synaptic 337 

thresholds measured across RMP at all dendritic locations with titrated NMDA conductances were lower 338 

than for AMPA-only inputs in all dendrites longer than 200 um, and in the 200-µm dendrite when 339 

attached to a larger neuron with three additional 600-µm dendrites (effect sizes ranging from -0.26 sAMPA-340 

only in the 400-µm dendrite to -1.91 sAMPA-only in the 200-µm dendrite attached to a larger neuron). Effect 341 

sizes of conductance-dependent changes in synaptic threshold variability across RMP are plotted for 342 

each dendritic location in Figure 5A (below).  343 

The impact of synaptic conductance on synaptic threshold variability was quite different when 344 

measured across all dendritic locations within a given RMP (Figure 4D). For all dendrites greater than 345 

200 µm (and including in the 200-µm dendrite when attached to a larger neuron), the presence of the 346 

“fast-NMDA” conductance greatly lowered the CV of synaptic thresholds within any given RMP, while 347 

adding the “slow-AMPA” conductance had little impact on synaptic threshold variability across dendritic 348 

locations. The combination of voltage-dependence and slow kinetics (i.e., our titrated standard NMDA 349 

conductance; green traces) generally lowed CV for synaptic thresholds measured across dendritic 350 

locations for a given RMP. For both fast-NMDA and regular NMDA conductances, the dose-dependency 351 

was non-linear, as the smaller dose typically generated the largest reductions in CV (relative to AMPA-352 

only conductance; Figure 4D). The effect sizes of these synaptic conductances on threshold variability 353 

across location within a given RMP (relative to 500 pS AMPA-only inputs) are shown in Figure 5B.  354 

Finally, we measured “total CV” of synaptic thresholds across all dendritic locations and all RMPs for 355 

ten patterns of synaptic input (Figure 4E). In smaller neurons (those with 200-µm and 400-µm 356 

dendrites), adding the “fast-NMDA” conductance (purple symbols) slightly increased CV relative to 357 

AMPA conductance alone. On the other hand, adding “slow-AMPA” kinetics (brown symbols) modestly 358 

reduced CV relative to AMPA-only inputs in most models. These effects were reversed in larger neurons 359 

such that the “slow-AMPA” conductance increased mean total CV in the 1,000-µm dendrite, while the 360 
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voltage-dependent “fast-NMDA” conductance reduced total CV for all dendrites longer than 400 µm, as 361 

well as in the 200-µm dendrite when it was attached to a larger neuron. This likely reflects the ability of 362 

the “fast-NMDA” conductance to effectively lower CV across distance in larger neurons by avoiding or 363 

delaying the exponential rise in synaptic thresholds observed for AMPA-only inputs (Figure 4C), and 364 

that slower kinetics (i.e., “slow-AMPA” models) have reduced efficacy in lowering CV across RMPs at 365 

distal dendritic locations (Figure 4C).  366 

Combining voltage-dependence with slow kinetics (i.e., the titrated normal NMDA conductance; 367 

green symbols in Figure 4E) led to overall lower total CVs for synaptic thresholds in all dendrites longer 368 

than 200 µm, including in the 200-µm dendrite when attached to a larger neuron. Mean total CVs (across 369 

10 synaptic input patterns) and effect sizes for conductance-dependent changes in total CV (relative to 370 

the 500 pS AMPA-only inputs) are shown in Table 2. In most dendrites, combining voltage-dependence 371 

with slower kinetics had a synergistic effect in lowering total CV of synaptic thresholds to a greater extent 372 

than either manipulation on its own, often with “large” effect sizes (i.e. > 1 sAMPA-only). 373 

To further compare the impact of synaptic conductance on the variability of EPSP-spike coupling, as 374 

measured across all RMPs (for a given dendritic location) or across all dendritic locations (for a given 375 

RMP), we plotted the effect sizes for our various synaptic conductances (relative to threshold variability 376 

observed for AMPA-only inputs) in Figure 5. This essentially transforms data in Figures 4C and 4D into 377 

measures of effect size (in units of sAMPA-only) to allow comparison of the differential impact of voltage-378 

dependence and slow kinetics on synaptic threshold variability across RMPs (Figure 5A) or across all 379 

dendritic locations (Figure 5B). Included in Figure 5 are results from our normal AMPA + NMDA 380 

conductance (500 pS AMPA + 1 nS NMDA; thick semi-transparent gray lines), which tended to track 381 

closely to the titrated NMDA conductances (green lines). As shown in Figure 5A, adding the “fast-382 

NMDA” conductance induced a dose-dependent increase in the CVs for synaptic thresholds across 383 

RMPs in shorter dendrites and in the proximal two-thirds of longer dendrites (those ≥ 600 µm), with 384 

effect sizes for the larger dose of “fast-NMDA” (3.15 nS, paired with 250 pS AMPA) averaging +1.08 385 

± 0.26 sAMPA-only (i.e., more variable thresholds across RMP relative to AMPA-only inputs) in shorter (200 386 

µm and 400 µm) dendrite models and in the proximal two-thirds of longer dendrites. At distal locations 387 

in longer dendrites, effect sizes for NMDA-containing models became negative (i.e., reduced variability 388 

across RMP) and very large relative to AMPA-only inputs (Figure 5). This occurred because adding a 389 

voltage-dependent component (regardless of kinetics) avoided, or at least delayed, the distance-390 
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dependent exponential climb in synaptic thresholds exhibited by AMPA-only inputs at distal dendritic 391 

locations (see Figure 4B) and the corresponding increases in synaptic threshold variability (see Figure 392 

4C). On the other hand, adding the larger dose of “slow-AMPA” conductance moderately lowered the 393 

variability of synaptic thresholds across RMPs for most proximal dendritic locations, with effect sizes 394 

averaging -0.46 ± 0.13 sAMPA-only in all models > 200 µm, including in the 200 µm dendrite when attached 395 

to a larger neuron (Figure 5A). 396 

 Combining voltage-dependence with slow kinetics (the green “NMDA” traces in Figures 4C and 5A) 397 

revealed a location-dependent reduction in variability of synaptic thresholds measured across RMPs 398 

that was similar to that observed when adding the “fast NMDA” conductance (compare green and purple 399 

traces in Figure 5A). However, relative to fast NMDA trials, the slower kinetics of the normal NMDA 400 

conductance consistently led to lower CVs for synaptic thresholds at all dendritic locations in all model 401 

neurons. Mean effect sizes for all dendritic locations ranged from negligible (+0.06 sAMPA-only in the 200-402 

µm dendrite) to very large (-5.2 in the 1,000-µm dendrite), and always became larger with increasing 403 

distance from the soma. As with the “fast-NMDA” conductance, the enormous effect sizes in distal 404 

dendrites reflects primarily the earlier (i.e., at more proximal dendritic locations) exponential increases 405 

in synaptic thresholds observed in AMPA-only models, rather than the more modest distance-dependent 406 

reduction in CV occurring in the presence of the NMDA conductance (Figure 4C).  407 

The impact of synaptic conductance on synaptic threshold variability measured across location within 408 

a given RMP is shown in Figure 5B. Regardless of kinetics, the addition of voltage-dependence greatly 409 

reduced the CV of synaptic thresholds across location (Figure 5B), and this effect was magnified in 410 

larger dendrites and at more hyperpolarized RMPs. The presence of slow kinetics in the absence of 411 

voltage-dependence had little impact on synaptic threshold variability across dendritic location, except 412 

in the longest dendrite (1,000 µm) at hyperpolarized RMPs, where variability increased relative to 413 

AMPA-only inputs. 414 

Together, these results indicate that the impact of the NMDA conductance on the variability of 415 

synaptic thresholds across dendritic location and RMP reflects a synergistic interaction of multiple 416 

properties of the NMDA conductance, with its voltage-dependence primarily enhancing fidelity across 417 

dendritic location within any given RMP, and its slower kinetics tending to enhance fidelity across RMP 418 

at a given dendritic location. These properties act together to greatly reduce the variability of EPSP-419 

spike coupling across both RMP and dendritic location, relative to AMPA-only synaptic inputs.  420 
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Synaptic integration in morphologically realistic neurons 421 

The simulations above reveal that, in simplified neuron morphologies, the presence of both AMPA 422 

and NMDA conductances at synapses reduces location- and RMP-dependent variability of somatic 423 

responses to spatially restricted barrages of synaptic input. To determine the impact of synaptic 424 

conductance on synaptic integration in realistic neuronal morphologies, we placed spinous synapses at 425 

1-µm intervals across the dendritic trees of two reconstructed neurons: a relatively large CA3 pyramidal 426 

neuron (Figure 6A), and a smaller dentate granule neuron (Figure 6D). Because of their large dendritic 427 

arbors, it was not possible to drive action potential generation in these neurons with spatially restricted 428 

(50-µm) synaptic barrages, as even extreme depolarization of distal dendrites (e.g., clamping 50-µm 429 

spans to 0 mV) failed to depolarize the axon initial segment to action potential threshold. Instead, we 430 

set arbitrary thresholds of somatic depolarization (3 mV above RMP for the CA3 neuron, and 5 mV 431 

above RMP for the smaller dentate granule neuron) and iteratively activated expanding stochastic 432 

patterns of synaptic input at different dendritic locations until somatic voltage thresholds were realized. 433 

RMPs were nominally set between -85 and -55 mV, in 5 mV increments, and synaptic barrages delivered 434 

to 50-µm spans along the dendritic branches indicated in red in Figures 6A and D (at 10-µm 435 

increments). In the CA3 neuron, the threshold number of AMPA-only inputs necessary to generate a 3-436 

mV somatic depolarization increased with distance from the soma, or with depolarization of the RMP, 437 

as voltage attenuation and reduced driving force impaired synaptic depolarization of the soma (yellow 438 

plots in Figure 6A). In contrast, when synapses contained only the NMDA conductance, the threshold 439 

number of synapses to depolarize the soma by 3 mV decreased with distance from the soma and/or 440 

with depolarization of the RMP, as distance-dependent increases in local input impedance, and/or 441 

depolarization of the RMP, enhanced the voltage-dependent NMDA conductance (blue plots in Figure 442 

6A). Combining both AMPA and NMDA conductances generated threshold numbers of synapses that 443 

were generally lower and more uniform across dendritic location and RMP (Figure 6A, green plots). 444 

Whether measured across RMP (for a given dendritic location; Figure 6B) or across dendritic location 445 

(within a given RMP; Figure 6C), CVs were always less when AMPA and NMDA conductances were 446 

combined. Across RMPs, CVs of AMPA+NMDA inputs were reduced, on average, by 6.04 ± 1.98 sAMPA-447 

only (Figure 6B), while effect sizes for reductions in CV across dendritic location (within a given RMP) 448 

ranged from -0.93 to -1.19, primarily because of large variability in the CVs of AMPA-only trials (compare 449 

the standard deviations of AMPA-only and AMPA+NMDA trials in Figure 6C).  450 
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Across all dendritic locations and RMPs, total CVs in AMPA-only trials averaged 1.83 ± 0.10 across 451 

ten patterns of synaptic input, but were only 0.19 ± 0.01 in AMPA+NMDA trials, with an effect size of -452 

16.6 sAMPA-only for AMPA+NMDA inputs relative to AMPA-only trials. These results demonstrate that the 453 

combined presence of synaptic AMPA and NMDA conductances greatly reduces distance- and RMP-454 

dependent variability of synaptic integration (relative to AMPA-only inputs) in a realistic neuron 455 

morphology.  456 

Similar results were observed in the smaller dentate granule neuron (Figure 6D), where the threshold 457 

number of AMPA-mediated synaptic inputs increased with distance from the soma, or with 458 

depolarization of the RMP (Figure 6D, yellow plots), due to distance-dependent voltage attenuation and 459 

reduced synaptic driving force, respectively. Conversely, for NMDA-mediated inputs, synaptic 460 

thresholds decreased with distance from the soma, or with depolarization of the RMP (Figure 6D, blue 461 

plots). As was true in the CA3 neuron, the combined presence of synaptic AMPA and NMDA 462 

conductances in the dentate granule neuron minimized the impact of dendritic location and RMP on 463 

synaptic thresholds (Figure 6D, green plots) and greatly reduced the CVs of thresholds calculated 464 

across RMPs for increasingly distant dendritic locations (Figure 6E) or across dendritic location within 465 

a given RMP (Figure 6F). Mean total CVs for the ten spatiotemporal input patterns, calculated across 466 

all dendritic locations and RMPs, were 0.19 ± 0.02, 0.52 ± 0.01, and 0.08 ± 0.01, for AMPA-only, NMDA-467 

only, and AMPA-and-NMDA conductances, respectively, with an effect size of -5.18 sAMPA-only for 468 

AMPA+NMDA inputs relative to AMPA-only inputs.  469 

Impact of AMPA-to-NMDA conductance ratios on synaptic integration 470 

The simulations described above reveal that combining AMPA and NMDA conductances can 471 

increase the fidelity of synaptic integration, as measured at the soma and axon, across dendritic 472 

locations and/or RMPs. However, while the number of synaptic NMDA receptors is fairly uniform across 473 

most synapses (on the order of 10 receptors per synapse; Racca et al., 2000; Nimchinsky et al., 2004; 474 

Noguchi et al., 2005), synaptic AMPA conductances can range from zero (i.e., in “silent” synapses) to 475 

>1.5 nS (Beaulieu-Laroche and Harnett, 2018), and are dynamic in response to synaptic plasticity (for 476 

review, see Herring and Nicoll, 2016). Thus, the ratio of AMPA-to-NMDA conductance at synapses is 477 

variable. To determine the impact of AMPA-to-NMDA ratio on the fidelity of synaptic integration, we 478 

varied the maximal AMPA conductance from 0.1 to 1.5 nS while keeping the maximal NMDA 479 
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conductance steady at 1 nS, and measured the minimum number of synaptic activations necessary to 480 

trigger an action potential in ball-and-stick neurons of various dendritic lengths (Figure 7). Examples of 481 

individual synaptic responses generated by AMPA-only and AMPA+NMDA inputs containing different 482 

magnitudes of AMPA conductance are shown in Figure 7A (NMDA-only inputs are also shown for 483 

comparison). Regardless of AMPA conductance magnitude, the threshold number of synaptic inputs for 484 

action potential initiation increased sharply with distance from the soma for AMPA-only inputs, while 485 

thresholds for inputs containing both AMPA and NMDA conductances were relatively independent of 486 

distance (Figure 7B). In long dendrites (> 600 µm) the mean CV for the threshold number of inputs was 487 

lowest when both conductances were present, regardless of AMPA-to-NMDA ratio (Figure 7C). In ball-488 

and-stick model neurons with short dendrites, when AMPA conductances were small, adding an NMDA 489 

conductance did not significantly reduce threshold CVs, as the NMDA conductance became the 490 

dominant driver of somatic depolarization, and CVs converged toward those of NMDA-only inputs. This 491 

reflects the tight electrotonic structure of small model neurons, as adding NMDA conductance reduced 492 

the CV of EPSP-spike coupling across most AMPA-NMDA ratios in the 200-µm dendrite when it was 493 

attached to a larger neuron with three additional 600-µm dendrites (“large neuron” in Figure 7C; 494 

compare also results from the short-but-branched dendritic arbor of the dentate granule neuron in 495 

Figure 6D-F). For all AMPA conductances ≥ 400 pS, the mean effect size of adding NMDA conductance 496 

(relative to AMPA-only inputs) varied between negligible (d = +0.11 ± 0.29 sAMPAonly in the 200 µm 497 

dendrite) to enormous (d = -15.2 ± 5.0 sAMPAonly in the 1,000 µm dendrite), with mean effect sizes always 498 

being more negative than -1.0 for dendrites ≥ 600 µm (including in the 200-µm dendrite attached to a 499 

larger neuron; Figure 7C). Thus, combining AMPA and NMDA conductances enhances the fidelity of 500 

synaptic integration across a wide range of physiologically relevant AMPA-to-NMDA ratios. 501 

 502 

Discussion 503 

Synaptic integration, the process by which patterns of synaptic input are transduced into action 504 

potential initiation (also known as “EPSP-spike coupling”), is the core of neural computation. We tested 505 

the impact of two prominent and often co-expressed glutamate receptor subtypes, AMPA and NMDA 506 

receptors, on the fidelity of synaptic integration across dendritic location and neuronal state (i.e., initial 507 

membrane potential). Our results demonstrate that the kinetics and voltage-dependence of the NMDA 508 

conductance act synergistically to counterbalance the impact of distance-dependent signal attenuation 509 
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and the reduced synaptic driving forces occurring at depolarized membrane potentials, effectively 510 

increasing the fidelity of EPSP-spike coupling across both spatial and voltage domains (as summarized 511 

in Figure 8). This intrinsic consequence of combining synaptic AMPA and NMDA receptors occurs over 512 

a broad range of neuron morphologies and AMPA-to-NMDA conductance ratios, and is independent of, 513 

but fully compatible with, its well characterized role in gating synaptic plasticity.  514 

Interaction of electrotonic structure and synaptic conductance 515 

EPSPs are shaped by the electrotonic structure of the dendritic tree; in narrow distal dendrites, small 516 

surface areas limit local membrane conductance and capacitance, yielding greater input impedance and 517 

larger and faster local EPSPs in response to synaptic currents (Gulledge et al., 2005). This can reduce 518 

synaptic currents in distal dendrites, as greater local depolarization during EPSPs limits synaptic driving 519 

forces at the peak of the EPSP. At the same time, dendrites act as low-pass filters for EPSPs spreading 520 

from the site of synaptic input toward the soma. Thus, in the absence of voltage-dependent 521 

conductances, the somatic efficacy of synaptic input diminishes with distance from the soma, thereby 522 

requiring a greater number of synaptic inputs to reach action potential threshold. Our results with AMPA-523 

only synaptic inputs are fully consistent with these well-described effects of dendritic cable properties 524 

(e.g., as in Figures 1 and 2). NMDA conductances, on the other hand, generate larger synaptic currents 525 

in distal, high impedance dendritic compartments due to their enhanced conductance at depolarized 526 

membrane potentials (e.g., Gulledge et al., 2012; Lajeunesse et al., 2013). Our main result is that the 527 

combined presence of AMPA and NMDA receptors intrinsically lowers location- and RMP-dependent 528 

variability in synaptic efficacy by boosting synaptic conductance preferentially in high-impedance 529 

dendritic compartments (Branco and Hausser, 2011; Gulledge et al., 2012) and/or when neurons are in 530 

depolarized states (Branco et al., 2010), conditions in which synaptic driving forces are diminished (see 531 

Figures 2 and 8). NMDA-dependent stabilization of synaptic integration was robust across neuron 532 

morphologies (Figures 2, 3, and 6) and over a wide range of AMPA-to-NMDA conductance ratios 533 

(Figure 7), and persisted in the presence of active properties in dendrites (Figure 3C) that can 534 

contribute to voltage-dependent amplification of inward current following synaptic activation (Magee and 535 

Johnston, 1995; Lipowsky et al., 1996; Branco et al., 2010). 536 

By doping the AMPA conductance with voltage-dependence (“fast-NMDA”) or slower kinetics (“slow-537 

AMPA”; see Figures 4 and 5), we were able to measure the relative impact of these two distinct 538 
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properties of the NMDA conductance. Adding voltage-dependence to the AMPA conductance reduced 539 

the variability of synaptic thresholds for action potential generation when measured across dendritic 540 

location within a given RMP, especially in long dendrites, but generally increased variability of synaptic 541 

thresholds when measured across RMP at a given dendritic location. This reflects the gradual 542 

recruitment of the NMDA conductance as synaptic barrages occur in progressively more-distal higher-543 

impedance locations, leading to larger distal synaptic currents (see Figures 2B and 8) and therefore 544 

fewer synaptic activations to reach threshold. On the other hand, the increased variability of EPSP-spike 545 

coupling when barrages were initiated at different RMPs reflects the non-linear amplification of synaptic 546 

responses with increased depolarization, leading to a greater range of synaptic thresholds across 547 

RMPs. The effects of the fast-NMDA conductance on synaptic threshold variability across RMPs is 548 

greater in proximal dendritic locations for two reasons. First, voltage-dependent amplification is limited 549 

in distal, high-impedance compartments because EPSPs (including NMDA-spikes) approach the 550 

synaptic equilibrium potential. Second, AMPA-only inputs exhibit larger and faster exponential increases 551 

in synaptic thresholds with distance from the soma (see Figure 5C). Together, these processes likely 552 

explain why voltage-dependence alone (i.e., the fast-NMDA conductance) generates relatively higher 553 

CVs across RMPs at proximal dendritic locations, but lower CVs across RMPs in distal dendrites. 554 

The slower kinetics of NMDA receptors, on their own, reduced the variability of synaptic thresholds 555 

selectively across RMP at proximal dendritic locations by increasing the opportunity for temporal 556 

summation during barrages. At any point within the stochastic barrage, the next iterative input is more 557 

likely to summate to a suprathreshold response if EPSP decay is slow. Since the decay of EPSPs 558 

depends on the local time constant, which itself is location dependent (i.e., larger near the soma; 559 

compare, for instance, the decay rates of proximal vs distal EPSPs having identical kinetics in Figure 560 

1A), the impact of slower kinetics will be largest in proximal dendritic locations (see Figures 4 and 5). 561 

The overall impact of adding voltage-dependent and slower NMDA conductances to AMPA synapse is 562 

to greatly reduce the variability of somatic responses and EPSP-spike coupling across both dendritic 563 

location and membrane potential state (e.g., Figures 2 and 6).  564 

Impact of NMDA conductance on synaptic integration and network performance 565 

Neurons employ a variety of mechanisms to combat location-dependent variability in synaptic 566 

efficacy. In the apical dendrites of CA1 pyramidal neurons, synaptic conductance is scaled in proportion 567 
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to distance from the soma to minimize location-dependent variability of axonal drive (Magee and Cook, 568 

2000; Nicholson et al., 2006; Shipman et al., 2013). Alternatively, dendrites may express dendritic 569 

voltage-gated sodium and calcium conductances that, with sufficient local depolarization, can generate 570 

dendritic action potentials that amplify somatic EPSPs (e.g., Magee et al., 1995; Magee and Johnston, 571 

1995; Schiller et al., 1997; Golding and Spruston, 1998; Golding et al., 1999; Milojkovic et al., 2005). 572 

Similarly, synaptic NMDA receptors, when activated in sufficient numbers, generate self-sustaining 573 

plateau potentials (“NMDA spikes”) that lead to supralinear synaptic summation and larger somatic 574 

EPSPs (Schiller et al., 2000; Wei et al., 2001; Polsky et al., 2004; Nevian et al., 2007; Major et al., 2008; 575 

Larkum et al., 2009; Branco et al., 2010; Branco and Hausser, 2011; Harnett et al., 2012). These 576 

voltage-dependent synaptic and dendritic mechanisms act preferentially in distal dendritic 577 

compartments where input impedance is highest to facilitate synaptic depolarization of the soma and 578 

axon in spite of distance-dependent voltage-attenuation within the dendritic arbor. However, unlike 579 

action potentials, NMDA spikes are not all-or-none. Instead, they vary in amplitude and duration in 580 

proportion to the number of activated synapses, the local input impedance at the synapse, and the initial 581 

membrane potential (Major et al., 2008; Branco et al., 2010; Branco and Hausser, 2011; Gulledge et al., 582 

2012; Farinella et al., 2014). Thus, although highly nonlinear across voltage, NMDA spikes are 583 

effectively “graded” in amplitude and duration across dendritic locations (see Figure 2B), allowing the 584 

NMDA conductance to enhance synaptic current in proportion to electrotonic distance from the soma 585 

and axon. Similarly, by opposing the impact of reduced synaptic driving force on AMPA-mediated 586 

currents, voltage-dependent NMDA conductances can reduce the variability of total synaptic current 587 

during temporal integration of clustered excitatory inputs (Connelly et al., 2016; see also Figure 8C). 588 

Over the past several decades, there has been growing appreciation that, in addition to gating many 589 

forms of synaptic plasticity, NMDA receptors play an integral role in normal synaptic integration (for 590 

reviews, see Hausser and Mel, 2003; Antic et al., 2010; Major et al., 2013). In the distal apical tufts of 591 

layer 5 neurons, where high input impedance favors amplification of local EPSPs, NMDA activation 592 

boosts synaptic currents such that they can more reliably trigger calcium spikes at an electrically excit-593 

able zone at the base of the tuft (Larkum et al., 2009). Indeed, simulations by Larkum et al. (2009) found 594 

the threshold number of synapses necessary for initiating an apical trunk calcium spike to be relatively 595 

consistent across tuft locations when NMDA conductances were present, but that thresholds for AMPA-596 
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only inputs grew exponentially, and to non-physiological synaptic densities, with distance from the initi-597 

ation zone in the apical dendrite. Thus, the impact of NMDA receptors on the fidelity of EPSP-spike 598 

coupling may not be limited to action potentials initiated at the axon, but likely applies more generally 599 

for spike initiation at any specialized trigger zone, so long as it is electrotonically downstream (e.g., in a 600 

larger compartment) from the site of synaptic input.  601 

 602 

Conclusions 603 

Transduction of synaptic events into patterns of action potential output is the most fundamental 604 

neuronal task. It is a process influenced by the strength and kinetics of individual synaptic conductances, 605 

the spatiotemporal relationships among them, and the electrotonic properties of the neuron. Nonlinear 606 

amplification of synaptic input via NMDA spikes is proposed to increase the “computational power” of 607 

neurons (e.g., Wei et al., 2001; Poirazi et al., 2003; Branco and Hausser, 2011). Our results demonstrate 608 

that NMDA receptors, via their intrinsic kinetics and voltage-dependence, also provide the advantage of 609 

“computational stability” by enhancing the fidelity of EPSP-spike coupling across dendritic domains and 610 

membrane potential states. While speculative, it is interesting to consider whether this consequence of 611 

NMDA receptor expression may have provided advantages to primitive nervous systems (e.g., in 612 

cnidaria; Anctil, 2009; Pierobon, 2012) independent of their role in associative plasticity, which may 613 

account for their ancient evolutionary origin in the common ancestor of all metazoans (Ramos-Vicente 614 

et al., 2018).  615 
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Extended Data 1: Code used for key simulations in this paper are included in Extended Data 721 

1, and also available online at http://modeldb.yale.edu/266802.   722 
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Figure Legends 723 

Figure 1. Impact of membrane potential and dendritic location on synaptic conductances and 724 

their resulting EPSPs. A, Individual synaptic inputs were activated along the dendrite (1,000 µm length) 725 

of a passive ball-and-stick model neuron (black; not to scale). Shown are somatic (bottom) and local 726 

dendritic (top) EPSPs generated by synapses placed at three dendritic locations (1, 500, and 1,000 µm 727 

from the soma), at seven different resting membrane potentials (RMPs; -55 to -85 mV, as indicated by 728 

color depth). AMPA-only EPSPs are shown in yellow, NMDA-only synapses are shown in blue, and 729 

inputs having both AMPA and NMDA conductance are shown in green. B, The NMDA conductances 730 

underlying the EPSPs shown in A. Inset are the AMPA (yellow) and NMDA (green) conductances for 731 

the AMPA+NMDA input at -55 mV at the most proximal dendritic location (shown to scale with the 500 732 

pS AMPA conductance). C, Plots of the amplitudes of EPSPs having the indicated synaptic conduct-733 

ances measured at the soma (left) or locally at the site of synaptic input (right), verses dendritic location 734 

of the synapse. Synaptic conductances are color-coded as in A for seven RMPs from -85 to -55 mV, at 735 

5-mV intervals. Inset are the effect sizes (d) for AMPA+NMDA EPSP amplitudes (across all dendritic 736 

locations and RMPs) and ranges (across all RMPs) relative to AMPA-only EPSPs. Colored vertical bars 737 

at margins indicate the ranges of amplitudes across all RMPs for the most proximal and most distal 738 

inputs. 739 

 740 

Figure 2. Combining synaptic AMPA and NMDA conductances stabilizes EPSP-spike coupling. 741 

A, A spiny ball-and-stick neuron (black; 1000-µm dendrite) receiving progressively longer iterative trains 742 

of a spatiotemporal pattern of synaptic input. Just-threshold (thick traces) and just-subthreshold (thin 743 

traces) voltage responses in the soma for AMPA-only (yellow), NMDA-only (blue), or both AMPA and 744 

NMDA (green) synaptic conductances in response to inputs arriving within the first 50 µm of the dendrite. 745 

Resting membrane potential (RMP) is -70 mV. B, Somatic (B1) and dendritic (B2, top) voltage responses 746 

for identical subthreshold synaptic barrages at each dendritic location (superimposed; 20-µm intervals 747 

centered between 35 µm [black traces] and 975 µm [gray traces] from the soma) for the indicated syn-748 

aptic conductance types (RMP is -70 mV). Summed total synaptic currents are shown in B2, bottom. 749 

Timings of synaptic activations are shown with semi-transparent black dots above the synaptic currents 750 

in B2. While the spatiotemporal pattern is identical for all synaptic conductances, the number of synap-751 

ses activated is adjusted for each conductance such that the maximal number of synaptic inputs that 752 
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remain subthreshold across all dendritic locations is delivered. When occurring at locations where they 753 

are “just-subthreshold”, somatic EPSPs can recruit somatic and axonal voltage-gated sodium conduct-754 

ances, producing the small peaks visible on the largest somatic EPSPs. C, Plots of the mean threshold 755 

numbers of synaptic activations necessary to initiate action potentials at different locations in the den-756 

drite for synaptic inputs having AMPA-only (left; yellow), NMDA-only (middle; blue), or AMPA and NMDA 757 

(right; green) conductances, across seven different RMPs (-85 to -55 mV), as indicated by color depth. 758 

Mean ranges of synaptic thresholds measured across RMP (∆RMP) or dendritic location (∆location; ± stand-759 

ard deviations) and effect sizes (d, in units of sAMPA-only) of conductance on ranges (for NMDA-only and 760 

AMPA+NMDA inputs) are inset. D, Plots of mean CVs (± standard deviations) calculated for the thresh-761 

old number of synapses for each pattern of input (n = 10), across all locations within each RMPs (left), 762 

across all RMPs for each dendritic location (middle), and across all RMPs and dendritic locations (“total 763 

CV”; right) for inputs having AMPA-only (yellow), NMDA-only (blue), or both AMPA and NMDA (green) 764 

conductances in dendrites of the indicated lengths. Note that in the 1,000 µm dendrite the CV for AMPA-765 

only responses can be very large and off scale. The magnitudes of these large CVs are indicated next 766 

to their symbol (standard deviation bars are to scale). The effect sizes (d) for changes in CV with 767 

AMPA+NMDA inputs (relative to AMPA-only CVs; expressed in units of sAMPA-only) are shown in green 768 

for each dendritic length. 769 

 770 

Figure 3. NMDA-dependent stabilization of EPSP-spike coupling is consistent across a range of 771 

model conditions and is not dependent on total synaptic conductance. A, Total CVs (± standard 772 

deviations) for synaptic thresholds measured across all dendritic locations and RMPs for AMPA-only 773 

(yellow), NMDA-only (blue), and AMPA+NMDA (green) synaptic inputs to a 200-µm dendrite placed on 774 

neurons having 0 to 5 additional dendrites (600 µm each, as indicated in inset diagrams). Effect sizes 775 

for AMPA+NMDA inputs (relative to AMPA-only inputs) are listed in green (in units of sAMPA-only). The 776 

neuron with three additional dendrites is used in later figures and referred to as the “200-µm dendrite 777 

on a larger neuron.” B, Total CVs (± standard deviations) for synaptic thresholds for AMPA-only (yellow), 778 

NMDA-only (blue) and AMPA+NMDA (green) inputs to non-spiny dendrites of the indicated lengths. 779 

Effect sizes for AMPA+NMDA CVs shown in green (units of sAMPA-only). C, Total CVs (± standard devia-780 

tions) for synaptic thresholds measured across all dendritic locations and RMPs for inputs onto spiny 781 

dendrites with active conductances (see Table 1). D, Plot of mean total CVs for synaptic thresholds 782 
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(± standard deviations) for AMPA-only EPSPs with the indicated peak conductance magnitudes in a 783 

600 µm dendrite. Black dashed line indicates the mean CV of the standard 500 pS AMPA conductance 784 

(indicated by asterisk), while the green dashed line indicates mean total CV (with shaded standard de-785 

viation) for AMPA (500 pS) + NMDA (1 nS) inputs in the same dendrite. Effect sizes of peak conductance 786 

manipulations, relative to the 500 pS AMPA input, are shown in black (in units of s500pS). Inset are the 787 

AMPA conductances to scale. 788 

 789 

Figure 4. Differential impact of voltage-dependence and kinetics on the fidelity of synaptic inte-790 

gration. A, Diagram of a ball-and-stick neuron (top) receiving spatiotemporal patterns of synaptic input 791 

to 50-µm spans of dendrite to determine the number of synaptic inputs necessary for action potential 792 

generation. Traces below show the synaptic conductances tested: a 500 pS AMPA-only conductance, 793 

a 400 pS AMPA conductance “doped” with one of three additional conductances, including a “fast-794 

NMDA” conductance (*nominally 1.25 nS maximal conductance, reaching 4.6 pS at -85 mV, and 49 pS 795 

at -55 mV, as shown), a “slow-AMPA” conductance with NMDA kinetics (22 pS), or a nominally 345 pS 796 

NMDA conductance (*reaching 1.3 and 13.6 pS at -85 and -55 mV, respectively), or a 250 pS AMPA 797 

conductance doped with relatively larger “fast-NMDA”, “slow-AMPA”, and NMDA conductances). All 798 

conductances are shown to scale and were titrated such that each generated a mean threshold of ~51 799 

synapses in the proximal end of the 600 µm dendrite at -70 mV (arrow in B). B, Plots of mean synaptic 800 

thresholds for inputs across all RMPs for each 50-µm span of dendrite (incremented at 10-µm intervals) 801 

for inputs having the indicated synaptic conductances in dendrites of the indicated lengths (y-axes cut 802 

off at 200 synapses; color coding as in panel C). Note that we also tested a 200-µm dendrite attached 803 

to a “large neuron” having three additional 600 µm dendrites (middle plot; see also Figure 3A). C, Plots 804 

of mean CVs for thresholds calculated across seven resting membrane potentials (RMPs; -85 to -55 805 

mV) for each color-coded synaptic conductance at each dendritic location (i.e., measures of RMP-de-806 

pendent variability of threshold for each given dendritic location) for the different length dendrites (as 807 

indicated in B). Y-axes cut off at 0.6. D, Plots of mean CVs (± standard deviations) for synaptic thresh-808 

olds for each color-coded conductance measured across all dendritic locations within each RMP (i.e., a 809 

measure of location-dependent variability in threshold for each RMP). For trials in the 1,000 µm dendrite 810 

at -75 mV, the 500 pS AMPA and slow AMPA models hit very high thresholds (>3,000) in their most 811 
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distal measurable compartment, which generated large CVs at that RMP. CVs calculated for those con-812 

ductances without the last dendritic location are plotted in the grey dashed box. E, Plots of mean “total 813 

CVs” (± standard deviations) calculated across all dendritic locations and all RMPs for neurons with the 814 

indicated dendritic lengths and color-coded synaptic conductances. 815 

 816 

Figure 5. Effect sizes of synaptic conductance on variability of EPSP-spike coupling across RMP 817 

and dendritic location. A, Plots of effect sizes of conductance-dependent changes in CV calculated 818 

across RMP for each dendritic location (in units of sAMPA-only, see Methods). Yellow dashed lines indicate 819 

d = 0 (i.e., identical to 500 pS AMPA-only trials), with effect sizes above that line reflecting larger-than-820 

AMPA-only CVs, while values below the dashed-yellow lines indicate smaller-than-AMPA-only CVs. 821 

Data are from Figure 4C, and conductance types are similarly indicated by color. Effect sizes of our 822 

normal AMPA (500 pS) conductance combined with 1 nS NMDA (i.e., from Figure 2C) are also shown 823 

with thick gray semi-transparent lines. Inputs with the “fast-NMDA” conductance tended to generate 824 

more variability in synaptic thresholds across RMP, especially in short or proximal dendrites, while inputs 825 

with slow kinetics exhibited smaller CVs relative to AMPA-only inputs Combining voltage-dependence 826 

with slow kinetics (e.g., green and gray “NMDA” traces) reduced variability in synaptic thresholds across 827 

RMP at all locations in most dendrites. Plots for the 1,000 µm dendrite are truncated at -20 sAMPA-only. B, 828 

Plots of effect sizes for changes in CV calculated across all dendritic locations within each RMP for data 829 

shown in Figure 4D (conductance types indicated by color, as in A). Voltage-dependent conductances 830 

greatly reduced threshold variability across location within a given RMP (an effect magnified at hyperpo-831 

larized RMPs), whereas slow kinetics in the absence of voltage-dependence had little effect. 832 

 833 

Figure 6. Impact of synaptic conductance on synaptic integration in realistic neuron morpholo-834 

gies. A, Plots of the mean threshold number of synaptic activations necessary to depolarize the soma 835 

of a CA3 pyramidal neuron by 3 mV at progressively more distal 50-µm dendritic segments (along red 836 

dendrites in diagram at left) experiencing ten static-random spatiotemporal patterns of synaptic input. 837 

Colors (yellow, blue, and green) indicate simulations with AMPA, NMDA, and both AMPA and NMDA 838 

conductances, respectively, at three different RMPs (-60, -70, and -80 mV). Y-axes are truncated at 150 839 

synapses to show differences in proximal dendrites. B, Plots of mean CVs for synaptic thresholds cal-840 

culated across seven RMPs (-85 mV to -55 mV) for each dendritic location. Synaptic conductances 841 
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indicated by color, with shaded regions indicating standard deviations. The mean effect size (d, in units 842 

of sAMPA-only) for CVs from AMPA-plus-NMDA simulations (relative to AMPA-only conductance) is shown 843 

in green at the bottom of the graph. C, Comparisons of mean (± standard deviation) CVs calculated for 844 

synaptic thresholds across dendritic locations within each of seven RMPs. Colors as in B. Effect sizes 845 

for AMPA-plus-NMDA trials (vs AMPA-only inputs) are shown in green at top for each RMP (units of 846 

sAMPA-only). D, Plots of the threshold number of synaptic activations necessary to drive a 5-mV somatic 847 

depolarization in a dentate granule neuron (red dendrites in diagram to left) at progressively more distal 848 

50-µm segments experiencing ten expanding static-random spatiotemporal patterns of synaptic input. 849 

Colors as in B. E, Plots of mean CVs (with standard deviation in shaded regions) of synaptic thresholds 850 

measured across seven RMPs for each dendritic location in the dentate granule neuron. Synaptic con-851 

ductances indicated by color. F, Comparisons of mean CV (± standard deviation) for synaptic thresholds 852 

calculated across dendritic location within each of seven RMPs in the granule neuron. Effect sizes of 853 

AMPA-plus-NMDA inputs (relative to AMPA-only inputs) are indicated in green at top for each RMP 854 

(units of sAMPA-only). 855 

 856 

Figure 7. NMDA-dependent stabilization of EPSP-spike coupling occurs over a range of AMPA-857 

to-NMDA conductance ratios. A, Somatic EPSPs generated at -70 mV by proximal inputs having the 858 

indicated maximum AMPA conductances (maximal NMDA conductance held steady at 1 nS) in a ball-859 

and-stick neuron (black; not drawn to scale). B, Plots of the mean number of synaptic activations nec-860 

essary to fire an action potential in an 800-µm-long ball-and-stick neuron resting at -60 mV (left) or -80 861 

mV (right) with peak AMPA conductance set to 0.2, 0.5, or 1 nS, either alone (yellow) or together with a 862 

1 nS NMDA conductance (green). Y-axes for -80 mV data limited to 200 (left) or 600 (right) synapses to 863 

show differences in proximal locations. C, Plots of mean CVs for thresholds (± standard deviations; 864 

shaded regions) for each dendritic length (including the 200 µm dendrite on a “large neuron” with three 865 

additional 600-µm dendrites) for inputs having AMPA-only (yellow) or AMPA plus NMDA (green) con-866 

ductances as a function of maximal AMPA conductance (0.1 to 1.5 nS). Mean effect sizes for 867 

AMPA+NMDA inputs (relative to AMPA-only inputs; ± standard deviations) calculated for all AMPA con-868 

ductances ≥ 400 pS are shown in green. As a reference, the CV (± standard deviation) for NMDA-only 869 

synapses is shown in blue. Note the Y-axis scale change for the 1,000 µm dendrite.  870 

 871 
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Figure 8. Summary of NMDA-dependent stabilization of synaptic integration across dendritic lo-872 

cation and RMP. A, Morphology of a CA3 neuron indicating the locations of proximal and distal synaptic 873 

inputs to the apical dendrite. Traces at right show the somatic responses to sequential activation of five 874 

AMPA+NMDA synapses at neighboring spines (at 2 ms intervals, distal to proximal) at three different 875 

RMPs (as indicated by color-depth) for each input location (distal vs proximal) in a fully passive model. 876 

B, Synaptic currents (isyn) generated by activation of the five proximal (left) or five distal (right) inputs at 877 

three RMPs. Total synaptic currents (itotal) are shown in green, with AMPA (iAMPA; yellow) and NMDA 878 

(iNMDA; blue) components superimposed. Notice that AMPA currents are reduced (yellow arrows), while 879 

NMDA currents are enhanced (blue arrows), as inputs are moved from proximal to distal locations, or 880 

as RMP is depolarized from -80 mV to -60 mV. These opposing effects of location and RMP limit the 881 

variability of the total synaptic current across location and RMP (green arrows). C, Similar to B, but 882 

showing somatic voltage responses (upper traces) and summed synaptic currents (lower traces) for a 883 

barrage of 25 synaptic inputs with stochastic timings and spine locations for AMPA-only (yellow), NMDA-884 

only (blue) or AMPA+NMDA (green) inputs. Timings of synapses indicated with semi-translucent dots 885 

above current traces. Note how AMPA-only currents and somatic EPSPs (yellow) get smaller with de-886 

polarization or distance from the soma, while NMDA-only currents and EPSPs (blue) get larger with 887 

distance and depolarization. Combining AMPA and NMDA conductance (green) leads to less variation 888 

in the amplitudes of both synaptic current and somatic EPSPs across RMPs and/or dendritic locations.  889 
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Table Legends 890 

Table 1. Model Parameters. Listed are the parameters for model neurons used in this study. General 891 

model parameters: RM = 15 kΩ•cm2; CM = 1 µF/cm2; Ri = 100 Ω•cm; Epas = -55 to -85 mV, as indicated 892 

in text; time steps, 10 to 25 µs; nominal temperature 37 °C. *The ball-and-stick model in Figure 1 and 893 

the CA3 neuron in Figure 8 are purely passive (including in somata and axons).  894 

 895 

Table 2. Effect Sizes for Figure 4E. Listed are the mean “total” CVs, standard deviations, and effect 896 

sizes (relative to AMPA-only synapses) for synaptic thresholds calculated across all dendritic locations 897 

and all RMPs averaged from ten patterns of synaptic input for each type of synaptic conductance (color 898 

coded to data in Figure 4E). Effect sizes (d) indicate the normalized mean difference in CV relative to 899 

the CV for the 500 pS AMPA-only conductance, in units of sAMPA-only (see Methods). Sign indicates the 900 

direction of change (larger [+] or smaller [-] mean CVs than AMPA-only inputs). Light shading (blue = 901 

smaller CVs, red = larger CVs) identifies manipulations generating mean changes in CV greater than 902 

0.5 standard deviation, while darker shadings indicate mean changes greater than 1.0 standard 903 

deviation of the AMPA-only result. Note that AMPA + NMDA conductances generated consistently larger 904 

reductions in CV relative to manipulations that provided voltage-dependence or slower kinetics alone. 905 

The “large neuron” with a 200-µm dendrite (tested) included three additional 600-µm dendrites (as in 906 

Figure 3A). 907 



 

 1 

Table 1: Model parameters 

Neuron 
Morphology 

Compartment Dimensions (l x w) 
# of 
Segments 

Active properties 
(max. conductance) 

Ball-and-stick* 

Soma 20 x 10 µm 3 Na+: 100 pS/µm2 
K+: 100 pS/µm2 

Dendrite 200 - 1,000 µm, 
tapering from 5 to 1 
µm 

1 per µm Typically passive. 
Figure 3C: Na+ and K+ 
with linear decrease 
(100 to 10 pS/µm2). 

CA3* and 
dentate granule 
neurons 

Soma As reconstructed  3 Na+: 100 pS/µm2 
K+: 100 pS/µm2 

Dendrites As reconstructed  1 per µm Passive. 

All morphologies 

Spines Neck: 1 x ~0.05 µm 

Head: 0.5 x 0.5 µm 

1 

1 

As in parent dendritic 
compartment. 

Axon initial 
segment 

40 µm, tapering from 
2 to 0.5 µm 

40 Na+: 100 pS/µm2 (1st 5 
µm) or 8000 pS/µm2 
K+: 100pS/µm2 (1st 5 
µm) or 2000 pS/µm2  

Axon 2000 x 0.5 µm 201 Na+: 300 pS/µm2 
K+: 60 pS/µm2 

*The ball-and-stick model in Figure 1 and the CA3 neuron in Figure 8 are purely passive. 
General model parameters: RM = 15 kΩ•cm

2
; CM = 1 µF/cm

2
; Ri = 100 Ω•cm; Epas = -55 to -85 mV, as 

indicated in text; time steps, 10 to 25 µs; nominal temperature, 37°C.  
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