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In the nervous system the influx of Ca*+ orchestrates mul- 
tiple biochemical and electrical events essential for devel- 
opment and function. A major route for Ca*+ entry is through 
voltage-dependent calcium channels (VDCCs). It is becom- 
ing increasingly clear that the precise contribution VDCCs 
make to neuronal function depends not only upon their spe- 
cific electrophysiological properties but also on their distri- 
bution over the nerve cell surface. 

One location where the presence of VDCCs may be critical 
is the dendritic spine, a structure known to be the major site 
of excitatory synaptic input. On spines, VDCCs are hypoth- 
esized to play an essential role in signal processing, learn- 
ing, and memory. However, direct evidence for the presence 
of VDCCs on spines is lacking. Attempts to examine the 
distribution of VDCCs, or indeed any other components, on 
spines have been hampered since the size of many spines 
is close to the limits of resolution of conventional light mi- 
croscopy. 

Using a new, biologically active, fluorescein conjugate of 
w-conotoxin (FI-o-CgTx), a selective blocker of N-type VDCCs, 
and confocal microscopy, we have mapped the distributions 
of N-type VDCCs on live CA1 neurons in rat hippocampal 
slices. VDCCs were found on somata, throughout the den- 
dritic arbor, and on dendritic spines in all hippocampal sub- 
fields. A comparison of three-dimensional reconstructions 
of structures labeled by FI-w-CgTx with those outlined by 
1 ,I -dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine (Dil) 
or Lucifer yellow confirmed the presence of N-type VDCCs 
on dendritic spines. However, spine frequency on dendrites 
labeled with FI-o-CgTx was much lower than the spine fre- 
quency on dendrites labeled with Lucifer yellow or Dil, sug- 
gesting that some spines lack N-type VDCCs. These results 
offer the first direct evidence for the localization of any volt- 
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age-dependent channel on dendritic spines. The presence 
of N-type VDCCs on dendrites and their spines argues that 
these channels may participate in the generation of active 
Ca*+ conductances in distal dendrites, and is consistent with 
a role for spines as specialized compartments for concen- 
trating Ca2+. 

[Key words: rat, hippocampus, pyramidal neurons, volt- 
age-dependent calcium channels, dendritic spines, w-con- 
otoxin] 

The targeting of voltage-dependent Ca*+ channels (VDCCs) to 
discrete regions of the cell surface provides neurons with a pow- 
erful mechanism for coupling a local influx of Ca2+ to diverse 
biochemical and electrical events. Such events include mem- 
brane excitability (Llinb and Sugimori, 1979, 1980) neuro- 
transmitter release (Katz, 1969; Augustine et al., 1987), differ- 
ential gene expression (Sheng and Greenberg, 1990; Bading et 
al., 1993), neurite outgrowth (Kater and Mills, 199 l), neuronal 
migration (Komura and Rakic, 1992) and the manifestation of 
various neurological disorders (Gibson and Peterson, 1987; Choi, 
1988). 

In the dendritic arbor, the segregation of VDCCs and other 
channels (Llinis, 1988; Craig et al., 1993) appears to be asso- 
ciated, intimately, with the distribution of specific electrophys- 
iological properties. One site where channel distributions may 
be critically important is the dendritic spine. Owing to their role 
as major postsynaptic targets for excitatory innervation, spines 
are considered to be key elements in neural integration, signal 
processing, and learning and memory (Wickens, 1988; Grover 
and Teyler, 1990; Shepherd et al., 1990; Koch and Brown, 1992; 
Kullmann et al., 1992; Koch and Zador, 1993). Their precise 
role in these events remains unclear but it has long been as- 
sumed, on both theoretical and morphological grounds, that 
spines attenuate or amplify synaptic input (Hounsgaard and 
Mittgaard, 1989; Shepherd et al., 1990). However, data from 
electron microscopic studies (Harris and Stevens, 1989; Harris 
et al., 1992) suggest that in many cases spine shape may be 
insufficient to modulate synaptic weight effectively (Koch and 
Zador, 1993). Consequently, other roles for spines have been 
proposed. In particular, recent evidence indicates that spines 
may act to isolate or amplify calcium signals and thus function 
as biochemical rather than electrical compartments (Holmes, 
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1990; Guthrie et al., 199 1; Muller and Connor, 199 1; Koch and 
Zador, 1993). 

of Fl-w-CgTx-labeled neurons to neurons stained with Lucifer 
yellow or DiI showed that not all spines contained detectable 

Whether spines act as electrical or biochemical compart- 
ments, or both, the ability of VDCCs to couple voltage changes 

N-type VDCCs. The presence of N-type VDCCs on spines is 

to Ca*+ influx (Miller, 1992) argues that their presence may be 
critical to spine function. For example, on spines endowed with 

consistent with a role for spines as either amplifiers of synaptic 

VDCCs, even small synaptic inputs could trigger large EPSPs 
in a passive dendrite (Perkel and Perkel, 1985; Shepherd et al., 
1985, 1990). Similarly, the activation of VDCCs on individual 
spines could trigger, or amplify, the local Ca2+ influx thought 
to mediate those biochemical and structural changes associated 
with synaptic plasticity (Lynch et al., 1983; Malenka et al., 1988; 
Konnerth et al., 1992; Kullmann et al., 1992; Miyakawa et al., 
1992; Regehr and Tank, 1992). However, direct evidence for 
the presence of VDCCs on spines has been lacking. Due to their 
small size (near the limit of resolution of light microscopy), 
spines have only recently been visualized in living tissues (Guth- 
rie et al., 1991; Muller and Connor, 199 1; Hosokawa et al., 
1992). Using confocal microscopy and a new fluorescent analog 
ofw-CgTx, a potent, selective blocker ofN-type VDCCs (Olivera 
et al., 199 1; Regan et al., 199 1; Sher and Clementi, 199 1; Mintz 
et al., 1992), we have mapped the distribution of N-type VDCCs 
on live hippocampal neurons and provide the first evidence for 
the localization of VDCCs on dendritic spines. A comparison 

were evoked with a concentric stimulating electrode in the stratum 
radiatum (0.1 msec, 10-100 rA at 30 set intervals). For current-clamp 
recordings, microelectrodes contained (in mM) 150 K-gluconate, 4 KCl, 
10 HEPES, 2 Mg-ATP, 0.1 CaCI,, 1 BAPTA, and 0.2 GTP. Bicuculline 
(1 O-20 PM in ACSF) was used to block inhibitory postsynaptic poten- 
tials. Four or five EPSP responses were averaged before and after toxin 
application. All recordings were made at room temperature. 

Labeling of N-type VDCCs on hippocampal neurons with FI-w-CgTx. 
Live hippocampal slices were sectioned at 200-250 urn. as for electro- 
physiology. Individual sections were incubated for 3(1-45 min with 1 .O 
PM w-CgTx, or 0.5-l .O PM Fl-w-CgTx in either ACSF bubbled with 95% 
0,/5% CO,, at room temperature, or modified Eagle’s medium (MEM) 
at 37°C in 5% CO,. Slices were then rinsed in ACSF or MEM, transferred 
to glass-bottomed dishes in a temperature controller unit, and viewed 
immediately in HEPES-buffered MEM. In some cases labeled slices 
were rinsed and fixed overnight in 4% paraformaldehyde. The fixed 
slices were subsequently dehydrated, and cleared in methylsalicylate or 
mounted in Mowiol to reduce photobleaching. 

Intracellular labeling with Lucifer yellow. Single pyramidal neurons 
in the CA1 region were filled by injection via patch electrodes with the 
intracellular dye Lucifer yellow at a concentration of 0.1% in ACSF, 
and fixed overnight with 4% paraformaldehyde in 0.1 M phosphate 
buffer, rinsed, dehydrated in alcohol, and cleared with methyl salicylate, 
or mounted in Mowiol. 

an inverted scanning confocal microscope (Bio-RadMRC-600) equipped 
with an argon-ion laser (ILT), using the fluorescein filter set and either 
fluor (10 x and 20 X) or planapo (60 x) objectives. Emitted fluorescence 
was displayed through the framestore of the host computer. An ad- 
justable pinhole in the detector lightpath controlled the optical section 

Labeling of neurons with DiI. Neurons in CA 1, CA2, and CA3 were 
labeled by incubating slices in DiI (10 pg/ml) (Molecular Probes) in 
ACSF or MEM for 30-90 min. The slices were then rinsed and either 
viewed immediately, or fixed as above prior to viewing. 

Confocal microscopy. Slices labeled with Fl-w-CRTX were viewed with 

input or as specialized compartments for concentrating Ca2+ 
(Andrews et al., 1988; Holmes, 1990; Guthrie et al., 199 1; Mul- 
ler and Connor, 199 1). 

Materials and Methods 
Preparation and purification ofjluorescein conjugates of w-conotoxin (w- 
CgTx). Fluorescein (Fl)-w-CgTx was prepared by reacting native w-CgTx 
for 10 min at 25°C with the succinimidyl ester of 5(6)carboxyfluorescein 
(Molecular Probes) (Jones et al., 1989) at a label’to toxin ratio of 2: 1 
mol/mol in 100 mM NaHC0,/24% DMSO CDH 9.5). The reaction mix- 
ture was then quenched with 0.5 M glycine‘ind applied to a TSK SP- 
5PW cation exchange HPLC column. Products were eluted with a linear 
gradient (l%/min) of 1 M NH,OAc in 1% HOAc (pH 3.0) and detected 
by continuous monitoring of the absorbance at 280 nm. 

Radiolabeled binding assays. Native w-CgTx or HPLC-purified con- 
jugates were incubated with -rat brain synaptic membranes (0.1 mg/ml 
nrotein in 125 ~1 of 5 mM HEPES-Tris. DH 7.4. 0.1 M sucrose. 0.1% 
BSA) for 30 min, after which Y-u-CgTi iO.3 nd) was added. Aiter 30 
min, free and membrane-bound Y-w-CgTx were separated by filtration 
and washing (3 x 2.5 ml wash buffer: 160 mM choline chloride, 5 mM 
HEPES-Tris, I .2 mM CaCl,, 0.1% BSA), and filter-bound 1251-w-CgTx 
determined by counting gamma emission. 

thickness, and illumination intensity was controlled by the use of a filter 
wheel. Typically, single confocal images used for spine counts (see be- 
low) were collected with the pinhole aperture stopped down. This pro- 
cedure reduces the thickness of the outical section so that fewer dendritic 
segments are imaged, other labeled dendritic segments (numerous in 
preparations labeled with Fl-w-CgTx or DiI) just above or below the 
focal plane are eliminated. Preliminary experiments indicated that Fl- 
w-CgTx-labeled preparations were subject to photobleaching, and a neu- 
tral density filter of 1 was used on all preparations (except when oth- 
erwise indicated, see Results). All optical series were taken using a single 
scan per section. Dendritic segments were optically sectioned relative 
to their longitudinal axis using step sizes (the distance between two 
optical sections) of 0.3 pm. Since photobleaching increases as the num- 
ber of sections in the data set increases (Stevens et al., 1990; Rigaut and 
Vassy, 199 I), only dendritic segments running more or less perpendic- 
ular to the z-axis (which minimizes the number of sections required) 
were selected for optical sectioning. Similar conditions were used to 
collect data from fixed Lucifer yellow-, and live and fixed DiI-Iabeled 
preparations. Lucifer yellow-labeled CAI neurons were viewed using 
the fluorescein filter set, and DiI-labeled neurons were viewed using the 
rhodamine filter block. 

Electrophysiology. Transverse hippocampal slices from 3-6-week-old 
male Wistar rats were sectioned at 400 pm in ice-cold artificial cere- 
brospinal fluid (ACSF) solution (in mM): 124 NaCI, 26 NaHCO,, 3 KCI, 
1.25 Na,HPO,, 2 CaCl,, 2 MgCI,, and 10 D-glucose. Slices were incu- 
bated in ACSF bubbled with 95% 0,/5% CO, for 1 hr at room tem- 
perature prior to recording. Tight-seal, whole-cell patch recordings were 
made using an Axoclamp 2A amplifier (6-8 kHz sampling rate, l-3 
kHz low-pass filter) and ~CLAMP software (Axon Instruments). Electrode 
tip resistances were 3-5 MQ. The extracellular voltage-clamp solution 
contained (in mM) 130 NaCl, 3 KCl, 4 CaCl,, 2 MgCl,, 26 NaHCO,, 
10 D-glucose, 30 TEA, 3 CsCl>, 5 4-AP, and 0.5 KM TTX (pH 7.4). The 
recording pipette solution contained (in mM) 150 Cs-gluconate, 35 CsOH, 
10 BAPTA, 10 HEPES, 0.1 CaCl,, 2 Mg-ATP, 25 phosphocreatine, 50 
U of phosphocreatine kinase, and 100 PM leupeptin adjusted t? pH 
7.25-7.30 with HCl; solutions ranged from 285 to 300 mOsm. Calcium 
currents showed little rundown and were stable for >40 min. Native 
and Fl-u-CgTx were applied with a puffer microelectrode using a pi- 
cospritzer. Bath perfusion of w-CgTx at concentrations used for imaging 
(0.5-l PM) gave similar levels ofblock as Fl-w-CgTx. Synaptic potentials 

Determination of spine frequency and spine length on dendrites of CA1 
pyramidal neurons. Spine frequencies in neurons labeled with Fl-w- 
CgTx, DiI, or Lucifer yellow were determined by counting spines on 20 
dendritic segments (DS) from each of the five preparations examined. 
(These five preparations were live and fixed neurons labeled with Fl-W- 
CgTx, live and fixed neurons labeled with DiI, and fixed neurons labeled 
with Lucifer yellow.) The criteria for selecting the dendritic segments 
were as follows. All segments were from apical dendrites within 25-80 
pm of the somata in CA 1, 7-29 pm long, and contained at least two 
spines. Structures were identified as spines only if they were >0.43 pm 
long and continuous with the parent dendrite. Spine counts were de- 
termined by counting all visible spines in a single image of a selected 
DS; however, in some cases an adjacent serial section was viewed to 
confirm continuity, that is, the presence of a spine shaft, between pu- 
tative spine heads and the parent dendrite. Reported spine frequencies 
are the average number of spines on the 20 DS in each preparation f  
SEM. To eliminate bias in estimates of spine frequency, approximately 
25% of all samples (four or five from each preparation), chosen at 
random, were examined by blind observers. Since estimates of spine 
frequency appeared to be independent of prior observer knowledge of 
the experimental conditions, blind and nonblind data were pooled. 

Spine frequencies were also determined using three-dimensional re- 
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constructions of serial confocal data sets from Pl-w-CgTx-, DiI-, and 
Lucifer yellow-labeled preparations. Such reconstructions, while time 
consuming to generate, provide more accurate counts of total spine 
numbers than can be achieved using one or even two single images. By 
rotating the reconstructions spines can be readily counted on all surfaces 
of the dendrite; in contrast, spine counts from single images will exclude 
spines above or below the plane of focus. Six DS from each preparation 
were selected according to the criteria described above and optically 
sectioned as previously described. These data sets were then recon- 
structed on a Volume Investigation workstation (see below), and spines 
were counted on all surfaces of the three-dimensional image. 

The range of spine lengths in each preparation was determined using 
the dendrites selected for spine frequency counts. Spine and dendritic 
lengths were determined using Bio-Rad or ICAR software. Selected DS 
from more distal sites in CA1 (70-150 pm from cell somata in CAl), 
and DS from areas CA2, CA3, and DC were also examined for the 
presence of spines, but spine lengths and frequencies were not deter- 
mined in these preparations. 

Three-dimensional reconstructions of confocal data. Three-dimen- 
sional reconstructions of serial confocal data sets were carried out on a 
UNIX-based ICAR 80.8 Volume Investigation workstation (ISG Tech- 
nologies, Mississauga, ON). The workstation uses an 80 MIP parallel 
graphics processor to convert two-dimensional pixels from the original 
confocal images into units of volume or three-dimensional voxels. Re- 
constructions were based on segmentation of the gray-scale image data 
stack using simple thresholds. Selected density ranges were chosen using 
histograms of the entire image stack, and peaks selected represented 
maximum pixel intensities. Details have been described elsewhere (Ste- 
vens et al., 1990; Harris et al., 1992; Mills and Nurse, 1993; Mills, 1994; 
Mills et al., 1994). 

Results 
Purification and characterization ofjluoresceinated 
w-conotoxin 
Acylation of synthetic w-CgTx with the succinimidyl ester of 
5(6)carboxyfluorescein under lysine-modifying conditions yields 
multiple reaction products, free dye, and unreacted w-CgTx. 
Despite its complexity, this mixture can be readily resolved by 
ion-exchange high-performance liquid chromatography (Fig. lA), 
using a gradient of ammonium acetate in water as eluent. The 
purity of selected peaks was then confirmed by reverse-phase 
HPLC. To identify potentially active w-CgTx conjugates, each 
HPLC fraction was screened for its ability to displace 1zsI-w- 
CgTx from brain membranes at equivalent toxin concentrations 
(Fig. lA, inset). The potency of the most active fractions (peaks 
a, b, and c) was then compared to that of unmodified w-CgTx 
from their ability to displace t251-w-CgTx from rat brain mem- 
branes in a concentration-dependent manner (Fig. 1B). The ap- 
parent dissociation constants (&J for the three most potent 
conjugates (peaks a, b, and c) were 7,22, and 2 nM, respectively, 
while the Kd.app for w-CgTx (*) was 40 PM. 

Electrophysiology 

In whole-cell recordings from CA 1 neurons in rat hippocampal 
brain slices, w-CgTx and the Fl-w-CgTx analog (fraction a) re- 
duced the high-threshold Ca*+ current evoked from a hyper- 
polarized holding potential (-65 to -80 mV) by 34.3 f 4.1% 
(-tSEM; n = 4) and 30.2 + 4.0% (+SEM; n = 5) respectively, 
when focally applied at 10 PM. The magnitude of this block was 
similar to that observed previously with saturating concentra- 
tions of w-CgTx in dissociated CA 1 neurons (Regan et al., 199 1). 
Blockade by Fl-w-CgTx had a rapid onset (t,,* < 15 set) and 
usually did not wash out after >20 min. Stimulation of the 
Schaffer collateral pathway produced excitatory postsynaptic 
potentials (EPSPs) in CA 1 neurons that were decreased by 2 1.8 
+ 3.6% (&SEM; n = 5) after 10 FM w-CgTx droplet application 
(Fig. 2C). Additional applications of w-CgTx produced no fur- 
ther block of EPSPs and single postsynaptic spikes were readily 

elicited from larger EPSPs with higher stimulus strengths (Home 
and Kemp, 199 1). 

Visualization of N-type VDCCs on hippocampal pyramidal 
neurons 

The distribution of VDCCs on living adult rat hippocampal 
neurons was visualized by laser confocal microscopy of brain 
slices labeled with Fl-u-CgTx (Fig. 2). Intense labeling of N-type 
channels was seen on somata and dendrites in all hippocampal 
regions (Fig. 2A). Strong labeling was also seen in the entorhinal 
cortex and on putative interneurons in the hilar region of the 
dentate gyrus. Staining was absent on axons and glia or in con- 
trols made by pretreating slices with o-CgTx (Fig. 2B). 

Labeling by Fl-w-CgTx of apical dendrites extended from the 
soma for at least 280 pm. The labeling intensity varied on den- 
drites (and somata) (Fig. 2C-F). Serial optical sectioning con- 
firmed that this unevenness in intensity was due to local differ- 
ences in VDCC density rather than undulations of the cell surface 
in and out of the plane of focus. Thus, in regions where Fl-w- 
CgTx labeling was low, the fluorescence intensity did not in- 
crease on stepping to adjacent in-focus serial sections. In con- 
trast, the in-focus fluorescence intensity was constant in optical 
sections taken from neurons with surfaces defined by DiI or 
Lucifer yellow. 

Numerous small structures projecting from the dendritic shafts 
were observed in all subfields and identified as dendritic spines 
based on morphological criteria. However, only those spines on 
apical dendrites within a defined region of CA1 (see Materials 
and Methods) were examined in detail. Structures defined by 
Fl-u-CgTx in live CA1 dendrites (Figs. 2C(arrows)J-F; 3A) 
were 0.5-2.1 pm long (n = 123 spines), consistent with spine 
lengths measured on dendrites from live CA 1 neurons outlined 
with DiI (Fig. 3B) (0.5-2.1 pm; n = 525). Spines observed in 
living neurons labeled with Fl-w-CgTx or DiI were comparable 
in length to their counterparts in fixed CA1 neurons (0.5-1.9 
pm, n = 106 spines; 0.43-2.2 pm, n = 4 18 spines, respectively), 
or in neurons filled with Lucifer yellow (0.5-2.0 wrn; n = 625). 
In all preparations spines were not detected adjacent to the cell 
bodies (within 10 pm), consistent with the known distributions 
of spines in CA1 neurons (Harris and Stevens, 1989). Viewing 
conditions produced no detectable distortion of dendrites and 
spines in live slices examined up to 2 hr after labeling (see, e.g., 
Fig. 3A,B); however, considerable swelling of cell bodies, den- 
drites, and spines was apparent in some preparations after pe- 
riods greater than 3 hr. Such preparations were discarded. 

In many cases, uninterrupted Fl-w-CgTx labeling between the 
spine head and parent dendrite could be observed in a single 
image (Figs. 2, 3). In other cases, adjacent serial sections were 
necessary to confirm the identity of labeled structures; only those 
attached to the parent dendrite were classified as spines. In living 
slices labeled with Fl-w-CgTx (Figs. 2C-F, 3A), spines of varying 
size projected intermittently along dendritic shafts at a fre- 
quency of 0.34 f 0.02 spines/pm (*SEM; n = 20 DS). In 
contrast, the spine frequency in live slices labeled with DiI (see 
Fig. 3B) was significantly higher, 1.24 -t 0.08 spines/pm (+SEM; 
it = 20 DS) (p < 0.00 1, Fl-w-CgTx vs DiI, two-tailed t test). In 
fixed preparations, spine frequencies were also significantly low- 
er in Fl-w-CgTx-labeled preparations, 0.41 k 0.08 spines/pm 
(?SEM; n = 20 DS), compared to DiI-labeled preparations, 
1.46 + 0.06 spines/pm (f SEM; n = 20 DS), or Lucifer yellow- 
filled neurons, 1.36 f 0.11 spines/pm (-tSEM; n = 20 DS) (p 
< 0.001, Fl-w-CgTx vs Lucifer yellow, and ‘p < 0.001, Fl-u- 
CgTx vs DiI, two-tailed t test). The frequency of spines in Fl- 
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Figure 1. Purification and characterization of w-conotoxin (w-@TX) analogs and their effect on the high-threshold Ca2+ current and EPSPs in 
hippocampal CA1 neurons. A, Resolution of o-CgTx, Pl-w-CgTx, and free dye products by ion exchange HPLC. B, Displacement of 12sI-w-CgTx 
from rat brain synaptic membranes by w-CgTx (Et), and peaks a (O), b (W), and c (r). Values represent mean + SD (n = 9). C, Inhibition of the 
high-threshold Ca*+ current and synaptic potentials in CA1 neurons. Cl: Top trace, High-threshold Ca*+ current elicited on a voltage step to -5 
rn7 (con) from a holding potential of--75 mV was decreased by 3 1% after focal application of 10 PM Pl-o-CgTx (fl-tx). Capacitive currents were 
clinned to fit the fieure. Bottom truce. The 70 mV sten that evoked the Ca*+ current. C2, The averaged responses of four EPSPs before (con) and 
- m - r -  ~~~ ”  

after (tx) 10 PM w-CgTx was applied to the apical dendrites and somatic region of a different CA1 n&ron.~Stimulus artifact is evident before the 
depolarization. Resting membrane potential was -65 mV. D, The peak current-voltage relation of the high-threshold W+ current before (0) and 
after (0) addition of 10 PM Pl-w-CgTx, same cell as in Cl. In Cl, depolarizing voltage steps (200 msec duration) were applied in 10 mV increments 
from a membrane holding potential of -75 mV. 

w-(&TX-treated preparations did not increase significantly with 
prolonged incubations or increased concentrations of label. Two 
dendrites labeled with Fl-w-CgTx were imaged twice, once with 
a neutral density filter present and once after the filter was re- 
moved. The number of spines visible was not different in these 
images, indicating that the use of ND filters did not mask a 
subpopulation of weakly labeled spines. 

Spine frequencies were also determined using three-dimen- 
sional reconstructions of serial confocal data sets from live neu- 
rons labeled with Fl-w-CgTx or DiI (Fig. 4), or on fixed neurons 
labeled with Lucifer yellow. This procedure provides a more 
accurate count of total spine numbers since spines above or 
below the plane of focus of a single image are included in the 
multiple image stack used in the reconstruction. In addition, 
the distribution of spines on all dendritic surfaces is more readily 
appreciated in the three-dimensional reconstructions. Overall 
dendritic morphology and spine lengths were similar in recon- 

structions of live neurons from preparations labeled with Fl-w- 
CgTx, DiI (Fig. 4), or fixed neurons labeled with Lucifer yellow. 
Spine frequency, however, was markedly lower in reconstruc- 
tions of Fl-w-CgTx-labeled living dendrites (0.48 & 0.07 spines/ 
pm; n = 6 reconstructions), compared to spine frequency in 
reconstructions of Dir-labeled living dendrites (2.21 + 0.19 
spines/pm; n= 6 reconstructions) or fixed Lucifer yellow-labeled 
dendrites (2.01 f 0.15 spines/Nm; n = 6 reconstructions). 

Discussion 
These data provide direct evidence for the localization of N-type 
VDCCs on the somata and dendrites of live hippocampal neu- 
rons and are the first demonstration that VDCCs exist on spines. 
The somatodendritic staining pattern is consistent with previous 
studies using autoradiography (Kerr et al., 1988; Takemura et 
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Figure 2. JDCCs m living hippocampal pyramidal neurons and intcmeurons visualized by confocal microscopy. A, Overall 
view of a transverse hippocampal slice labeled with Fl-o-CgTx. B, Control section labeled with w-CgTx (1 PM) prior to incubation with Fl-w-CgTx. 
RQ&. fluorescence; left, transmitted light. C, At 60 x , intensely labeled somata m CA1 (far left) and multiple dendrites (see, e.g., those labeled 1 
and 2) are visible. Individual spines, some of which are marked with arrows, are visible along many dendrites. D, Enlargement of an individual 
spme projecting from dendrite I (Indicated by a large arrow in C) showing details of spine head and neck. E, Enlargement of other spines of various 
sizes on the same dendrite (labeled with small arrows m C on dendrite 1). F, Enlargement of spines on dendrite 2 (from area marked by large 
urrow m C). Scale bars: A, 375 pm; B, 20 pm; C, 5 Frn; D-F, 2 pm. 

al., 1988) electrophysiology (Blaxter et al., 1989; Fisher et al., 
1990). or labeling of CA1 neurons in culture (Jones et al., 1989) 

partments. The uneven labeling seen along dendrites supports 

but differs from the largely dendritic labeling seen with CNB- 
the existence of hot spots of Ca’+ influx (Lipscombe et al., 1988; 

1, an antibody to a subtype of N-type VDCCs (Westenbroek et 

Jones et al., 1989; Silver et al., 1990; Westenbroek et al., 1992) 

al., 1992). Since Fl-w-CgTx labels all N-type VDCCs, the lack 
but unlike on Purkinje cells (Westenbroek et al., 1992) these 

of somatic labeling observed with CNB- I suggests that subtypes 
hot spots were not consistently found at dendritic branch points. 

of N-channels exist that are restricted to specific neuronal com- 
The presence of N-type VDCCs on distal dendrites implicates 
this class of channel in the generation of dendritic Caz+ spikes 
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Fzgzue 3. Single confocal images of dendrites and spines on live CA 1 hippocampal neurons. A, Apical dendrite segments labeled with Fl-w-CgTx. 
Three dendritic segments are visible; however, only one of the three is both in focus and long enough to be used for spine counts. The other two 
are either out of focus and barely visible (top right), or too short (top left). B, Single dendritic segment labeled with DiI, from a similar region 60 
Km from the somata in CAl. In both A and B the pinhole on the confocal was stopped down to reduce the thickness of the optical section (see 
text) and improve visualization of spines. Background fluorescence was subtracted and the images were digitally enhanced with a 3 x 3 median 
filter. Scale bar, 4 pm. 

(Schwartzkroin and Slawsky, 1977; Wong et al., 1979; Shepherd 1986) and the nonuniform distribution of active dendritic mem- 
and Woolf, 1990; Wong and Stewart, 1992). Dendritic N-type brane properties (Llinas and Sugimori, 1979). 
VDCCs can also explain other phenomena such as the improved In previous studies on amphibian synapses, we and others 
efficacy of distal synapses (Andersen et al., 1980; Andersen, have demonstrated an extensive presynaptic localization of 

Figure 4. Three-dimensional reconstructions of serial confocal data sets of apical dendritic segments from live hippocampal neurons in CAl. 
Dendritic segments labeled with Fl-w-CgTx or DiI were optically sectioned and reconstructed as described in the text. Both reconstructions were 
done using a 12 slice image stack. A, Reconstruction of a living Fl-w-CgTx-labeled dendrite and its spines. Individual spines are visible projecting 
from all surfaces of the dendrite visible from this angle. Rotation of the reconstruction revealed other spines on the underside of the dendrite not 
visible in this image. An isolated structure resembling a spine head is visible halfway along the top edge of the dendrite. Rotation of the image 
revealed that this structure was unconnected to the dendrite at any point and it may represent a partially labeled spine (lacking labeling along the 
spine neck), or possibly a labeled presynaptic ending. At the lower right, the dendrite appears flattened since this portion of the dendrite was outside 
the z-axis range of this data set and was therefore only partially optically sectioned. B, Reconstruction of a live dendrite labeled with DiI from a 
similar area in CA1 as in A. Spines of various sizes project from all visible surfaces of the dendrite. Three small isolated structures (see arrows), 
putative spine heads, are visible along the dendrite. In this case, inspection of the reconstruction from another angle revealed that all of the “heads” 
were attached to the dendrite and they were classified as spines. Scale bar, 4 Frn. 
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N-type VDCCs (Robitaille et al., 1990; Cohen et al., 199 1). In 
this study our resolution was such that we could not exclude 
the possibility that some of the labeling observed was presyn- 
aptic. In particular, since the gap between presynaptic and post- 
synaptic terminals in CA1 neurons is approximately 0.01 pm 
(Harris and Stevens, 1989; Peters et al., 199 l), our optical tech- 
niques could not discriminate between presynaptic and post- 
synaptic labeling on spine heads. Nevertheless, our resolution 
(-0.21 pm, with 1.4 NA at X,, of 488 nm) was more than 
adequate to identify many labeled structures as spines. Since 
presynaptic innervation occurs almost exclusively at the spine 
head (Harris and Stevens, 1989; Harris et al., 1992; Koch and 
Zador, 1993), much of the observed labeling could not be due 
to VDCCs on presynaptic terminals. A comparison of the ob- 
served labeling pattern with that expected for a presynaptic 
distribution of VDCCs (see Fig. 5) supports this conclusion. 
Thus, if labeling on spines was exclusively presynaptic, the api- 
cal distribution of excitatory presynaptic terminals that occurs 
on CA1 spines (Harris and Stevens, 1989; Peters et al., 1991) 
(but not on the dendritic shaft) would generate a roughly parallel 
array of punctate fluorescence at least l-2 pm opposite (appar- 
ently spineless) parent dendrites (Fig. 5A). Instead, patterns of 
labeling consistent with either Figure 5, B or C, were observed, 
consistent with extensive, but not necessarily exclusive, labeling 
of spines. Indeed, there is good evidence that at central gluta- 
matergic synapses, such as those utilized by spines in CA1 neu- 
rons, neurotransmitter release is unaffected by w-CgTx but is 
mediated by non-w-CgTx-sensitive, P-type VDCCs (Turner et 
al., 1992). These data would preclude presynaptic staining by 
Fl-cJ-CgTx unless N-type VDCCs are present at presynaptic 
terminals but do not play a role in neurotransmitter release. We 
hypothesize that the modest effect of w-CgTx on the EPSP am- 
plitude is due to a blockade of that portion of the depolarization 
associated with calcium influx through N-type VDCCs in the 
spine. 

The lower spine frequency in Fl-w-CgTx-labeled neurons 
compared to spine frequencies determined in neurons labeled 
with Lucifer yellow or DiI strongly suggests many spines do not 
have N-type VDCCs. However, an alternative possibility is that 
some spines with VDCCs might have been undetected. Unlike 
Lucifer yellow and DiI, the distribution of Fl-u-CgTx labeling 
is not homogeneous but rather reflects the distribution of N-type 
VDCCs; if VDCCs are localized to specific areas of the spine, 
such as the head, only those regions will be imaged. Since the 
criteria used to identify spines is based on the presence of la- 
beling contiguous with the dendritic shaft, such partially labeled 
spines would have been excluded from our spine counts. Con- 
sideration of the observed pattern of Fl-w-CgTx labeling (see 
Fig. 5) suggests that this explanation is unlikely to account for 
the approximately 75% of “missing” spines since numerous 
punctate spots apposed, but unattached, to the dendritic shaft 
were not observed (as would be expected if many spines were 
only partially labeled). To resolve the proportion of spines that 
possess N-type VDCCs unambiguously would require double 
labeling of both the spines along a dendrite and the VDCCs. In 
the complex terrain of a slice preparation this approach was not 
possible due to difficulties in labeling and injecting dye into the 
same individual neuron. Moreover, such experiments demand 
the use of pairs of fluorophores with nonoverlapping excitation 
and emission spectra to eliminate detectable fluorescence 
bleedthrough. In our system such discrimination was not 
achievable using a combination of DiI and Fl-o-CgTx. Although 

Ax 

Figure 5. Schematic showing fluorescence staining pattern (shaded) 
predicted for: A, Exclusive labeling of VDCCs on presynaptic terminals 
and dendritic shafts but not spines. B, Exclusive postsynaptic labeling 
of VDCCs on spines and shafts. C, Presynaptic labeling of terminals 
and postsynaptic labeling of VDCCs on the dendritic spine and shaft. 
Axons, spines, and dendritic shafts are denoted as Ax, Sp, and Ds, 
respectively. 
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Fl-u-CgTx is visible only in the green channel, the DiI signal is 
visible in both channels (appearing red in one channel, and 
green-gold in the other), effectively masking any colocalized Fl- 
o-CgTx signal. 

It should be noted that since extremely thin or small (~0.43 
pm in length) spines would have been undetected by our meth- 
ods, the spine frequencies reported here, using either two- or 
three-dimensional images, will be an underestimation of the 
true spine frequencies in all of the preparations we examined. 
Nevertheless, since our estimates of spine frequency using three- 
dimensional reconstructions of dendrites labeled with Lucifer 
yellow or DiI are within the range of those reported in studies 
using electron microscopy, albeit from areas of CA1 adjacent 
to those employed here (Harris and Stevens, 1989; Harris et al., 
1992) it seems plausible that these small spines do not comprise 
a major portion of the spine population. Regardless of the con- 
tribution such spines make to the true spine population, the 
finding that FI-w-CgTx labels about 25% ofthat spine population 
defined by DiI or Lucifer yellow argues that N-type VDCCs are 
present on only a subset of dendritic spines. 

The functional implications of a nonuniform distribution of 
a single class of VDCCs are intriguing. There is good evidence 
that owing to the Ca2+ buffering capacity of the neuron the 
diffusion of free Ca2+ may be very limited, spatially and tem- 
porally. In dendrites, the concentration of VDCCs into hot spots 
could amplify free Ca2+ in discrete subcellular compartments, 
or trigger local calcium-dependent events. Modeling studies sug- 
gest that a nonuniform distribution of channels may be more 
effective at branches than if the channels are distributed evenly 
over the cell surface (Shepherd et al., 1990). A more subtle 
argument concerns the possibility that the weighting of synapses 
thought to underlie learning and memory may involve changes 
in ion channel structure or function, for example, by posttran- 
slational modification (Bliss and Collingridge, 1993). In such 
cases the establishment of weighted synapses required for long- 
term memory would demand the segregation of the modified 
from the nonmodified channels. 

The presence of an asymmetric distribution of VDCCs also 
has important implications for neuronal cell biology. Since 
VDCCs are integral membrane proteins (Glossmann and 
Striessnig, 1990; Witcher et al., 1993), their segregation in the 
fluid lipid bilayer argues for some restraining mechanism op- 
posing the more energetically favored random VDCC distri- 
bution. This is supported by fluorescence photobleach recovery 
measurements of the lateral mobility of N-type VDCCs in hip- 
pocampal neurons (Jones et al., 1989), where at least 80% of 
VDCCs had a diffusion coefficient of < 10 - I2 cm+ec- I and were 
thus immobile. How N-type VDCCs may be immobilized is 
unknown, but the most likely possibility involves tethering to 
the underlying cytoskeleton. Indeed, such an interaction has 
been detected between the rat brain voltage-dependent 
Na+channel, a protein structurally related to VDCCs (Gloss- 
mann and Striessnig, 1990) and the cytoskeletal linker ankyrin 
(Srinivasan et al., 1988). Attachment of VDCCs to the cyto- 
skeleton could be significant since alterations in the neuronal 
cytoskeleton are known to occur during activation of NMDA 
receptors (Seubert et al., 1988), growth cone-target interactions 
(Lin and Forscher, 1993), and aging (Fifkova and Morales, 1992). 

An important question is how VDCCs may be selectively 
targeted to discrete dendritic spines. In one current model, based 
on comparisons with polarized epithelia (Rodriguez-Boulan and 
Powell, 1992), the polarized delivery of neuronal proteins in- 

volves sorting to just two discrete domains-the axon and the 
somatodendrites (Dotti and Simons, 1990). Presumably, such 
sorting involves recognition of targeting signals lying within the 
protein, or mRNA structure. Although such a model could readily 
account for trafficking of VDCCs to somatodendrites, it seems 
inadequate to explain the targeting of VDCCs to dendritic sub- 
domains (Westenbroek et al., 1990, 1992) or to subpopulations 
of spines. It is possible a hierarchy of targeting signals encodes 
specific neuronal locales. Alternatively, VDCCs may be sorted 
to dendrites and subsequently redistributed to selected spines 
by the influence of epigenetic factors such as synaptic activity 
(Craig et al., 1993) or glial contact. Interestingly, the targeting 
of channels to a subset of dendritic spines appears to extend to 
another class of ion channels- those gated by glutamate (Craig 
et al., 1993). In their study, clusters of GluRl and GluR2/3 
were restricted to a subset of postsynaptic sites in hippocampal 
pyramidal cells in culture. Whether VDCCs and glutamate re- 
ceptors are targeted to a subset of spines by similar mechanisms, 
and whether these spines represent the same subpopulation, is 
as yet unclear. 

The targeting of VDCCs to a subpopulation of spines suggests 
that individual spines contain a discrete mix of ion channels. 
In some spines it may be imperative that VDCCs are colocalized 
with receptors that are incapable of mediating Ca2+ influx. In 
other spines, where N-type VDCCs colocalize with either ligand 
or voltage-gated calcium channels, they may be important am- 
plifiers of Ca2+ influx. Presumably, in those spines lacking N-type 
VDCCs, Ca2+ influx occurs through NMDA (Bumashev et al., 
1992), or other excitatory receptors (Regehr et al., 1989; Hume 
et al., 199 1; Seguela et al., 1993), or other subtypes of VDCCs. 
Plausibly, differences in the complexion of ion channels in in- 
dividual spines endow the neuron with a heterogeneity of post- 
synaptic sites. Such heterogeneity could be a means of fine tuning 
the responses to excitatory synaptic input, particularly if the 
spine membrane composition is dynamic. It is tempting to spec- 
ulate that the addition and subtraction of various classes of 
VDCCs may be an essential correlate of synaptic plasticity. 

The presence of VDCCs on dendritic spines confirms many 
predictions of current biophysical models of information pro- 
cessing in dendrites (Gamble and Koch, 1987; Segev and Rall, 
1988; Jaslove, 1992). Several studies have shown rises in Ca2+ 
in CA1 dendrites through activation of NMDA receptors (Con- 
nor et al., 1988; Regehr and Tank, 1990), proteins implicated 
in learning and memory (Bliss and Collingridge, 1993). How- 
ever, non-NMDA receptor mechanisms of Ca2+ entry, including 
those involving VDCCs (Grover and Teyler, 1990; Hume et al., 
1991), occur at normal and potentiated synapses in CAl. Our 
data are consistent with these studies by showing that VDCCs 
reside on spines where they are poised for a pivotal role in 
synaptic plasticity. Under appropriate conditions of excitatory 
input, activation of VDCCs by depolarization would serve to 
amplify Ca2+ influx, particularly in spines where VDCCs and 
glutamate receptors are colocalized. The precise contribution of 
VDCCs to spine events will depend on both channel density 
and spine geometry (Wickens, 1988: Holmes, 1990; Koch and 
Zador, 1993). On spines with low neck resistances, VDCCs 
could facilitate Ca2+ signaling between adjacent spines and thus 
may contribute to the cooperativity underlying long-term po- 
tentiation (LTP) (McNaughton, 1982; Bliss and Collingridge, 
1993). The targeting of N-type VDCCs to a subset of spines is 
a novel mechanism for the selective modification of Ca2+ levels 
and is consistent with the emerging view that spines may reg- 
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ulate Ca2+ independently from their parent dendrites and from 
one another (Guthrie et al., 1991; Muller and Connor, 1991). 
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