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Rapid Dendritic Remodeling in the Developing Retina: Dependence
on Neurotransmission and Reciprocal Regulation by Rac and Rho

Wai T. Wong, Beverly E. Faulkner-dones, Joshua R. Sanes, and Rachel O. L. Wong

Department of Anatomy and Neurobiology, Washington University School of Medicine, St. Louis, Missouri 63710

We demonstrate that within the intact and spontaneously active
retina, dendritic processes of ganglion cells exhibit rapid and
extensive movements during the period of synaptogenesis.
Marked restructuring occurs in seconds, but structural changes
are relatively balanced across the dendritic arbor, maintaining
overall arbor size and complexity over hours. Dendritic motility
is regulated by spontaneous glutamatergic transmission. Both
the rate and extent of the movements are decreased by antag-
onists to NMDA and non-NMDA glutamate receptors but are
unaffected by tetrodotoxin, a sodium channel blocker. The

dendritic movements are actin dependent and are controlled by
the Rho family of small GTPases. Transfection of dominant-
negative and constitutively active mutants into ganglion cells
showed that Rac and Rho exert reciprocal effects on moatility.
We suggest that the Rho family of small GTPases could inte-
grate activity-dependent and -independent signals from affer-
ents, thereby adjusting target motility and maximizing the
chance for initial contact and subsequent synaptogenesis.
Key words: dendritic development; process motility; synap-
togenesis; Rho; Rac; spontaneous activity; retinal ganglion cells

During embryogenesis, axons grow, often over long distances, to
reach their targets, after which their growth cones form synapses.
In this classic picture of synaptogenesis, derived primarily from
static images and studies in vitro, the axon is viewed as the active
partner, and the dendrite is viewed as its passive target. Indeed,
axonal growth cones are elaborate sensorimotor structures that
sense and integrate cues in their environment, extend filopodia,
form intercellular attachments, and actively remodel as synapses
form and mature (for review, see Mueller, 1999). However, not
only extending axons but also developing dendrites bear filopodia
(Vaughn et al.,, 1974; Berry and Bradley, 1976; Vaughn, 1989).
Moreover, S. J. Smith and colleagues have directly visualized
dendritic filopodia extending toward and initiating contact with
ingrowing afferents in hippocampal cell cultures in vitro (Cooper
and Smith, 1992; Dailey and Smith, 1996; Ziv and Smith, 1996)
and in zebrafish embryos in vivo (Jontes et al., 2000). These
observations raise the possibility that dendrites are more active
participants in synaptogenic interactions than imagined previ-
ously. We therefore undertook studies aimed at obtaining a more
complete view of how dendrites move, particularly during the
period of synaptogenesis, in active circuits.

We chose to examine dendritic remodeling in the developing
vertebrate retina. The retina is a suitable preparation for this
study because it can be isolated as an intact sheet of tissue without
disrupting its structure or function. In particular, we focused on
the output neurons of the retina, the ganglion cells, in embryonic
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chick retina at the time that synapses are formed onto ganglion
cell dendrites. By labeling developing ganglion cells with green
fluorescent protein (GFP), we were able to follow dendritic re-
modeling within an intact circuit and to characterize its dynamic
nature. We also assessed the role of intercellular communication
in regulating dendritic remodeling. Specifically, we examined the
role of endogenous glutamatergic neurotransmission during the
time that glutamatergic synapses are formed onto ganglion cell
dendrites. Our results indicated that dendritic remodeling in the
developing retina is prominent and rapid, with terminal processes
moving at rates of up to 10 wm/min. These rapid movements are
regulated by afferent neurotransmission; blockade of glutamater-
gic transmission suppresses dendritic motility and decreases the
total dendritic length and the number of branch points in the
dendritic tree. This indicated that glutamatergic signaling occur-
ring in developing retinal circuits is important in increasing the
rate of dendritic remodeling and maintaining the dendritic struc-
ture of the arbor.

We were also interested in the intracellular mechanisms that
underlie rapid remodeling. Because terminal dendritic processes
contain a dense actin matrix (Matus et al., 1982; Markham and
Fifkova, 1986), we examined the involvement of actin, as well as
the Rho family of small GTPases, in the regulation of dendritic
remodeling. This family of molecules, of which Rac and Rho are
members, is a group of prominent intracellular regulators of
signaling pathways that mediate changes in actin organization in
response to extracellular cues (Ridley and Hall, 1992; Ridley et
al., 1992; Nobes and Hall, 1995). Our results here show that rapid
dendritic remodeling is an actin-dependent process and is recip-
rocally regulated by Racl and RhoA that exert mutually antago-
nistic effects. Thus, these molecules may serve as a nodal point at
which extracellular signals can be integrated to regulate precisely
dendritic behavior for the establishment and regulation of syn-
aptic contacts.

MATERIALS AND METHODS

Retinal explant preparation. Embryonic day 12 (E12)-E13 chick embryos
were decapitated and enucleated. Eyecups were immersed in oxygenated,
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ice-cold Ringer’s solution (2 mm CaCl,, 5 mm KCl, 2 mm MgCl,, 124 mm
NacCl, 1.25 mm KH,PO,, 20 mM glucose, and 20 mMm HEPES). Retinas
were dissected from the eyecups and then mounted on black Millipore
filter paper (HABPO045) with the ganglion cell layer uppermost as de-
scribed previously (Wong et al., 1998).

Particle-mediated gene transfection. The mounted retinas were trans-
fected immediately after dissection using the Helios Gene Gun (Bio-
Rad, Hercules, CA). In this method, DNA to be transfected is precipi-
tated onto tiny gold particles that are then propelled into the nuclei of
cells using a high-pressure helium stream (Lo et al., 1994). The prepa-
ration of DNA-coated gold particles was performed according to the
manufacturer’s recommendations. Typically, for transfections, a total of
1 png of DNA, coated onto 0.5 mg of gold particles (diameter, 1.0 wm),
was used in the transfection of each retinal piece. For cotransfection of
GFP with the Rac and Rho mutants, DNA coding for GFP (or yellow
fluorescent protein; Clontech, Cambridge, UK) and for the small GT-
Pase was mixed in a 1/2.3 ratio and coprecipitated onto the gold particles.
The myc-tagged dominant-negative and constitutively active mutants of
Rac and Rho were obtained from Dr. Alan Hall (University College,
London, UK). Transfections into the ganglion cell layer of the retina
were performed at pressures of 30—40 psi, and the retinal explants were
subsequently incubated in oxygenated Ringer’s solution at 30°C over-
night. GFP expression was first detected after 6 hr, and complete labeling
of ganglion cell arbors occurred by 10 hr. The retinae remained viable for
>36 hr after transfection, as assessed by dendritic morphology and
spontaneous activity. The morphologies of cells obtained with GFP
labeling were comparable with those obtained by 1,1’-dioctadecyl-
3,3,3",3'-tetramethylindocarbocyanine  perchlorate (Dil; Molecular
Probes, Eugene, OR). This indicates that GFP in the cytoplasm is
unlikely to be compartmentalized but is instead distributed throughout
the dendritic tree.

Time-lapse imaging. Transfected retinas with labeled cells were trans-
ferred to a stage-mounted, temperature-controlled (34°C) chamber
through which oxygenated Ringer’s solution was continuously superfused
(30-60 ml/hr). Ganglion cells with well resolved arbors were chosen for
time-lapse confocal imaging using the Bio-Rad Multiphoton Imaging
System (MRC 1024M). GFP-labeled cells were excited using the 488 nm
line of a krypton—argon laser (1-3% output), and the emitted light was
viewed through a 522/35 nm filter. Images of live cells were typically
viewed using 40X [numerical aperture (NA), 0.8] and 60X (NA, 0.9)
water-immersion objectives (Olympus). Time-lapse images of entire den-
dritic arbors were reconstructed as a sequence of z-projections from
stacks of optical sections spanning the entire z-dimension of the cell
captured every 20-30 min. Rapid time-lapse imaging to follow the
continuous movement of individual processes was performed by captur-
ing single-plane images every 3-5 sec with additional electronic zoom
factors of two to eight that result in an overall pixel size of ~0.2 um (40X
water objective; NA, 0.8; Olympus). In these recordings, however, the
confocal aperture was fully open, so that it was possible to distinguish
between processes that moved within the x—y plane versus those that
traversed out of the plane of focus.

Several observations indicate that the structural changes we describe
are not movement artifacts. First, because stacks of confocal images
spanning the entire dendritic arbor in all three dimensions were analyzed
at each time point, we could reliably determine whether a new terminal
dendrite was added, eliminated, extended, or retracted in length. Second,
in the fast time-lapse recordings in which a section of the dendritic arbor
was imaged with a wide-open aperture, we did not detect significant focal
drift in any direction. In these recordings, the primary and secondary
branches always remained within the focal plane and exhibited little
structural change, whereas small terminal processes showed considerable
movements within the x-y plane. There are a few processes that show
movements in the z-direction and may even move out of the plane of
focus, but these can be clearly identified and are not included in our
quantitations. In addition, there were also adjacent processes that showed
differing movements; one may remain stable, whereas another a few
micrometers away shows marked motility. These observations cannot be
accounted for by a focus drift in the z-direction, as evident from a simple
inspection of the movies of such time-lapse recordings (see Fig. 2 for
example). Third, the stability of our recordings is also evident in situa-
tions in which motility is completely arrested and the processes remained
in focus, without any focal readjustments, after superfusion of agents
preventing actin polymerization and depolymerization (see results in
Fig. 7).

The dendritic movements that we have observed using these imaging
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methods are also unlikely to arise from deleterious cellular effects re-
sulting from the axotomy of the ganglion cells because we did not observe
deterioration in their spontaneous activity or dendritic motility over
hours in vitro. In addition, interneurons (amacrine cells) that do not
project into the optic nerve also exhibited similar morphological dynam-
ics. The dendritic movements are also unlikely to be induced by photo-
toxicity. We typically captured images using a laser intensity at least 10
times less than that that results in blebbing changes in dendrites. In
addition, the movements occurred immediately after laser scanning and
continued at a similar rate throughout the recording period. Importantly,
addition of new dendritic processes continued until the end of the
recording periods (typically ~3 hr or more in duration). Single images
taken at widely spaced times also suggest that morphological changes
continue to occur in the absence of frequent irradiation. In addition, the
dynamics observed using confocal microscopy were similar to that ob-
served using two-photon microscopy that produces little photodamage
(data not shown). We chose to use confocal microscopy to image rapid
dynamics because single-plane confocal images captured with a widely
open aperture afforded a deeper plane of sectioning than did those
obtained using two-photon microscopy. This enabled us to follow more
successfully dendritic movements that have a significant length compo-
nent in the z-direction. Finally, the movements were unlikely to be a
complication of GFP expression or a result of culturing conditions
because Dil-labeled cells in acutely isolated retinae displayed similar
dynamics (W. B. Gan, J. Grutzendler, W. T. Wong, R. O. L. Wong, and
J. W. Lichtman, unpublished observations).

Calcium imaging. To record spontaneous activity, retinac were loaded
with the calcium indicator dye fura-2 AM (Wong et al., 1998) and imaged
using two-photon microscopy (excitation wavelength of 775 nm). Single
optical sections were taken every 3 sec, and the changes in fluorescence
with time in selected cells were measured using MetaFluor (Universal
Imaging Corporation, West Chester, PA). Confocal images of GFP-
labeled cells were merged with the fura-2 images to observe structural
motility and spontaneous activity in the same cell.

In pharmacological experiments, time-lapse series were collected
before and during the superfusion of solutions in which the agents
were dissolved. Pharmacological agents were a kainate/AM PA receptor
antagonist, 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-
sulfonamide (NBQX; Research Biochemicals, Natick, MA), an NMDA
receptor antagonist, (+)-2-amino-5-phosphonopentanoic acid (D-APV;
Research Biochemicals), NMDA (Sigma, St. Louis, MO), tetrodotoxin
(TTX; Sigma), and nickel chloride (Sigma). Inhibitors of actin polymer-
ization, cytochalasin D, cytochalasin B, and latrunculin A, were obtained
from Sigma.

Data analysis. Measurements of dendritic process lengths were per-
formed on two-dimensional projections in the z-direction. Although the
retinal arbors show a general horizontal orientation, this approximation
may underestimate the lengths of some of the processes. The analysis of
dendritic lengths was performed using image analysis software (Meta-
morph; Universal Imaging Corporation). To follow the length of a
process over time, we measured the distance of the process tip to its base
in each image separately. Processes that extended significantly out of the
plane of focus (tips became fuzzy) were not included in the analysis. The
lifetime of an individual process was estimated to be the total period
across a recording that the process was evident. The rate and extent of
dendritic movements were computed by following the changes in the
length of an individual process across the recording period or, for
nonpersistent processes, the duration over which the process was evident.
Subsequently, to lower the noise inherent in the measurements (because
of exact placement of the cursor at the tip or base, within 1-2 pixels, from
measurement to measurement), the length of a process at a single time
point was computed as a moving average over three consecutive time
points. We calculated the mean rate of an individual process as:

M= DLy — LD,

t=0

where L, is the calculated process length at time point ¢, n is the total
number of time points, and D is the total time for which a process was
monitored. The average rate for multiple processes followed in this
manner was calculated as the average of the mean rates for each process.
The instantaneous rate at time ¢ was calculated as:

M; = |(Lz+l - Ll>|/At7
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Figure 1.

Dendritic remodeling occurs throughout the entire arbor. A, B, Extended-focus (z-projection) confocal images of an E12 ganglion cell taken

3 hr apart are shown. Structural changes include extensions (ex), retractions (r), addition of new processes (), and elimination of previously existing
processes (el ). Some processes also remain stable (s) across this period. C, Superposition of 21 time-lapse extended-focus images of the same cell,
captured at 0.5 hr intervals, for a total recording period of 10 hr is shown. The different colors represent the position occupied by the dendritic tree at
different time points, with the cooler colors corresponding to earlier time points and the warmer colors to later ones. A movie (dendrite.avi) of the
consecutive frames can be viewed at http://thalamus.wustl.edu/wonglab/images/dendrite.avi. D, The sum of all 21 images marks all the positions in space
traversed by dendritic processes during the recording period. The dendritic volume occupied by the cumulative image in D is markedly greater than that

of the instantaneous image in A4.

where At is the interval between time points. The average or mean rate
of movement across a population of processes is simply the sum of the
individual rates divided by the number of processes. The extent of
movement across the recording period (250 sec) was computed as the
difference between the maximum and minimum observed lengths for a
particular process. The average extent of movement (averaged across a
population of processes) is the sum of the individual “extents” divided by
the number of processes.

RESULTS

Dendritic remodeling in ganglion cells is extensive

and rapid

Our recordings reveal an extensive reorganization of dendritic
structure that is appreciable between consecutive frames (n = 30
cells examined). At 0.5 hr intervals, for a total of 10 hr, dendritic
changes were comprised of extensions and retractions of pro-
cesses, as well as the addition of new processes and the elimina-
tion of existing processes (example shown for two time points in
Fig. 14,B). These different forms of reorganization occurred
simultaneously in all parts of the dendritic tree and were robust
for the duration of the recording (Fig. 1C). A superposition of the
images captured across the recording period demonstrates that

the extent, rate, and distribution of dendritic movements allow
dendritic processes to traverse in a few hours a much larger
volume in space than that occupied at any single point in time
(Fig. 1, compare A, D). In addition, this figure illustrates how
dendritic motility is primarily restricted to tertiary branches;
primary and secondary branches move little if at all, and the
overall shape of the arbor is not greatly affected by the motility of
its terminal branches.

Subsequently we obtained images of the dendrites at more
frequent time intervals to determine whether the structural
changes we observed across the arbor actually occurred more
rapidly. To follow the changes in structure completely, we cap-
tured confocal images of individual dendritic processes at high
magnification, every 3-5 sec over a period of 4-16 min. In these
recordings, the confocal aperture was fully opened, so that pro-
cesses leaving the plane of focus could be distinguished from
those that remained within the focal plane during the period of
recording. Over 100 such recordings were obtained. Figure 24,
left, shows a portion of a dendritic arbor followed in this way.
These fast time-lapse recordings revealed that most processes
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Figure 2. Movements of individual dendritic pro-
cesses are highly rapid and diverse. A, Left, Con-
focal image of a dendritic branch of an E12 gan-
glion cell captured at high magnification. Right,
Time-lapse images of processes on the same pri-
mary dendrite, indicated by arrows in the left
panel. The interval between frames is 10 sec. Pro-
cess 1 is relatively stable. Adjacent processes show
motility of different kinds, with process 2 exhibit-
ing small changes in its length in the same time
that process 3 appears de novo and then retracts
completely. Process 4 is an example of a continu-
ous and progressive extension. A movie (filopodia.
avi) of the consecutive frames can seen at http://
thalamus.wustl.edu/wonglab/images/filipodia.avi.
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changed markedly in length and shape over seconds. Neighboring
processes on a dendritic branch exhibited varied behaviors; addi-
tion, extension, elimination, and retraction of processes were
observed (Fig. 24, right). A minority (~6%) of processes, how-
ever, remained relatively stationary (rate < 0.5 wm/min) through-
out the period of observation. In addition, individual processes
were moved at different rates and directions during the course of
the recording. Also, although some processes persisted through-
out the recording period, others were transient. Figure 2B illus-
trates the behavior of eight processes from a single dendritic
arbor during a 1000 sec recording period. In all recordings,
individual processes appeared to behave independently irrespec-
tive of their neighbors.

Having observed continuous movements in each process, we
used two parameters to quantify their dynamics. First, we calcu-
lated the rate of movement, which is the sum of the length changes
exhibited by a process across the recording period divided by the
time that the process was present (defined mathematically in
Materials and Methods). This parameter gives an indication of
how quickly a particular process moves. Second, we measured the
extent of movement, which is defined as the difference between
the maximum and minimum lengths exhibited by a process across
the recording period of 250 sec. This parameter reflects the
“reach” achieved by a process over a few minutes.

The rate of movement averaged across 188 processes from 14
cells was 1.33 = 0.89 um/min (mean * SD). Mean rates for
individual processes ranged up to 5 wm/min, and maximum
instantaneous rates (see Materials and Methods) reached 10

600 800 1000

T T B, Length-versus-time plots for eight other repre-

sentative processes from different parts of the cell
shown in A4 (left), illustrating the diversity and rate
of dynamic movements.

pm/min. The average extent of movement by a process over this
period was 1.88 = 1.53 wm, which is ~50% of the average process
length (3.91 = 3.30 wm; n = 100). Moreover, if we estimate a
process to have a cross-sectional area of 0.5 um?, then the tip of
an average process would traverse in 250 sec a volume of 0.94
pm? (0.5 pm? X 1.88 um), 50% of the volume of an average
process (0.5 um? X 3.91 um = 1.96 um?). By moving at the
average rate of 1.33 um/min, the dendrite would sample each
portion of that volume approximately three times in 250 sec
(1.33/1.88 X 250/60 = 2.95). Although imprecise, these calcula-
tions show that dendritic movements enable processes to cover an
expanded volume around themselves (illustrated also in Fig. 1D),
potentially increasing the probability of contact with nearby
afferents.

Restructuring events are balanced across the

dendritic arbor

How do the rapid dendritic movements that occur over seconds to
minutes relate to the change in the overall size and complexity of
the dendritic arbor over hours? To address this issue, we moni-
tored changes in entire arbors by capturing images every 20 min
for 3 hr (n = 4 cells). We observed that the number and the size
of additions to the arbor in each interval were closely matched to
the number and the size of the losses (example shown in Fig.
34-C). To test the possibility that an apparent balance actually
reflects separate large areas of addition and elimination of pro-
cesses, we calculated the number of branch points of the arbor
separately for the central and peripheral halves of each cell.
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Figure 3. Rapid dendritic motility results in extensive remodeling while maintaining the overall size and complexity of the dendritic arbor. A, The
z-projection of the confocal image stack capturing the entire arbor of an E12 ganglion cell at the start of a time-lapse recording. This image thus
represents the three-dimensional reconstruction of the arbor at one time point. B, C, Difference images generated by digitally subtracting the image in
A from the z-projection of an image stack captured 1 hr later. The black areas in B indicate dendritic structures that have been added or have undergone
extension in the intervening hour, whereas the black areas in C indicate structures that have been eliminated or have undergone retraction. The white
areas in both B and C indicate dendritic structures that were unchanged. Note that the relative amount and distribution of the structures added (B) and
taken away ( C) are approximately balanced. D, Plot of the total number of branch points and the number of branch points in the central and peripheral
halves of the dendritic tree. Central and periphery halves of the tree are separated by the line bisecting the midpoints of radii extending from the soma
to the perimeter of the arbor. E, Histogram representing the change in the number of branch points with time. White bars (addition) indicate the number
of novel branch points added at that time point (i.e., those not observed at the preceding time point), whereas hatched bars (elimination) indicate those
eliminated since the preceding time point. Dark bars (net) indicate the difference between additions and eliminations. F, Percent change in the total
dendritic length (TDL) of four cells (each cell represented by a different symbol ) as a function of time, illustrating the relative constancy in the total length

despite extensive dendritic movements occurring across this period.

Although many branch points were added and eliminated be-
tween consecutive time points, the net change in the overall
number of branch points in both the central and peripheral halves
of the arbor was close to zero (Fig. 3D,E). This trend is also
present in the total dendritic length of the arbor (Fig. 3F; n = 4
cells); the net change in dendritic length between the time points
was small compared with the total dendritic length of the tree
(averaging 3.25 * 0.95% for four cells over the periods of record-
ing). Thus, despite considerable local change over seconds, the
total dendritic length remained surprisingly constant over the
time scale of a few hours. Taken together, our results indicate that
the rapid restructuring is balanced across the arbor to maintain
relatively constant not only the size but also the complexity of the
tree over the time scale of a few hours. Although dendritic trees
appeared immature at this stage (E12-E13) in comparison with
those in the posthatchling (Thanos et al., 1992), we estimate that
the overall growth and elaboration of the ganglion cell dendritic
arbor proceed at a much slower rate (many hours to days) than
the rate of dendritic remodeling (seconds to minutes). Therefore,
the rapid movements observed on a short time scale do not result
in a rapid net growth and elaboration of the dendritic tree but

rather serve to distribute dendritic processes rapidly throughout
the space around the arbor.

Dendritic motility is developmentally regulated

To determine whether the rapid dendritic movements observed
in E12-E13 retinal ganglion cells are a feature of immature
cells undergoing synaptogenesis, we compared the motility of
the dendrites in this early age group with that in older retina
at a stage when synaptogenesis in the inner plexiform layer is
relatively more advanced (E15-E16) (Hughes and LaVelle,
1974; Hering and Kroger, 1996). It is evident from Figure 4
that, although many processes at E12-E13 moved at rates >2.0
pm/min, at E15-E16, the processes moved at rates below this
value. Processes from E12 to E13 cells moved at an average
rate of 1.54 = 0.11 wm/min (£ SE), whereas at E15-E16, the
average rate was 0.84 = 0.04 um/min. The difference in the
average rate of movement between these two age groups was
also statistically significant (Mann-Whitney U test, p <
0.0001). Thus, the dendritic motility appears to be develop-
mentally regulated, being prominent during the time of active
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Figure 4. Developmental regulation of dendritic motility. Frequency
histograms showing the distribution of the rates of movements of den-
dritic processes of cells from two periods of development [E12-E13 (top);
E15-E16 (bottom)]. The number of cells = 9 for E12-E13 and 8 for
E15-E16; the number of processes = 83 for E12-E13 and 50 for E15-E16.

synaptogenesis, but becomes downregulated as synapses form
and mature.

Dendritic remodeling occurs in spontaneously

active cells

In previous studies, we showed that retinal ganglion cells at the
ages studied here exhibit spontaneous rhythmic-bursting activity
that propagates horizontally across the retina in the form of
waves (Wong et al., 1998). To confirm that rapid dendritic change
occurs in cells that are physiologically intact and that neurotrans-
mission continues in the retinae after biolistic delivery of the
particles, we used two-photon calcium imaging to examine the
activity of cells in the GFP-transfected retinae. We found that
GFP-labeled ganglion cells fired in synchrony with their untrans-
fected neighbors (Fig. 5). Thus the restructuring events we ob-
served are likely to be representative of those occurring in intact
circuits. In addition, it raises the possibility that the structural
changes we observed may be regulated by neurotransmission
between retinal interneurons and the ganglion cells.

Afferent glutamatergic signaling regulates

dendritic remodeling

Retinal ganglion cells at the ages studied (E12-E13) receive
excitatory glutamatergic inputs from bipolar cells. These excita-
tory inputs drive the endogenous rhythmic-bursting activity ex-
hibited by ganglion cells (Wong et al., 1998; Wong, 1999; Ser-
nagor et al., 2000). Antagonists of ionotropic glutamate receptors
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Cell 1 (GFP)

Cell 2

100s

Figure 5. Dendritic remodeling occurs in intact, endogenously active
retinal circuits. 4, The field of cells in the ganglion cell layer of a
transfected E13 retina that was loaded with the calcium-sensitive dye
fura-2 AM is shown. Fura-2 AM labeling was visualized using two-
photon microscopy (left), whereas GFP expression in the same field was
visualized using confocal microscopy (right). Alignment of the two fields
was confirmed by using a sample that can be detected by both recording
modes. Arrows indicate a GFP-labeled cell (Cell 1) and a neighboring
untransfected cell (Cell 2). Cell I exhibited dendritic changes as confirmed
by time-lapse confocal imaging. B, GFP-labeled cells (Cell I) retained
their endogenous pattern of spontaneous bursting activity, as indicated by
patterns of rhythmic [Ca®"]; elevations that were similar to those in the
untransfected cells (Cell 2). dF/F indicates percent change in fluorescence
intensity.

(10 um NBQX and 100 um D-APV, selective antagonists of
non-NMDA and NMDA glutamate receptors, respectively) sup-
press this bursting activity (Fig. 6A4).

This blockade resulted in a decrease in the number of branch
points (60 = 12% of controls; n = 6 cells) and in the total
dendritic length in ganglion cells (Fig. 6 B,D). Remodeling events
in the absence of glutamatergic transmission are not completely
arrested; however, the numbers of dendritic additions (scored as
the number of processes that elongate or are added de novo) and
reductions (the number of processes that shorten or are elimi-
nated) are both decreased (Fig. 6C). Moreover, the balance
between processes added and taken away is no longer main-
tained; reductions outnumber additions (Fig. 6C), resulting in a
net decrease in the amount of dendritic material with time (Fig.
6D; Mann—-Whitney U analysis for the effect of antagonist on the
total dendritic length, p < 0.0001). The decrease in total dendritic
length occurs progressively across the period of blockade (up to
50 min) and recovers partially after a prolonged washout of an
hour (data not shown) (see also Rajan and Cline, 1998; Rajan et
al., 1999).
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Figure 6. Dynamic dendritic remodeling is regulated by endogenous ionotropic glutamatergic transmission. 4, Calcium recording showing rhythmic
spontaneous activity in an E12 retinal ganglion cell and a suppression of this activity in the presence of the ionotropic glutamate antagonists NBQX (10
uM) and D-APV (100 um). B, z-projection of the confocal image of an E12 ganglion cell before (left) and 1.5 hr after (right) the application of NBQX
(10 wm) and D-APV (100 uMm). C, Changes in the number of terminal processes undergoing growth versus retraction before (left) and during (right)
glutamatergic blockade. For the cell shown in B, the total number of growing processes (comprising existing processes that elongate or are formed de
novo; black bars) was compared with the total number of retracting processes (comprising existing processes that shorten or are eliminated; white bars)
in a 1 hr period. Gray bars indicate the difference between the growing and retracting processes. D, The percent change in total dendritic length for six
cells before and 30 min after application of NBQX (10 um) and D-APV (100 um). E, Blockade of ionotropic glutamatergic transmission decreases the
motility of individual terminal processes. Histograms indicate the rate and extent of movement of individual processes as a percentage of control values
after 30 min of drug application in six E12-E13 retinal ganglion cells (number of processes = 100 in control and 59 in drug). Statistical analyses
[SAS/STAT (SAS, 1996)] for the entire population showed a significant reduction for both extent (p = 0.0177) and rate (p = 0.0017). F, Summary of
the effect of different antagonists on the motility of individual processes. Histograms indicate the percentage change in the extents and rates of movement
15-30 min after the application of the compound. Applications of NBQX (10 um) and D-APV (100 uMm) together (100 processes in control; 59 processes
in drug; 6 cells), D-APV alone (100 uMm; 85 processes in control; 55 processes in drug; 3 cells), NBQX alone (10 um; 84 processes in control; 63 processes
in drug; 3 cells), and Ni?" (5 mm; 74 processes in control; 43 processes in drug; 3 cells) all significantly reduced the extent and rate of movement (p <
0.01, Mann—Whitney U test). Application of TTX (1 uM; 102 processes in control; 79 processes in drug; 5 cells) had no significant effect on either the
extent or rate (p > 0.25, Mann—Whitney U test).

We found that the dynamics of individual dendritic processes
were also regulated by glutamatergic transmission. The dynamics
were unchanged immediately after the application of the antag-
onists NBQX and p-APV, but after 15-30 min in glutamatergic
blockade, both the extent and the rate of movement were reduced
compared with control (Fig. 6F). This effect is likely to be
mediated via both NMDA and non-NMDA glutamate receptors
because separate applications of b-APV (100 um) and NBQX (10
uM) each significantly reduced both the extent and the rate of
movement (Fig. 6F). The influx of extracellular calcium via

voltage-gated calcium channels may also be important in poten-
tiating the dynamics of processes because blockade of voltage-
sensitive calcium channels with Ni** (5 mm) (Yuste and Denk,
1995) suppressed motility (Fig. 6 F). Interestingly, the elimination
of sodium action potentials by the application of TTX (1 um) did
not change either the rate or the extent of dendritic movements.
Because bipolar cells have graded membrane potentials and do
not depend on axonal action potentials for neurotransmitter re-
lease (Rodieck, 1998), TTX is unlikely to affect afferent gluta-
matergic signaling from bipolar cells to ganglion cells. However,
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TTX inhibits voltage-gated sodium channels, blocking spontane-
ous bursting activity in retinal ganglion cells (Wong et al., 1995)
and the propagation of dendritic action potentials in other neu-
rons (Yuste and Tank, 1996). Dendritic motility is therefore not
regulated as a function of spiking activity on the level of the cell
body, nor is it dependent on the spread of sodium action poten-
tials into dendritic processes.

Together, our results indicate that glutamatergic signaling onto
dendrites is important in regulating the motility in individual
dendrites, as well as in maintaining the overall size and complex-
ity of the dendritic arbor by controlling the balance between the
addition and removal of dendritic processes. This effect is medi-
ated via both NMDA and non-NMDA receptors and is depen-
dent on calcium influx but not on sodium channel-mediated action
potentials.

Dendritic remodeling is an actin-dependent process

Terminal dendritic processes are devoid of microtubules but
contain a dense actin matrix (Matus et al., 1982; Markham and
Fifkova, 1986; Fiala et al., 1998), and rapid alterations in the
shape of mature dendritic spines depend on actin polymerization
(Fischer et al., 1998). As a first step in elucidating the intracellular
mechanisms that regulate dendritic remodeling, we asked
whether the actin cytoskeleton is also required for dendritic
motility. We thus applied drugs that interfere with actin polymer-
ization. Figure 74 shows the degree of dendritic remodeling in a
branch before (left) and after (right) the addition of cytochalasin
D (500 nm), a drug that binds to the fast-growing end of actin
filaments and inhibits their growth and disassembly (Cooper,
1987). Application of this drug results in a rapid arrest in motility
of dendritic processes (one example is shown in Fig. 7B). This
effect was reversible after washout (data not shown). All filopodia
investigated in this way behaved similarly regardless of their
initial motility before drug application (Fig. 7C). Two other
drugs, cytochalasin B (1 uM), which acts similarly to cytochalasin
D (Cooper, 1987), and latrunculin A (100 ng/ml), which inhibits
actin polymerization by sequestering actin monomers (Spector et
al., 1989), were also effective in arresting dendritic motility (data
not shown). These results suggest that rapid dendritic dynamics
are driven by changes in the polymerization of actin.

Dendritic remodeling is regulated by Rho and Rac

Members of the Rho family of small GTPases are components of
intracellular pathways via which extracellular influences organize
the actin cytoskeleton (Tapon and Hall, 1997; Van Aelst and
D’Souza-Schorey, 1997; Hall, 1998). These molecules are ex-
pressed by many parts of the nervous system, including the de-
veloping chick retina (Malosio et al., 1997). We therefore evalu-
ated the role of two subfamilies within the family, the Rho and
Rac proteins, in regulating actin-dependent dendritic remodeling.
We transfected retinal ganglion cells with expression plasmids
encoding mutant proteins that increase or decrease Rho or Rac
activity. Endogenous forms of Rho and Rac cycle between a
GDP-bound inactive form and a GTP-bound active form. Con-
stitutively active mutants of Racl and RhoA (ca-V12 Racl and
ca-V14 RhoA; abbreviated in this manuscript Rac+ and Rho+)
are unresponsive to regulatory proteins that trigger the hydrolysis
of GTP to GDP and thus are permanently in the activated state
(Ridley et al., 1992). Dominant-negative mutants (dn-N17 Racl
and dn-N19 RhoA; abbreviated Rac— and Rho—) bind irrevers-
ibly to the specific intracellular factors mediating the exchange of
GDP for GTP, thus preventing the activation of endogenous
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Figure 7. Rapid dendritic remodeling is dependent on actin polymeriza-
tion. A, Left, Difference image of a dendritic branch of an E12 ganglion
cell generated by subtracting two confocal images taken 5 min apart under
control conditions. Black areas (indicated by arrows) indicate regions of
structural change (dendrites that have been either added or eliminated in
the intervening 5 min period). Right, Difference image of the same
dendritic branch generated by similarly subtracting two confocal images
taken 5 min apart after the application of cytochalasin D (500 nm). Note
the absence of black profiles, indicating a reduction in the amount of
dendritic restructuring in the same time period when actin polymeriza-
tion is arrested. Scale bar, 5 um. B, Length-versus-time plots for the
process indicated by the asterisk in A before (top) and after (bottom) the
application of cytochalasin D. The actively extending and retracting
process becomes relatively stationary after drug application. C, Average
rates of individual processes in three separate recordings at E12-E13
before (left) and after (right) the introduction of cytochalasin D. The wide
range of motilities exhibited by individual processes under control condi-
tions is replaced by uniform stability after the arrest of actin polymeriza-
tion (number of processes, control = 41; cytochalasin D = 26).

forms of Rac or Rho (Diekmann et al., 1991). Mutant RhoA and
Racl proteins might affect multiple Rho and Rac isoforms, re-
spectively, so we ascribe their effects to Rho and Rac generally,
and not specifically. In each case, the Rho or Rac mutant was
cotransfected with DNA encoding GFP in a 2.3/1 (GTPase/GFP)
ratio. The constructs were tagged with the myc-epitope, and
reliable contransfection was confirmed by post hoc immunohisto-
chemistry in GFP-labeled cells (data not shown). Transfected
ganglion cells were evaluated 18-24 hr after biolistic delivery.
We were first concerned that the upregulation or downregula-
tion of these key regulatory proteins might have deleterious
effects on the physiology or morphology of transfected cells. We
therefore evaluated the endogenous activity of transfected cells
using calcium imaging with fura-2 AM. Retinal waves persisted in
the transfected retinae, and transfected cells exhibited the same
pattern of spontaneous rhythmic bursting seen in neighboring
untransfected cells (data not shown; records were qualitatively
similar to those shown in Fig. 5). This indicated that the trans-
fected cells were physiologically active and remained in commu-
nication with neighboring cells. Moreover, transfected ganglion
cells maintained an elaborate arbor and did not show indications
of deleterious effects such as swollen cell bodies, dendritic vari-
cosities, and pyknosis (Fig. 8). There were, however, some mor-
phological differences between transfected ganglion cells and
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Control

Figure 8. Rac and Rho regulate the dendritic architecture of retinal
ganglion cells. Representative dendritic arbors (left column) and higher
magnification views of the dendritic structure (right column) of E12-E13
ganglion cells expressing GFP alone (control) or expressing both GFP and
constitutively active (Rac+, Rho+) or dominant-negative (Rac—, Rho—)
forms of Rac or Rho. Expression of Rac+ increases the density of fine
terminal processes, whereas expression of Rac— reduces it. Expression of
Rho+ results in a morphology similar to that in Rac—, whereas dendritic
arbors expressing Rho— are similar to that in the control.

their controls. Rac+-expressing ganglion cells tended to have
fewer secondary and tertiary branches but an increased number of
short terminal processes. Conversely, Rac— and Rho+ cells had
arbors that exhibited secondary and tertiary branching but had
fewer small terminal processes. These structural effects resembled
those observed by Ruchhoeft et al. (1999). Cells expressing Rho—
were qualitatively more similar to those in controls. In any event,
terminal dendritic processes remained motile, thus allowing us to
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assess the role of these GTPases in regulating the dynamics of
their remodeling behavior.

Fast time-lapse imaging revealed significant effects of Rac and
Rho activity on the rapid remodeling of dendritic processes. In
general, dominant-negative and constitutively active mutants of
each of the GTPases had opposite effects on dendritic motility.
Moreover, the effects of Rac and Rho perturbations were also
opposite in nature. We used the parameters of rate and extent,
defined above, to quantitate the dynamics of each process. Figure
94 shows the frequency distribution of average rates and extents
for individual processes in the background of upregulated and
downregulated Rac and Rho function; the net effects are sum-
marized in Figure 9B. Expression of Rho+ decreased both the
rate and the extent of movements, whereas expression of Rho—
increased both the rate and the extent. Modulation of Rac func-
tion produced opposite results. Rac— decreased both the rate and
the extent of motility, whereas Rac+ increased both parameters
slightly. Although the effects of Rac+ were not statistically sig-
nificant, the effects of Rac—, Rho+, and Rho— were all highly
significant (p < 0.001, Mann—-Whitney U test). Evaluated to-
gether, the opposite effects of Rho and Rac activity and, in
particular, the similarity in the effects of the downregulation of
Rac and the upregulation of Rho suggest that Rac and Rho act
reciprocally to regulate rapid dendritic remodeling.

For a third measure of dendritic dynamics, we measured how
Rho and Rac regulate the turnover of processes (Fig. 9C). Up-
regulating Rac function resulted in an increased turnover of
processes; in cells expressing Rac+, the proportion of processes
persisting across the recording period (lifetime > 250 sec) de-
creased (48% compared with 75% in the control), whereas the
proportion of short-lived processes (0-125 sec) doubled (23 vs
10%). Conversely, attenuation of Rac function by expression of
Rac— increased the proportion of persistent processes (87 vs
75%) and decreased that of short-lived processes (6 vs 10%).
Modulation of Rho function had effects opposite to those of Rac;
constitutively active Rho increased the fraction of persistent
processes, whereas dominant-negative Rho decreased the frac-
tion slightly. These results suggest that as in the case for the rate
and extent of process movements, endogenous Rac and Rho exert
reciprocal effects on the rate at which processes are eliminated
and replaced by new ones (Fig. 10).

DISCUSSION

Rapid dendritic motility in developing dendrites

Our observations revealed a surprisingly high degree of endoge-
nous motility in developing dendrites, with rates that exceed
those recorded in other systems (Dailey and Smith, 1996; Ziv and
Smith, 1996). This may reflect intrinsic differences between sys-
tems; alternatively, the motility in retinal ganglion cell dendrites
may be potentiated by the prominent spontaneous activity pre-
served in our whole-mount retinal preparations. Dendritic move-
ments lacked synchrony with each other and were collectively
balanced across the arbor to maintain the overall arbor size and
complexity. Structural changes were primarily confined to termi-
nal dendritic processes; primary and secondary dendritic trunks
were comparatively stable in structure and position. Taken to-
gether, the characteristics of these movements suggest that they
are unlikely to underlie a general growth program but may in-
stead play roles in synapse formation.
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extents (right) for cells with upregulated and downregulated levels of Rac or Rho activity. B, Percentage change in rates (left) and extents (right) for cells
with upregulated and downregulated levels of Rac or Rho activity relative to that of control (4sterisks, p < 0.001, Mann-Whitney U test). C, Histograms
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Intercellular regulation of dendritic motility

In the developing retina, bipolar cells drive synchronous activity
in ganglion cells via glutamatergic neurotransmission (Wong et
al., 2000). Because patterned activity is retained for >24 hr in
explants, we were able to ask whether afferent signaling affects
dendritic motility. We found that the blockade of endogenous
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over. Rac and Rho exert opposite effects on dy-

namic remodeling, with Rac activity promoting

greater motility and Rho suppressing it. The re-

ciprocal control of dynamic dendritic behavior

may be achieved by Rac and Rho exerting sepa-
rate convergent effects on the actin cytoskeleton;
it is also possible that they may exert antagonistic
effects on each other directly. The potentiation of
dendritic motility by glutamatergic transmission
may be affected via these intracellular pathways,
either via the upregulation of Rac activity, the
downregulation of Rho activity, or both. Other
extracellular cues, acting as stop signals, can also
stabilize dendrites by regulating GTPase activity
appropriately.

ionotropic glutamatergic transmission significantly decreased
dendritic motility. This result indicated that dendritic remodeling
can be regulated by intercellular communication from presynaptic
cells. Recent studies have demonstrated that tetanic stimulation
of glutamatergic afferents to a local region of a dendritic arbor
can elicit rapid increases in the length and number of terminal
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processes (Engert and Bonhoeffer, 1999; Maletic-Savatic et al.,
1999) and the formation of multiple spine synapses (Toni et al.,
1999). Our results extend those observations in an important way
by demonstrating that neurotransmission in spontaneously active,
developing circuits does indeed play a prominent endogenous
role in regulating dendritic remodeling. In addition, we show here
that glutamatergic signaling in developing circuits not only regu-
lates how rapidly and extensively individual processes remodel
but also maintains the overall size and complexity of the tree, by
balancing the number of dendritic additions with an equal num-
ber of reductions. At the particular developmental stage exam-
ined, the effect is primarily mediated via ionotropic glutamatergic
transmission, involving both NMDA and non-NMDA channels,
as well as the influx of extracellular calcium.

Chronic in vivo application of D,L-2-amino-4-phosphonobutyric
acid, which suppresses glutamatergic transmission from ON bipo-
lar cells in the mature retina, reduces the specificity of stratifica-
tion patterns of ON and OFF ganglion cell dendritic arbors
(Bodnarenko and Chalupa, 1993; Bodnarenko et al., 1995; Bisti et
al., 1998). Our time-lapse observations suggest that glutamatergic
signaling might contribute to this stratification process of gan-
glion cells by promoting the growth or maintenance of dendrites
only within the appropriate sublamina. But, our current observa-
tions do not distinguish between the effects of local versus global
influences on dendritic dynamics and structure by neurotransmis-
sion. This would be an interesting avenue to pursue in future
studies.

Dendritic remodeling is unperturbed by the blockade of sodium
channel-mediated action potentials by TTX, corroborating previ-
ous in vivo studies on ganglion cells (Wong et al., 1991). This
result also indicates that the regulation of process outgrowth in
dendrites, unlike that in axons, occurs independently of sodium
action potential activity (Sretavan et al., 1988; Dalva et al., 1994;
O’Rourke et al., 1994). Our findings here contrast with those of
Dunaevsky et al. (1999) that indicate that rapid changes in spines
and filopodia in brain slices are not regulated by neuronal
activity.

Intracellular regulation of rapid dendritic motility

In a wide variety of cell types, small GTPases in the Rho sub-
family link extracellular signals to actin-dependent motility (for
review, see Tapon and Hall, 1997; Van Aelst and D’Souza-
Schorey, 1997; Hall, 1998). Three subfamilies within this family,
Rho, Rac, and cdc42, have been well characterized. These factors
are able to interact with each other but also can be activated by
different extracellular cues acting on independent effectors to
organize distinct cytoskeletal structures (Ridley and Hall, 1992;
Ridley et al., 1992; Nobes and Hall, 1995). Recent studies have
shown that members of this family regulate neuronal morphol-
ogy, as well as the response of outgrowing neurites to intercellular
signals (Luo et al., 1994, 1996; Jin and Strittmatter, 1997; Kozma
etal., 1997; Lamoureux et al., 1997; Threadgill et al., 1997; Zipkin
et al., 1997; Albertinazzi et al., 1998; Daniels et al., 1998; Kuhn et
al., 1998, 1999).

In this study, we demonstrate a role for two GTPases, Rho and
Rac, in the regulation of dendritic motility in developing neurons.
Although levels of Rho and Rac activity influence the shape of
dendritic trees (see Threadgill et al., 1997, Ruchhoeft et al,
1999), we have focused our analysis on their effects on the
dynamism of terminal dendritic processes. Inhibition of Rac
activity by the expression of dominant-negative Rac in ganglion
cells decreased the process turnover rate and reduced both the
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rate and the extent of dendritic movements. Terminal dendritic
processes persisted for a longer time than did those in control
neurons, changing their lengths less markedly and at slower
speeds. Conversely, upregulation of Rac function by expression
of constitutively active Rac increased process turnover rate.
Rac+ did not, however, increase the rate and extent of process
motility significantly, perhaps because basal motility is already
close to its maximum level in the range modulated by Rac
function.

In contrast to Rac, the downregulation of Rho activity by the
expression of the dominant-negative mutant of Rho increased the
rate and extent of process motility and also increased process
turnover. Conversely, the upregulation of Rho activity by expres-
sion of a constitutively active mutant of Rho had the opposite
effect on these motility parameters, indicating that, like Rac, Rho
may also modulate the dynamics of remodeling by changing its
level of activation. Thus, Rho activity acts to limit the speed and
the range of remodeling events and promotes the stability of
terminal processes.

Effects of Rho and Rac on dendritic motility are generally
consistent with those on neurite outgrowth documented previ-
ously in dissociated cells. The inhibition of Rac function de-
creased process outgrowth elicited by cues such as nerve growth
factor (Lamoureux et al., 1997; Daniels et al., 1998), B1-integrin
(Kuhn et al., 1998), and acetylcholine (Kozma et al., 1997).
Conversely, inhibition of Rho activity prevented the retraction of
neurites normally induced by exogenously applied lysophospho-
lipid acid or thrombin (Jalink et al., 1994; Tigyi et al., 1996;
Gebbink et al., 1997).

The reciprocal effects of Rac and Rho activity indicate a
mutual antagonism in their regulation of dendritic motility. The
situation is complex, in that Rac may activate Rho in some
circumstances and antagonize it in others (for review, see Mackay
and Hall, 1998). Antagonism has been noted previously in other
neuronal culture systems in which structural changes induced by
the activation of one GTPase can be antagonized or potentiated
depending on whether the other GTPase is activated or inacti-
vated, respectively (Kozma et al., 1997; Van Leeuwen et al., 1997;
Hirose et al., 1998). This antagonism between Rac and Rho on
dendritic remodeling posits a mechanism in which the dynamics
of remodeling can be controlled precisely according to the bal-
ance of the two regulating GTPases (Fig. 8). Importantly, den-
dritic remodeling appears to be modulated by, rather than being
absolutely dependent on, Rho and Rac activity because dendritic
movements persist even when their activities are perturbed.
These results are consistent with those of Lamoureux et al. (1997)
and Zipkin et al. (1997).

Roles of rapid dendritic motility

Why do dendrites remodel rapidly? We initially considered the
possibility that the rapid movements observed over tens of sec-
onds contribute to the overall growth of the dendritic arbor,
which also takes place during the embryonic period studied.
Surprisingly, however, this seems not to be the case; as noted
above, the rapid movements are balanced across the arbor and
therefore contribute little to net growth. Instead, several obser-
vations support an alternative possibility, that the rapid move-
ments promote synaptogenesis. First, the movements are primar-
ily restricted to tertiary branches, which are the portions of the
arbor on which most synapses form. Differentiated synapses first
appear on the chick retinal ganglion cell dendrites at E12-E13, at
the time that we examine their motility (Hughes and LaVelle,
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1974; Hering and Kroger, 1996). In neonatal cat retinal ganglion
cells, filopodia have been observed by electron microscopy to be
associated with presynaptic specializations, even though the ma-
jority of differentiated synapses are on dendritic shafts (Wong et
al., 1992). Similarly, dendritic filopodia in the developing hip-
pocampus have also been associated with differentiated synapses
(Fiala et al., 1998). Second, motility is high at E12-E13, when
synaptogenesis is at its peak, and then declines by E15-E16, when
synaptogenesis is more advanced. In this respect, our results are
consistent with those of Dailey and Smith (1996), Ziv and Smith
(1996), and Fischer et al. (1998), all of which report lower levels
of endogenous dendritic motility in more mature systems. Third,
the balanced movements allow dendritic branches to over time
sample a severalfold larger volume than that physically occupied
at any single point in time. As Ziv and Smith (1996) noted, this
expanded volume increases the probability that an afferent would
contact its appropriate postsynaptic partner. Fourth, intracellular
modulators of motility include the Rho family of GTPases, which
are well established as intracellular regulators of axonal motility
and dendritic morphology and have been implicated in synapto-
genesis in invertebrates (Sone et al., 1997). Finally, dendritic
motility is modulated by excitatory neurotransmission. Through-
out the nervous system, patterns of synaptic connectivity are
modulated by synaptic activity (Goodman and Shatz, 1993; Lich-
tman et al., 1998).

How might synaptic enhancement of motility promote synap-
togenesis? Motor axons can release their neurotransmitter (ace-
tylcholine) even before forming close contacts with myotubes
(Hume et al., 1983; Young and Poo, 1983). If the same is true for
excitatory inputs to retinal ganglion cells, released neurotransmit-
ter would stimulate dendritic exploration as afferents approach,
increasing the probability of close contact. On the other hand,
unchecked enhancement of motility by glutamate receptor acti-
vation might be counterproductive, because activity presumably
increases as synaptogenesis proceeds yet the desired outcome is a
stable synapse. However, numerous extracellular factors are
known that can arrest axonal advance by causing growth cones to
collapse, and it is reasonable to imagine that some of them might
also arrest dendritic motility. For example, molecular cues such as
ephrins or semaphorins might act as stop signals, arresting den-
dritic motility after contact is established and thereby overcoming
the motility-promoting effects of activity.

In this regard, the reciprocal effects of Rho and Rac on den-
dritic motility may be especially pertinent. The similar effects of
glutamate, Rac activation, and Rho inhibition on dendritic dy-
namics (Figs. 8, 10) invite the speculation that synaptic activity
promotes motility by activating Rac and/or inhibiting Rho. Con-
versely, effects of at least one collapsing factor, lysophosphatidic
acid, appear to be mediated by activation of Rho (Jalink et al.,
1994; Tigyi et al., 1996; Gebbink et al., 1997; Kozma et al., 1997).
We suggest that the Rho family of GTPases provides a means by
which the dendrite integrates multiple extracellular factors to
optimize the extent, and perhaps even the direction, of its move-
ment. In this way, afferents could use a combination of diffusible
and contact-mediated cues first to maximize the probability of
synaptic contact and subsequently to transform that contact into
a functional synapse.
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