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The spine neck filters membrane potentials
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Dendritic spines receive most synaptic inputs in the forebrain. Their
morphology, with a spine head isolated from the dendrite by a
slender neck, indicates a potential role in isolating inputs. Indeed,
biochemical compartmentalization occurs at spine heads because
of the diffusional bottleneck created by the spine neck. Here we
investigate whether the spine neck also isolates inputs electrically.
Using two-photon uncaging of glutamate on spine heads from
mouse layer-5 neocortical pyramidal cells, we find that the ampli-
tude of uncaging potentials at the soma is inversely proportional
to neck length. This effect is strong and independent of the
position of the spine in the dendritic tree and size of the spine head.
Moreover, spines with long necks are electrically silent at the soma,
although their heads are activated by the uncaging event, as
determined with calcium imaging. Finally, second harmonic mea-
surements of membrane potential reveal an attenuation of somatic
voltages into the spine head, an attenuation directly proportional
to neck length. We conclude that the spine neck plays an electrical
role in the transmission of membrane potentials, isolating syn-
apses electrically.
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he dendritic spine is a ubiquitous feature in the nervous

system, whose function is still poorly understood and heavily
investigated (1). Spines are recipients of excitatory inputs in
many neurons, including pyramidal cells (2), but excitatory
inputs in nonspiny neurons contact dendritic shafts. Therefore,
rather than just serving as recipients of inputs, spines likely
perform a specific function with those inputs. Indeed, spines are
calcium compartments and can therefore restrict local biochem-
ical reactions to single inputs (3, 4). Nevertheless, nonspiny
neurons can also perform similar calcium compartmentalization
(5, 6), so it is conceivable that spines could implement an
additional function.

Theoretical work, spanning several decades, has proposed that
spines could play an important role in altering synaptic potentials
(7-12) (for a recent review, see ref. 13). Because of the resistance
of the spine neck, spines could electrically isolate inputs and thus
prevent input resistance variations in the dendrite during syn-
aptic transmission (8). Thus, excitatory synaptic potentials could
be filtered when they reach the dendrite (8-10, 12).

The resistance of the spine neck, a crucial variable in ascer-
taining the electrical function of the spine, has never been
measured. Estimates made from passive cable models (14) or
diffusional coupling (15) would make its value too low to
significantly filter synaptic potentials. At the same time, recent
diffusional estimates indicate that neck resistances could be
higher (16). Indeed, in our recent work examining input inte-
gration, we found that potentials onto spines sum linearly,
whereas depolarizations on dendritic shafts shunt each other
(R.A., KB.E,, and R.Y., unpublished work). Thus, our data
would imply that spines isolate inputs electrically.

We have tested whether the spine neck plays an electrical role
by combining whole-cell recordings with two-photon glutamate
uncaging of glutamate onto spines from layer-5 pyramidal
neurons in brain slices from mouse visual cortex, and we have
analyzed uncaging potentials from spines with different neck
lengths. We find that the spine neck length is inversely correlated
with the amplitude of the uncaging potential, as measured in the
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soma. We also encounter spines with long necks that are
electrically silent at the soma, although with calcium imaging we
demonstrate that those long spines can be activated normally.
Finally, using second harmonic generation (SHG) imaging of
membrane potential of spines (17), we demonstrate that voltage
pulses that originate at the soma are attenuated at the spine head
and that this attenuation is also proportional to the length of the
spine neck. Thus, voltage pulses propagating to the spine or from
the spine are attenuated in proportion to the length of the spine
neck. Our data indicate that the spine neck filters membrane
potentials and that spines can isolate inputs electrically.

Results

Generation of Spine Uncaging Potentials. We were interested in
testing the role of the spine neck in the transmission of electrical
signals from the spine head to the dendritic shaft. For this
purpose, we used two-photon uncaging of glutamate (18) to
activate spines with different neck lengths. Experiments were
performed in brain slices from P14-20 mouse primary visual
cortex. Layer-5 pyramidal neurons were patched with whole-cell
electrodes, filled with Alexa 488, and imaged with a custom-built
two-photon microscope (Fig. 14). We studied the responses of
spines in basal dendrites (Fig. 14 Inset), mostly at distances of
~20-80 um from the soma. This is a population of spines that
we have previously characterized morphologically and that con-
stitutes a large proportion of the spines in this class of neurons
(19, 20).

For these experiments, we recorded the somatic depolariza-
tion after uncaging glutamate at the head of the spine, a signal
that we termed “uncaging potential.” The glutamate uncaging
protocol chosen for this study was the same for all spines,
positioning the uncaging laser at the edge of the spine, within
~().2 wm of its membrane, and using a 4-ms laser uncaging pulse
with 2.5 mM extracellular concentration of 4-methoxy-7-
nitroindoline-caged L-gluamate (21). We characterized the spa-
tial resolution of our uncaging method by moving the laser
perpendicular to the dendrite from 0.2 to 2.2 wm away from the
spine head edge (Fig. 1B). Uncaging 0.2 um away from the spine
head generated a voltage deflection at the soma (0.86 * 0.08
mV, n = 10; Fig. 1B, position 1) that was practically abolished
by parking the laser 0.8 um away (0.1 = 0.07 mV, n = 10; Fig.
1B, position 2). Moving the laser >1.5 um away from the spine
head did not generate any appreciable voltage deflection at the
soma (Fig. 1B). In addition, uncaging next to the spine head in
the absence of 4-methoxy-7-nitroindoline-caged L-glutamate
with similar power levels did not produce any voltage deflection
at the soma (data not shown). Thus, our experimental technique
had appropriate spatial resolution to generate localized depo-
larizations with single spine resolution.
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Fig. 1. Spine glutamate uncaging and morphological reconstructions. (A)
Layer-5 pyramidal cell filled with Alexa Fluor 488. (Scale bar: 20 um.) (Inset)
Representative basal dendrite selected for uncaging. (Scale bar: 3 um.) (B)
Spatial resolution of uncaging. Red dots indicate the site of uncaging when
laser beam was parked at different distances away from the head of the spine
(=~0.2-2 pm). (Scale bar: 1 um.) Graph shows effect of distance on uncaging
potentials. Peak amplitude drops to zero if laser is 1.5 um away from the spine
head. Inset shows the average of 10 uncaging EPSPs at position 0.2 um (red
trace, position 1) and 0.8 um (black trace, position 2) away from the spine
head. (C) Comparison of spontaneous EPSPs and EPSPs after two-photon
uncaging of glutamate (uncaging potentials). Dashed line indicates onset of
glutamate uncaging or spontaneous events. (D) Neck length was measured
from the base of the spine head toward the edge of the dendrite (orthogonal
red line), and the head diameter was estimated by measuring the longest
possible axis at any of the z-stacks of images as shown in E. (Scale bar: 1 um.)

For all spines, uncaging potentials ranged from 0 to 2 mV
(0.72 = 0.05 mV, n = 58 spines) and were somewhat smaller on
average than spontaneously occurring excitatory postsynaptic
potentials (EPSPs) (Fig. 1C; 0.86 = 0.07 mV for spontaneous
EPSPs, n = 61, P < 0.01). The kinetics of uncaging potentials
ranged from ~0.002 to 0.3 mV/ms in 10/90 rate of rise and from
~40 to 300 ms in duration, slower than spontaneous EPSPs
(0.07 = 0.008 mV/ms in 10/90 rate of rise, n = 56 spines for
uncaging potentials vs. 0.25 = 0.03 mV/ms, n = 61 for sponta-
neous potentials, P < 0.01, ¢ test; 124 = 9-ms duration, n = 56
spines for uncaging potentials vs. 50.4 = 4 ms, n = 61 for
spontaneous potentials, P < 0.001). However, the kinetics of the
larger uncaging potentials (=1.1 mV; 1.32 £ 0.08 mV average
amplitude; 0.38 wm average neck length; n = 9 spines) were
similar in 10/90 rate of rise to spontaneous EPSPs although they
still had longer durations (0.167 = 0.039 mV/ms, n = 9 spines,
P =0.068; 111.73 = 12.15-ms duration, n = 9 spines, P < 0.001).

We captured the morphology of each characterized spine in
three dimensions with a stack of two-photon images (Fig. 1D).
We used these z-stacks to measure spine neck lengths and spine
head diameters (Fig. 1 D and E). Spine necks ranged from 0.2
to ~2 um, and head diameters ranged from 0.5 to 1.2 um
(average = 0.77 = 0.06 um in length and 0.77 £ 0.02 wm in
diameter, n = 58 spines). These values are comparable to those
measured in our light-level morphological studies of this same
population of neurons (19) and our recent ultrastructural re-
construction of spines from mouse primary visual cortex (J. L.
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Fig. 2. Effect of spine neck length on spine potentials. (A) Examples of

uncaging potentials in spines with short and long necks. Red dots indicate the
site of uncaging and traces corresponded to averages of ~10 uncaging
potentials for each spine. (B) Three neighboring spines (1, 2, and 3) with
different neck lengths. Note the large difference in their uncaging potentials
at the soma. (C) Plot of the uncaging potentials (peak amplitude) vs. neck
length. Line is linear regression of the data, with a weighted fit including the
standard error of each data point.

Arellano, A. Espinosa, A. Fairen, R.Y., and J. DeFelipe, un-
published work).

Effect of Spine Neck Length on Uncaging Potentials. We inquired
whether there was a correlation between the spine neck length
and the amplitude of the uncaging potential, measured at the
soma. Indeed, a strong negative correlation was present, whereby
uncaging potentials onto spines with shorter necks were larger
than uncaging potentials of spines with longer necks (Fig. 2). A
linear fit to the function gave an R of —0.75 and a slope of
—0.46 = 0.01 mV/um (Fig. 2C). This result was significantly
different when compared with the null hypothesis of a zero slope
(P <0.001, ANOVA). Using the top and bottom quartiles of the
distributions for comparison, spines with the longest neck had an
average amplitude of 0.25 = 0.04 mV, whereas spines with the
shortest neck had an average amplitude of 0.95 = 0.06 mV (P <
0.001, # test).

We performed a similar analysis on the kinetics of the
uncaging events and found an inverse correlation between the
10/90 rate of rise of the uncaging potentials with the neck length
(Fig.34; R = 0.5, slope = —0.068 £ 0.015 mVms/um, P < 0.001,
ANOVA). In addition, the linear fit to the duration of the events
vs. the neck length showed a weak negative correlation (Fig. 3B;
R = 0.3, slope = —44.42 = 18.2 ms/um, P = 0.015, ANOVA).

The Effect of the Spine Neck Is Independent of Spine Position and Head
Diameter. We wondered whether the dependency between the
spine neck and amplitude of uncaging potentials, as measured at
the soma, was influenced by the electrical filtering in the
dendritic shaft. To examine this, we analyzed the data with
respect to the distance from the soma of the activated spines. Our
rationale was that if dendritic filtering were significant, it would
scale with the length of the dendrite and thus reveal itself as a
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Fig.3. Correlations between morphological variables and uncaging poten-
tials. (A and B) Correlation between the 10/90 rate of rise (A) and duration (B)
of the uncaging potentials and neck length. (C—F) Correlations between peak
amplitude (C), neck lengths (D), spine head diameter (E and F), 10/90 rate of
rise (G), and duration of uncaging potentials (H) with distance of the spines
from soma and between the spine head diameter and the spine neck length
(F). Lines are linear fit (for values, see Results).

systematic trend with respect to the distance to the soma of the
activated spine. In this analysis, however, we did not observe a
relation between the amplitude of the uncaging potential and the
distance of the spine to the soma (Fig. 3C; R = 0.04, slope =
0.0005 = 0.0017 mV/um, P = 0.75, ANOVA). In fact, our
sample included spines located close (=15 wm) to the soma,
where the filtering would be minimized, and, even in these
spines, a strong modulation of uncaging potential with neck
length was present. Specifically, in spines at =40 um from the
soma, there was still a strong inverse correlation between the
amplitude of the uncaging potentials and the neck length (R =
0.8, slope = =095 = 0.15 mV/um, P < 0.001, ANOVA).
Moreover, the spine neck length was not correlated with the
distance from the soma (Fig. 3D; R = 0.08, slope = 0.001 =
0.002, P = 0.6, ANOVA), ruling out a systematic regulation of
the spine neck lengths along the basal dendrite of layer-5
pyramidal cells.

We also wondered whether the spine head diameter was
correlated with the amplitude of the uncaging potential, an effect
described previously in CA1 pyramidal neurons (18). Spine head
diameters were estimated from z-stacks as described above (Fig.
1D and E). In our sample of neocortical spines, however, we did
not detect a correlation between the spine head diameter and the
amplitude (R = 0.1, slope = 0.2 = 0.2 mV/um, P = 0.4,
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Fig.4. Longspinesare activated by glutamate uncaging. (A) Protocol for the
measurement of the intracellular free calcium at the head of the spine. (B) Two
examples of long neck spines from a layer-5 pyramidal cell filled with Calcium
Green-1. Red trace corresponded to the average measurements of the intra-
cellular free calcium in the head of the spine indicated in response to the
uncaging pulse. Black traces correspond to the average uncaging potential
of the corresponding spine. Red dots indicate the site of uncaging. (Scale
bar: 1 um.)

ANOVA), 10/90 rate of rise (R = 0.1, slope = 0.04 = 0.04, P =
0.2, ANOVA), or duration of the uncaging potential (R = 0.19,
slope = 64.03 = 45.9 ms/um, P = 0.19, ANOVA). No significant
correlation was present even for spines with similar neck lengths
(for spines with necks lengths <0.4 um, R = 0.35, P = 0.16,n =
17) Moreover, the diameter of the spine head was uncorrelated
with the spine neck length (Fig. 3F; R = 0.04, slope = 0.017 =
0.05, P = 0.9, ANOVA), in agreement with our past morpho-
logical studies (19). Also, the spine head diameter was not
regulated as a function of the distance from the soma (Fig. 3E;
R = 0.1, slope = —0.0007 = 0.0008, P = 0.23, ANOVA). Finally,
there was a very weak correlation between the 10/90 rate of rise
and the distance from soma (Fig. 3G; R = 0.22, slope =
—0.00046 = 0.00027 mVms/um, P = 0.1, ANOVA) and no
correlation between the duration of the uncaging potentials and
the distance from soma (Fig. 3H; R = 0.1, slope = —0.2 = 0.3
ms/um, P = 0.46, ANOVA).

We concluded that the spine neck length modulates the
strength of the uncaging potential. This effect is not explained by
the position of the spine or the diameter of the spine head, as
though the spine neck length were independently regulated at
each spine.

Long-Necked Spines Are Activated by Glutamate Uncaging. Our data
thus revealed a population of spines that had long necks but
whose stimulation with glutamate uncaging failed to generate
any appreciable depolarization at the soma (see Fig. 2). We
wondered whether these long spines were indeed activated by the
glutamate uncaging. To test this hypothesis, we filled neurons
with the calcium indicator Calcium Green-1 and performed
two-photon fluorescence measurements of changes in intracel-
lular free calcium at the head of the spine (3) (Fig. 4). These
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results indicated that long spines had similar calcium responses
to glutamate uncaging as shorter spines (Fig. 4B). Specifically,
uncaging pulses generated calcium transients in long spines
(>1.5 um neck length) that were 42 = 10% in amplitude (n =
5) with decay times (1) of 0.2 = 0.0l s (n = 3)and 7 >1s (n =
2). Similar calcium transients were observed in short spines (<1
pm neck length; 46 = 7.6% in amplitude, n = 5 and decay times
with 7= 0.14 s; n = 2 and 7 >1 s; n = 3 spines). Overall, there
was no correlation between neck lengths and amplitude of
calcium transients at the spine heads (R = 0.06, P = 0.86, n =
10). Among the spines longer than 1.5 um, there was also no
correlation between neck length and amplitude of calcium
transient (R = 0.34, P = 0.56, n = 5). Simultaneous with these
measurements, recordings of membrane potential at the soma in
longer spines revealed no discernible voltage depolarization,
even in spines close to the soma (Fig. 4B; five of five experi-
ments).

Given these results, we wondered whether spines with long
necks were different in head diameter to shorter neck spines.
Using the top and bottom quartiles of the distributions for
comparison, we found that spines with the longest necks had an
average head diameter of 0.79 = 0.05 wm, whereas the spines
with the shortest necks an average head diameter of 0.75 = 0.04
pm (P = 0.5, ¢ test). Thus, the longest spines had head diameters
within the norm of the other spines.

Our data thus indicate that long-necked spines were indeed
being activated and, because they respond to caged glutamate,
likely have glutamate receptors. At the same time, their long
necks must severely attenuate their potentials to the point that
they are electrically silent at the soma.

Filtering of Somatic Potentials by Spine Neck. After establishing that
spine potentials were filtered when they propagate through the
spine neck toward the soma, we wondered whether the spine
neck was also filtering somatic potentials as they propagate
toward the spine head. For this purpose, we used SHG imaging
of membrane potential at the spine. SHG is a nonlinear optical
phenomenon that is interface selective (22). Its linear depen-
dence on voltage, as demonstrated by several groups (23-26),
makes it ideally suited to image membrane potential. Indeed,
using this optical technique, we recently performed the first
experimental measurements of voltage at spines (17), observing
a linear dependency of SHG signals with membrane potential
and a nondecremental action potential invasion into dendritic
spines.

We now used SHG to examine how somatic voltage clamp
pulses propagate to the head of the spine and whether the spine
neck influenced this propagation. For these experiments, we
filled the neurons with the SHG chromophore FM 4-64 (Fig. 54)
and, while voltage-clamping the neuron, measured the SHG
response at the head of the spine and adjacent dendritic shaft
(Fig. 5B; voltage clamp pulses 30-50 mV in amplitude and 5-20
s in duration). Our results, obtained from 22 spines of 9 neurons,
showed a voltage modulation of the SHG signal of spine heads
in response to somatic voltages, as reported in ref. 17. However,
the magnitude of the voltage transmission from soma to spine
head depended on the spine neck length (Fig. 5C). The SHG
response, which is linearly proportional to membrane voltage,
was inversely proportional to the spine neck length. A linear fit
to the data had an R value of —0.57 and a slope of —0.37 = 0.06
(P = 0.007 vs. zero slope, ANOVA). This slope (rate of voltage
attenuation) was somewhat smaller than that of the uncaging
potential dependency on spine neck (Fig. 2C).

Discussion

In this study, we inquired whether the spine neck filters mem-
brane potentials, an idea proposed before (7-12) but not exam-
ined experimentally. We tested this idea by uncaging glutamate
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Fig. 5. Somatic voltage pulses are attenuated by the spine neck. (A) SHG
image of a representative layer-5 pyramidal neuron, filled with FM 4-64, used
for SHG spines voltage measurements. (B) High-resolution SHG image of
dendritic spines on the basal dendrite. (C) Plot of normalized SHG response
(SHG spine divided by SHG from adjacent dendritic shaft) vs. spine neck length.
Line is the linear fit of the data, forcing the fit to cross the (0, 1) point. A similar
fit was obtained without this requirement. For values, see Results. (Scale bars:
A, 20 pm; B, 1 um.)

at spine heads while measuring the membrane potential re-
sponses at the soma and analyzed how those responses correlated
with the neck length of the stimulated spines. We find that the
longer the spine neck, the smaller the somatic potential. This
correlation is strong and occurs independently of the location or
size of the spine (Fig. 2C and Fig. 3). A similar correlation exists
between the length of the spine neck and the rising kinetics of
the uncaging potential, independently confirming the effect of
the spine neck in filtering spine potentials (Fig. 34). In the
extreme case, we find a population of spines with very long necks
that are electrically silent at the soma (Fig. 2). Those long spines
have calcium transients comparable with those of short spines,
as though the effect of the glutamate uncaging at their heads
were similar (Fig. 4B). Finally, using SHG imaging, we find that
long spines attenuate somatic voltages, as compared with shorter
spines (Fig. 5). These results together reveal a strong effect of the
spine neck in filtering membrane potentials.

We used glutamate uncaging at the head of the spine as a
substitute of physiological synaptic input. Uncaging potentials
were somewhat smaller and slower than spontaneous EPSPs,
although larger uncaging potentials had similar risetime kinetics
to spontaneous EPSPs. Differences in amplitude and kinetics are
expected from the different spatiotemporal profile of the caged
glutamate, released within a relatively large two-photon point
spread function of our microscope (27), compared with the
synaptic release of glutamate, precisely released in the synaptic
cleft. Therefore, the spine neck could filter physiological EPSPs
differently than uncaging potentials, so it is crucial to confirm
whether the strong neck filtering we observe with uncaging
potentials occurs also with physiological inputs. In fact, on the
basis of the frequency dependency of cable filtering (12), we
predict that the shorter physiological potentials might be filtered
even more than the longer uncaging potentials. To test this
prediction, an analysis of the correlation between the amplitude
and kinetics of single-input EPSPs vs. the spine neck length could
be performed for identified spines, activated physiologically
(28). Another approach to determine the filtering of physiolog-
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ical EPSPs could be using SHG imaging of membrane potential
in spines heads and dendritic shafts in response to physiological
EPSPs. Improvements in detecting spine SHG signals could
make it possible to perform these measurements directly.

We did not encounter a relation between spine head diameter
and uncaging potentials at the soma. This appears contrary to
studies describing a linear correlation between spine volume and
synaptic strength (29, 30), work performed in rat CA1 pyramidal
neurons or rat olfactory cortex cultured cells. We cannot rule out
that morphological analysis of the data with better spatial
resolution could reveal such a correlation, once the neck effect
is taken into account. At the same time, all our data were taken
from mouse neocortical pyramidal neurons, so differences in
results could be explained by area or species differences (19, 20).

On the basis of our results, we propose that the spine neck
resistance is significant enough to attenuate synaptic potentials.
Because the attenuation scales with neck length, and because a
similar filtering is revealed in the slower rate of rise of uncaging
potentials with increasing spine neck, this effect could be
explained by passive cable properties of the neck length (12, 31).
At the same time, given the prominence of active conductances
in dendritic function (32, 33), their contributions are likely to be
crucial. The engagement of even a few channels in the spine head
or neck could profoundly alter the electrical structure of the
spine. Further work is necessary to identify the distribution and
functional properties of active conductances in spines.

Regardless of the exact mechanisms underlying the voltage
attenuation by the spine neck, a direct implication of our data is
that spines are electrical compartments and that the Vm at the
spine head can differ from that of the parent dendrite, as
demonstrated by our SHG measurements (Fig. 5). These data
also indicate the difficulty in voltage-clamping long-necked
spines. This electrical compartmentalization could enable local
electrical events to occur at the spine, yet be invisible to the
soma, consistent with Fig. 4. The electrical independence among
spines could also explain why summation of inputs is linear on
spines but sublinear on dendritic shafts (R.A., K.B.E., and R.Y.,
unpublished work). Also, given this electrical isolation, the
presence of sodium channels at the spine head could enable the
amplification of synaptic inputs (8, 12, 34) and of backpropa-
gating action potentials (35) and even the generation of local
action potentials at the spine head (10, 36, 37). In fact, our
combined work indicates that sodium channels likely exist on
spines, because we have previously documented full backpropa-
gating action potential invasion into spines with SHG (17). Given
the significant electrical filtering by the spine neck that we
document now, we would argue that sodium channels must be
present at the spine head to fully regenerate the action potential.

Finally, our findings have implications for the study of synaptic
function and plasticity. Given the strong modulation that we
observe to relatively slow signals because of the spine neck, it is
likely that a similar, or even stronger, filtering could occur with
physiological synaptic potentials. If this is indeed the case,
changes in neck length would alter synaptic strength and form
the morphological basis of synaptic plasticity, an idea proposed
decades ago (9, 38). Moreover, because spine motility can
quickly alter spine neck length (39), it could also quickly change
synaptic strength. In addition, it is fascinating to consider the
potential function of spines with long necks, which are more
prominent in humans (19). We cannot rule out that, in response
to a different stimulation protocol, the electrical contribution of
these spines could be more prominent. Nevertheless, although
these long-necked spines are activated by glutamate, we do not
know at this time what their function could be. Long spines might
represent silent synapses (40, 41) or perhaps be used as a
reservoir of potential new functional connections during circuit
rearrangements (42). Alternatively, long-necked spines could
have a nonelectrical contribution to the cell biology of the
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postsynaptic neuron, perhaps as a storehouse of activated mol-
ecules that could diffuse to the dendritic compartment.

Materials and Methods

Slice Preparation. Animal handling and experimentation was
done according to National Institutes of Health and local
Institutional Animal Care and Use Committee guidelines. Mice
were anesthetized with ketamine-xylazine (50 and 10 mg/kg™1),
and 300-wm thick coronal slices of visual cortex were prepared
from P14-20 C57BL/6 mice as described (5).

Two-Photon Fluorescence Imaging and Electrophysiology. All exper-
iments were performed at 37°C. Neurons were filled with 200
uM Alexa Fluor 488 (Molecular Probes, Eugene, OR) through
the recording pipette. Pipette solution contained (in mM): 135
KMeSO4, 10 KCl, 5 NaCl, 10 Hepes, 2.5 Mg-ATP, and 0.3 GTP,
pH 7.3. After cells were fully loaded with dye (15-30 min after
break-in), dendritic location or spines were selected for imaging
and uncaging. Imaging was done using a custom-made two-
photon microscope (43), consisting of a modified Fluoview
(Olympus, Melville, NY) confocal microscope and a Ti:Sapphire
laser (Chameleon model; Coherent, Santa Clara, CA). A X60,
1.1 N.A. objective (Olympus) was used to acquire images at the
highest digital zoom (X10). ImageJ (National Institutes of
Health, Bethesda, MD; http://rsb.info.nih.gov/ij) was used to
measure distances of the spines to the soma (site of the spine to
location where parent dendrite emerged from the soma), spine
head diameters (longest possible axis at any of frame in the
z-stack of images), and neck lengths, measured from the prox-
imal edge of the spine head to the edge of the dendrite or by
computing the shortest orthogonal distance between the base of
the spine head and the edge of the dendrite. This estimation was
sometimes necessary because it was impossible to precisely
ascertain the topology of the spine neck because of its small
dimensions. For spines with no discernible necks, we chose a
minimum value of 0.2 wm.

Two-Photon Uncaging of Glutamate. 4-methoxy-7-nitroindoline-
caged L-glutamate (2.5 mM; Tocris Cookson, Bristol, U.K.) was
bath-applied, and a Dynamax peristaltic pump (Rainin Instru-
ments Inc., Woburn, MA) was used to control bath perfusion,
recirculating the media and minimizing total bath volume.
Imaging and uncaging were performed at 725 nm. The laser was
positioned at ~0.2 wm from spine heads of layer-5 pyramidal
neurons that were filled with 200 uM Alexa Fluor 488 through
recording pipettes. Laser power was controlled by a Pockels cell
(Quantum Technology, Lake Mary, FL), gated with square
voltage pulses (Master-8; AMPI, Jerusalem, Israel). For uncag-
ing, 4-ms laser pulses at 2-s intervals were used with 25-30 mW
of power on the sample plane. Uncaging potentials normally
lasted ~40-300 ms, much longer-lasting than the 4-ms uncaging
pulses. For imaging, 5-8 mW of laser power was used. Voltage
deflections due to the glutamate uncaging (uncaging potentials)
were recorded from the soma in whole-cell current-clamp mode,
maintaining a resting potential of —65 mV, by using Axoclamp
700B (Molecular Devices, Union City, CA) amplifier and ana-
lyzed offline. Physiological data were analyzed blind to the
morphology of the spine. Data were analyzed with MATLAB
(MathWorks, Natick, MA) and Igor (WaveMetrics, Inc., Lake
Oswego, OR).

Calcium Measurements. Neurons were filled with 200 uM Calcium
Green-1 (Molecular Probes) through the recording pipette.
Pipette solution was otherwise the same as described above.
About 30 min after break-in, spines were selected for imaging
and uncaging. First, the laser was positioned at the spine head for
500 ms at a low imaging power level (Fig. 44, Laser on spine
head), then a 4-ms high-power, uncaging laser pulse (Fig. 44,
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Glutamate uncaging) was generated at the position indicated by
a red dot in Fig. 4B, and this was immediately followed by
repositioning the laser for 1 s at the same spine head location for
calcium imaging again at low power levels. Calcium signals were
collected with a photomultiplier tube (H7422P-40; Hamamatsu,
Hamamatsu City, Japan). Averaged calcium signals from spine
heads were calculated with 4-ms window smoothing and used to
calculate the percentage change in basal fluorescence, expressed
as AF/F.

SHG Measurements. Measurements of membrane potential in
spines and adjacent dendritic shafts were performed as described
in ref. 17. Briefly, neurons were filled with 500 uM FM 4-64 dye
(Biotium Inc., Hayward, CA) via the patch pipette. SHG imaging
was started when cells were stained with the dye for 30—60 min
after breaking in and performed on a different custom-made,
two-photon laser scanning microscope (43) with a Nd:glass laser
at 1,064 nm (IC-100, HighQ Laser). SHG signals were collected
with a photomultiplier tube (Hamamatsu; H7422P-40) after a
narrow band-pass filter (530/20). Slow somatic dc voltage pulses
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