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Rapid Actin-Based Plasticity
in Dendritic Spines

making it difficult to resolve them by light microscopy,
which is the only means of visualizing dynamic events
in living neurons. To overcome this problem, we have
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Friedrich Miescher Institute
taken advantage of the fact that dendritic spines arePost Office Box 2543
extremely rich in actin (Fifkova and Delay, 1982; Matus4002 Basel
et al., 1982; Cohen et al., 1985) and that transfectedSwitzerland
actin accummulates at these same sites (Kaech et al.,
1997); we show here that this also occurs for actin la-
beled with green fluorescent protein (GFP), allowing theSummary
direct visualization of spine dynamics. Using this ap-
proach, we report here the direct visualization of contin-Dendritic spines have been proposed as primary sites
ual actin-driven shape changes in dendritic spines thatof synaptic plasticity in the brain. Consistent with this
are part of synaptic contacts in living hippocampal neu-hypothesis, spines contain high concentrations of ac-
rons. As well as providing a general mechanism for mor-tin, suggesting that they might be motile. To investi-
phological plasticity in spines, the unexpected rapiditygate this possibility, we made video recordings from
and extent of these changes have significant implica-hippocampal neurons expressing actin tagged with
tions for synaptic plasticity in the brain.green fluorescent protein (GFP–actin). This reagent

incorporates into actin-containing structures and al-
Resultslows the visualization of actin dynamics in living neu-

rons. In mature neurons, recordings of GFP fluores-
GFP-Labeled Actin Accurately Revealscence revealed large actin-dependent changes in
Actin-Enriched Structures in Neuronsdendritic spine shape, similar to those inferred from
GFP fusion constructs wereprepared for both the b- andprevious studies using fixed tissues. Visible changes
g-cytoplasmic actin isoforms, both of which are endoge-occured within seconds, suggesting that anatomical
nously expressed in brain and are concentrated in den-plasticity at synapses can be extremely rapid. As well
dritic spines (Kaech et al., 1997). Initially, both N- andas providing a molecular basis for structural plasticity,
C-terminally tagged constructs were tested by transfec-the presence of motile actin in dendritic spines impli-
tion in fibroblastic cells, where they labeled actin filamentscates the postsynaptic element as a primary site of
whose motile behavior could be followed in video time-this phenomenon.
lapse recordings (Figure 1A; see supplemental videos
at http://www.neuron.org/supplemental/20/5/847). GFP–

Introduction actin was also transfected into neurons where after 2
days in culture fluorescent actin was concentrated in

Dendritic spines form the postsynaptic contact sites the growth cones of nascent axons and showed the
for the majority of excitatory synapses in the central same distribution previously described for actin in fixed
nervous system (Gray, 1959; Peters et al., 1976; Parna- neurons by staining with antibodies or rhodamine-phal-
velas et al., 1977), making them ideally placed to act loidin (Figure 1B) (Yamada et al., 1970; Forscher and
as the integrators of information flow in brain circuitry Smith, 1988). Video recordings of GFP–actin fluores-
(Harris and Kater, 1994; Yuste and Denk, 1995; Shep- cence in growth cones mirrored the pattern previously
herd, 1997). Based on their strategic location as bridges described using phase or differential interference con-
between axons and dendrites, spines have long at- trast microscopy, with thin fingers of filamentous actin
tracted interest as potential mediators of the connective extending into filopodia from their leading edges (Fig-
plasticity that is believed to underlie learning and mem- ure 1B; http://www.neuron.org/supplemental/20/5/847)
ory (Eccles, 1979; Crick, 1982; Carlin and Siekevitz, (Bray and Chapman, 1985; Forscher and Smith, 1988).
1983; Calverley and Jones, 1990; Lisman and Harris, As hippocampal neurons expressing GFP–actin ma-
1993). This idea is supported by a substantial body of tured over longer times in culture, their dendrites be-
evidence indicating that changes in spine shape are came studded with increasing numbers of fluorescent
correlated with alterations in behavior occurring in a protuberances (Figure 2A), which at higher magnifica-
variety of circumstances, ranging from learning para- tion showed morphologies typical of dendritic spines,
digms to hormonal status (Ruiz Marcos and Valverde, including an actin-rich expanded head connected to the
1969; Fifkova and Van Harreveld, 1977; Coss and Glo- dendritic shaft through a narrow, more faintly fluores-
bus, 1978; Gould et al., 1990; Withers et al., 1993; Moser cent neck (Figure 2B). The appearance of these GFP–
et al., 1994; Comery et al., 1996). actin–labeled spines is the same as that previously visu-

Despite widespread interest in this phenomenon, very alized by staining spine-bearing neurons with antibodies
little is known about the cellular mechanisms that regu- against actin or rhodamine-labeled phalloidin (Matus et
late spine morphology. One reason for this is that mature al., 1982; Kaech et al., 1997; Wyszynski et al., 1997).
spines are extremely small, being 1 mm or less across, Figure 2C shows the confirmation of this identification

in fixed cells counterstained with anti-actin. The appear-
ance of GFP-labeled spines was not dectectably differ-*These authors contributed equally to this work.

†To whom correspondence should be addressed. ent from that of anti-actin–stained spines in control cells
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Figure 1. GFP-Tagged Actin Marks Actin-Containing Structures in
Living Cells

(Top) A single frame taken from a video time-lapse recording (dura-
tion, 3 hr and 15 min) of a transfected rat embryo fibroblast cell
expressing actin C-terminally labeled with green fluorescent protein
(GFP). GFP–actin incorporated into stress fibers and structures as-
sociated with ruffling membranes at the cell’s leading edge (arrow-
heads). This frame was taken 38 min from the beginning of the time-
lapse sequence shown in the supplementary video data (see http://
www.neuron.org/supplemental/20/5/847). Scale bar, 20 mm.
(Bottom) A single frame taken from a video time-lapse recording of
a transfected hippocampal neuron expressing actin N-terminally
labeled with GFP that had been in culture for 48 hr. Actin is more
highly concentrated in the growth cone compared to the axon shaft
and forms filamentous structures that penetrate into lamellipodia
(arrowheads) and are seen to be dynamic in the supplementary
video data. Scale bar, 5 mm.

from untransfected cultures (Figure 2D). Together with
previous data for epitope-labeled actin (Kaech et al.,
1997), this indicates that tagged actin effectively labels
the actin in dendritic spines without altering their mor-
phology.

Figure 2. GFP–Actin Marks Dendritic Spines in Mature Cultured
NeuronsDendritic Spines Rapidly and Continuously
(A) A single frame from a video time-lapse recording of a transfectedChange Shape
cell expressing GFP–actin that had been in culture for 3 weeks.

Time-lapse recordings of GFP fluorescence in trans- Dendritic spine heads appear as brightly stained points on the den-
fected neurons revealed that actin in dendritic spines drites. Scale bar, 10 mm.

(B) Portion of a dendrite from a cell in another culture showing theis highly dynamic. The motility of actin indendritic spines
high concentration of actin in spines (arrowheads) compared to theisanessentially dynamic property (see http://www.neuron.
dendritic shaft (arrow). Changes in the shape of these spines duringorg/supplemental/20/5/847). Instill images drawn fromthe
time-lapse recording are shown in the supplementary video datarecorded data, spine motility was represented by appre-
(http://www.neuron.org/supplemental/20/5/847). Scale bar, 2 mm.

ciable changes in spine shape that occurred between (C and D) GFP–actin expressed by transfection marks actin in den-
individual video frames taken several seconds apart dritic spines. GFP–actin–transfected (C) and untransfected (D) neu-

rons were fixed and stained with antibodies against cytoplasmic(Figure 3A). Together with the original video data, this
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Figure 3. Rapid Variation of Spine Shape Re-
vealed by Recording GFP–Actin Dynamics

(Top) The upper row shows four frames of
GFP–actin fluorescence in spines of trans-
fected hippocampal neurons, taken at the
times indicated in seconds (top right). This
data was taken from a video recording made
as a continuous stream by integrating frames
from the CCD camera for 1.5 s. The lower row
shows spine profiles corresponding to the im-
ages in the upper row, derived by applying a
thresholding routine to each frame.
(Bottom) Data from a second continuous
stream recording of GFP–actin dynamics in
spines. The original and profile images are
shown for the first frame (top left), followed
by profiles from successive frames taken at
the times shown in seconds at the top right
corner of each frame. Scale bar, 0.5 mm.

showed that spines changed shape constantly. To de- spines simultaneously in two different ways: (1) within
a box enclosing the entire spine and (2) within a smallertermine the extent of these morphological changes, we
box placed across the border of the spine (Figure 4, top).converted the original video data to outline profiles using
Another large box was used to measure the background.an edge detection function. This is shown in the bottom
Displayed graphically, the fluorescence intensities fromrow of Figure 3A, where four frames from a continuous
these boxes provide a measure of total spine actin fromrecording of GFP–actin motility in a single spine are
the larger box and events involving changes in spineshown above their corresponding computed profiles.
shape from the smaller edge box. The results show thatInitially, we recorded dynamic events in spines by
although GFP–actin fluorescence intensity for the wholetime-lapse video microscopy over periods of up to 30
spine variedonly slightly (open symbols), intensity withinmin, demonstrating that actin-based spine motility is a
the smaller box (solid symbols) underwent large excur-robust and ongoing feature of dendrite function. Subse-
sions that corresponded to the advance and retreat ofquently, we recorded at increasingly faster rates and
the GFP–actin fluorescence signal at the spine boundary.ultimately found that substantial changes in the configu-

To assess the extent of these changes, we measuredration of spine actin are detectable at even the fastest
the dimensions of spine profiles in individual videorate of recording possible, which used a 1.5 s integration
frames in two orthogonal directions. The first measure-time with no intervening delay. Changes in spine profile
ment was taken in the direction of the spine neck, ex-are more readily visible after the edge detection routine,
tended from the point where the spine joins the dendriticas shown in Figure 3B where the first 43 s of a 2 min
shaft to the edge of the head undergoing the largest

recording are shown.
excursion during recording, and the second measure-
ment was made at right angles to this at the widest

Spine Dynamics Involve Changes in Shape, Not Size point of the spine head. The ratio between these two
Assessment of multiple video recordings suggested that

dimensions provides a criterion for overall spine shape,
the primary event in dendritic spine motility involves which was repeated for every frame in each series. The
changes in spine shape rather than size. To confirm this, data in the top series shown in Figure 5 correspond to
we collected fluorescence intensity data from individual the profiles shown in Figure 3B, while the data below is

taken from a second independent recording from an-
other neuron. The results for six independentlyassessed
spines are summarized in Table 1. They show that the

actin (top). Spine dimensions and overall appearance are not de-
average length and width of the spines during the re-tectably different between transfected (left) and control (right) cells.
cordings was greater than 1 mm but less than 2 mm.The distribution of fluoresence from antibody-stained actin (top left)
While the average excursion between frames over theand transfected GFP–actin (center) overlap closely when displayed

together (bottom). Scale bar, 2 mm. duration of the recordings was between 2% and 4%, the
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Figure 5. Assessment of the Extent of Changes in Spine Shape
during Continuous Video Recording

Spine profiles were derived from continuous recordings of spine
actin dynamics, and the length and width were assessed from lines
superimposed on individual frames as displayedhere for four frames
from each of two independent recordings. The ratios of length to
width for every frame in each recording are displayed in the two
graphs.

Figure 4. Changes in Fluorescence Intensity Are Associated with
Alterations in Spine Shape

(Top) A single frame from a recording in which frames were taken small, the changes that occur over even short intervals
every 1.5 s for 150 s shows three spines from which the data dis- are surprisingly large.
played in the graphs were derived. Fluorescence intensity was re-
corded from each spine either over the entire spine (large boxes)

Shape Change in Spines is anor from the edge of the spine (small boxes). Background fluores-
Actin-Dependent Processcence was recorded from a large box placed off the cell (top left).
To establish whether these changes in spine shape were(Bottom) Graphical display of the variations in intensity over time

for each of the three spines shown above during the 3 min of re- actin-based, we exposed transfected cells to two drugs
cording. The position of the boxes was constant throughout the that interfere with actin polymerization, cytochalasin D
recording period. Each graph is numbered to identify the corre- and latrunculin B. Both compounds rapidly arrested
sponding spine in the upper panel from which the data was derived.

spine motility (Figure 6; http://www.neuron.org/suppleSolid symbols, edge boxes; open symbols, whole spine boxes; line
mental/20/5/847), and by titrating their concentrations,without symbols, background box. The original video recording for
levels were found at which cytochalasin D reversiblythis figure is available as supplementary data (see http://www.

neuron.org/supplemental/20/5/847). blocked motility without significant depolymerization of
spine actin (20 ng/ml). This can be seen at the top of
Figure 6, where frames taken from recordings either
during a control period without drug (left) or during drugmaximal excursions were 3-fold higher. The differences

between the smallest and largest measurements for treatment (right) show that there were no major changes
in spine number or overall morphology.spine length and width over the course of these 2 min

recordings ranged from a minimum of 10% to a maxi- To demonstrate these motility blocking effects in still
images, we assessed changes in fluorescence intensitymum of 31%. Thus, although spine dimensions are
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image demonstrates that cytochalasin D inhibited spineTable 1. Data for Six Dendritic Spines
profile changes.

Size Maximal Excursion We also investigated the possible involvement of ac-
Between tomyosin-based contractile events in spine motility by

Average Frames Overall treating cells with the myosin antagonists 2,3-butanedi-
one monoxime (BDM) and KT5926. Unlike cytochalasinSpine Length Width Length Width Length Width
and latrunculin, these drugs were slow in onset and

1 1.0 mm 1.8 mm 6% 7% 26% 22%
slowed, but did not completely stop, spine motility (data2 1.7 mm 1.5 mm 8% 8% 19% 29%
not shown). At the concentrations required for these3 1.2 mm 1.7 mm 8% 8% 18% 10%
effects, BDM and KT5926 are not specific to myosin,4 1.1 mm 1.2 mm 18% 11% 39% 21%

5 1.3 mm 1.0 mm 9% 11% 28% 35% so it seems likely that their mode of action is indirect.
6 1.1 mm 1.0 mm 10% 14% 20% 31% We conclude that the actin-based motility in dendritic

spines is driven mainly by polymerization.Data for six dendritic spines, based on profile measurements as
shown for the examples in Figure 5. The size columns show the
average measurements for length and width over the entire series

Dynamic Spines Are Genuineof sixty frames in each of the six recordings. The maximal excursion
Postsynaptic Structurescolumn shows the percent change in dimensions between frames

or between the smallest and largest values over the entire recording The transfected hippocampal neurons used to record
of each spine (overall). actin dynamics in spines were cultured under conditions

in which electron microscopy has shown that mature,
innervated spines are formed (Bartlett and Banker, 1984).
However, since immature dendrites make filopodia-

between consecutive frames of video recordings. This like extensions (Papa et al., 1995; Dailey and Smith,
was done by subtracting pixel values from successive 1996; Ziv and Smith, 1996), experiments were performed
frames and averaging the differences to eliminate back- to demonstrate that the motile spines we observe are
ground noise. The results, for recordings made before genuinely postsynaptic structures. To do this, we re-
and during drug treatment, are displayed at the bottom corded spine dynamics in GFP–actin–expressing cells
of Figure 6 as gray scale images. This procedure dis- and then fixed them, while still on the microscope stage,
plays sites of motility in the video recordings as dark and stained them with antibodies against several pre-
areas. Under control conditions, in the absence of drug, synaptic vesicle marker proteins, including synaptophy-
this produced multiple punctate sites along dendrites sin, synaptotagmin, and synaptobrevin, to confirm that
that corresponded to GFP–actin–labeled spines (seen they were contacted by axonal boutons. Figure 7A shows
at the top). The absence of such sites in the lower right the GFP fluorescence image from a fixed cell in which

the dynamic activity of the spines had been recorded
prior to fixation. Figure 7B shows the corresponding
image obtained by immunofluorescence staining with
antibodies against synaptotagmin, and Figure 7C shows
the combined image, revealing punctate synaptotagmin
staining adjacent to GFP–actin–containing spines (ar-
rowheads). As expected for a presynaptic marker, sy-
naptotagmin is present in varicosities scattered along
the dendrite but is absent from the dendrite itself (Fig-
ure 7B).

Discussion

Previous studies have indicated that dendritic spines
contain high concentrations of actin (Fifkova and Delay,
1982; Matus et al., 1982; Cohen et al., 1985) and we
have recently shown that the b- and g-cytoplasmic actin
isoforms, which are endogenously expressed by neu-
rons, are specifically targeted to spines (Kaech et al.,
1997). We took advantage of these circumstances byFigure 6. Drugs that Block Actin Polymerization Stop Spine Motility
expressing GFP-labeled actin in cultured hippocampal

The top row shows frames taken from a recording of labeled spines
neurons where, in agreement with our previous observa-in a single transfected GFP–actin hippocampal neuron either before
tions, it accumulated in spine heads, rendering them(left) or during (right) treatment with the actin polymerization–

blocking drug cytochalasin D. The rapid motility evident in the con- brightly fluorescent and enabling their dynamic activity
trol condition ceased during drug treatment without affecting overall to be captured by video microscopy. The results show
spine morphology. This is most clearly demonstrated in the supple- that actin in spines is highly dynamic and, more unex-
mentary video data (see http://www.neuron.org/supplemental/20/ pectedly, that the changes in spine shape driven by
5/847). To display it on the page, pixels in which changes in fluores-

actin are large in relation to their size and and also rapidcence intensity occured were averaged over 5 min of the control
on an absolute time scale.period (bottom left) or during drug treatment (bottom right) and

displayed as gray scale images. Scale bar, 10 mm. Changes in spine morphology were essentially limited
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shows that the effects we observe are not the result of
extraneous physical effects, such as thermal fluctua-
tions, and at the same time identifies actin polymeriza-
tion as the molecular mechanism responsible for changes
in spine morphology. Further staining with antibodies
against presynaptic marker proteins showed that motile
spines are contacted by vesicle-containing axonal bou-
tons, a result that is in agreement with previous studies
showing that spines on hippocampal neurons cultured
for several weeks are involved in mature synaptic con-
tacts (Bartlett and Banker, 1984).

Given these now demonstrated rapid dynamics of
spines, how might this affect synaptic efficacy? Two
frequently discussed possibilities are that changes in
spine shape may alter the influence of postsynaptic cur-
rents on the dendrite or that they affect second messen-
gers, such as calcium, that are concentrated in spines
(Lisman and Harris, 1993; Koch and Zador, 1993; Harris
and Kater, 1994; Yuste and Tank, 1996). Further possibil-
ities emerge from evidence that the state of actin poly-
merization influences the channel properties of NMDA-
type glutamate receptors (Rosenmund and Westbrook,
1993). Ca21 entering through NMDA receptor channels
could initiate a feedback loop in which actin-driven
changes in spine shape influence the efficacy of trans-
mission at individual synapses. Calcium-sensitive in-
teractions between the actin-binding protein a-actinin

Figure 7. Motile Spines Are Contacted by Presynaptic Terminals and subunit proteins of the NMDA receptor (Wyszynski
et al., 1997) provide a further possibility for a regulatoryFluorescence images of a dendrite segment from a GFP–actin–

expressing hippocampal neuron with motile spines that was fixed in mechanism connecting spine actin to postsynaptic
the observation chamber and counterstained with antibody against function.
synaptotagmin to locate presynaptic specializations. The surprisingly large extent of the shape variations
(Top) GFP fluorescence image showing bright GFP–actin–containing

we observe also warrants consideration in relation tospines (arrowheads) on the more faintly fluorescent dendrite.
anatomical plasticity at the synapse. While it has been(Center) Anti-synaptotagmin staining of the same field showing vari-
widely assumed that alterations in neuronal connectivitycosities (arrowheads) running along the surface of the unstained

dendrite. must occur to account for the durability of memory, the
(Bottom) Combined image showing synaptotagmin-containing vari- growing axons and dendrites that would be necessary
cosities (red) apposed to GFP–actin–containing spines (green). The for major readjustments in circuitry have not been found
arrowheads are inregister betweenthe frames to indicate alignment. in the adult nervous system. By contrast, changes in the
Scale bar, 2 mm.

shape, number, or density of dendritic spines following
behavioral manipulations have beenfound inmany stud-
ies involving a wide variety of animal species (e.g., Ruiz

to shape: over recording periods of up to 30 min, spines Marcos and Valverde, 1969; Fifkova and Van Harreveld,
did not disappear or change noticeably in either volume 1977; Coss and Globus, 1978; Calverley and Jones,
or density. Alterations in spine size and density have 1990; Withers et al., 1993; Moser et al., 1994; Sunanda
been reported in both intact brain and organotypic brain et al., 1995; Comery et al., 1996). In this respect, the
slice cultures, but these typically occurred over a time most intriguing aspect of our results is the rapidity of
scale of days (Hosokawa et al., 1992; Muller et al., 1993; shape changes in spines, with substantial alterations in
Buchs and Muller, 1996), suggesting that changes in the dimensions of individual spines being evident in the
shape and those in size or number represent two distinct 1.5 s gap between successive recorded frames. This
processes occupying different time scales. Although raises the possibility that the configuration of synaptic
overall volume remained constant, spines manifested connections in the brain is in a constant state of actin-
surprisingly large excursions in their linear dimensions, driven readjustment. It has been speculated that changes

in spine morphology might bridge the gap between theranging from 10% to over 30% over a 2 min period of
electrophysiological events of sensory perception andrecording and being as large as 10% between succes-
the initial events of memory formation (Crick, 1982). Oursive images of single spines that were separated by only
results are consistent with this conclusion, and the pos-1.5 s. Although they are small in absolute size, these
sibility of visualizing cytoskeletal plasticity in dendriticchanges are large when considered in relation to the
spines using the techniques described here may nowdimensions of the synapse. Seen within the context of
allow this hypothesis to be tested.synaptic elements in the brain neuropil, a 10% change

in spine dimensions could represent a substantial alter-
Experimental Proceduresation in functional connectivity.

Spine motility also ceased rapidly when cultures were Materials and Constructs
treated with drugs that block actin polymerization and Cytochalasin D and 2,3-butanedione monoxime (BDM) were ob-

tained from Sigma (St. Louis, MO); latrunculin B and KT5926 wererecovered rapidly when these drugs were removed. This
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obtained from Calbiochem (San Diego, CA).Mouse monoclonalanti- Calverley, R.K.S., and Jones, D.G. (1990). Contributions of dendritic
spines and perforated synapses to synaptic plasticity. Brain Res.bodies against synaptotagmin were kindly provided by Dr. T.
Brain Res. Rev. 15, 215–249.Schaefer (Friedrich Miescher Institute, Basel), and purified IgG from

rabbit polyclonal antibodies against cytoplasmic actins were kindly Carlin, R.K., and Siekevitz, P. (1983). Plasticity in the central nervous
provided by Prof. U. Groeschel-Stewart (Technical University, Darm- system: do synapses divide? Proc. Natl. Acad. Sci. USA 80, 3517–
stadt, Federal Republic of Germany). Both were detected using 3521.
appropriate Cy3-coupled secondary antibodies (Amersham, Zurich). Cohen, R.S., Chung, S.K.,and Pfaff, D.W. (1985). Immunocytochemi-
GFP-tagged actins were prepared using plasmids carrying b- or cal localization of actin in dendritic spines of the cerebral cortex
g-cytoplasmic actin cDNAs under the control of a b-cytoplasmic using colloidal gold as a probe. Cell. Mol. Neurobiol. 5, 271–284.
actin promoter (Kaech et al., 1997). The GFP coding region of Comery, T.A., Stamoudis, C.X., Irwin, S.A., and Greenough, W.T.
pEGFP-N1 (Clontech, Palo Alto, CA) was fused in frame to the actin (1996). Increased density of multiple-head dendritic spines on me-
coding region either directly at the N terminus or at the C terminus dium-sized spiny neurons of the striatum in rats reared in a complex
after an 11 amino acid linker from vesicular stomatitis coat virus environment. Neurobiol. Learn. Mem. 66, 93–96.
protein (Kaech et al., 1997).

Coss, R.G., and Globus, A. (1978). Spine stems on tectal interneu-
rons in jewel fish are shortened by social stimulation. Science 200,

Cell Culture, Transfection, and Microscopy 363–374.
The rat embryo fibroblast cell line REF52 was grown under standard

Crick, F. (1982). Do dendritic spines twitch? Trends Neurosci. 5,
conditions in DMEM with 10% fetal calf serum. Cells were plated

44–46.
onto glass coverslips and transfected with plasmid DNA using Lipo-

Dailey, M.E., and Smith, S.J. (1996). The dynamics of dendritic struc-fectamine (Life Technologies, Basel). After the cells reached conflu-
ture in developing hippocampus. J. Neurosci. 16, 2983–2994.ency, a scrape mark was made in the monolayer, and migrating
Eccles, J.C. (1979). Synaptic plasticity. Naturwiss. 66, 147–153.cells were imaged at the edge of the wound over a period of several

hours. Fifkova, E., and Van Harreveld, A. (1977). Long-lasting morphological
Neuronal cultures from E19 rat hippocampus were prepared and changes in dendritic spinesof dentate granular cells following stimu-

transfected as described (Kaech et al., 1995) and maintained in lation of the entorhinal area. J. Neurocytol. 6, 211–230.
culture on glass coverslips for 3 weeks. For microscopy, they were Fifkova, E., and Delay, R.J. (1982). Cytoplasmic actin in neuronal
mounted in purpose-built observation chambers (Type 1, Life Im- processes as a possible mediator of synaptic plasticity. J. Cell Biol.
aging Services, Olten, Switzerland) and imaged at 378C on a Leica 95, 345–350.
DM-IRBE inverted microscope using high numerical aperture oil- Forscher, P., and Smith, S.J. (1988). Actions of cytochalasins on
immersion lenses and a GFP-optimized filter set (Chroma Technol- the organization of actin filaments and microtubules in a neuronal
ogy, Brattleboro, Vermont). Images werecaptured using a MicroMax growth cone. J. Cell Biol. 107, 1505–1516.
cooled CCD camera (Princeton Instuments, Trenton, NJ) and Meta-

Gould, E., Woolley, C.S., Frankfurt, M., and McEwen, B.S. (1990).Morph Imaging Software (Universal Imaging Corporation, West
Gonadal steroids regulate dendritic spine density in hippocampal

Chester, PA). Except where otherwise stated, images were taken
pyramidal cells. J. Neurosci. 10, 1286–1291.

every 15 s with a 2 s exposure using neutral density filters to prevent
Gray, E.G. (1959). Electron microscopy of synaptic contacts on den-photo damage. Drugs were applied in glia-conditioned medium by
drite spines of the cerebral cortex. Nature 183, 1592–1593.gravity-feed perfusion. For detection of presynaptic specializations,
Harris, K.M., and Kater, S.B. (1994). Dendritic spines: cellular spe-imaged cells were fixed directly in the observation chamber by
cializations imparting both stability and flexibility to synaptic func-perfusion with 4% paraformaldehyde in phosphate-buffered saline
tion. Annu. Rev. Neurosci. 17, 341–371.followed by indirect immunofluorescence staining with antibodies

against synaptotagmin. Hosokawa, T., Bliss, T.V., and Fine, A. (1992). Persistence of individ-
ual dendritic spines in living brain slices. Neuroreport 3, 477–480.

Kaech, S., Kim, J.B., Cariola, M., and Ralston, E. (1995). ImprovedImage Analysis
lipid-mediated gene transfer into primary cultures of hippocampalStill images from individual frames of original video recordings were
neurons. Mol. Brain Res. 35, 344–348.prepared using Metamorph 2.75 (Universal Imaging, West Chester,

PA), and the panels were assembled with Adobe Photoshop. Spine Kaech, S., Fischer, M., Doll, T., and Matus, A. (1997). Isoform speci-
profiles for Figure 3 were derived from thresholded images using ficity in the relationship of actin to dendritic spines. J. Neurosci. 17,
the Sobel edge detection function in the Metamorph image analysis 9565–9572.
suite. Overall intensities of regions indicated by the white frames in Koch, C., and Zador, A. (1993). The function of dendritic spines:
Figure 4 were directly logged to Microsoft Excel for analysis. The devices subserving biochemical rather than electrical compartmen-
length of spine heads was measured on thresholded images by talization. J. Neurosci. 13, 413–422.
laying the axis through the neck region as to reflect the largest Lisman, J.E., and Harris, K.M. (1993). Quantal analysis and synaptic
change observed during the course of the recording, while the width anatomy—integrating two views of hippocampal plasticity. Trends
scan axis was laid perpendicularly at the widest point of the spine Neurosci. 16, 141–147.
head. To visualize the effect of cytochalasin, arithmetic difference Matus, A., Ackermann, M., Pehling, G., Byers, H.R., and Fujiwara,
images of 20 subsequent frames from recordings made prior to or K. (1982). High actin concentrations in brain dendritic spines and
during drug treament were averaged and inverted. Background lev- postsynaptic densities. Proc. Natl. Acad. Sci. USA 79, 7590–7594.
els of the resulting pictures were scaled to display the averaged

Moser, M.B., Trommald, M., and Andersen, P. (1994). An increasedifferences in the original images as dark pixels.
in dendritic spine density on hippocampal CA1 pyramidal cells fol-
lowing spatial learning in adult rats suggests the formation of new
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