Nifio years may be a result of a decrease in
biomass burning during these wetter years
(18).

An analysis of tropospheric O; trends
from 1979 to 1992 for each month (Fig. 3B)
supports this conclusion. The trends are
higher, around 0.35 DU per year, between
August and November versus about 0.15
DU per year at other times.
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Direcf Measurement of Coupling Between
Dendritic Spines and Shafts

Karel Svoboda, David W. Tank, Winfried Denk*

Characterization of the diffusional and electrotonic coupling of spines to the dendritic
shaft is crucial to understanding neuronal integration and synaptic plasticity. Two-photon
photobleaching and photorelease of fluorescein dextran were used to generate concen-
tration gradients between spines and shafts in rat CA1 pyramidal neurons. Diffusional
reequilibration was monitored with two-photon fluorescence imaging. The time course of
reequilibration was exponential, with time constants in the range of 20 to 100 milliseconds,
demonstrating chemical compartmentalization on such time scales. These values imply
that electrical spine neck resistances are unlikely to exceed 150 megohms and more likely

range from 4 to 50 megohms.

Dendritic spines are a prominent feature of
neurons in the central nervous system, but
their function is unknown (1). Speculation
regarding the function of spines has cen-
tered on the diffusional and electrical resis-
tance of the narrow neck that connects
spines to dendritic shafts (2-10). Modeling
studies suggest that synaptically induced
Ca?™ concentrations in spines could reach
micromolar values (8, 9) and thereby con-
trol biochemical processes central to synap-
tic plasticity (10-12). The spine head
would thus function as a chemical compart-
ment, isolating the concentration dynamics
of intracellular messengers from the parent
shaft and neighboring spines and providing,
for example, the biophysical basis for homo-
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synaptic specificity in long-term potentia-
tion (10, 12). Spine necks have been hy-
pothesized to influence synaptic strength
(2—4), and spines have been proposed to act
as discrete electrical compartments (2, 3,
5). For spine neck conductance comparable
to synaptic conductance, the synaptic cur-
rent depends on neck resistance, and
changes in neck geometry could control
synaptic weight (3, 4). The neck resistance
might be too small to affect synaptic cur-
rents directly, but still large enough to in-
crease synaptic potentials in the head, with
respect to the shaft, sufficiently to limit the
activation of voltage-controlled conduc-
tances to the spine head (5). A measure-
ment of spine neck resistance is required to
test these hypotheses.

Their small size (<1 pm) has prevented
direct electrophysiological investigation of
spines. Serial-section electron microscopy
(SSEM) has provided information about
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spine geometry, which has been used to
model the biophysical properties of spines
(5-9). However, diffusional and electrical
neck resistances are influenced by intracel-
lular structures such as the spine neck ap-
paratus (5) and are sensitive functions of
neck geometry, which can be subject to
distortion during the fixation process. Ac-
cumulations of Ca’" can be localized to
individual spines (13-16) and can, in fact,
achieve micromolar concentrations (I17).
The spatiotemporal dynamics of intracellu-
lar free Ca?™ concentration ([Ca“]i) are,
however, markedly dependent on buffering
and active extrusion (18-20), which are
poorly characterized at the spine level—
precluding an estimate of neck resistance
from [Ca?*], measurements alone. The time
course and spatial localization of changes in
[Ca?*], might differ from those for other
diffusible molecules. We have now mea-
sured the diffusional exchange between
spine head and dendritic shaft with the use
of fluorescence recovery after photobleach-
ing (21) and fluorescence decay after pho-
toactivation (22). The quantitative relation
between diffusion and electrical conduction
(23) then allowed us to estimate the spine
neck conductance.

For the photobleaching experiments,
CA1 neurons in rat hippocampal slices
were filled with fluorescein dextran (FD) by
whole-cell perfusion (24) and imaged with
two-photon  laser scanning microscopy
(TPLSM) (Fig. 1A) (25, 26). Dendritic
spines could be clearly resolved (Fig. 1B) as
far as 150 wm below the slice surface. We
used two-photon excitation to achieve (i)
the necessary spatial confinement of
bleaching or photoactivation, crucial for



