ported transmission among populations
outside the major urban centers where the
disease is currently believed to be concen-
trated.

Methodological issues qualify the GSS
findings. The sample size is small and thus
our estimates are imprecise. Larger samples
would permit close inspection of the distri-
bution of cases across geographic regions
and facilitate multivariate analysis. With
more details about the persons identified
with AIDS, we could have avoided inferring
the geographic location of the person with
AIDS, for instance. More methodologically
oriented network studies would permit us to
estimate the size of personal acquaintance
networks, knowledge of particular attributes
of acquaintances, and effects of network
density on accuracy of reports. More gener-
ally, we need a more accurate view of the
social epidemiology of AIDS; for without it,
public health measures may be misdirected
in audience, geography, and timing.
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Localization and Mobility

of w-Conotoxin—Sensitive

Ca** Channels in Hippocampal CA1 Neurons

OweN T. JoNgs, DiaNA L. KuNzg, KIMON J. ANGELIDES*

Voltage-dependent Ca®* channels (VDCCs) are modulators of synaptic plasticity,
oscillatory behavior, and rhythmic firing in brain regions such as the hippocampus.
The distribution and lateral mobility of VDCCs on CAl hippocampal neurons have
been determined with biologically active fluorescent and biotinylated derivatives of the
selective probe w-conotoxin in conjunction with circular dityndallism, digital fluores-
cence imaging, and photobleach recovery microscopy. On noninnervated cell bodies,
VDCCs were found to be organized in multiple clusters, whereas after innervation the
VDCCs were concentrated and immobilized at synaptic contact sites. On dendrites,
VDCC distribution was punctate and was interrupted by extensive bare regions or
abruptly terminated. More than 85% of the dendritic VDCCs were found to be
immobile by fluorescence photobleach recovery. Thus, before synaptic contact, specific
mechanisms target, segregate, and immobilize VDCCs to neuronal cell bodies and to
specialized dendritic sites. Regulation of this distribution may be critical in determin-
ing the firing activity and integrative properties of hippocampal CA1l neurons.

HE INFLUX OF CA’" THROUGH

voltage-dependent calcium channels

(VDCCs) is important in the modu-
lation of neuronal function (1). These Ca**
influxes are often localized to discrete re-
gions of the neuron (2) and are associated
with regulation of neurotransmitter release
(3), activation of Ca>*-dependent enzymes
(4), changes in neuronal excitability (5-7)
and morphology (8), and possibly epilepto-

genesis (9) and in the neuronal conditioning
phenomena implicated in learning and
memory (7, 10).

Three major classes of neuronal VDCCs,
L, N [both designated high voltage—activat-
ed (HVA)], and T [designated as low volt-
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age—activated (LVA)] are expressed and co-
exist in sensory and hippocampal neurons
(11-13). However, only in a few cases (14)
have electrophysiological methods shown
how VDCCs are distributed over the nerve
cell surface.

With appropriate probes, optical methods
can provide detailed maps of ion channel
distribution on living cells, in regions where
access to patch pipettes is problematic (15).
Such methods are also useful in develop-
mental studies where successive noninvasive
images are required. Results with Ca*-
sensitive fluorescent dyes suggest a wide-
spread distribution of intracellular Ca®",
often concentrated into local hotspots on
the growth cones, neurites, and cell bodies
of stimulated neurons (2, 16).

A specific probe for neuronal N and L
VDCCs, w-conotoxin (w-CgTx), has be-
come available (17) and we now report on
the distribution and mobility of VDCCs on
cultured neurons from the hippocampal
CA1 subfield with biologically active fluo-
rescent and biotinylated derivatives of w-
CgTx and microscopic imaging methods.

Tetramethylrhodamine (TmRhd)-w-
CgTx and biotin—w-CgTx were prepared by
acylating w-CgTx with the succinimidyl es-
ter of 5(6)carboxytetramethyl-rhodamine
or D-biotin, respectively. The modified de-
rivatives were purified by reversed-phase
high-performance liquid chromatography
(HPLC) (Fig. 1A), and the monomodified
derivatives were tested by equilibrium bind-
ing (18) (Fig. 1B). The dissociation constant
(Kgq) values for monomodified TmRhd-w-
CgTx and biotin—w-CgTx conjugates were
10 nM and 20 n), respectively, whereas the
Ky for the native w-CgTx was 0.6 nM (Fig.
1B).

The w-CgTx derivatives also retained
their biological activities. In whole-cell cur-
rent measurements, TmRhd—w-CgTx and
biotin—w-CgTx reduced voltage-dependent
Ca’* currents in hippocampal cells by
63 + 8% (SD, n = 5) and 55 = 10% (SD,
n = 4), respectively, at concentrations of 25
nM (Fig. 1, C and D), values that corre-
spond closely to the equilibrium binding
constants.

The distribution of VDCCs on hippo-
campal CA1 neurons (19) was visualized by
labeling neurons with biotin—w-CgTx and
TmRhd-w-CgTx (20). Colloidal gold deco-
ration of biotin w-CgTx—labeled channels
revealed VDCCs on cell bodies and process-
es (Fig. 2, A to C); because of the sensitivity
and dichroic properties of colloidal gold,
not only can single VDCCs be detected but
also colors reflect cluster sizes such that the
red regions, seen on cell bodies, represent
regions of high VDCC density. On process-
es, labeling was either completely absent,
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interrupted by extensive bare regions, or
terminated (Fig. 2B). These processes were
identified as dendrites by double labeling
with biotin—w-CgTx and antibodies specific
for microtubule-associated protein 2 (MAP-
2), a protein localized to dendrites but not
axons (21); all of the labeled VDCCs colo-
calized with MAP-2 immunofluorescence
(Fig. 2, B and C). VDCC patches were also
resolved on dendritic spines outlined by
MAP-2 staining.

In order to explore VDCC distribution
and mobility on living cells, we labeled
hippocampal CA1 neurons with TmRhd-w-
CgTx (22). Digital fluorescence images of
living neurons confirmed the presence of

VDCC:s on cell bodies (Fig. 2, D to I) and
processes. Even in the absence of synaptic
contact, multiple clusters of VDCCs were
apparent against a sparse low density back-
ground distribution within a restricted area
of the cell body (Fig. 2F, inset) (90 of 100
cells observed). However, on innervated
neurons VDCCs were organized into a sin-
gle cluster that coincided with the site of
synaptic contact (Fig. 2, G to I) (four of five
clearly identified innervated neurons). A
steep gradient of VDCCs orginated from
this site (Fig. 21, inset).

The density profile of VDCCs was not
due to local foldings of the membrane;
neurons showed a homogenous distribu-
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Fig. 1. Purification and characterization of w-conotoxin (w-CgTx) analogs. (A) Resolution of native w-
CgTx, TmRhd—w-CgTx, and free dye products by reversed-phase HPLC. Native w-CgTx was reacted at
25°C in the dark with the succinimidyl ester of 5(6)carboxytetramethyl-rhodamine (Molecular Probes)
at a label to toxin ratio of 10:1 mol/mol in 500 !l of 100 mM NaHCOs (pH 9.5) for 1 hour, and the
mixture was then applied to a Vydac Cg reversed-phase column. Reaction products were eluted with a
0 to 50% gradient of acetonitrile (AcCN) in 0.1% trifluoroacetic acid. Peaks were continuously
monitored by measuring absorbance (A) at 226 or 280 nm. In some preparations, excess free dye was
removed by dialysis before HPLC. The most potent monomodified TmRhd—w-CgTx conjugate is in-
dicated by an asterisk. (B) Displacement of '*’I-labeled «w-CgTx from rat brain synaptic membranes by
native w-CgTx (@), TmRhd-w-CgTx (M), and biotin—w-CgTx (A). Values represent mean = SD
(n=9). (C and D) Inhibition of voltage-dependent Ca>* currents in hippocampal CAl neurons by
TmRhd-w-CgTx. The membrane potential was held at —80 mV. Depolarizing voltage steps were
applied to the cell in 10-mV increments. (C, top trace) Control currents were elicited at voltage steps to
the potentials shown in (D). (C, bottom trace) The same voltages were applied immediately after a 30-s
perfusion of the cell with 25 nM TmRhd-w-CgTx. (D) The peak current-voltage relation before (@)
and after (A) addition of 25 nM TmRhd-w-CgTx. Calcium currents were measured with the tight seal
patch technique for whole-cell recording. The bath solution contained 125 mM tetraethylammonium
chloride, 5.4 mM KCl, 2 mM CaCl,, 10 mM glucose, 10 mM Hepes, and 5 mM 4-aminopyridine (pH
7.3). The pipette solution contained 124 mM CsCl, 11 mM EGTA, 1 mM CaCl,, 2 mM MgCl,, and 10
mM Hepes (pH 7.2). The TmRhd-w-CgTx was diluted in the bath solution and applied to the cell by
pressure application from a pipette placed approximately 20 um from the cell.

SCIENCE, VOL. 244



tion of both TmRhd-succinyl-concanavalin
A and TmRhd-phosphatidylethanolamine
over the cell body surface (23). Images
obtained with TmRhd—w-CgTx and biotin—
o-CgTx were due to specific interactions; in
the presence of saturating concentrations of
native w-CgTx, labeling was reduced by
more than 80% over all parts of the neuron
(29).

Some of the hippocampal neurons (ap-
proximately 10%), particularly those show-
ing pyramidal-like morphology, were not
labeled with either TmRhd—w-CgTx or bio-
tin—w-CgTx (Fig. 2B, open arrow). Under
the same solution and clcctrozphysiological
conditions, we did not find Ca’* currents in
these neurons, although these cells were
typical of CAl hippocampal neurons in
other respects such as input resistance (>2
Gohm at —60 mV), expression of outward

rectifying  channels  (25), morphology,
MAP-2 expression, and labeling by Na*

Fig. 2. Distribution of
voltage-dependent Ca®*
channels on hippocam-
pal CAl neurons. (A to
C) Hippocampal CAl
neurons were labeled
with biotin—w-CgTx and
antibodies to MAP-2
protein (specific for den-
drites) and viewed with
phase-contrast (A), cir-
cular dityndallism (B),
and epifluorescence op-
tics (C). Circular dityn-
dallism microscopy (B)
shows the metallic de-
posits that correspond to
single Ca* channels la-
beled with biotin—w-
CgTx and decorated
with colloidal gold. In
(C), cell bodies and den-
dritic processes of the
neurons in (B) are out-
lined by MAP-2 immu-
nofluorescence. Within
this field is a neuron that
is detected by antibodies
to MAP-2 but not by
biotin—w-CgTx  (open
arrow). On neurons la-
beled with biotin—w-
CgTx, closed arrows de-
note bare or unlabeled
regions of the dendrites
where channels are ab-
sent. (D to ) Repre-
sentative digital fluores-
cence images of living
CAl hip al neu-
rons labeled by TmRhd—
o-CgTx. (D) and (G)
are video images record-
ed with phase-contrast

optics. (D) to (F) arc images from a noninnervated hippocampal CAl
neuron and (G) to (I) of a hippocampal CAl neuron that is innervated (G,
arrow) from an adjacent cell. (E) and (H) are fluorescence images of the
distribution of Ca®* channels labeled with TmRhd—w-CgTx and are the
same field as in (D) and (G), respectively. (F) and (I) are representations of
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channel or +y-aminobutyric acid (GABA)-
benzodiazepine receptor probes (26).
Using fluorescence photobleach recovery
microscopy, we measured the lateral mobil-
ity of TmRhd—w-CgTx—labeled VDCCs at
several locations on the neuron (27). Even in
the absence of synaptic contact, 70% of the
VDCCs on the cell body were immobile,
with diffusion coefficients (D) of <107'2
cm?s (Fig. 3); 30% of the VDCCs moved
at rates of (1.1 = 0.5) X 107'° cm?%s (SD,
n = 94), a value common for most mem-
brane proteins. The size of the mobile frac-
tion varied slightly with the density of the
VDCC patch; in patches of lower density,
50 = 7% of the channels were mobile and
moved at rates 30 times faster [D =
(3.7 £ 0.6) X 107° cm?¥s (SD, n = 18)]
than those found in hotspots. Photobleach-
ing on dendrites (Fig. 3) showed that great-
er than 85% of the VDCCs were immobile
[D =< 107" cm?%s (n = 56)]. However, as

on cell bodies, we consistently found that
15% of the VDCCs were rapidly mobile
with lateral diffusion rates that were high for
membrane proteins [D = (8.6 = 0.5) X
107'° ecm?s (SD, n = 56)], and close to
those values for unrestricted free diffusion.
Measurements of the lateral mobility of
TmRhd-succinyl—concanavalin A receptors
[D= (3.0 =0.7) x 1071 cm?s, 65 + 8%
mobile (SD, n = 13)], or TmRhd-phospha-
tidylethanolamine [D = (8.3 + 0.4) x 10~°
cm?/s, 89 + 9% mobile (SD, n = 14)] were
similar in every region of the neuron tested.
The different rates of mobility of VDCCs
and concanavalin A receptors indicate that
most of the VDCCs undergo greater retard-
ing influences than those that are usually
experienced by membrane proteins.

Our results suggest that the distribution
and mobility of VDCCs has some measure
of molecular specificity, since voltage-de-
pendent Na* channels are sparsely distribut-

the fluorescence images in (E) and (H), respectively, with the grey levels
displayed in color. The color scale corresponding to the grey level intensities
(from levels 32 to 256) is shown at the right, with white representing the
highest intensity. The insets in (F) and (I) show the intensity profiles of
VDCC distribution over areas of 70 um? and 50 pm?, respectively.
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Fig. 3. Lateral mobility of voltage-dependent Ca** channels on hip,
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cence photobleach recovery (FPR) curves for Ca?* channels labeled with TmRhd—»-CgTx on a CAl
neuron (14 days in culture). FPR curves were obtained at the cell body (A) or the dendrite (B) at the

indicated locations.

ed and very mobile on neuron cell bodies
[D=(1.8%04) % 107° cm?s, 98 + 5%
mobile (SD, r = 8)] but segregated and
immobilized at high density at specialized
sites along the axon (28), whereas GABA-
benzodiazepine receptors are localized and
immobilized [D =< 107! cm%s (n = 6)] on
neuronal cell bodies (29). The segregation
and clustering of VDCCs on cell bodies and
dendrites of hippocampal neurons is consist-
ent with (i) inferences from electrophysio-
logical studies showing that Ca?* conduc-
tances are concentrated at foci of high sensi-
tivity (2, 11-13), (ii) the variability in the
numbser of channels in a given patch in cell-
attached patch recordings (2, 12), (iii) intra-
dendritic recordings showing large action
potentials (30), and (iv) the mapping of
Ca®* signals with voltage- and Ca’*-sensi-
tive dyes (31).

The forces that limit the mobility of
VDCCs are likely to contribute to their
regional localization. The asymmetric distri-
bution of VDCCs could arise by surface or
intradendritic transport during neuronal
growth (32) or by selective dendritic protein
synthesis or transport of mRNA encoding
VDCCs (33). The VDCCs could be con-
fined to these regions by an intracellular
barrier limiting movement between neigh-
boring regions or through direct interac-
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tions with the cytoskeleton. Since other
proteins and lipids can diffuse freely within
dendrites or cell bodies or between these
regions, a barrier that would confine
VDCCs would have to be selective. A more
plausible alternative would be an associa-
tion of specific cytoskeletal proteins with
VDCCs in each neuronal compartment. The
localization and immobilization of Na*
channels on axons, for example, is controlled
through their association with axonal forms

of ankyrin and spectrin (34). Indeed, the

development of polarity in hippocampal
neurons is accompanied by the asymmetric
deposition of cytoskeletal proteins (35).
Whereas cytoskeletal interactions may be
responsible for immobilizing VDCCs, the
recruitment of the mobile class of VDCCs
to specific sites could confer additional plas-
ticity to the neuron (7) and could greatly
expand the neuron’s ability to orchestrate

and regulate Ca?* signaling.
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with a Zeiss Axiophot microscope. Control samples
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secondary antibodies (or both) were omitted.
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The Neuronal Growth-Associated Protein GAP-43
Induces Filopodia in Non-Neuronal Cells

Mauricio X. ZUBER, DANIEL W. GOODMAN, LARRY R. KARNS, *

MAark C. FISHMAN

The ncuron-specific protein GAP-43 is associated with the membrane of the nerve
growth cone and thus may be important to the activity of this distinctive neuronal
structure. Transient transfection of COS and NIH 3T3 cells with appropriate vectors
resulted in expression of GAP-43 in these non-neuronal cells; as in neurons, transfect-
ed GAP-43 associated with the membrane. In addition, many long fine filopodial
processes extended from the periphery of such transfected cells. Stable CHO cell lines
expressing GAP-43 also exhibited processes that were more numerous, far longer, and
more complex than those of CHO cell lines not transfected or transfected with control
plasmids. Thus GAP-43 may directly contribute to growth cone activity by regulating

cell membrane structure and enhancing extension of filopodial processes.

THE PROTEIN GAP-43 IS NEURON-
specific and is associated with the
membrane of growth cones. Al-
though its specific cellular function is un-
known, it has been proposed to be impor-
tant to growth cone function during devel-
opment and to the remodeling of neuronal
connections in the adult. Evidence in sup-
port of such a role for GAP-43 includes (i)
the coincident expression of GAP-43 with
periods of axonal elongation and regenera-

state of GAP-43 in association with long-
term potentiation (6). This protein has also
been postulated to play a role in signal
transduction at the membrane by binding
calmodulin (7) and regulating the synthesis
of phosphatidylinositol 4,5-bisphosphate
8).

To test the hypothesis that GAP-43 regu-
lates growth cone function, we introduced
expression vectors encoding rat GAP-43
into non-neuronal cells. In such cells the

tion in both mammals and amphibia, and
with neurite growth in PC12 cells (1, 2); (ii)

function of GAP-43 might be more easily

transport to, and enrichment of, the protein ?r:lvHos X “]:Bi" Iﬁ?mm“z)’mﬁ‘ﬁ‘:;hm Gen-
on membranes of the growth cone (3); (iii)  Medical Institute, Massachusetts General Hospital, Bos-

ton, MA 02114, and Harvard Medical School, Boston,
MA 02115.

*Present address: Cardiovascular Rescarch Institute,
University of California, San Francisco, San Francisco,
CA 9412].

persistence of GAP-43 expression in regions
of the adult central nervous system believed
to be important in learning and memory (4,
5); and (iv) changes in the phosphorylation

Fig. 1. Immunofluorescence of
COS-7 cells transfected with (A)
CD8 or (B) GAP-43. Mock-trans-
fected cells or cells transfected with
CD8 were generally round after
plating, although some had a few
short processes. Process extension,
as from the cell in (B), was only
seen in  cells expressing large
amounts of GAP-43, although
therc was a spectrum of shapes for
those cells with GAP-43; some cells
had smaller, longer, or fewer pro-
cesses than the cell shown here, and
some cclls did not appear different
from control cells. Bar, 10 um. The
expression vectors contained the cy-
tomegalovirus promoter with ei-
ther rat GAP-43 or CD8. The
GAP-43  expression  plasmid
(CDM8-GAP) was constructed by inserting rat GAP-43 coding sequences (14) at the Xba I site of the
plasmid pCDM8 (15). This plasmid contains the cytomegalovirus promoter, the simian virus 40
polyadenylation signal and origin of replication, and the polyoma virus origin of replication. The
expression vector encoding CD8 was of similar construction (16). Cells were transfected by DEAE-
dextran (17). After 48 hours the cells were by inization and plated on cover slips coated with
poly-p-lysine (0.1 pg/ul). The cells were fixed in 3.7% formaldehyde 1 hour after plating. Cover slips
were incubated for 1 hour in 1% normal goat serum in phosphate-buffered saline and then incubated
with cither rabbit antibody to GAP-43 (5) or the monoclonal antibody OKT8 to CD8 (American Type
Culture Collection). Appropriate secondary goat antibodies labeled with fluorescein isothiocyanate
(Cooper Biomedical) were used to detect immune complexes.

REPORTS 1193





