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Dendritic spines mediate most excitatory synapses in the brain.
Past theoretical work and recent experimental evidence have
suggested that spines could contain sodium channels. We tested
this by measuring the effect of the sodium channel blocker tetro-
dotoxin (TTX) on depolarizations generated by two-photon un-
caging of glutamate on spines from mouse neocortical pyramidal
neurons. In practically all spines examined, uncaging potentials
were significantly reduced by TTX. This effect was postsynaptic
and spatially localized to the spine and occurred with uncaging
potentials of different amplitudes and in spines of different neck
lengths. Our data confirm that spines from neocortical pyramidal
neurons are electrically isolated from the dendrite and indicate
that they have sodium channels and are therefore excitable struc-
tures. Spine sodium channels could boost synaptic potentials and
facilitate action potential backpropagation.

dendritic spines � membrane potential � neurons

As predicted by Ramón y Cajal (1), in the mammalian cortex,
most synaptic contacts in pyramidal cells are made on

dendritic spines (2). Thus, it is natural to wonder whether spines
influence synaptic transmission. Indeed, theoretical work over
the last six decades has explored the possibility that spines have
an electrical function, filtering and/or perhaps amplifying syn-
aptic potentials (3–10). At the same time, other calculations have
argued that spines cannot have an electrical function, serving
merely as biochemical compartments (11–13). This debate has
been reopened by two-photon calcium imaging data that dem-
onstrated that spines have voltage-sensitive calcium channels
(14, 15). Therefore, it becomes possible that spines could also
have other types of voltage-gated channels, including sodium and
potassium channels, and, if so, that spines could be excitable
structures (5, 16).

In our recent studies, we have encountered evidence consis-
tent with the existence of sodium channels in the spine. First,
numerical simulations indicated that the measured densities of
sodium channels in dendritic shafts are too low to sustain action
potential (AP) back propagation in pyramidal neurons, and that
additional sodium channels are likely to be present in spines to
ensure effective back propagation (17). Also, optical measure-
ments of membrane potential using second harmonic generation
have shown that backpropagating APs invade spines without a
significant decrement in amplitude (18). At the same time, we
have found that the spine neck provides a barrier to the
propagation of membrane potentials (19), so the full-blown
backpropagating AP, rather than invading passively, could be
locally generated at the spine. Together, these data suggest that
sodium channels might exist in spines, and that they could help
promote AP backpropagation.

We have tested this hypothesis by using two-photon uncaging
of glutamate to activate spines individually and examine whether
their responses are affected by tetrodotoxin (TTX), a specific
sodium channel blocker. We find that TTX reduces the ampli-
tude of uncaging potentials in spines but not in dendritic shafts
or voltage-clamped neurons. This effect is strong and occurs in
spines with different neck lengths and with uncaging potentials
of different amplitudes. Our results imply that spines have
sodium channels that amplify membrane potentials.

Results
TTX Reduces the Amplitude of Spine-Uncaging Potentials. We tested
the hypothesis that spines contain functional sodium channels by
characterizing their response to glutamate in the presence or
absence of TTX. To activate spines, we used two-photon un-
caging of 4-methoxy-7-nitroindolinyl glutamate (20, 21) in basal
dendrites from layer 5 pyramidal neurons from slices of mouse
visual cortex (Fig. 1A). To minimize dendritic filtering, we chose
to work with spines that are relatively close (�100 �m) to the
soma. As in our recent work (19, 22), we measured the somatic
membrane potential in response to uncaging events (4-msec
duration), using whole-cell recordings in current clamp. These
somatic responses (‘‘uncaging potentials’’) ranged from �0.3 to
1.2 mV and from �40 to 300 msec in duration (Figs. 1B and 2;
amplitude 0.72 � 0.04 mV, duration 124 � 9 ms; n � 76 spines).
On a single spine, the amplitude of the uncaging potential was
constant for up to 32 rounds of uncaging (maximum number
tested), although the response showed some variability from trial
to trial (linear regression fit, slope � 0.007; P � 0.9). Also, the
response amplitude was constant over periods of at least 5 min
(P � 0.8, n � 3). Depolarizing responses after uncaging pulses
only occurred close to the spine head membrane. Uncaging
potentials were not detectable if the uncaging laser was located
at �1-�m distance from the spine head membrane, as reported
(19), indicating that uncaging events were restricted locally to a
single spine.

To test whether sodium channels contributed to uncaging
potentials, we uncaged glutamate in spines under control con-
ditions (i.e., in standard artificial cerebrospinal f luid) and then
repeated the uncaging protocol in the same spine after bath
application of TTX (Figs. 1B and 2). Bath application of TTX (1
�M) reduced uncaging potentials by 31.6 � 3.8% in amplitude
and by 46.9 � 4.9% in area (Figs. 1B, 2 A1–A3 and B; n � 19
spines from eight neurons; t test, P � 0.001 for average reduc-
tions in amplitude and area). Average amplitudes in control
spines changed from 0.8 � 0.05 mV to 0.5 � 0.03 mV after
addition of TTX, and the distribution of the uncaging potentials
was shifted to smaller amplitudes (Fig. 2C1; n � 310 and 308
individual uncaging events in control and TTX, respectively; t
test, P � 0.001, for all individual events). Similarly, the average
area of the uncaging events changed from 0.083 � 0.01 mV sec
to 0.042 � 0.006 mV sec after adding TTX (t test, P � 0.001, for
all individual events). On individual spines, the TTX-dependent
amplitude and area reduction ranged from 0 to 62% and from
0 to 70%, respectively, and only 2 of 19 spines showed no
apparent TTX sensitivity. In addition, analyses from all spines
recorded in TTX (including spines where uncaging potentials
were recorded only in control conditions or TTX), also dem-
onstrated a reduction of average uncaging potential amplitudes
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