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SUMMARY

Dendritic spines receive the majority of excitatory in-
puts in many mammalian neurons, but their biophys-
ical properties and exact role in dendritic integration
are still unclear. Here, we study spine electrical
properties in cultured hippocampal neurons using
an improved genetically encoded voltage indicator
(ArcLight) and two-photon glutamate uncaging. We
find that back-propagating action potentials (bAPs)
fully invade dendritic spines. However, uncaging
excitatory post-synaptic potentials (UEPSPs) gener-
ated by glutamate photorelease, ranging from 4 to
27 mV in amplitude, are attenuated by up to 4-fold
as they propagate to the parent dendrites. Finally,
the simultaneous occurrence of bAPs and uEPSPs
results in sublinear summation of membrane poten-
tial. Our results demonstrate that spines can behave
as electric compartments, reducing the synaptic
inputs injected into the cell, while receiving bAPs
are unmodified. The attenuation of EPSPs by spines
could have important repercussions for synaptic
plasticity and dendritic integration.

INTRODUCTION

Dendritic spines mediate over 90% of excitatory connections
in the mammalian brain (Peters and Kaiserman-Abramof, 1970;
Ramon y Cajal, 1899) and have a peculiar structure composed
of a bulbous head (<1 pm?3), which receives the synaptic input,
and a very thin neck (<100 nm in diameter), which connects
it to the parent dendrite. The spine neck biochemically isolates
the spines from the parent dendrite (Nevian and Sakmann,
2004; Yuste and Denk, 1995), enabling input specific synaptic
plasticity (Matsuzaki et al., 2004). But, besides generating
biochemical compartmentalization, the thin neck may also influ-
ence voltage propagation into the dendrite, if it acts as a high-
resistance pathway for currents. Moreover, dendritic spines
have voltage-gated ion channels (Araya et al., 2007; Chung
etal., 2009; Kim et al., 2007; Lin et al., 2008), which could modu-
late their voltage inputs. Thus, both the geometry and molecular
components of spines could turn spines into electrical compart-
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ments that could affect input integration (Rall, 1974; Yuste,
2010).

The hypothesis that spines may have an electrical function has
a long history (Chang, 1952; Koch and Poggio, 1983; Rall and
Rinzel, 1971), but it is still controversial whether spines act as
electrical compartments or not, even though the answer to this
question could have a major impact in our understanding of den-
dritic integration and neural circuits. Part of the reason is a tech-
nical one, because conventional electrophysiology methods are
too invasive. Although nanopipettes have been recently used to
record intracellularly from dendritic spines (Jayant et al., 2016),
non-invasive optical approaches, such as fluorescent recovery
after photobleaching and calcium imaging paired with glutamate
uncaging, have been used as alternative methods to study the
electrical properties of spines. Unfortunately, there are great dis-
crepancies in the conclusions of different studies. While some
reveal attenuation of excitatory post-synaptic potentials (EPSPs)
by spines (Araya et al., 2006, 2014; Harnett et al., 2012), others
suggest instead that spines are isopotential with the dendrites
and do not alter EPSPs (Svoboda et al., 1996; Tennesen et al.,
2014). Perhaps because these methods are indirect, their con-
clusions about electrical properties are still in disagreement.

To overcome this limitation, voltage imaging using organic
electrochromic indicators has been used to directly measure
spine voltages in situ using second harmonic generation or fluo-
rescence emission (Loew, 2015; Nuriya et al., 2006). These
organic voltage dyes are generally delivered through a patch
pipette at the cell body and bind to membranes to measure
membrane potential. Unfortunately, different results were re-
ported in studies using similar dyes to measure spine responses
during glutamate uncaging (Acker et al., 2016; Popovic et al.,
2015). Moreover, in optical measurements with organic indica-
tors, phototoxicity is common, signal to noise is poor and proper
voltage calibration is difficult, so the actual value of synaptic po-
tentials in spines remains contentious.

A recent promising method for optical measurements of mem-
brane potential is the use of genetically encoded voltage indica-
tors (GEVIs) (Brinks et al., 2015; Gong et al., 2015; Han et al.,
2013; Jin et al., 2012; St-Pierre et al., 2014), which can be ex-
pressed in neuronal membrane through plasmid transfection
and could potentially result in less phototoxicity and better
signal to noise. Here, we used an improved version of the GEVI
ArcLight, created by fusing the Ciona intestinalis voltage sensor
and the fluorescent protein super ecliptic pHluorin (Han et al.,
2013; Jin et al., 2012) and imaged the voltage of spines and

.
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Figure 1. bAPs Invade Spines

Spine Dendrite Soma

(A) Schematic drawing of the ArcLight construct. ArcLight is expressed under the control of the CMV promoter and target cell membrane using the localization

sequences of TS and ER.
(B) Schematic drawing of the setup for ArcLight voltage imaging.

(C) Fluorescence image of a cultured mouse hippocampal neuron expressing ArcLight. ArcLight was localized to the plasma membrane of dendritic spines. Blue,
red, and green regions show the ROI of the spine, dendrite, and soma in (D), respectively. The boxed region in (i) is magnified in (j). Scale bars represent 10 um (i)
and 2 pm (ji).

(D) The average optical waveforms (average of 30 traces) of the ArcLight responses in the spine (blue), dendrite (red), and soma (green), and an electrophysi-
ological recording of action potentials (black) induced by current injection (20 ms).

(E) Average peak responses to single action potentials for spine, dendrite, and soma. Data are mean + SD from each of 20 dendritic spines. ns, not significant

(one-way ANOVA).
Error bars indicate SD.

parent dendrites from cultured hippocampal neurons under
three functional conditions: (1) back-propagating action poten-
tial (bAP) invasion from the parent dendrite, (2) two-photon gluta-
mate uncaging on spines, to mimic EPSPs, and (3) simultaneous
occurrence of bAPs and glutamate uncaging. Our results show
that bAPs fully invade the spines, but that uncaging EPSPs are
much larger in spines than in parent dendrites. Spines therefore
partly rectify the propagation of current to the dendrite, enabling
the propagation of electrical signals from dendrites, but attenu-
ating those into dendrites, a role that could have major conse-
quences for synaptic transmission and plasticity.

RESULTS
bAPs Fully Invade Spines

To examine the electrical properties of spines, we used fluores-
cent voltage imaging with the GEVI ArcLight (Jin et al., 2012). To

improve the membrane localization of ArcLight, the endoplasmic
reticulum (ER) export sequence and the Golgi export trafficking
signal (TS) were employed (Figure 1A). We expressed ArcLight,
under the control of cytomegalovirus (CMV) promoter, in
cultured mouse hippocampal neurons and imaged its fluores-
cence with an upright fluorescence microscope and a fast
sCMOS camera (Figure 1B). To monitor somatic electrophysi-
ology, imaged neurons also were patched in whole-cell, cur-
rent-clamp mode.

In neurons expressing ArcLight, fluorescent signals were
clearly visualized in dendritic spines, dendrites, and somata (Fig-
ure 1C). We first investigated how effectively bAPs invade
spines. bAPs were generated by somatic current injection, and
ArcLight fluorescence responses were recorded from regions
of interest (ROIs) in somata, proximal dendrites, and spines (Fig-
ures 1C and 1D). To quantify optical signals, we measured the
relative change in fluorescence intensity, —AF/F, a quantity
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directly proportional to membrane potential (Peterka et al., 2011)
(see Experimental Procedures).

In the fluorescent images, we noticed that the ArcLight
labeled not only membranes but also the cytoplasm. This is a
problem, because intracellular ArcLight proteins located in the
cytoplasm, ER, or Golgi may contaminate the baseline fluores-
cence (F), since their fluorescence is insensitive to membrane
potential, as they are too far from the Debye length of the mem-
brane’s electric field. Although ArcLight is supposed to be
mostly in a dark state at the lower pH of intracellular organelles
(Han et al., 2014), its contribution to the background fluores-
cence could still be critical when measuring —AF/F, as it would
be averaged together with ArcLight signals from the plasma
membrane that truly respond to voltage. To explore this issue
and identify the voltage response of ArcLight pixel by pixel,
we calculated the probability of activation of each pixel in
response to voltage by using a constrained non-negative matrix
factorization (CNMF) algorithm (Pnevmatikakis et al., 2016) and
compared the resulting weight matrix image to the baseline
fluorescence image (Figures S1A and S1B). Through this com-
parison, we identified regions of non-responding intracellular
ArcLight in the soma, which had a strong baseline fluorescence
yet low activity weight, but found no such regions in dendrites
and spines. This implies trafficking of ArcLight proteins by ER
translation at the soma and then targeting to adjacent somatic
plasma membrane and by diffusion to the rest of the cell,
perhaps along the cell membrane. One could argue that we
did not find evidence for intracellular ArcLight in smaller den-
dritic compartments because of the limitations of microscope
resolution. However, the —AF/F comparison between spines
and their parent dendrite was likely unbiased, because their
baseline fluorescence and activation probability (weight values)
were similar (Figures S1C and S1D). Therefore, for analysis, we
selected somatic ROIls by excluding the center of the soma,
while we selected dendrite and spine ROls by including den-
dritic and spine inner cores.

In spite of this preselection of responding pixels, while the
strong somatic fluorescence signals closely tracked the voltage
measured by the somatic electrode, we noticed that the brighter
somatic region generated a background-contaminating signal in
the rest of the cell, which was a function of distance, and which
influenced the computation of —AF/F from spine and dendrite
ROIs (Figures S2H and S2I). This pixel cross-contamination is
expected when using one-photon widefield microscopy. To re-
move this background contamination, we manually subtracted
the fluorescence surrounding the ROI using custom shapes for
each cell, meticulously designed to avoid somatic background
fluorescence (Figures S2J-S20). After this background noise
subtraction, the bAP fluorescent signals from dendritic spines
showed responses very similar to those from parent dendrites
and soma (n = 15, p = 0.4; spine, 4.6 + 0.8; dendrite, 4.2 + 1.2;
soma, 4.1 + 1.1; % —AF/F, mean + SD) (Figures 1D and 1E).
The similarity in bAP responses validated the reliability of the
background subtraction method, as somatic —AF/F values
were larger than voltages of spines and dendrites before back-
ground subtraction.

Since spines could be electronically far from the soma, we
repeated these optical measurements in additional experiments
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with CsCl-based internal solution to block leak K* channels and
make the neuron electronically compact. Again, the average
amplitude of bAP in spines was indistinguishable from that of
parent dendrites (n = 10, p = 0.2; spine, 9.3 = 1.3; dendrite,
10.1 £ 0.9; —AF/F, mean + SD; Figures S2A and S2B). We also
performed voltage step depolarizations in voltage clamp and
found that the measured somatic voltages were the same as
the optically measured voltages of spines and dendrites (n = 3,
p > 0.2; Figure S3).

Using this combination of ROI selection and background sub-
traction, we then tested whether bAP invasion depended on the
spine neck length, as we had previously reported in previous
second harmonic generation measurement of spine voltages in
brain slices (Araya et al., 2006). In our ArcLight measurements,
however, we did not find a significant correlation between bAP
amplitude and spine neck lengths or head volume, although
we would caution that the range of spine morphologies exam-
ined in our cultures were not as large as those previously in brain
slices (n = 15, p = 0.4, R? = 0.05; Figures S2C and S2D). Because
dendrites in cultured cells are shorter than those in brain slices, in
these experiments, we used spines in proximal dendrites, within
100 pum of the soma. Probably because of this, we also were not
able to observe voltage attenuation and delays of bAPs as a
function of distance from the soma.

Altogether, these results indicate that, in cultured neurons,
bAPs invade dendritic spines faithfully without any voltage atten-
uation. These results are in agreement with previous studies
using calcium indicators (Yuste and Denk, 1995) and organic
voltage-sensitive dyes measured with fluorescence or second
harmonic generation (Nuriya et al., 2006; Acker et al., 2011;
Holthoff et al., 2010; Palmer and Stuart, 2009; Popovic et al.,
2014, 2015).

Glutamate Uncaging Potentials Are Larger in Spines
than in Parent Dendrites

We then investigated how synaptic potentials are integrated in
spines. To mimic single-spine EPSPs, we uncaged glutamate
to generate uncaging EPSPs (UEPSP) (Araya et al., 2006; Matsu-
zaki et al., 2001). This method generates synaptic potentials only
in the targeted spine, thus preventing activation of neighboring
spines, as is common with extracellular electrical stimulation.
Furthermore, averaging of repeated UEPSPs can increase the
signal to noise ratio of the measurement. uEPSPs on dendritic
spines were generated by two-photon photolysis of 4-me-
thoxy-7nitroindolinyl (MNI)-caged glutamate, which is not acti-
vated by excitation or emission light in ArcLight imaging. MNI-
glutamate was bath-applied (1.5 mM), and a two-photon stimu-
lation point was selected in vicinity of the targeted spine. The
stimulation point was at least 1 um away from the boundary of
spine head to prevent ArcLight photobleaching. The relative fluo-
rescence change (—AF/F) of ArcLight was measured at spines
and immediately adjacent parent dendrites simultaneously, after
background subtraction to avoid signal contamination from so-
matic and other sources.

We found that glutamate uncaging systematically generated
larger fluorescence changes in spines than in their parent den-
drites (p < 0.05, n = 9; Figure 2B). Filtering ratios of spine/den-
dritic amplitudes ranged from 1 to 4 (1.9 £ 0.8; n = 9; Figure 2E).
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Figure 2. Glutamate Uncaging Potentials Are
Larger in Spines than in Parent Dendrites

(A) Image of a ArcLight expressing neuron showing
two ROls (blue, dendritic spine; red, parent dendrite;
yellow star, the location of glutamate uncaging).

(B) Somatic voltage by patch-clamp recording (top,
black). —AF/F traces of the three ROlIs (black, soma;
blue, dendritic spine; red, parent dendrite) (bottom).
These traces are averages of six glutamate uncaging
trials followed by the application of temporal aver-
aging filter of window 110 ms.

(C) Voltage traces predicted by the two-state model
(left) and the Z score method (right) at dendritic spine
(blue) and parent dendrite (red) with somatic voltage
by electrophysiological recording (black).

(D) Graph shows the statistics of voltage peak
in UEPSP from the two-state model and Z score
method.

(E) Graph shows the statistics of the spine filtering
ratio from predicted voltages by the —AF/F, two-
state model, and Z score method (n = 9; green circle,
individual values; red line, average ratio; blue line,
their SD range).

Error bars indicate SD.

1mV|

200 ms

0.5%

200 ms

2mVv

200 ms

(VSP) (Jin et al.,, 2012), which has two
major voltage-dependent conformations
(Li et al., 2014). In our voltage step experi-
ments, the voltage-dependent ArcLight
fluorescence showed single exponential ki-
netics (Figures S4D and S4E), consistent
® with two voltage-dependent conformations
(see Experimental Procedures). Because of
this, we adopted a two-state model of
voltage-dependent ArcLight fluorescence
by modeling a bright state and a dark state
with two voltage dependent reaction con-
stants (Figure S4A). In further voltage step

Two-state Z-score
model method

To estimate voltage values, we decided to calibrate —AF/F. This
was not necessary for bAPs, because the fluorescence signals
were similar in different compartments. However, since uEPSP
voltages were different in spines and neighboring dendrites, it
became necessary to perform a proper calibration to understand
these measurements quantitatively.

Calibration of Spine Uncaging Potentials

The voltage dependence of ArclLight fluorescence has a
sigmoidal non-linearity that makes it difficult to estimate the
voltage entirely (Figure S4B; Jin et al., 2012). To calibrate
—AF/F signals to voltage, we used two complementary
strategies. First, we built a kinetic model of voltage-dependent
ArcLight fluorescence based on experimental observations.
The voltage-dependent behavior of ArcLight primarily depends
on a protein domain of a voltage-sensitive phosphatase

o

Two-state
model

experiments (Figures S4D and S4E), we
measured those voltage-dependent reac-
tion constants (Figures S4F and S4G; see
details in Experimental Procedures). Then,
we calibrated fluorescence to voltage by
numerically solving the equation for the two-state model (see
Experimental Procedures). In addition to this biophysical calibra-
tion method, we employed a second, statistical method (Z score
method), normalizing fluorescence and voltage traces in order to
find an unknown multiplier that was assumed to exist between
the two variables. The reliability of the two methods was evalu-
ated at the soma by comparing the predicted optical voltage
peak with a voltage peak measured by patch clamp as ground
truth (Figures S41-S4L). On average, the kinetic model predicted
voltage more precisely than the Z score method (n = 9, two-state
model: 0.63 + 1.54 mV, Z score method: 1.02 + 0.67 mV; Fig-
ure S4L). Although the kinetic method had some variance in
voltage peak prediction, the average peak values could be pre-
dicted quite successfully. Despite the successful voltage peak
prediction, there was a small underestimation, generated by
the temporal averaging of noisy fluorescence traces. Also, the

Z-score
method
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Figure 3. Sublinear Summation of Uncaging
Potentials and bAPs

(A) Images of an ArclLight-expressing neuron
(top: dendrite; bottom: soma, including a targeted
dendritic spine [purple]) for a paired experiment
with glutamate uncaging (yellow) and bAP events
(orange).

(B) Graph shows two averaged fluorescence traces
of eight trials in glutamate uncaging only (left) and
bAP only (right).

(C) Graph shows a fluorescence trace in simulta-
neous stimulation of glutamate uncaging and bAP
(solid line) and a fluorescence trace linearly summed
from two traces in (B).

(D) Graph shows the statistics of voltage drop
in joint stimulation. The voltage amplitude of EPSP
was compared to that of calculated EPSP by sub-
tracting joint trace and bAP trace.

(E) Graph shows the statistics of summation ratio
from eight cells by measuring peak height or peak
area (green circle, individual ratio; red line, average
: ratio; blue line, SD range).

Error bars indicate SD.
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substantial optical noise in individual spine data prevented us
from performing a full deconvolution of the time course of the
traces (Figure S4K).

We applied our two calibration methods to transform fluo-
rescence —AF/F measurements (Figure 2B) into voltage esti-
mates (Figure 2C). The kinetic calibration estimated peak uEPSP
voltage transients of 4 to 27 mV in spines (n =9, 10.7 + 8.2 mV,;
Figure 2D). These peak voltages might still be underestimated
(see Figure S4L). Dendritic voltages, on the other hand, were
estimated to range from 2 to 10 mV (n = 9, 54 + 2.8 mV,
Figure 2D). Using this kinetic calibration, filtering ratios between
voltages of spines and parent dendrites ranged from 1to 4 (n =9,
2.0 = 0.9 Figure 2E), which was similar to ratios measured
by fluorescence —AF/F traces (n =9, 1.9 + 0.8; Figure 2E). These
results confirm that dendritic spines can compartmentalize
voltage (Chang, 1952; Koch and Poggio, 1983; Rall and Rinzel,
1971). Moreover, the voltage deconvolution shown in examples
of soma (Figure S4K-L) implies that our voltage attenuation
ratios might even be underestimated.

We finally also explored if the spine neck length contributed to
the difference in UEPSPs between spines and dendrites (Araya
et al., 2006). Although one could detect a positive trend between
filtering ratio and spine neck length (Figures S5A-S5C), the sta-
tistical significance was not strong enough (p = 0.10). It is
possible that the moderate significance of the trend was caused
by small range sampling in spine neck lengths. We preferentially
imaged spines with short necks and large heads to provide
strong fluorescence signal to clearly detect uUEPSPs. Therefore,
we cannot rule out that spine neck length may influence the
attenuation of synaptic potentials, as previous theoretical and
indirect experimental results have predicted (Araya et al., 2006;
Koch and Poggio, 1983; Miller et al., 1985). Another structural
parameter of spines that might be critical for voltage attenuation
is their neck diameter. Unfortunately, our spatial resolution was
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insufficient to resolve neck diameter. To investigate the relation
between neck diameter and voltage attenuation of spines,
super-resolution or ultrastructural techniques would need to be
combined with voltage imaging in future studies.

Uncaging Potentials and bAPs in Spines Sum Sublinearly
We next investigated the role of spines in the integration of
UEPSPs and bAPs. Previous calcium imaging studies have
shown that spines integrate calcium transients of EPSP and
bAP supralinearly (Nevian and Sakmann, 2004; Yuste and
Denk, 1995). However, the actual voltage summation of EPSPs
of bAP is still open to question. To measure spine voltages during
UEPSP-bAP integration, three types of stimulations were applied
in sequence: (1) glutamate uncaging on spines to generate
UEPSPs, (2) current injection to soma to evoke bAPs, and (3)
simultaneous glutamate uncaging and current injection. Stimula-
tions were confirmed by somatic electrode measurement (see
Experimental Procedures). On average, fluorescence responses
(—AF/F) of the simultaneous stimulation were smaller than the
linear sum of the two independent conditions, indicating a sub-
linear voltage summation (n = 9, p < 0.05; Figures 3B-3D). For
summation ratio calculation, we used both the amplitude and
area of the —AF/F peak, as peak area may provide a more accu-
rate estimation on summation because of the large difference in
timing between EPSPs and bAP. Furthermore, the summation
ratio was negatively correlated to the spine distance from the
soma (p < 0.01, R > 0.5; Figures S5C and S5F), while other
morphological parameters of spines were not correlated (Figures
S5D and S5E).

Estimation of Spine Neck Resistance and
Frequency-Dependent Voltage Filtering Ratio

We finally performed multicompartmental simulations to esti-
mate the electrical resistance of the spine neck, a parameter
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Figure 4. Estimation of Spine Neck Resistance

(A) A compartment model (purple) and an electrical circuit model (green) of the
cell in Figure 2 were built to determine spine neck resistance.

(B) To estimate the spine neck resistance in the experiment (Figure 2), its
voltage profiles (Figure 2B) were simulated with the compartmental model and
average dendritic resistance (108 MQ, estimated from Harnett et al. 2012). The
neck resistance was 95 MQ.

(C) Multiple simulations of (B) with the range of dendritic resistance (63-153
MQ) resulted in the range of neck resistance from 64 MQ to 146 MQ (purple).
Alternatively, the range of neck resistance was calculated by the electrical
circuit model and produced similar results (from 63 MQ to 153 MQ, green).
(D) With a fast EPSP of 1 ms time constant, the compartmental model was
simulated as in (B), and its filtering ratio was acquired, similar to that acquired
by a slower EPSP.

(E) The simulation in (D) was performed with various kinetics of EPSP (r = 0.01,
0.1, 1, 10, 100, and 1,000 ms). The result indicates that the filtering ratio
estimated by slow uncaging EPSP is still valid in faster events around an EPSP
1-10 ms time constant, which is more common in physiology.

Error bars indicate SD.

that is traditionally used to quantify spine voltage compartmen-
talization. The filtering ratio for EPSPs (i.e., the ratio of the ampli-
tude of the EPSP at the spine and the adjacent dendrites) is in
principle determined by both the spine neck resistance and the
dendritic resistance, as indicated in the simplified electrical cir-
cuit model in Figure 4A (Experimental Procedures; steady-state
conditions). To determine the range of spine neck resistance
consistent with our measurements, we used dendritic resis-
tances previously measured by dendritic patch-clamp experi-
ments (Harnett et al., 2012). Those resistances, measured in

3-um-thick dendrites, were used to estimate the dendritic resis-
tance for ~1-um-thick dendrites in our experiments by assuming
cylindrical dendrites. We then built a passive compartmental
model of the recorded cell in Figure 2 using NEURON (Figure 4A,
purple). Using two experimental data, voltage profiles of spine,
dendrite, and soma in Figures 2A and 2B and our approximated
dendritic resistance, we obtained neck resistances ranging from
1310297 MQ (n =9, 90 + 85 MQ; Figure 4B and Figure 4C, pur-
ple). As an alternative approach, the analytical expression of our
electrical circuit model (Figure 4A, green) was used to determine
neck resistance, and it returned similar results, ranging from 15
to 332 MQ (n =9, 101 + 95 MQ; Figure 4C, green).

In addition, we explored if differences in spine and dendritic
UEPSPs amplitudes could be frequency dependent. It should
be noted that the uUEPSPs evoked by our glutamate uncaging ex-
periments ~100 ms time constant are significantly slower than
EPSPs 1-10 ms time constant. Slow uEPSP were generated
because we illuminated spots 1-2 uym from the dendritic spine
boundary, to avoid photobleaching by laser illumination too
close to the spines, and diffusion slowed down the activation
of glutamate receptors. In addition, we chose 1.5 mM MNI
glutamate concentration, one order of magnitude lower than
the concentrations used in other studies(15 mM, Acker et al.,
2016; 20 mM, Popovic et al., 2015), because high concentrations
of MNI glutamate silences GABA receptors and depolarize mem-
brane potential (Fino et al., 2009). We observed cell toxicity at
higher concentrations. However, these lower concentrations of
MNI-glutamate also reduced the effectiveness of glutamate un-
caging, resulting in sustained uncaging protocols and slower re-
sponses. Consequently, our uncaging strategy was adopted to
avoid uncaging artifacts that generated slow UEPSP kinetics.
These kinetics could alter our results since, from electrical circuit
theory, voltage filtering at a given resistance depends on voltage
kinetics (Mayergoyz and Lawson, 1997), so faster and more
physiological EPSP signals might be significantly more attenu-
ated (Jack et al., 1975). To test this, we performed additional
NEURON simulations with EPSPs of various time constants.
The simulation results showed that the filtering ratio did not
change significantly for a range of EPSP time constants between
1 ms and 1 s (Figures 4D and 4E). This range covers the kinetics
of most of spontaneous EPSPs between 1 ms and 10 ms of time
constant. Therefore, we think that our measured filtering ratios
are likely still valid with faster, physiological EPSPs.

DISCUSSION

Electrical Compartmentalization by Dendritic Spines

Our main result, using voltage GEVI imaging of cultured
hippocampal neurons, is that dendritic spines can compartmen-
talize voltage, attenuating synaptic potentials by an average of
~2-fold (50%) as they propagate through the spine neck to their
parent dendrites. The attenuation ratio ranges from 1- to 4-fold in
different spines, and we highlight this large diversity encountered
as one of our basic findings.

Comparison with Previous Studies

Theoretical studies have predicted electrical compartmen-
talization of dendritic spines endowed by their passive or active
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membrane properties (Coss and Perkel, 1985; Shepherd, 1996;
Tsay and Yuste, 2004). This electrical compartmentalization has
been investigated with various experimental techniques. The de-
gree of compartmentalization has been traditionally quantified
by spine neck resistance using classical passive cable models.

In particular, diffusional studies of small fluorescent molecules
through spines have predicted neck resistances of 4-50 MQ
(fluorescein dextran) (Svoboda et al., 1996) or 56 MQ (Alexa
488) (Tennesen et al., 2014). However, these measurements
were indirect, resulting from unphysiological manipulations that
could damage the spines and alter its biophysical properties,
and they also assumed that membranes were completely pas-
sive and included unknown assumptions such as the resistivity
of the spine neck cytoplasm. A more recent combined study
with dendritic patch electrophysiology, calcium imaging, and
glutamate uncaging reported much higher values for neck resis-
tance (ranging from 350 to 850 MQ [514 + 44 MQ]; Harnett et al.,
2012). In that study, spine voltage was still indirectly inferred
based on dendritic voltages and the calcium accumulations in
dendrites and spines. More recently, a voltage imaging study
by Popovic et al. (2015) using organic dyes concluded lack of
electrical compartmentalization of synaptic potential in spines
and estimated a low neck resistance of 0-165 MQ (27 + 6 MQ).
However, a follow-up study by Acker et al. (2016) using a similar
organic indicator reported resistances of 23-420 MQ (179 + 25
MQ), implying a substantial electrical compartmentalization.
Although both groups measured dendritic spines in basal
dendrite from layer 5 neurons, their results were clearly in
contrast.

Our current study, using voltage imaging with GEVIs of
cultured neurons, shows a range of spine neck resistance
from 15 to 332 MQ (101 + 95 MQ), which falls between those es-
timates, and our data show compartmentalization of uncaging
potentials. However, we suspect that the neck resistance of
spines from non-cultured preparations, such as brain slices or
in vivo, could be significantly higher. This is likely because
neck resistance could be influenced by neck length (Araya
et al., 2006), and our measurements are from cultured neurons
which have spines with relatively short necks, ranging from 0.35
to 1.16 um, which are significantly shorter than the spine necks
found in brain slices or intact brains (Arellano et al., 2007; Bal-
lesteros-Yanez et al., 2006). Consistent with this, the spine
with the longest neck in our experiments revealed a 4-fold
attenuation UEPSP and an estimated neck resistance of 332
MQ. Because of this, our calculations of neck resistance should
be viewed with caution as an underestimate of the real values
in vivo. In fact, in a recent work, we used intracellular recordings
with glass nanopipettes from spines in brain slices with longer
and narrower necks than those in the current voltage imaging
study (neck length was twice longer on average) and reported
neck resistances of 250-536 MQ (425 + 102 MQ) (Jayant
et al., 2016). This nanopipette study specifically focused on
long-necked spines for proper targeting of spine heads. Indeed,
our two studies with different techniques on two populations of
spines are complementary and together indicate that spine
neck resistance is likely correlated with neck length.

In addition, we should note that in many studies, including
this one, spine neck resistances are inferred from assuming a
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given dendritic resistance, based on the voltage divider
equation:
spine R neck + R dendrite

_ . V.
Filtering ratio = = ,
dendrite R dendrite

which means that the estimation of neck resistance, to explain a
given filtering ratio in the data, is dependent on dendritic resis-
tance. Therefore, to accurately calculate neck resistance from
a given filtering ratio, dendritic resistance should be directly
accurately measured at the spine site. Harnett et al. (2012)
measured 7-17 MQ dendritic resistance of 3-um-thick apical
dendrite in CA1 pyramidal neurons and used those values for
their neck resistance calculation. Popovic et al. (2015) optically
measured dendritic resistance ranging from 50 to 550 MQ
(275 = 27 MQ) for their neck resistance calculation, but the error
from these optical measures can be significant. Acker et al.
(2016), on the other hand, used a biophysical model of layer 5
pyramidal neuron containing passive and active membrane
properties to bypass the measurement of dendritic resistance.
The defined parameters of the membrane properties can bias
the actual dendritic resistance property because the parameters
are largely unknown and variable in every neuron. We estimated
dendritic resistance using measurement by Harnett et al. (2012),
which, to our knowledge, is still the only way to directly measure
resistance, and scaled it to account for the difference in dendritic
thickness (to 108 MQ). While dendritic thickness is a significant
passive property determining its resistance, active membrane
properties can still bias this estimation.

Mechanisms of Voltage Compartmentalization by

Spines

We find that bAP fully penetrate dendritic spines, as expected
according to passive cable models of dendritic spines (Rall,
1974; Tsay and Yuste, 2004). This could, in principle, arise
from a purely passive bAP invasion due to impedance mismatch
(Rall, 1974), but it could be influenced by locally blocking spine
sodium channels (Araya et al., 2007). Future voltage imaging ex-
periments could further examine whether spine sodium channels
are necessary or not for this effect.

In contrast, uncaging potentials were strongly attenuated.
This could, in principle, be explained by passive cable models,
because a voltage drop is expected if the neck resistance is
similar to or higher than the dendritic resistance. However,
without knowledge about the expression of voltage-gated ion
channels in the neck, active mechanisms cannot be ruled out.
For example, opening of even a few potassium channels in
the neck by EPSPs could greatly diminish their amplitudes as
they propagate to the dendrite. Also, a tortuous spine neck
geometry could lead to significant constrictions for ionic or cur-
rent flow.

The result of sublinear summation of UEPSPs and bAPs is ex-
pected if there is voltage saturation, as the joint stimulus should
bring the spine closer to the reversal potential for sodium. How-
ever, the joint stimulus may also activate spine conductances
that could effectively contribute to shunt the uEPSP current. In
this respect, the strong correlation of the sublinear summation



with distance from soma may indicate a potential role of voltage-
gated conductances like potassium channels, which can be ex-
pressed differentially along the dendrites (Burkhalter et al., 2006;
Drake et al., 1997; Petrecca et al., 2000).

In contrast to our sub-linear summation result of EPSPs and
bAPs by voltage imaging, calcium imaging studies have reported
a supra-linear summation of [Ca®*]; (Nevian and Sakmann, 2004;
Yuste and Denk, 1995). In those studies, the amplitude of the cal-
cium transients in spines during EPSPs was larger than during
bAPs, which is the opposite of our voltage imaging study and
probably reflects the different activation times of NMDA recep-
tors and VGCCs. Therefore, calcium imaging cannot be used
to infer voltage integration without precise knowledge of the
voltage-calcium relation of NMDARs, VGCCs, and other con-
ductances in spines.

Altogether, both passive and active mechanisms could be
involved in generating the electrical behavior of spines. Future
experiments may help dissect their respective contributions.

Functional Consequences of Spine
Compartmentalization

The ability of spines to differentially alter some, but not other,
voltage signals (EPSPs versus bAPs) demonstrates their func-
tional independence from their adjacent dendrites. The electrical
role of spines as an independent or semi-independent computa-
tion units has been debated for decades, starting with a study by
Chang (1952). Our results show that even short-necked spines in
cultured neurons can act as functional units that selectively alter
individual synaptic inputs. Furthermore, the variability of voltage
isolation in dendritic spines that we encounter implies that the
level of computational independence can be tuned. Recent
studies have shown that spines can receive multiple synaptic in-
puts simultaneously (Chen et al., 2012; Chiu et al., 2013; Villa
et al., 2016). If spines have strong voltage compartmentalization,
inputs could be integrated in spines independently from the
neuron. This changes the paradigm of single neuron computa-
tion, where the soma and dendrites are considered the only pla-
ces for signal integration, since could also act as integrators
(Shepherd, 1996).

In addition to a role in input integration, the attenuation of syn-
aptic potentials by dendritic spines observed in this study may
help prevent voltage saturation in dendrites by simultaneous
synaptic inputs, a situation that is likely to arise given the large
number of inputs that spiny neurons receive. This could be the
raison d’étre of the spines, by enabling a larger capacity for
computation so that many synaptic inputs can participate in sin-
gle neuron computations while preserving their individual contri-
bution to the output of the neuron.

Finally, as pointed out by Rall, dendritic spines could also
serve to modulate the strength of synaptic inputs by regulating
the voltage attenuation during synaptic plasticity (Rall, 1974).
Indeed, changes in spine neck length correlate with synaptic
strength (Araya et al., 2006, 2014). Thus, in addition to changes
in synaptic receptors or voltage-gated ion channel expression,
the synaptic potency of each spine could be tuned indepen-
dently through changes in its morphology, which could affect
its voltage compartmentalitzation and, in doing so, its EPSP
filtering properties.

EXPERIMENTAL PROCEDURES

Molecular Biology

We utilized a pCMV-ArcLight-WPRE-pA plasmid, expressing ArcLight under
the control of the CMV promoter with a WPRE (woodchuck hepatitis virus
post-transcriptional regulatory element) and polyadenylation sequence (pA).
Dr. Vincent A. Pieribone (Yale University) provided a codon-optimized ArcLight
cDNA and we inserted endoplasmic reticulum (ER) export sequence and Golgi
export trafficking signal (TS) at the C- and N-terminal, respectively.

Hippocampal Neuron Culture Preparation and Transfection

Primary cultured hippocampal neurons were prepared from postnatal day 0
(PO) C57BL/6J mouse pups. The hippocampus was isolated, digested with
papain (Worthington Biochemical), and plated onto 12-mm coverslips coated
with poly-L-lysine (BD Biosciences) at a density of 100,000. Cultures were
maintained with Neurobasal medium (Life Technologies) containing 0.5 mM
glutamine (Sigma-Aldrich) and 2% B-27 supplement (Life Technologies) and
kept in an incubator at 37°C with 5% CO,. Cells were transfected using cal-
cium phosphate on day in vitro 7 (DIV7) with a plasmid encoding ArcLight.
Each well received 2 ng DNA (endotoxin-free preparation by Maxiprep Kkit,
MACHEREY-NAGEL) and 1.875 puL 2 M CaCl, (final Ca®* concentration
250 mM) in 15 uL double distilled water. Then, 15 uL of 2x HEPES-buffered
saline (pH 7.05) was added to the DNA-CaCl, mixture. After 20-min incubation
at room temperature, the growth medium was removed and replaced with pre-
warmed minimal essential medium (MEM). Then, the DNA-CaPO, mixture was
added into each well and incubated for 45 min at 37°C. After the transfection,
each well was washed three times with 1 mL pre-warmed MEM before the
original growth medium was returned. All procedures involving animals were
in accordance with the US National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were approved by the Institutional Animal
Care and Use Committees (IACUC) of Columbia University and the Animal
Care and Use Review Office (ACURO) of the Army Research Office (ARO).

Electrophysiology, Glutamate Uncaging, and One-Photon Imaging of
ArcLight Fluorescence

ArcLight expressing dissociated hippocampal culture neurons in DIV 12-16
were recorded in artificial cerebrospinal fluid (ACSF) containing 126 mM
NaCl, 26 mM NaHCOg3, 10 mM dextrose, 3 mM KCI, 2 mM CaCl,, 2 MgSOy,,
1.1 NaH,PO,4, 0.4 mM ascorbic acid, and 1.5 mM MNI-caged L-glutamate
(Tocris Cookson). The ACSF was oxygenated with humidified 95% 0./5%
CO, gas, and its perfusion was controlled by Dynamax peristaltic pump (Rainin
Instruments). Whole-cell patch clamp was performed on ArcLight-expressing
neurons with MultiClamp 700B amplifiers (Axon Instruments) and patch elec-
trodes (4-5 MQ) filled with internal solution containing 130 mM K-MeSQO, (or
Cs-MeSQ,), 10 mM KCI, 10 mM NaHEPES, 2.5 mM MgATP, and 0.3 mM
NaGTP. All experiments were done in room temperature between 21°C and
23°C. To avoid selecting axons, we selected dendrites with dendritic spines
and multiple following branches, and we also electrophysiologically confirmed
active spines based on their glutamate uncaging response. We continued our
experiments only with healthy neurons with little leak current, active sponta-
neous action potential firing, and no dendritic beading. We chose dendritic
spines only in proximal dendrite to image spine and soma together with our
camera.

Two-photon imaging and glutamate uncaging were 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%, 1.1 numerical aperture, water-immersion objective) and a tunable
Ti-sapphire laser (Chameleon Ultra Il, Coherent, > 3 W, 140-fs pulses, 80 MHz
repetition rate). Fluorescence was detected with a photomuiltiplier tube (PMT)
(H7422-P40; Hamamatsu) connected to a signal amplifier (Signal Recovery
AMETEK Advanced Measurement Technology) whose output was connected
to the FluoView system. Two-photon images of ArcLight expressing cells were
acquired by FluoView software (XY scan with 2 x digital zoom) at 940 nm wave-
length with 15-20 mW laser power. By using the image, a target for laser stim-
ulation was determined and stimulated at 720 nm wavelength with 10-15 mW
laser power to uncage bath-applied MNI-caged L-glutamate. The target stim-
ulation was operated by VovanFluoView, a software developed in-house.
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In glutamate uncaging, we selected the location of stimulation within 1-2 um
of dendritic spines, but not closer than 1 um. This was to avoid two-photon
laser stimulation artifacts, including photobleaching of ArcLight fluorescence
on spines and two-photon laser beam illumination. Also, we chose 1.5 mM
MNI glutamate concentration, which is much lower than those of other gluta-
mate uncaging studies (15 mM, Acker et al., 2016; 20 mM, Popovic et al., 2015)
to minimize its known artifacts of membrane potential depolarization by GABA
receptor antagonism (Fino et al., 2009) and cell toxicity. This glutamate uncag-
ing strategy reduces the temporal sharpness of uncaging response. However,
we did not see any response with control stimulation 1 um away from experi-
mental stimulation points. This indicates that this stimulation has 1 um spatial
resolution, and we did not stimulate other spines and dendrites.

While performing the whole-cell patch clamp and glutamate uncaging,
wide-field one-photon imaging of ArcLight fluorescence was performed using
a mercury arc lamp with the least amount of oscillating/spiky noise (HBO-
103W, Osram, 0.02% AF/F noise in SE) and a digital scientific CMOS camera
(ORCA-Flash4.0, Hamamatsu) with an acquisition speed of 10 ms/frame.

Pairing Uncaging and bAP

To investigate the summation effect of the both EPSP and bAP events, we
designed a sequence of protocols with a 2 s time interval: (1) 10 ms two-
photon laser stimulation around a dendritic spine for uEPSP, (2) 10 ms current
injection by patch clamp to drive bAP firing, and (3) the laser stimulation and
the current injection together. Simultaneous stimulation was adjusted to have
a 1 ms peak of bAP in the vicinity of the EPSP peak longer than 10 ms in
somatic patch clamp. Because our spines were only on proximal dendrites
within 110 um of the soma, we assumed that the EPSP arrived within 1 ms,
as evidenced by simulations of a NEURON model in Figure 4. With this
1 ms stimulation timing error, we performed simultaneous stimulation of
EPSP and bAP. An integration study using calcium imaging (Nevian and
Sakmann, 2004) reported the impact on summation ratio with timing interval
of 60 ms. Thus, it is also not likely that our timing error of <1 ms affects the
summation ratio.

Image Processing

Intracellular ArcLight proteins in ER or Golgi are fluorescent, but not sensitive
to cell membrane potential. Identification of the intracellular ArcLight proteins
is critical in the measurement of —AF/F, because they can contaminate its
denominator, F (baseline fluorescence). For this identification, we applied a
CNMF algorithm, which was originally used for identification of pixels sensitive
to action potential signal in calcium imaging data (Pnevmatikakis et al., 2016;
Yang et al., 2016). The core of this CNMF method is to decompose the original
spatiotemporal image into a spatial weight matrix and corresponding temporal
signal traces. In this application, the spatial weight matrix is calculated
from the original spatiotemporal voltage image and triggered voltage trace.
The weight values in the spatial weight matrix are a close relation to AF and
represent the relative probability of correlation between fluorescence activity
of each pixel and triggered voltage signal. Consequently, the image of calcu-
lated weight matrix was compared to baseline fluorescence image to find
pixels of strong baseline fluorescence (F) with very low weight value (Figures
S1A and S1B). We found that the regions of intracellular ArcLight were at the
center of the soma within the region of strong fluorescence intensity. There-
fore, we selected somatic ROls with exclusion of the center of the soma within
the bright region and dendrite/spine ROIs without the exclusion. Furthermore,
this manual ROI selection method results in AF/F values similar to those ob-
tained using an automated method based on all responsive pixels determined
by the CNMF algorithm (Figure S1E-S1G).

In wide-field one-photon imaging, camera pixels can be excited by scat-
tered photons of neighboring bright objects, generating background noise.
Usually, fluorescence expressed in a monolayer culture cell system does not
make such a strong background noise. However, we found that the bright re-
gion with strong fluorescence at the center of the soma generated a significant
amount of background noise as a function of distance (Figures STH and S1l). It
is hard to evaluate the fluorescence change of ROls around the bright region
because of contamination by background noise. To overcome this issue, we
fit local background signal around an ROI to a 2D cubic polynomial using an
Imaged plugin (Nonuniform Background Removal) developed by Cory Quam-
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men. The fitted map of the background noise was subtracted from an original
image for further analysis (Figures S1J-S10).

Image stacks of a short period of time (1.4 s) around uncaging or bAP events
were extracted for memory-efficient image processing. At each image stack, a
time series of mean values over an ROl was extracted, and the relative change
of fluorescence (AF/F, %) was used as an indicator of voltage change; —1 was
multiplied, as depolarizing potential makes ArcLight darker. We did not have to
detrend traces based on photobleaching, because no noticeable photo-
bleaching existed during this short period of time. Fluorescence traces were
averaged after excluding contaminated traces having (1) spontaneous bAP,
(2) spontaneous EPSP observed in patch recording, and (3) strong reflected
two-photon laser beam when galvano mirrors are positioned for stimulation.

Two-State Model Construction of Voltage-Dependent ArcLight
Fluorescence

The following procedures were done by custom-made scripts of MATLAB
(MathWorks). To deconvolve voltage from ArcLight fluorescence change, we
investigated voltage dependent behavior of ArcLight fluorescence to construct
its kinetic model. ArcLight fluorescence changes with voltage steps were fitted
to single exponential with small root mean square error (RMSE) (+100 mV at
Figure S4D: 1.0297 and —100 mV at Figure S4E: 1.3289). In their double expo-
nential fits, their errors were 1.0082 and 1.3126, respectively, similar to those in
the single exponential fits. This single exponential behavior indicates that
ArcLight has two major conformations in its voltage-dependent behavior,
because analytic solution of two-state reaction kinetics (Figure S4A) is a single
exponential function, as shown by the following solution equation:

[Bright] = [Bright] e~ V) +k (W)t

By using the experimental evidence that the fluorescence level was almost
saturated at both ends at approximately —100 mV and 100 mV, we could
design voltage step experiments to calculate rate constants k;(V), ko(V) at
each voltage V. The reaction constants are measured by initial, as shown in
the following equations:

d|Bright]

—t -~ k1 (V)|Bright] + ko (V)|Dark].

At —100 mV and t = 0, [Bright] = 1 and [Dark] = 0,

_ d[Bright]

ki(V)= ==l o

At +100 mV and t = 0, [Bright] = 0 and [Dark] = 1,

d|Bright
fa(v) =S50

The voltage step experiments were performed from —100 mV to 100 mV with
20-mV step increments or from +100 mV down to —100 mV with 20-mV step
decrements and acquired the curves of voltage-dependent k; and k, (Figures
S4F and S4G). Voltage-dependent steady-state fluorescence change was ac-
quired by measuring steady-state value of the exponential curves at every
voltage step (Figure S4H). The reaction constants were well fitted to single
exponential curves (Figures S4F and S4G). This indicates that the behavior
of ArcLight is governed by the Boltzmann equation, like other voltage-gated
ion channels (Dubois et al., 2009). The steady-state population ratio of the
two states at any given voltage allows measuring the voltage-dependent
steady-state fluorescence change (Figure S4H).

Voltage Prediction from ArcLight Fluorescence Change
The parameters of the two-state model (k4(V), kao(V), and steady-state fluores-
cence change(V)) were used for voltage prediction from a fluorescence trace.
A noisy fluorescence trace was temporally averaged with the narrowest win-
dow (110 ms) to detect a smooth single peak in uncaging events.

In every experiment, bAP events were used for calibration of voltage sensi-
tivity of fluorescence, because we observed a difference in voltage sensitivity
of ArcLight in different cells. This seemed to be related to the amount of



photobleaching the cell experienced or the amount of expressed ArcLight on
the cell membrane compared to ArcLight inside the cytoplasm. Then, we pre-
dicted the voltage trace from the fluorescence trace by solving the following
equations of the two-state model numerically at every time step.

In case of fluorescence increase,

<,A?F> = _e VRV | steady(V)

AF
a=(ky(V)+ka(V))\In ( - <7?> +steady(V)> + torevious -
previous
In case of fluorescence decrease,

(_A?F> =tV k(2 4 steadly (V)

AF
a=(ki(V)+kz(V))\In (<7?> - steady(V)> + torevious -
previous

An initial voltage at patch-clamp recording was used for the first value of
estimated voltages at all ROIs. Voltage at the next time step is calculated
by numerically solving the equations above with the next —AF/F value. This
calculation is repeated to the last time step. The voltage traces predicted
from soma —AF/F in glutamate uncaging experiments were comparable to
voltage from patch recording in terms of peak height (Figure S4K, left).

Z Score Method for Voltage Prediction of Dendritic Spine and
Adjacent Dendrites

The Z score or standard score is a statistical method to normalize a dataset (x)
by using mean (u) and SD (o).

X —
Zscore = —ﬂ.
g

From the voltage data from patch recording and —AF/F of soma ROI, their
mean (:“-voltage,somas #—(AF/F),soma) and SD (oyoitage soma; 0‘7(AF/F),SOM&> are calcu-
lated. We used these parameters to scale the fluorescence trace at the
soma to electrical voltage at the soma. We then assumed that the scaling ratio
for voltage and fluorescence in the dendritic spine and the adjacent dendrite is
the same as that for the soma and used this factor to infer the dendritic and
spine voltages.

Neck Resistance Estimation of Dendritic Spine
By using the multicompartmental simulations of NEURON 7.3 simulation envi-
ronment (Carnevale and Hines, 2006), a compartmental model was built
composed of dendritic spine, parent dendrite, and soma (Figure 4A, purple).
The model is made of passive membrane and its physical dimension (shown
in Figure 4A) was referenced from the cell used for Figure 2. In the model, mem-
brane capacitance was 1 uF/cm?, and resting potential was setto —70 mV. Har-
nett et al. (2012) reported dendritic resistance ranging from 7 MQ to 17 MQ at
~3-um-thick dendrites. As the dendrite in our experiments was ~1 pum thick,
the range of resistance was multiplied by 9, based on the assumption that the
dendrite is a cylinder. This resulted in the range of estimated dendritic resistance
from 63 MQ to 153 MQ. Simulations of voltage drops from dendrite to soma (Fig-
ure 2B) with given morphology and estimated resistance of dendrite gave a value
of leak conductance of ~0.0017 S/cm?. The leak conductance of the dendrite is
also applied to the membrane of dendritic spine. Then, spine neck resistance
was estimated by simulating voltage profiles of dendritic spine and its parent
dendrite of the experimental result in Figure 2B (Figure 4B).

Alternatively, an electrical circuit of the neuron was constructed (Figure 4A,
green). This circuit model derives the following relation:

Vspine

Filtering ratio = ———=
dendrite

R neck + R dendrite
R dendrite

Using this equation, the spine neck resistance is calculated from the exper-
imental filtering ratio (2; Figure 2E), and dendritic resistance is estimated from
Harnett et al. (2012).
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