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Most excitatory inputs in the mammalian brain are made on
dendritic spines, rather than on dendritic shafts. Spines compart-
mentalize calcium, and this biochemical isolation can underlie
input-specific synaptic plasticity, providing a raison d’etre for
spines. However, recent results indicate that the spine can experi-
ence a membrane potential different from that in the parent den-
drite, as though the spine neck electrically isolated the spine. Here
we use two-photon calcium imaging of mouse neocortical pyrami-
dal neurons to analyze the correlation between the morphologies
of spines activated under minimal synaptic stimulation and the
excitatory postsynaptic potentials they generate. We find that ex-
citatory postsynaptic potential amplitudes are inversely correlated
with spine neck lengths. Furthermore, a spike timing-dependent
plasticity protocol, in which two-photon glutamate uncaging over
a spine is paired with postsynaptic spikes, produces rapid shrink-
age of the spine neck and concomitant increases in the amplitude
of the evoked spine potentials. Using numerical simulations, we
explore the parameter regimes for the spine neck resistance and
synaptic conductance changes necessary to explain our observa-
tions. Our data, directly correlating synaptic and morphological
plasticity, imply that long-necked spines have small or negligible
somatic voltage contributions, but that, upon synaptic stimulation
paired with postsynaptic activity, they can shorten their necks and
increase synaptic efficacy, thus changing the input/output gain of
pyramidal neurons.
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Dendritic spines are found in neurons throughout the central
nervous system (1), and in pyramidal neurons receive the

majority of excitatory inputs, whereas dendritic shafts are nor-
mally devoid of glutamatergic synapses (2–7). These facts suggest
that spines are likely to play an essential role in neural circuits
(1), although it is still unclear exactly what this role is (8, 9).
Because of their peculiar morphology, hypotheses regarding the
specific function of spines have focused on their role in bio-
chemical compartmentalization, whereby a small spine head,
where the excitatory synapse is located, is separated from the
parent dendrite by a thin neck, isolating the spine cytoplasm
from the dendrite (10). Indeed, spines are diffusionally restricted
from dendrites (11–13) and compartmentalize calcium after
synaptic stimulation (14–16). This local biochemistry and the
high calcium accumulations observed following temporal pairing
of neuronal input and output (14, 17, 18) are thought to be re-
sponsible for input-specific synaptic plasticity (19–21). However,
besides this biochemical role, spines have also been hypothesized
to play an electrical role, altering excitatory postsynaptic potentials
(EPSPs) (22–30). Consistent with this idea, activating spines with
two-photon uncaging of glutamate generates potentials whose
amplitudes are inversely proportional to the length of the spine
neck (31), and these responses are much larger in spines than in
adjacent dendritic shafts (32). Also, spine conductances can be
activated independently of dendritic ones (33–36). These data
suggest that spines could serve as electrical compartments but, at
the same time, raise the issue of the functional significance of the

thousands of long-necked spines that cover the dendrites of py-
ramidal neurons, which would therefore have negligible somatic
voltage contributions.
In this study we first undertook a series of experiments to

discern the potential effect that the spine neck length has on the
synaptic potentials generated by minimal synaptic stimulation at
identified spines. We find that EPSP amplitudes are inversely
correlated with spine neck lengths and that, as also seen in
glutamate uncaging experiments (31), long-necked spines do not
appear to generate any significant somatic depolarizations. In a
separate set of experiments, we used a spike timing-dependent
long-term potentiation (STD-LTP) induction protocol to trigger
rapid shortening of the stimulated spine neck, which was ac-
companied by increases in the amplitude of the evoked potentials.
In essence, we thus found a way to rapidly increase the voltage
contribution of long-necked spines. To dissect the plausible
mechanisms of the effect, we conducted biophysical simu-
lations in the software NEURON. Our models show that the
observed phenomenon could be accounted for by rapid regulation
of synaptic conductance or, alternatively, stem from electrical at-
tenuation effects due to the changes in spine neck resistance as-
sociated with changes in neck length. The spine neck resistance
values necessary to entirely account for such attenuation are at
odds with reported estimates (13, 32), so one would be inclined to
assume that a rapid increase in synaptic conductance leads to the
observed changes in somatic EPSP size. However, because spine
neck resistance values have so far been inferred only indirectly,
one cannot rule out the possibility that a combination of (synaptic)
conductance and (neck) resistance changes could contribute to
the observed activity-dependent changes in somatic EPSP size.
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Dendritic spines are the main recipients of excitatory in-
formation in the brain, and though it is accepted that they
must serve an essential function in neural circuits, their precise
role remains ill-defined. Here, using minimal synaptic stimula-
tion, we show that spine neck length correlates inversely with
synaptic efficacy. In addition, we discovered a previously un-
identified form of spine plasticity following a spike timing-
dependent plasticity protocol, characterized by rapid shorten-
ing of spine neck length and concomitant increases in synaptic
strength. These results provide new insights for our un-
derstanding of synaptic plasticity, and could provide an ex-
planation for the presence of thousands of long-necked spines
in the dendrites of pyramidal neurons, whose somatic synaptic
contribution would otherwise be small or negligible.
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Results
Imaging Spines Under Minimal Stimulation EPSPs. To explore the
relation between EPSPs and the morphology of the spine neck,
we studied spines located in the proximal region of basal den-
drites of layer-5 pyramidal neurons in slices from mouse primary
visual cortex (Fig. 1; Materials and Methods). Neurons were filled
with a calcium indicator, and two-photon line scans were per-
formed through spines located close to an extracellular stimu-
lating electrode (∼4–20 μm), allowing us to detect spines
activated by brief extracellular electrical stimuli (14, 16–18) (Fig.
1C). To preserve normal synaptic transmission, experiments
were performed with standard artificial cerebrospinal fluid
(ACSF) containing 2 mM Ca2+ and 2 mM Mg2+. Voltage
responses to these extracellular stimuli were simultaneously
recorded at the soma of the imaged cell with a patch electrode
(Fig. 1 A1, C2, and C3). After carefully searching neighboring
dendrites, we detected spines with [Ca2+]i increases time-locked to
the extracellular stimulation, suggesting they were mediating
synaptic responses generated by the activation of neighboring
axons. Indeed, these calcium accumulations were completely and
reversibly blocked by NMDA and AMPA receptor blockers (Fig. 1
B2 and B3; control = 35% ΔF/F; in CNQX + APV = 0.3% ΔF/F;

washout = 40.9% ΔF/F), indicating that they were the result of
glutamate released from presynaptic terminals rather than from
direct electrical activation of spine receptors or postsynaptic
membranes (14, 16–18).
In an effort to isolate the somatic voltage contribution of in-

dividual spines, the stimulation intensity was set to the minimal
strength that still generated a calcium accumulation at the im-
aged spine head. At these intensities, identical stimulations elicited
EPSPs of different amplitudes, including failures, as expected from
the stochastic nature of synaptic transmission (Fig. 1 C2). To
identify somatic EPSPs that are likely to be generated by individual
spines, for each experiment we selected the trial in which we ob-
served the smallest EPSP response that was still associated with
a clear calcium accumulation at the imaged spine head (Fig. 1 C2
and C3, red traces). Under these minimal stimulation conditions,
the imaged spine is likely the only one activated in the dendritic
tree (14, 18, 37–42). Consistent with this, we observed concomitant
failures of EPSPs and spine calcium accumulations (Fig. 1 C2 and
C3, blue traces). In agreement with the possibility that these were
single-spine responses, somatic voltages associated with these
“minimal” responses were consistent with the amplitude of pre-
viously recorded single-spine EPSPs extracted from paired re-
cordings (43), with quantal analysis measurements of single-input
activation (14, 18, 44), and with potentials measured after
uncaging glutamate at individual spines (31, 45, 46). Trials with
larger voltage responses (Fig. 1 C2 and C3, black traces), which
probably represent the simultaneous activation of multiple spines,
were discarded from our analysis.

Inverse Correlation Between Spine Neck Length and Synaptic Potential.
We then searched our dataset for potential correlations between
the morphologies of individual spines and the EPSPs they gen-
erated. To prevent biases in the analysis, we devised an automatic
algorithm that blindly and independently scored the calcium and
voltage responses to minimal stimulation (Fig. S1). From all data
(334 trials from 22 spines from 16 neurons), the algorithm selected
29 responses from 12 spines (from 10 neurons) with significant
calcium responses, as defined by meeting three independent sta-
tistical criteria (Fig. S1F, red dots; Materials and Methods), and
measured the amplitude of their corresponding EPSPs. From all
of the trials with positive calcium responses, only trials with min-
imal or zero amplitude EPSPs were selected. In these spines we
then quantified the spine head diameter and neck length—mea-
sured from 3D stacks of images—and correlated both variables
with the peak amplitude and rate of rise of their corresponding
EPSPs (Figs. S1E and S2). Morphological features of the spines
were measured blindly with respect to their electrical responses. In
this analysis, we found a strong negative correlation between the
amplitude of the voltage responses and the spine neck lengths.
Stimulation of spines with short necks reliably generated larger
EPSPs (Fig. 2A), whereas spines with longer necks had mostly
smaller, or undetectable, voltage responses (Fig. 2 B and C, red
dots). A linear fit of the amplitude vs. neck length data gave an r2

value of 0.52 (with a P value <0.01) and an rms error (RMSE) of
0.29 mV. A quadratic fit to the voltage divider equation (Materials
and Methods) provided a similarly good fit (rmse 0.19 mV; see
below for electrical model). These data from minimal synaptic
stimulation of spines were virtually indistinguishable from those
obtained with two-photon uncaging of glutamate at individual
spines (31) (Fig. 2C, gray dots, each of which corresponds to the
average uncaging response measured from independent spines)
with similar error values (rmse 0.26 mV and 0.27 mV for linear
and quadratic power law fit, respectively). Using a cutoff of 1.5 μm
for spine neck lengths, we also demonstrated a significant differ-
ence (P < 0.05) in the response amplitude of long-necked spines
(0.15 ± 0.09 mV; n = 6 spines, for electrical stimulation and 0.11 ±
0.05 mV; n = 9 spines for uncaging stimulation) compared with
short-necked spines (0.64 ± 0.19 mV; n = 6 spines for electrical and
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Fig. 1. Spine responses to minimal stimulation. (A1) A layer-5 pyramidal cell
loaded with Alexa 488 (200 μM) and fluo-4 (200 μM) with a patch electrode
(1). A stimulating electrode (2) filled with Alexa 594 dextran (10,000 MW,
50 μM), was located close (∼4–20 μm) to spines of basal dendrites to increase
the likelihood of activating an axon contacting the imaged spine. (A2) Di-
agram of the experiment. Brief current pulses were delivered to a stimulat-
ing electrode while voltage responses (recorded at the soma) and calcium
signals (fluorescence signal arising from line scans intersecting the spine
head) were simultaneously imaged. (B1) Two-photon fluorescent image of
a spine from an experiment similar to the one shown in A1. (B2) Average of
line scans through the spine head shown in 1 before (Top) and after (Middle)
perfusion with the NMDA and AMPA receptor antagonist DL-2-amino-5-
phosphonopentanoic acid (D-APV) (40 μM) and 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX) (10 μM), respectively, and after washout (Bottom). (B3)
Calcium accumulations under the three conditions shown in B2. (C1) The
spine intersected by a red dotted line in the fluorescence image was imaged
while stimulating a nearby axon. (C2) voltage traces recorded after minimal
synaptic stimulation of the spine crossed by a red dotted line in C1. Failures
(blue), minimal (red), and bigger-than-minimal voltage responses (black) were
evident. (C3) Sequence of voltage traces and calcium signals recorded from the
spine head. Note that the minimal voltage response corresponded with a clear
calcium response from the imaged spine head (red dot and red traces).
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0.8 ± 0.04 mV; n = 73 spines for uncaging stimulation; Fig. 2D) to
both uncaging and electrical stimuli. In fact, there was no statistical
difference between the amplitude of uncaging potentials and
physiological EPSPs in spines with neck lengths of less than 1.5 μm
(P = 0.31) or larger than 1.5 μm (P = 0.71; Fig. 2D). Thus, our
data indicated that, for activations of spines via either extracellular
electrical stimulation or two-photon glutamate uncaging, the am-
plitude from the generated voltage response is inversely propor-
tional to the spine neck length.
We further explored the database of 12 spines with minimal

stimulation synaptic responses and found that the effect of the
spine neck is independent of spine position, head dimensions, or
Ca2+ accumulations in the spine head (Fig. S2; see SI Text
for details).

Spine Neck Shortening Induced By Pairing Glutamate Uncaging and
Action Potentials. Previous results have shown that the response
amplitude of individual spines activated by two-photon gluta-
mate uncaging—a technique that mimics transmitter release
from a presynaptic neuron (Fig. S3) (31, 46)—is inversely pro-
portional to the spine neck length, with long-necked spines
having small or negligible somatic voltage contributions (31). By
monitoring uncaging potentials at the soma, we sought to directly
test whether the amplitude of individual spine synaptic potentials
could be altered by inducing changes in spine neck length. To
achieve this, we used a repetitive spike timing-dependent plas-
ticity (STDP) protocol (47), in which two-photon uncaging of
glutamate at a single spine (40×, every 2 s) was followed 15 ms
later by back-propagating action potentials (bAPs; Fig. 3A).
Using this protocol, we observed a significant shortening of the
spine neck in both long- (Fig. 3B) and short-necked spines (Fig.
3C). This effect was observed in nine of 10 spines tested (30.48 ±

5.7% reduction from control, n = 9 spines; Fig. 4A). There was
no correlation between spine neck length and percent reduction
in neck length (r = 0.046, P = 0.9, n = 9 spines), indicating that
spine neck plasticity occurs in short- and long-necked spines
without any bias (range of spine neck lengths tested: 0.4–2 μm).
Notably, one spine (of the 10 tested) experienced neck length-
ening, rather than shortening, after the pairing protocol (43%
change from control; Fig. 4A, single asterisk). The effect of the
pairing protocol was specific to the spine being activated, be-
cause neighboring spines did not show any appreciable change
in spine neck lengths (Fig. 3 B3 and C3). Pairing uncaging with
bAPs was necessary to generate morphological plasticity, be-
cause glutamate uncaging by itself did not result in any mor-
phological changes (five of five spines, −1.29 ± 2.8% change
from control; Fig. 4C, gray traces).

Increases in Uncaging Potential Amplitude After Spine Neck Shortening.
To test if neck plasticity was accompanied by a change in the un-
caging potentials generated at the spine, we analyzed the somatic
voltage responses of these spines before and after the pairing
protocol. In six of nine spines, shortening of the spine neck (30.91 ±
2.3% change, n = 6 spines) was accompanied by a significant
enhancement in the amplitude of the uncaging potential (129.3 ±
68.04% increase from control, P < 0.05; Fig. 4 A and B; for in-
dividual examples; see Fig. 3 B4 and C4). In two of the nine spines
we detected smaller neck shortenings (11% change in both spines)
with nonsignificant enhancements in the amplitude of uncaging
potentials (P = 0.73 and P = 0.6; Fig. 4A). Finally, in the ninth spine,
the one in which same pairing protocol induced a lengthening,
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SEM. (F) Amplitude of uncaging potential before and after pairing vs. the neck length. Each spine is represented with a different color. Lines represent linear fit to
the data of individual experiments (dotted lines), and to pooled data (thicker dotted red line, see text for values). (G) Amplitude of the voltage response generated
by glutamate uncaging (uncaging, gray circles), minimal stimulation voltage responses (EPSP, red circles), and uncaging responses from spines before and after the
pairing protocol (uncaging, pairing protocol, black circles) vs. the neck length. Slopes of the three groups are not significantly different from each other (P > 0.05).
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instead of a shortening, of the spine neck, the uncaging potential
was smaller rather than larger in amplitude (Fig. 4A, asterisk;
43.75% neck length change from control and 41.77% reduction in
the amplitude of the uncaging response: 0.52 ± 0.03 mV for con-
trol, n = 30 uncaging events and 0.3 ± 0.03 mV after 5 min of the
paring protocol, P < 0.001). Overall, pooling the results from all
spines, the pairing protocol generated a significant shortening of
neck length (23.1 ± 9.03% reduction from control, P < 0.001, n =
10 spines) and a significant increase in the uncaging potential
(123.5 ± 69.8% increase from control, n = 9 spines; P < 0.05).
Moreover, for nine of nine spines, we observed an inverse corre-
lation between changes in spine neck length and the amplitude of
the uncaging potential. The morphological plasticity and con-
comitant changes in uncaging potentials lasted for as long as our
measurements, with a temporal inverse correlation between changes
in neck length and changes in uncaging responses (up to 20 min; r =
0.79, P < 0.001; Fig. 4 B and F). Finally, in one of the spines, the
induced shortening of the spine neck partly reversed with time, and
this reversal was accompanied by a similar increase and then sub-
sequent decrease of the uncaging response (0.23 ± 0.02 mV under
control conditions, n = 29 uncaging potentials; 0.38 ± 0.03 mV at 5
min, n = 15 events, P < 0.001 vs. control; 0.39 ± 0.02 mV at 10 min,
n = 30 events, P < 0.001 vs. control; and 0.3 ± 0.04 mV at 16 min,
n = 15 events, P = 0.15 vs. control; Fig. 4A, double asterisk).
Given that our paradigm involved bAPs generated at the soma

and a tight temporal pairing protocol, we explored whether the
distance of the activated spine to the soma affected those results.
Interestingly, the spine whose stimulation led to lengthening of
the neck and decrease in its uncaging potential was precisely the
one located farthest away from the soma (Fig. 4D). Aside from
that exception, there was no correlation between neck plasticity
and distance from the soma in the other spines (r = 0.22,
P = 0.57; Fig. 4D). We also explored whether this pairing protocol
generated changes in spine head volume (47), but observed no
significant change, as estimated from the FWHM of the fluo-
rescence measured at the point where head diameter was largest
(1.3 ± 8.4% change from control, n = 10; no statistical signifi-
cance when compared against control conditions at different
time bins: P = 0.86, 0.59, 0.88, and 0.91 for spines at 1–5, 5–10,
10–15, and 15–20 min after uncaging plus spikes; a linear re-
gression of the spine volume vs. all times tested gave r = 0.004
and P = 0.98; Fig. 4E). Finally, we analyzed the relation between
neck length and uncaging potential in individual synapses (Fig.
4F). Every spine displayed a negative correlation between neck
length and uncaging potential amplitude, and the data from
pooled spines displayed a significant negative correlation (P <
0.001; Fig. 4F, thick dotted red line). We compared these ac-
tivity-dependent neck length changes and uncaging potential
correlations with those observed following minimal stimulation
of spines or with glutamate uncaging measurements in the ab-
sence of any pairing protocol. We found an excellent agreement
between the three sets of data (Fig. 4G); all three datasets had
negative correlations with slopes that were not significantly dif-
ferent from each other (all comparisons with P > 0.05, ANOVA).

Biophysical Simulations of the Effect of Spine Neck Plasticity. To
understand the potential mechanisms responsible for the corre-
lation between spine neck length and synaptic potentials, we
turned to multicompartmental simulations. Using NEURON
(48), we built a ball-and-stick model of a purely passive pyra-
midal neuron with one apical and two branching basal dendrites.
On one of the basal dendrites we placed 200 stereotypical den-
dritic spines with morphologically realistic necks and heads
(Materials and Methods). To simulate each experiment, we ad-
justed the membrane leak to produce experimentally observed
input resistances and placed a single synaptic density in the spine
head, located at the experimentally observed distance from the
soma. Finally, we changed the dimensions of the spine head and

neck to reflect its dimensions before and after the plasticity in-
ducing protocol (STDP). We were thus able to constrain the
parameters of our model sufficiently so that we could analyze the
tradeoff between the two remaining variables that could affect
the somatic EPSP—namely, the amplitude of the synaptic con-
ductance g in the spine head and the resistivity of the spine neck
ρ—and thus its resulting electrical resistance (Fig. 5A). In our
simulations, we adjusted the resistivity of the spine neck ρ and
used an automatic tuning protocol of the synaptic conductance
g to reproduce the observed somatic EPSPs [Fig. 5 B and C; solid
line in C: long-necked spine (pre-STDP), and dotted line in C:
short-necked spine (post-STDP)]. We could then calculate the
resistance value R = ρ l/A, where l is the spine neck length and A
is the electrically conducting cross-section of the spine neck (Fig.
5D and Fig. S4). It should be noted that the variable ρ may serve
as a proxy variable for experimental details that were difficult to
determine (e.g., the internal, electrically accessible cross-section
of the spine neck). Similarly inspired modifications of spine neck
diameter have been made in other models (32), and it is im-
portant to remember that the resulting resistance value (Fig.
S5A) is the final goal of our considerations. Our numerical
simulations revealed that it is possible to find solutions that can
explain the observed correlation between the somatic EPSP
amplitude and spine neck length (i) by varying synaptic con-
ductance g and (ii) through purely electrotonic changes of the
spine neck, i.e., a reduction of electrical resistance, that stem
from its decreased neck length. A third possibility is combining
an increase of synaptic conductance with additional neck passive
voltage attenuation (Fig. 5 and Fig. S5C). For small neck re-
sistivity values ρ [<103 Ωcm, and thus resistances of R < 500 MΩ
for an average spine neck length (0.66 μm)] (5), there was vir-
tually no electrotonic attenuation through the spine neck (Fig.
5C). Under these conditions, the synaptic event evoked only
small voltage deflections at the spine head (<10 mV; Fig. 5C),
and the voltage at the spine head and soma differed only by
a factor equal to the dendritic attenuation. The experimentally
observed transition from a long-necked spine with small somatic
EPSP to a short-necked spine with larger somatic EPSP could
only be explained by a substantial (50–450 nS) increase in syn-
aptic conductance (Fig. 5 E and F and Fig. S5C). With in-
creasing ρ (>103 Ωcm = R > 500 MΩ), the electrotonic passive
attenuation properties of the spine neck were augmented. Larger
synaptic conductances were necessary to produce the desired
somatic EPSPs and hence also produced larger voltage deflec-
tions at the spine head (more pronounced at ρ values ∼104 Ωcm,
R ∼ 1 GΩ; Fig. 5C). With increased neck resistivity values ρ, the
electrotonic attenuation across the spine neck became more
pronounced and accounted for a larger fraction of the somatic
EPSP amplitude change observed after the transition from
a long- to a short-necked spine (Fig. S5C). With increasing ρ
values, the change in synaptic conductance g required to re-
produce the experimental somatic EPSP observed after the
STDP-dependent neck shrinkage (transition to a short-necked
spine) decreased, until an identical pair of values for synaptic
conductance g and neck ρ was reached that could explain both
the pre-STDP (short-necked spine) and post-STDP (long-necked
spine) somatic EPSPs simultaneously (Fig. 5 C and D; crossing
point in C, numerical solution found in eight of nine spines). The
crossing points at which the EPSP size transition observed ex-
perimentally between the long- and the short-necked spine (Fig. 5
and Fig. S4) can be attributed solely to the electrotonic or passive
attenuation properties of the spine necks lie at relatively high
spine neck resistance values, ranging between 1 and 12 GΩ, pro-
duced here by very high spine neck resistivity values because we
assumed experimentally observed spine dimensions of length and
(external) neck diameter (5) (see Materials and Methods and
Discussion; Fig. 5D and Figs. S4 and S5). Though this might be the
most parsimonious interpretation, it conflicts with evidence that
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LTP involves changes in expression and activity of AMPA re-
ceptors (49). Notably, the membrane leak at the spine head
(identical in value with the neuron-wide membrane leak) had
only minimal effect, i.e., increasing or decreasing the leak con-
ductance of the spine head did not shift the intersection point to
qualitatively different results (Fig. S6).
We tested if we could rule out the high resistance solutions by

performing simulations of bAPs and steady-state stimuli (SSS),
but the voltage invasion of spine heads happened at low and high
neck resistivity alike with little to no attenuation (Fig. S7 A–C).
Even in long-necked spines with high resistivity values, only
a small percentage drop (of up to 25% attenuation in bAP and
10% attenuation in SSS simulations, respectively) was observed.
These high resistivity values are higher than most recent

estimates of spine neck resistance (∼500 MΩ to 1 GΩ; Fig. S5 A,
B, and D) (13, 32). If the neck resistance is indeed low, one could
explain the observed spine neck plasticity and concomitant changes
in EPSP size primarily through changes in synaptic conductance g,
potentially mediated by an increase in the number of AMPA re-
ceptors. Indeed, the desired increase in peak conductance required
only between four and 18 additional receptors for various neck re-
sistivity ρ values, assuming a single-channel conductance of 9.25 pS
(46) (Fig. 5F). Thus, even at low resistivity values, a small number
of additional receptors could in many cases explain the observed

ratio of EPSP amplitudes between long- and short- necked spines
(Fig. 5F).

Discussion
In this study we first used a minimal stimulation protocol that did
not trigger synaptic plasticity to address the question of whether
the EPSPs generated by individual spines are correlated with
their morphological features. Our results demonstrate that the
activation of spines with longer necks produces EPSPs of smaller
somatic amplitudes, in agreement with results obtained using
glutamate uncaging (31). Intriguingly, long-necked spines do not
appear to generate significant somatic depolarizations, even
though they experience synaptic calcium accumulations. This
inverse correlation between somatic voltage amplitude and spine
neck length is present in the EPSP data and follows the same
trend as the uncaging data (Fig. 2C) and the spine neck plasticity
data (Fig. 4 F and G). Although many studies in the past have
used similar minimal stimulation protocols in an effort to activate
individual synaptic inputs (14, 18, 37–42), it is still possible that
our extracellular minimal stimulation protocols activated more
than one spine. Nevertheless, the fact that the minimal stimulation
data, which was analyzed blind to the morphology of the spine,
demonstrate a similar neck-length dependency as the uncaging
data (where the presynaptic site is bypassed and a single spine is
activated) suggests that the evoked voltage responses are likely

A

C

B

D

E F

Fig. 5. Biophysical modeling of spine neck resistivity, resistance, and synapse conductance for spines before and after induction of STDP. (A) Starting from an
experimentally constrained passive model of a cortical pyramidal cell, only two free parameters (neck resistivity ρ and synaptic conductance g) could affect the
amplitude of the somatic EPSPs. (B) Schematic of the modeling approach. Several pairs of ρ/g values could be found to reproduce the experimentally observed
EPSP amplitude values independently in long- and short-necked spines. (C) To investigate if a sole change in neck length was sufficient to produce the EPSP
observed in each of the nine successful experiments (i–ix), we determined the correct synaptic conductance g in the short- and long-necked spine (dotted and
solid lines, respectively, in Upper panels for each experiment) for a broad range of ρ values, and searched for a configuration in which both g and ρ were
identical in both short- and long-necked spines (marked by an X and a dashed vertical line). (C, i–ix, Lower) Recorded evoked postsynaptic potential in the
spine head (spine PSP) of both short- and long-necked spine (dotted and solid line, respectively). Notice that no single solution can be found for spine ix.
(D, Left) Conductance (g) and resistivity (ρ) value pairs for experiments i–viii (color-coded to match crossing points from C) that explain the observed experimental
phenomenon as a purely passive attenuation phenomenon. In addition, the calculated spine neck resistance for the pre-STDP long-necked spine and its post-STDP
shortened neck form was calculated with each ρ value and reflected onto a second diagonal axis showing the actual spine neck resistance (R) of each in-
dividual spine, ranging from ∼1 to 12 GΩ. (Right) Plot of the spine neck resistance (R) vs. spine neck length. Color-coded crosses mark the resistance values for
short- and long-necked spine with the ρ value that allows for sole electrotonic attenuation in C. The arrowheads mark the R values for the lowest ρ values
tested in C. (E) Estimated number of AMPA channels to produce the synaptic conductance of long- and short-necked spines for each resistivity value, based on
an estimation of ∼9-pS AMPA receptors. (F) The number of extra, new AMPA receptors required in the shortened spine to provide the additional synaptic
conductance (after the induction of synaptic plasticity) that would also explain the result, but with lower resistivity values.
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generated at the imaged spines. Moreover, the fact that long-
necked spines generated synaptic calcium responses in their heads,
even in the absence of somatic depolarizations, and that the am-
plitude range of these minimal responses was similar to measured
single-input PSPs (14, 18, 31, 37, 43–46), likewise indicate that the
imaged spines were the probable sites of the voltage responses.
In the second part of our study, we used a repetitive STDP

protocol that triggers LTP (47), in which two-photon uncaging of
glutamate at a single spine was closely followed by bAPs (Fig.
3A). Using this protocol, we induced significant changes in spine
neck length while simultaneously monitoring the uncaging re-
sponse of spines (Figs. 3 and 4). In a remarkable correlation
without exception, every change in spine neck length is mirrored
by an inverse change in spine uncaging potential, a correlation
that is also temporally preserved (Fig. 4). This robust correlation
could be a consequence of the effect of spine neck length on its
resistance, or changes in synaptic conductance (Fig. 5; see below)
or the recruitment of active conductances (36, 52–61). To ex-
plore these potential mechanisms we performed numerical
simulations using data from spines obtained before and after the
pairing protocol (Figs. 4 and 5 and Figs. S4 and S5). We tested
whether the observed inverse correlation between EPSP ampli-
tude and neck length can be accounted for by (i) variations of
synaptic conductance g, (ii) electrotonic attenuation by high neck
resistivity ρ, or (iii) a combination of the two. Our simulations
demonstrate that it is possible to find solutions for all three
scenarios, depending on the numerical values of the key variables
(Fig. 5 and Figs. S4 and S5). Though a conductance change in
a low spine-neck resistance scenario could explain this phe-
nomenon, the voltages at the spine head, particularly those
triggered during synaptic transmission (minimal synaptic stimu-
lation or two-photon glutamate uncaging) in spines with short
necks (Fig. 5C), may not be sufficient to significantly increase the
probability of Mg2+ removal and unblocking of NMDA recep-
tors, or to engage active conductances in the spine head, both of
which have been shown to occur (13, 16–18, 32, 36). Solutions
that rely exclusively on passive electrotonic attenuation (Fig. 5C,
crossing point), however, do not require additional synaptic
conductance g but assume high axial neck resistivity ρ values
(between 104 and 105 Ωcm) or, alternatively, that a majority of
the spine neck’s cross-section is not electrically conducting
(Materials and Methods). The resulting high neck resistance
values (between 1 and 12 GΩ; Fig. 5D and Fig. S4) differ from
recent estimates of spine neck resistance [∼0.5 MΩ (32) up to
1GΩ (13)] (Fig. S5B). One possible scenario is that in spines with
a neck resistance high enough to produce voltage deflections
at the spine head that can remove Mg2+ block from NMDA
receptors and activate voltage-gated channels, quick changes in
synaptic conductance (on the order of a few additional channels;
Fig. 5 E and F) are a major contributor to the changes in synaptic
strength in response to our pairing plasticity protocol. Such
a mixed scenario—with a large voltage drop along the neck,
amplification of spine head EPSPs, and activation of voltage-
dependent conductances—could potentially interfere with a
Hebbian mechanism. However, the lack of direct techniques to
accurately measure absolute spine potentials and neck resistivity
prevent us at this point from completely ruling out pure changes
in synaptic conductance or neck resistance. Furthermore, simple
voltage-divider principles can also capture the essence of the
inverse correlation between somatic EPSPs and neck length, and
assume that the relative effectiveness of a synapse on a spine
compared with one directly on the shaft is giving by 1/(1 + P)
(Materials and Methods), where p is the product of spine neck
resistance and the synaptic conductance. This calculation reveals
(as confirmed by our detailed simulations) that provided P < 1,
there should be no effect of neck resistance on somatic EPSP
(for a fixed soma–spine distance), and that for P > 1, the somatic
EPSP and the neck length should be reciprocally related. Our

data imply that P ∼1, and therefore confirm other recent data
suggesting that neck resistance is appreciable. However, it is not
possible to be more precise given current ignorance about the
(presumably variable) values for synaptic conductance and neck
resistance. For all these reasons, we are agnostic at this point as
to the exact biophysical mechanisms that underlie the phenom-
enology we present.
The regulation of synaptic strength by rapid changes in spine

neck length was first proposed by Rall (53) as a potential
mechanism for rapid synaptic plasticity. Our results are consis-
tent with this early proposal because they demonstrate an inverse
correlation between spine neck length and synaptic strength, but
appear at odds with recent results, in which repetitive stimulation
of spines with similar pairing protocols lead to increases in spine
head volume (47). We did not observe increases in head volume
after the pairing protocol (Fig. 4E), perhaps due to methodo-
logical differences, because our data were taken from mouse
neocortical neurons, using ACSF with physiological concen-
trations of Mg2+ and intracellular solutions without actin. In fact,
the addition of actin as used by Tanaka et al. (47) (5-μM actin in
the intracellular solution) was reported crucial for the spine head
enlargement to occur, and may be the critical difference to our
protocol; this is particularly relevant because it may have allowed
us to specifically dissect the spine neck plasticity effect observed
after STDP and its effect on synaptic strength. We also only
monitored the morphology of spines for up to 20 min after the
pairing protocol, and it is possible that increases in head di-
ameter occur later and that both changes in neck length and
head size are at works. Indeed, in the analysis of data from spines
of similar neck lengths, we observe a statistical correlation be-
tween spine head diameter and uncaging potentials (r = 0.87, P <
0.001, n = 11 spines with 0.2-μm neck length), consistent with
previous reports (21, 47, 54, 55). Thus, we think that it is likely
that the spine neck length and its diameter, together with the
spine head size, are morphological correlates of synaptic strength,
highlighting the close relation between spine structure and func-
tion in the CNS. Indeed, a recent study using superresolution-
stimulated emission depletion and an uncaging LTP protocol has
shown that activated spines undergo changes in spine head, neck
length, and neck diameter (56). In addition, further research aimed
at the molecular spine machinery (57, 58) behind the STDP-
dependent spine neck dynamics will need to be conducted.
In summary, our results demonstrate that spike-timing stim-

ulation paradigms can induce synaptic potentiation and selec-
tively shorten the length of the spine neck (Figs. 3 and 4), thus
providing, to our knowledge, the first functional correlation be-
tween activity-dependent spine neck changes and the regulation
of synaptic strength. We also describe how spines with long necks
apparently have little functional effect on the soma of a neuron,
raising the issue of what their function may be. The solution may
lie precisely in their behavior that we observe after STDP, where
they become shorter and functionally connected to the soma of
the neuron. Long-necked spines, like short-necked spines, are
invaded by bAPs (31, 36, 59, 60). Indeed, our simulations showed
that bAPs and steady-state stimuli (Fig. S7) invade spine heads at
all tested neck lengths and values of ρ and R, with no attenuation
in most of the conditions tested and only a small percentage
reduction of the voltage signal (up to ∼25% and 10% attenua-
tion of the bAP and SSS, respectively), even in long-necked
spines with values of neck resistivity ρ (at odds with estimates)
that can contribute significantly to EPSP size control (Fig. S7).
The observed neck shortening may allow changes in functional
connectivity onto a postsynaptic cell without the need to physi-
cally rewire the network. Interestingly, these long-necked spines
are particularly prominent in human cortical circuits (61) and
could represent an important connectivity reservoir for the rapid
and activity-dependent control of synaptic strength.
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Materials and Methods
Brain Slice Preparation and Electrophysiology. Brains from postnatal day 13–16
C57BL/6 mice of either sex were removed and immersed in cold cutting
solution containing (in mM): 27 NaHCO3, 1.5 NaH2PO4, 222 sucrose, 2.6 KCl,
1 CaCl2, 3 MgSO4, and equilibrated with 95% O2/5% CO2. Coronal brain slices
(300 μm thick) of visual cortex were prepared using a Leica VT1200S Vibra-
tome and transferred to a chamber with ACSF containing (in mM): 126 NaCl,
26 NaHCO3, 10 dextrose, 1.15 NaH2PO4, 3 KCL, 2 CaCl2, 2 MgSO4, and oxy-
genated with 95%O2/5% CO2 at 37 °C for 30 min, and then incubated at
room temperature for at least 40 min before recording. Electrophysiological
recordings were performed in whole-cell current–clamp configuration with
MultiClamp 700B amplifiers (Axon) with patch electrodes (4–7 MΩ) filled
with internal solution containing (in mM): 135 KMeSO4, 10 KCl, 10 Hepes,
5 NaCl, 2.5 Mg-ATP, 0.3 Na-GTP, and 0.2 Alexa Fluor 488. Resting membrane
potential was held at −65 mV. All experiments were conducted at 37 °C.

Two-Photon Fluorescence Imaging and Uncaging of Glutamate. Imaging was
done with a custom-made two-photon laser-scanning microscope, consisting
of a modified Olympus FluoView FV-200 system (side-mounted to a BX50WI
microscope with a 60×, 0.9 N.A., water-immersion objective) and a tunable
Ti:Sapphire laser (Chameleon Ultra II, Coherent, >3 W, 140-fs pulses, 80 MHz
repetition rate). Fluorescence was detected with a photomultiplier tube
(PMT) (H7422-P40; Hamamatsu) connected to a signal amplifier (Signal Re-
covery AMETEK Advanced Measurement Technology) whose output was
connected to the FluoView system. Fluorescence images of the soma, den-
drites, and dendritic spines were acquired with FluoView software (XY scan
mode with 1× to 10× digital zoom) at 725 nm, and calcium fluorescence was
acquired at 820 nm. Axial stacks were taken every 0.4 μm. Distances of the
spines to the soma, spine head diameters (longest possible axis in any frame
in the z-stack of images), and neck lengths, measured from the proximal
edge of the spine head to the edge of the dendrite, were measured using
ImageJ (National Institutes of Health). The segmented line selection tool in
ImageJ was used to measure the neck length, including any resolved cur-
vature. With the use of fluorescence microspheres (0.1 μm diameter), we
calculated the diffraction-limited resolution of our two-photon microscope.
The FWHM in x, y, and z axis is 0.393, 0.378, and 1.714 μm, respectively—
similar to the theoretical resolution of 0.328 μm for x and y, and 1.148 μm for
z at 820-nm excitation and objective N.A. of 1.0. Due to this limitation in
those spines with no discernible necks, we chose a minimum neck length
value of 0.2 μm. In addition, if a small neck curvature or angle of departure
of the neck from the parent dendrite is present and below the diffraction
limited resolution of our microscope, then in those spines we will have an
underrepresentation of the actual spine neck length. Spine head volume
was measured using the FWHM to calculate the diameter of the spine head.
The spine head volume was then estimated as 4/3πr3, as previously reported
(21). An estimated value for the radius of the spine head, r, was obtained
based on the measured FWHM diameter of the spine.

Two-photon uncaging of 4-methoxy-7-nitroindolinyl (MNI)-caged L-
glutamate (2.5 mM; Tocris Cookson) was performed as described (31). Uncaging
was performed at 725 nm. Here we reported 24 new spine uncaging potentials
that were added to the previously reported uncaging data set (n = 58; total =
82 spine uncaging potentials; gray dots in Figs. 2C and 4G) (31). All record-
ings were performed in the most superficial portions of the brain slices
(<100 μm deep).

The location of the uncaging spot was positioned in approximately the
same location along the edge of the spine head before and after the paring
protocol (Fig. 3) and at a location where no glutamate spillover to the shaft
affected our observations (Fig. S3B). Moreover, slight movements of the
uncaging spot along the edge of the spine head do not cause any significant
changes in the evoked voltage responses that we recorded at the soma
(Fig. S3A).

Electrical Stimulation of Spines. Neurons were filled with Alexa 488 (200 μM)
and fluo-4 (200 μM). A stimulating electrode, filled with Alexa 594 dextran
dye (10,000 MW, 50 μM), was located close (∼4–20 μm) to the spine head.
Short stimulating pulses (20 μs duration and 10–15 pulses per spine at 0.5 Hz)
were delivered to the stimulating electrode via an Iso-flex stimulator (AMPI)
while the calcium signals were recorded using a PMT to collect the fluores-
cence signal arising from line scans intersecting the spine head. We recorded
activity from spines located between 11 and 100 μm from the soma.

Analysis of Minimal Stimulation Responses. To guarantee an unbiased analysis
of the minimal stimulation responses from individual spines, we devised
a method that used a custom-made MATLAB script to identify calcium

responses and to measure the amplitude of their concurrent EPSPs. This
method automatically scored the successes and failures of the voltage
responses and their corresponding spine calcium accumulations (Fig. S1). For
this purpose, the peak of the calcium response at the spine head (measured
as %ΔF/F) and the peak amplitude and 10–90% rate of rise of the con-
comitant somatic voltage responses were automatically measured, and
a database of all positive and negative calcium responses with their corre-
sponding voltage traces was assembled (22 different spines, 16 neurons).
First, raw calcium imaging sweeps were cropped around the investigated
spine and filtered with a standard Gaussian low-pass filter with a 1.5-μm
radius (Fig. S1 A and B). For the automatic analysis program to detect
a positive spine calcium signal, three statistical criteria had to be in-
dependently met (Fig. S1): (i) The peak amplitude of the calcium responses
(the average signal amplitude of a 5-ms window centered on the maximum
of the signal within the first 50 ms after the stimulus) had to be at least 2.5×
greater than the SD of the baseline signal before the stimulus (Fig. S1D); (ii)
A significant statistical difference (determined by a Student’s t test at 99%
level of confidence) had to be found between the baseline (data points from
−50 to 0 ms, where 0 ms marks the occurrence of the stimulus) and the
afterstimulus (from +10 to +60 ms) of the calcium signal (Fig. S1D, shaded
green); and (iii) The shape of the first 100 ms of the signal after the stimulus
could be fit agreeably to a double exponential with previously determined
time constants tau1 (t1) = 60 ms and tau2 (t2) = 100 ms (Fig. S1 A–C). The
concurrent voltage traces were analyzed independently. The amplitude of
each EPSP was determined as the difference of the averages of two 5-ms
time windows, one centered on −3 ms before the stimulus and the other on
the maximum voltage deflection within 50 ms after the stimulus occurred
(Fig. S1E). To measure the rate of rise of nonzero EPSPs, the difference be-
tween the times and the voltage, when the membrane potential reached
10% and 90% of the maximum voltage deflection, was measured, and the
rate of rise (in mV/ms) calculated (Fig. S1E). Afterward, the positive calcium
responses that met these three criteria were measured and their corre-
sponding EPSPs measured. Then, from those positive calcium trials, only the
trial with the minimum of all EPSPs, or the zero-voltage response associated
with it were determined and further analyzed. Thus, we had positive calcium
signals that were associated with a zero-voltage response and calcium sig-
nals associated with voltage responses. In the latter, only if this candidate
EPSP was the minimal nonzero EPSP associated with a positive calcium signal
at the spine head, was the event recorded as the minimal elicited response;
this was done to exclude the possibility of recording erroneous multispine
events as single synaptic events.

The time constants of the double-exponential kernel function used to test
single-trial calcium responses as described above were derived from the
average response of five single-trial spine stimulations with high signal-
to-noise ratios of the recorded calcium response (Fig. S1A). We filtered the
resulting average response with a standard Gaussian low-pass filter (Fig.
S1B) with a 1.5-μm radius and fitted the mean response of the spine head
to a double-exponential function of the form

yðtÞ= c× ðexpð�t=tau1Þ � expð�dt=tau2ÞÞ=ðtau  1� tau  2Þ,

in which tau1 = 60 ms and tau2 = 100 ms produced the best fit.
We then adjusted c to optimally fit the original five traces with identical

tau1 and tau 2 and used the resulting rmse values between the fit and the
data as a measure for thresholding what was an “agreeable fit,” as discussed
above. Consequently, any fit that produced an rmse less than or equal to
1.5× the maximum rmse of the calibration traces was accepted as a good fit.

Pairing Protocol. To induce spine neck plasticity, we used repetitive two-
photon uncaging of MNI-glutamate—40 times every 2 s—with each uncag-
ing pulse (2-ms duration) followed after 15 ms by a postsynaptic spike (Fig.
3A). The two-photon uncaging response of the spines, tested before and
after the pairing protocol, was assessed as previously described (31). When
more than one time point after the pairing protocol was imaged from the
tested spine, the maximal change in neck length from the time points
recorded was used to calculate the percentage change value for further
comparisons with the other experiments.

Analysis was conducted using MatLab or IGOR Pro with Neuromatic v2.0
package. All measurements are expressed as ± SEM. Statistical significance
was assessed using Student t test and Kolmogorov–Smirnov test when
appropriated at the significance level (P) indicated. Correlations between
morphological and physiological parameters were fitted with a linear re-
gression. In addition, to capture the essence of the relation between the
somatic EPSP and neck resistance (Rneck), we used the voltage divider
equation (62) to arrive at a simplified formula that represents the relative
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effectiveness of a synapse on a spine compared with one directly on the
parent dendritic shaft, and with which we fit the experimental data on the
correlation between EPSP and neck length presented in Fig. 2C:

EPSPdendðspÞ
EPSPdendðdendÞ=

1
1+ P

, [1]

where P is the product of the synaptic conductance (Gsyn) and Rneck, EPSPdend(sp)
is the amplitude of the voltage generated in the dendrite at the place
where the spine is attached after a synapse is impinged onto a spine, and
EPSPdend(dend) is the amplitude of the voltage in the dendrite when the
synapse is located in the dendrite. These formulas are

EPSPdendðspÞ = Esyn ×
Rdend

1
Gsyn + Rneck + Rdend

[2]

EPSPdendðdendÞ = Esyn ×
Rdend

1
Gsyn + Rdend

[3]

With Rdend representing the input resistance of the dendrite at the place
where the spine is attached to the dendrite; Gsyn, the synaptic conductance;
Rneck, the spine neck resistance; and Esyn, the resting membrane potential.
For simplicity, in Eq. 1 we assumed a negligible value of Rdend. This fit reveals
that provided P < 1 there should be no effect of Rneck on somatic EPSPs (for
a fixed soma–spine distance), and that for P > 1, the somatic EPSP and the
neck length should be reciprocally related. This fit assumes a purely passive
attenuation of spine potentials.

Methods for the Numerical Simulations. To investigate the potential mecha-
nisms behind the correlation between spine neck length and synaptic
potentials obtained before and after the induction of synaptic plasticity, we
built a NEURONmodel with the simplified morphology of a layer-5 pyramidal
cell. The model consisted of a 20-μm–diameter soma with one apical and two
basal dendrites. The apical dendrite was a simple cable measuring 3 μm in
diameter and 300 μm in length with no daughter branches. The basal den-
drites consisted of 1-μm–wide, 200-μm–long cables with two daughter
branches, 170 μm and 80 μm long, branching out at 30 μm and 120 μm,
respectively. We constructed 190 spines and placed them equidistant from
each other on the main branch of one basal dendrite. Each spine consisted of
a spine neck and a spine head. Initially, the dimensions of these compart-
ments were set to the reported average values (4): 0.66-μm spine neck
length, 0.2-μm spine neck diameter, and 1-μm spine head diameter. The
membrane capacity of the whole neuron was uniformly set to 1 μF/cm2. To
investigate the possible combinations of synaptic conductance and spine
neck resistivity that could have led to the results reported in Figs. 3 and 4, we
reproduced the conditions of each recorded spine in the model. The resting
membrane potential was set to −65 mV and the membrane resistance was

initially adjusted to RM = 4,700 Ωcm2, which sets the input resistance,
measured by a −10 pA, 100-ms input current delivered to the soma, to 150
MΩ. We then adjusted RM in each model cell to reproduce the input re-
sistance recorded at the soma of each of the nine recorded experiments,
ranging from 82 to 221 MΩ. The neck length of a single spine at the correct
distance from the soma (as recorded in each experiment) was adjusted to fit
with the initially recorded neck length. A single conductance based synapse
in the form of an α function (with tau g = 10 ms, resulting in 80- to 100-ms-
long EPSPs) was introduced to the spine. To change the resistance of the
neck (and, notably, not any other parts of the neuron), its resistivity was
varied between 2 × 102 and 106 Ωcm, and for each resistivity value, simu-
lations were run in which the amplitude of the synaptic conductance was
tuned to achieve a somatic voltage deflection equal to the experimentally
recorded somatic EPSP. In a second step, the spine neck was shortened and
its diameter was widened (26, 56) to keep the membrane area of the neck
constant. The tuning protocol was repeated and the conductance values
were recorded. To estimate the number of AMPA receptors required to
create the peak voltage deflection recorded at the soma, we estimated the
AMPA receptor unitary conductance (γ) to be 9.25 pS per AMPA receptor—
based on the mean AMPA receptor unitary current obtained from non-
stationary fluctuation analyses from EPSCs triggered by two-photon uncaging
of glutamate over single spines from CA1 pyramidal neurons (46)—and di-
vided the observed necessary synaptic conductance by γ. The AMPA receptor
unitary conductance calculated from Matsuzaki et al. (46) is very similar to the
values reported after synaptic activation in CA1 pyramidal neurons (63).

To assess voltage invasion for a steady-state stimulus, we injected a 40-ms
current pulse of 0.3 nA into the soma of the neuron and recorded the
maximum voltage deflection at the spine head as well as at the dendrite
adjacent to the spine of interest. Similarly, to assess bAP voltage invasion of
the spine, we added a set of Hodgkin–Huxley-type ion channels to the soma
and evoked action potentials with a short current pulse.

We calculated the contribution of the voltage attenuation based on the Δ
EPSP between long- and short-necked spines in the absence of changes in
conductance g, normalized by the experimentally observed Δ EPSP.
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