
Introduction

The control of neuronal architecture is a cen-
tral issue in studying brain development. More

than 100 years ago, the Italian neuroanatomist
Camillo Golgi first visualized the structure of
single neurons with his newly discovered sil-
ver-staining method. A first observation was
that each neuron consisted of a cell body from
which arose a long process called the axon and
a highly complex tree-like structure called the
dendritic tree. About 15 years later, Ramon y
Cajal, a Spanish neuroanatomist, implemented
and improved Golgi’s staining method to
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Abstract

The highly complex geometry of dendritic trees is crucial for neural signal integration and
the proper wiring of neuronal circuits. The morphogenesis of dendritic trees is regulated by
innate genetic factors, neuronal activity, and external molecular cues. How each of these fac-
tors contributes to dendritic maturation has been addressed in the developing nervous sys-
tems of animals ranging from insects to mammals. The results of such investigations have
shown that the contribution of intrinsic and extrinsic factors and activity, however, appear to
be weighted differentially in different types of neurons, in different brain areas, and especially
in different species. Moreover, it appears that dozens of molecules have been found to regulate
dendritic maturation, but it is almost certain that each molecule plays only a specific role in
this formidable cooperative venture. This article reviews our current knowledge and under-
standing of the role of various factors in the establishment of the architecture of mature den-
dritic trees.
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study neuronal architecture in great detail and
suggested that neurons obey the “law of polar-
ization” (1). Accordingly, dendrites were pos-
tulated to constitute the input site of the
neuron, serving as collectors of synaptic input
from other neurons and carriers of these
synaptic potentials toward the cell body or
directly to the axon. We now know that the
highly complex shape of dendritic trees modu-
lates the biophysical properties of neurons
(2,3), and thus is crucial for neural signal inte-
gration properties and firing patterns (4,5).
Consequently, neuronal properties underlying
brain function are strongly dependent on the
factors that control dendritic shape. In addi-
tion, it is clear that the maturation of dendritic
architecture plays a crucial role in determining
connectivity patterns in the adult brain. But
how do the complex shapes of dendrites and
the wiring of the brain develop, and what
determines how dendrites, once mature, are
maintained or altered in order to allow the ani-
mal to adapt to developmental or environmen-
tal changes? Recent studies indicate that
similar signals seem to control dendritic shape
during development and during experience-
dependent plasticity. Because of the consider-
able amount of data on dendrites, this review
focuses on the mechanisms controlling den-
dritic maturation. Other closely related sub-
jects such as dendritic synaptogenesis, spine
formation, and experience-dependent den-
dritic plasticity have been reviewed in depth
elsewhere (6–10).

Dendritic Architecture

Seeing Dendrites

To study dendritic growth, one first needs a
method to assess dendritic structure at differ-
ent time intervals during neuronal develop-
ment. Two major approaches have been used.
In the first approach, individual neurons are
labeled with a probe, and a sensitive imaging
technique is applied to visualize the growth of
dendrites, either in organotypic cultures of

selected nervous tissues or in situ. One prepa-
ration that has yielded considerable informa-
tion regarding dendritic growth using this first
approach is the optical tectum in the albino
Xenopus tadpole (6). Another preparation is the
mammalian retina, which houses a wide vari-
ety of ganglionic neurons and is ideal for
investigating dendritic development with live-
cell-imaging approaches (11).

Despite the appeal of live imaging, many
problems remain to be solved. First, during
acquisition, the neurons experience photodam-
age and photobleaching. This problem can be
reduced with two-photon imaging or by com-
bining a highly sensitive camera with low lev-
els of illumination. Second, the inability to
perform histological manipulations signifi-
cantly reduces the resolution of imaging live
tissue as compared to fixed tissue. Third, the
time window for the experiment is limited by
the longevity of the preparation (which usually
lasts from hours to a few days). Despite these
limitations, sampling the same neuron “before
and after” provides a direct assessment of the
changes in the detailed architecture of neurons
and avoids large-scale sampling and statistical
analysis when examining neurons from differ-
ent preparations. In addition, the limitations
are beginning to be overcome with recent
imaging techniques. For instance, Trachten-
berg et al. (12) and Grutzendler et al. (13) have
tracked the stability of structures as small as
spines over intervals ranging from a few days
to several months using two-photon micro-
scopy with low-energy photons to excite green
or yellow fluorescent protein-labeled cortical
neurons.

In the second approach, neurons have been
stained and sampled at high resolution under
different experimental manipulations. Of spe-
cial interest is the identified neuron in inverte-
brate nervous systems, which, when combined
with quantitative morphometric analysis, has
been used to follow the maturation of den-
dritic trees (14–16). The fact that some inverte-
brate neurons are individually identifiable, in
that they show a characteristic dendritic archi-
tecture, sets the ground for quantitative analy-
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sis of dendritic architecture at different devel-
opmental stages because a given identified
neuron can be sampled in a large number of
animals. The constant 3-D architecture of iden-
tified neurons is used as a template for examin-
ing the effects of various experimental
manipulations on their geometry. Further-
more, modern genetic tools applied to Droso-
phila allow the visualization of identified
neurons or classes of neurons. For example, the
dendrites of a given class of neurons can be
labeled with GFP using the UAS-Gal4 system
and single neurons can be labeled with the
MARCM technique. This may allow a system-
atic genetic approach to dendritic maturation.

Measuring Dendrites

Dendritic maturation proceeds by both elon-
gation of dendritic segments and dendritic
branching. Although dendritic trees mature by
a net increase in the number of branches, live-
cell imaging has revealed that dendritic matu-
ration is a highly dynamic process of branch
addition and retraction. The precise evaluation
of the changes in dendritic architecture
requires the combination of neuronal staining
and measurements of dendritic geometry.
Measures that are in use for quantifying these
changes can be divided into those that describe
the metric features of a dendritic tree and those
describing the topological structure of a tree. It
has been noted that metric measures and
topology are different aspects of tree structure
and should be analyzed separately (17).

A few examples of metric measures are total
dendritic length, total dendritic surface area,
dendritic segment length and diameter, and
number of branches. However, because a sin-
gle parameter cannot describe all geometric
properties of a dendritic tree, it is necessary to
use several parameters to describe neuronal
architecture. For instance, if the first of two
dendritic trees has fewer branches but longer
segments than the second, both trees may have
identical total dendritic surface area. More-
over, one can imagine two neurons with simi-
lar metric parameters but with different 3-D

architectures. To understand specific factors
that control the 3-D geometry of a neuron, it is
necessary to establish and combine defined
measures to assess the dendritic branching pat-
terns.

Topological measurements are concerned
with the pattern of branching. Two commonly
used methods to examine changes in the
branching pattern are Sholl analysis and
branch order analysis. The analysis of the spa-
tial distribution of dendritic branches is imple-
mented in Sholl analysis (18). Briefly, this
consists of counting the number of occur-
rences of branch points in the dendritic tree
falling between concentric spheres separated
by a fixed number of microns. Sholl analysis is
by far the most commonly used method for
spatial analysis of dendritic trees. In branch
order analysis, the frequency distribution of
the number of dendritic branches is plotted as
a function of branch order. The segment of the
dendritic tree arising from the cell body and
extending to the first node is called a first-
order branch. The daughter branches arising
from the first node are second-order branches,
and so on. The branches arising from a com-
mon first-order branch constitute a dendritic
tree. Branch-order analysis is useful for evalu-
ating the growth and pruning of trees. This
analysis can be used to distinguish between
dendritic branching by tip bifurcation (i.e.,
splitting of a growth cone), or by interstitial
branching (i.e., splitting from a dendritic
shaft) (15,19).

The spatial orientation and density of den-
dritic trees has also been studied by other
methods, including the “principal axes,” “cir-
cular orientation,” and “Cartesian grid den-
sity” methods (17). Such methods usually
result only in determining the general orienta-
tion of the dendritic tree in space, and impor-
tant geometric information is lost. More
recently, fractal analysis has been used to eval-
uate the complexity of neuronal dendritic
arborizations (20–22). Fractal dimension is a
measurement of complexity of form. Although
the fractal dimension can be used to evaluate
the complexity of a two- or three-dimensional
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object, it is not very useful for determining the
degree of resemblance between two dendritic
trees. Determining the degree of resemblance
between two dendritic trees can be approached
using a distance measure based on the Haus-
dorff distance (23). The use of both metric and
topological analysis of dendritic trees is partic-
ularly important when examining large and
complex trees and especially when comparing
values from different neurons sampled in dif-
ferent animals. Moreover, the choice of analyz-
ing a specific metric parameter or the use of a
given topological methodology will depend on
the experimental question.

Is Development of Dendritic
Architecture Under Strict 
Genetic Control?

The strikingly similar morphology of verte-
brate neurons of the same type (e.g., pyramidal
cells or Purkinje cells), and the ubiquitous
morphological similarity of identified inverte-
brate neurons from animal to animal suggest a
significant contribution of genetic control for
specification of dendritic architecture. Among
the best-studied examples of identified neu-
rons are the large interneurons of insects, such
as the abdominal giant interneurons (GIs) of
crickets and cockroaches (23,24), the giant
interneurons of the vertical system (VS) in the
Drosophila lobula plate of the optic lobe (25),
and motoneurons in the holometabolous
insects, Manduca sexta (26–29) and Drosophila
melanogaster (30). The giant interneurons serve
as integrators of sensory information from
wide arrays of sensory receptors and have
highly complex dendritic trees. Yet, because
their dendritic trees are highly stereotyped
from animal to animal, it is assumed that inter-
nal genetic programs largely determine den-
dritic morphogenesis (16,23,25). Furthermore,
when examining pairs of homologous neu-
rons, a given identified neuron is more similar
to its contralateral mirror image in the same
animal than it is to its homolog from different
animals, as shown for the visual neurons of

grasshoppers (31) and the giant interneurons
of the cockroach (23). Even for identified inver-
tebrate neurons with fairly stereotyped archi-
tecture, the dendritic branching pattern shows
some variability, indicating that dendritic
architecture is not under strict genetic control.
Although the locations of the primary den-
drites occur with little variability, the fine pat-
tern of higher-order distal dendritic branching
is variable (14,23,31). Finally, for insect identi-
fied motoneurons and Kenyon cells, morpho-
logical uniqueness is lost in primary cell
culture (32,33).

In the vertebrate CNS, several kinds of neu-
rons exhibit features of their cell-type-specific
stereotypical dendritic morphologies even
when isolated in culture (retinal cells [34,35];
pyramidal and stellate cells [36,37]). However,
the principal radial orientation of stellate cell
dendrites is defined in vitro by a cell-intrinsic
program, whereas the expanse and complexity
of their dendrites is modulated by the presence
of granule cells (38). Similarly, cultured Purk-
inje cells exhibit some aspects of their typical
morphology when completely isolated, but
other aspects are realized only during normal
development in the cerebellum (39). In sum-
mary, it has become clear for both invertebrate
and vertebrate neurons that intrinsic programs
control certain aspects of dendritic differentia-
tion, but mature dendritic structure is further
regulated by extrinsic signals.

Activity-Dependent Maturation 
of Dendritic Architecture

A possible candidate for extrinsic signals is
neural activity. Although many studies have
focused on the role of activity in sculpting
axonal shape (40), there is increasing evidence
from multiple systems that activity also affects
dendritic architecture. However, the degree to
which activity shapes developing dendrites
seems to vary considerably among different
species and among various brain areas. This
section will assess the main findings on the
role of neuronal activity in the maturation of
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dendritic trees and its function in developing
neural circuits. The effects of activity on den-
dritic spine formation and synaptogenesis will
not be addressed, but have been reviewed in
detail elsewhere (7,8,10).

During neural circuit development and den-
dritic maturation, two general forms of activity
have to be distinguished: first, experience-
dependent activity that is mediated by the fir-
ing of afferent neurons, and second,
spontaneous activity in developing circuits
that is independent of sensory input (41) or
motor output. Both types of activity can affect
dendritic structure. During embryonic devel-
opment, patterned spontaneous activity can
occur in immature networks long before the
onset of sensory input, and has been described
in different species and in a large variety of cir-
cuits (reviewed in ref. 42). Examples are the
developing vertebrate retina (reviewed in refs.
10,43), the chick spinal cord (44,45), the hip-
pocampus (46), and the cochlear nucleus (47).
In general, spontaneous activity in such devel-
oping circuits is characterized by bursts of
action potentials that occur as correlated firing
of large populations of neurons. Such waves of
activity might spread between different brain
regions, as in the developing vertebrate visual
system (48), or may remain localized to specific
domains and specific developmental periods
(49). In many systems, the latter depends on
electrical coupling via gap junctions and thus
might account for aspects of dendritic matura-
tion that are insensitive to action-potential
block by TTX injections.

In contrast, experience-dependent activity
during development consists of spike trains in
afferent neurons that cause excitation of either
ionotropic or metabotropic receptors on the
dendrites of postsynaptic neurons (50,51). In
many developing systems, the arrival of affer-
ents correlates in time with dendritic matura-
tion. This relationship has been documented in
very diverse circuits ranging from the develop-
ment of escape circuits in insects, such as crick-
ets and cockroaches, where the structure of the
dendritic field of giant interneurons is influ-
enced by the growth of afferent hair cell axons

(15,52), to the development of the vertebrate
cerebellum (53–55), and is seen in many other
regions of the developing brain. A first step to
investigate the role of afferent input for den-
dritic maturation is to ablate the presynaptic
neurons. However, these experiments do not
distinguish between activity-dependent mech-
anisms and other contact-dependent interac-
tions between pre- and postsynaptic cells.

A classical way to distinguish these possibili-
ties is either to reduce afferent input during
development without removing the afferent
cells, or to increase afferent activity. To exclude
the possibility of nonspecific overall effects,
such as, for instance, experience-dependent
alterations in hormonal state, these experi-
ments require internal controls. Such internal
controls are usually achieved by manipulating
only one side of a bilaterally symmetrical ani-
mal. For example, in the vertebrate visual sys-
tem monocular deprivation decreases dendritic
length of neurons in the cat lateral geniculate
nucleus (56,57) and in the rat visual cortex (58).
Similarly, in the insect Drosophila melanogaster,
monocular deprivation decreases lamina vol-
ume (59). Rearing in different light regimes
causes changes in neural circuitry, which, in
turn, affect visual orientation behavior of
Drosophila (60) as well as of the fly Boettcherisca
(61,62). In contrast, Drosophila dark rearing has
no effect on the dendritic structure of motion-
sensing lobula plate neurons (16). Similarly, in
the vertebrate visual system, the maturation of
specific neurons does not always depend on
afferent activity, as visual deprivation does not
affect dendritic growth of cortical layer 4 stel-
late cells (63) or of layer 3 pyramidal cells in the
visual cortex (64).

In a reverse set of experiments, activity is
not interrupted, but is increased either by rais-
ing animals in enriched environments or by
specifically delivering precisely controlled
sensory stimulation during early develop-
ment. For the example of the visual system, it
has recently been shown by in vivo time-lapse
imaging of optic tectal cells that enhanced
visual activity driven by light promotes den-
dritic growth (65).
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In conclusion, afferent activity shapes post-
synaptic dendrites in a variety of systems, but
not all types of neurons seem to be affected
(66,67). Additional comparative studies will be
necessary to understand the observed differ-
ences in the role of afferent activity for den-
dritric maturation in different systems.
Furthermore, it will be important to elucidate
whether the same mechanisms underlie expe-
rience-dependent dendritic maturation in dif-
ferent types of neurons, or whether multiple
cellular mechanisms exist to translate changes
in afferent activity during development into
changes in dendritic architecture.

Moving from the level of sensory experience
to the level of neural circuitry, the role of elec-
trical activity in dendritic growth has been
investigated by pharmacological and genetic
manipulations. Surprisingly, a considerable
number of studies in which TTX was injected
to prevent neuronal activity have shown that
dendritic growth is independent of sodium
conductances (68–70). Although TTX blocks all
sodium-carried action potentials, presynaptic
neurons might still release neurotransmitter
spontaneously and affect postsynaptic cells. In
fact, in some systems, it has been found that
glutamate release does indeed affect dendritic
growth in the presence of TTX (71–73). Fur-
thermore, calcium influx-mediated depolariza-
tions can occur in a stage-specific manner
during development without sodium-medi-
ated action potentials in both vertebrate (74)
and invertebrate systems (27,28).

The role of synaptic transmitter release in the
assembly of neuronal circuits during embry-
onic development has been analyzed in two
genetic model systems. During Drosophila
embryonic development, the basic circuitry for
peristaltic crawling develops in the complete
absence of sensory input. This was demon-
strated by targeted expression of tetanus toxin
light chain (TeTxLC) in the neurons of the
peripheral nervous system during embryogen-
esis, thus blocking neurotransmitter release
from these cells. However, the actual patterns
of locomotion at later developmental stages are
partially impaired, suggesting that initial den-

dritic growth and synapse formation are inde-
pendent of sensory activity; however, fine tun-
ing of dendritic shape and synaptic
connectivity may depend on sensory activity
(75). Furthermore, after targeting TeTxLC to
the Drosophila central nervous system with a
pan-neuronal GAL4 driver, motoneurons
develop with normal morphology and retain
their capacity to form synapses in the absence
of synaptic activity (76), at least when moni-
tored at embryonic stages. However, it should
be noted that genetic expression of tetanus
toxin does not completely abolish sponta-
neous transmitter release, but reduces it by
50–75% (77).

Similar results were obtained with
Munc18–1 mutant mice embryos, which show
a lack of neurotransmitter secretion from
synaptic vesicles throughout development.
The initial circuitry assembly seems unaffected
(78), although detailed quantitative analysis of
dendritic structure has not yet been conducted.
Later on during development, Munc18-1
mutants show abnormal rates of apoptotic
neurons, resulting in degeneration of neural
circuitry (78). One possible explanation for
these findings is that dendrite maturation does
not depend on synaptic activity, but mainte-
nance of the mature dendritic tree does. How-
ever, as in the Drosophila system, it remains
unclear whether normal synaptic activity
might be crucially important for the matura-
tion of dendritic shape during later stages. A
reasonable explanation might be that early
phases of dendritic growth follow an activity-
independent program, but that synaptic activ-
ity becomes increasingly important for
dendritic maturation during refinement of the
circuitry. Such a differentiation into two sepa-
rate modes of dendritic growth has also been
suggested for motoneuron dendritic remodel-
ing during insect metamorphosis (14). In the
sphinx moth Manduca sexta, metric analysis of
the dendritic tree of an identified motoneuron
at consecutive developmental stages revealed
a first phase of overall growth of all dendrites
independent of their branch order, which is
likely to be controlled by steroid hormones.
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This was followed by a second phase of
growth restricted to high-order branches,
which might be dependent on afferent input
and, specifically, on activity-dependent cal-
cium influx (14; Duch, unpublished).

In contrast, compelling evidence for the role
of synaptic transmission in dendritic growth
during early phases of dendritic maturation
comes from the Xenopus retinotectal system (6).
Tectal neurons receive synaptic input during
early stages, when their dendritic trees are
rather immature. During this initial develop-
mental time frame, synaptic currents are pre-
dominantly mediated by NMDA receptors
(NMDARs), whereas the contribution of AMPA
receptors (AMPARs) to synaptic currents
increases at later stages of development (79,80).
Blocking NMDARs at early stages significantly
reduces dendritic branching dynamics, and, as a
consequence, total dendritic length (81). Fur-
thermore, visual stimulation increases dendritic
growth of tectal neurons in an NMDAR-depen-
dent manner (65). Strikingly, during later stages,
synaptic transmission actively prevents further
growth by stabilizing dendritic branches in an
AMPAR-dependent manner. At these stages,
blocking AMPARs results in the loss of den-
drites (81). Therefore, release of the same trans-
mitter can have either a motility- and growth-
promoting effect or a motility-inhibiting and
stabilizing effect, depending on the receptor dis-
tribution on the dendritic tree (6).

Differential regulation of glutamate receptor
expression on developing dendrites has also
been described in the cortex, as newly formed
thalamocortical synapses are mediated by
NMDARs, but more synapses acquire
AMPARs as the dendritic tree matures (82).
NMDAR-dependent dendritic growth has also
been demonstrated during early postnatal life
in spinal cord motoneurons. Similar to the
retinotectal system, NMDAR activity does not
affect dendritic maturation of spinal motoneu-
rons during later stages (83). Finally, in
NMDAR1 mutant mice the dendritic develop-
ment of cortical neurons seems impaired (84),
and NMDAR blockade inhibits dendritic
growth in the supraoptic nucleus (85).

In summary, the data suggest that, at least in
some vertebrate systems, the role of synaptic
activity in dendritic maturation appears to be
twofold. During the first phase, NMDAR-
dependent activity promotes growth and
sprouting, and during the second phase,
NMDAR-independent but AMPAR-dependent
activity stabilizes dendrites (6). However, to
date it remains unclear whether similar activ-
ity-dependent processes also take place in
invertebrates. There, the main transmitter
within the CNS is not glutamate but acetyl-
choline (ACh). Thus, dendritic maturation reg-
ulated by synaptic currents would have to be
mediated by AChRs.

NMDA-induced increases in dendritic
branching are inhibited by blockers of voltage
dependent calcium channels (VDCCs) and by
blockers of calcium release from the endo-
plasmic reticulum (ER) (85). Therefore, it
appears likely that NMDAR activation
recruits intracellular calcium signaling path-
ways to regulate dendritic growth (67). In
principle, such calcium signaling pathways
could be recruited by AChRs, too, as sug-
gested for dendritic stabilization in chick reti-
nal neurons by local increases in dendritic
calcium concentrations (86).

Molecular Mechanisms of Activity-
Dependent Dendritic Maturation

Increasing evidence makes calcium a key
candidate for translating neuronal activity
into changes in dendritic architecture. Both
intrinsic and synaptic activity can lead to
increases in intracellular dendritic calcium
concentrations. First, NMDARs and nAChRs
are permeable to calcium. Second, dendritic
calcium influx through VDCCs can be induced
by action potentials and by synaptic depolar-
izations in vertebrate (87) and in invertebrate
neurons (28). Both mechanisms can trigger
further calcium-induced calcium release
(CICR). Third, calcium can be released from
the ER in response to IP3 binding to ryanodine
receptors (88).
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Spontaneous spiking activity in developing
neurons will most likely induce calcium eleva-
tions in their somata and possibly also in large
parts of their dendrites, depending on the ion
channel distribution. In contrast, synaptic
activity will most likely only induce local
increases in dendritic calcium levels. In fact,
dendritic calcium elevations can even be
restricted to individual dendritic spines (89).
Somatic or global calcium elevations might
have very different effects as compared with
local elevations. Therefore, intrinsic spiking
and synaptic activity might recruit different
cellular mechanisms affecting dendritic struc-
ture.

Alterations in somatic calcium concentration
can affect gene transcription (90,91). Transcrip-
tion-dependent induction of a developmental
program for dendritic growth has recently
been suggested in cortical-slice culture (92).
There, the effect of VDCC-dependent control
of dendritic growth was dependent on CaM
kinase IV. This effect might be under transcrip-
tional control for two reasons. First, CaM
kinase IV is localized in the nucleus, and sec-
ond, VDCC- and CaM kinase IV-dependent
dendritic growth is suppressed in the absence
of the cyclic-AMP-responsive-element binding
protein, CREB (92). Therefore, VDCC-depen-
dent control of dendritic growth in cortical
slice culture seems to depend on transcription
factors like CREB. However, the downstream
genes in this pathway still need to be identi-
fied. One good candidate might be BDNF, as it
is among the multiple target genes of CREB,
and it is known to exert effects on dendritic
structure in vertebrate neurons (71,93). In sum-
mary, activity-dependent calcium influx
through VDCCs might affect dendritic growth
by altering gene expression. It would be inter-
esting to test whether activity-dependent ele-
vations in somatic calcium concentrations
affect transcriptional programs for dendritic
growth in other systems, too.

For the remodeling of motoneurons during
insect metamorphosis it has been shown that
specific phases of dendritic growth correlate in
time with the transient occurrence of calcium

action potentials during development (27).
Such calcium spikes significantly elevate the
somatic calcium concentrations via influx
through VDCCs in these neurons (28),
although the somata of insect motoneurons are
usually not equipped with voltage-dependent
conductances. However, a role for transcrip-
tional regulation of dendritic growth remains
to be investigated in invertebrate neurons.

In contrast to a global effect of activity-
dependent control of gene transcription, which
may, in turn, alter overall dendritic growth,
more precise actions on dendritic shape are
mediated by local increases in dendritic cal-
cium concentrations, which are induced by
synaptic activity. As mentioned previously,
NMDAR-dependent increases in dendritic
motility and growth are dependent on eleva-
tions in dendritic calcium concentrations (85).
But how are dendritic calcium elevations
translated into structural changes of the
cytoskeleton? Good candidates for this media-
tion are the RHO GTPases Rac, RhoA, and
Cdc42, as they are key players in shaping den-
dritic structure. Constitutively active or sup-
pressed Rac and RhoA significantly affect
dendritic shape in cultured neurons (94) and in
vivo (95,96). Furthermore, Rac and Rho are
regulated by neuronal activity in a glutamate
receptor-dependent manner (97). In Xenopus
optic tectal cells, NMDAR-dependent den-
dritic growth requires calcium influx through
VDCC, decreased RhoA activity, and increased
Rac and Cdc42 activity (65). However, it still
remains to be clarified how, exactly, neuro-
transmission regulates RHO GTPases, and
how these in turn affect the cytoskeleton.

In addition to promoting dendritic motility,
synaptic input also functions to stabilize den-
drites, as shown for AMPAR-dependent stabi-
lization of the dendrites of Xenopus optic tectal
neurons (6) and for AChR-dependent dendritic
stabilization of retinal neurons (86). Chick reti-
nal neurons show two distinct types of peri-
odic calcium elevations: global elevations that
are inhibited by blocking retinal waves with
TTX application, and local calcium elevations
that are resistant to TTX application and are
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most likely caused by cholinergic transmission
from bipolar and amacrine cells. Blockade of
local, but not global, calcium elevations causes
rapid retraction of dendrites. Furthermore,
local uncaging of calcium can prevent den-
dritic collapse. Local uncaging of calcium in
selected dendrites causes CICR from internal
stores. Therefore, synaptic transmission may
locally increase calcium levels by CICR and
stabilize dendrites (86).

An additional mechanism for dendrite stabi-
lization upon synaptic activity has been
demonstrated in the Xenopus retinotectal sys-
tem (6). There, AMPAR-dependent calcium
elevations cause dendrite stabilization of tectal
neurons. Blocking and overexpression experi-
ments have clearly demonstrated that CaM
kinase II is necessary and sufficient to mediate
this effect (98,99). Neuronal CaM kinase II
activity can be regulated by changing intracel-
lular calcium concentrations, and thus may
resemble a precise readout of activity. In fact,
in cultured dorsal root ganglion, CaM kinase II
activity is regulated differentially by calcium
spikes resulting from different action potential
frequencies, ranging from 0.1 to 1 Hz (100). As
CaM kinase II is localized predominantly post-
synaptically, it is a good candidate for local
readout of synaptically increased dendritic cal-
cium levels. Correspondingly, disruption of
dendritic translation of CaM kinase II impairs
stabilization of synaptic plasticity in adult mice
(101). During development, CaM kinase II
activity might translate synaptic activity
received in different dendrites into precise
local alterations in dendritic shape.

In a recent study on cultured sympathetic
neurons, it was demonstrated that neural
activity leads to stimulation of both CaM
kinase II and MEK-ERK pathways, and that
inhibition of either one of these pathways is
sufficient to inhibit dendrite stabilization via
MAP-2 microtubule interactions (102). These
data further indicate that activity regulates
dendritic stability via CaM kinase II and MEK-
ERK, both of which may regulate MAP-2-
microtubule interactions. Further interactions
and cross-talk among these pathways seem

likely, as, for instance, CaM kinase II may also
regulate RHO GTPases, such as Rac1 (103).

Recent data on the mechanisms underlying
motoneuron remodeling during Manduca
metamorphosis also suggest calcium- and
CaM kinase II-dependent mechanisms. In this
system, rapid growth-cone-dependent den-
dritic sprouting is followed by a phase of den-
dritic stabilization and further sprouting of
high-order dendrites only (14). The switch
between phases correlates in time with devel-
opmental changes in calcium channel expres-
sion (27,28). Furthermore, developmental
changes in calcium influx result in altered CaM
kinase II activity in these motoneurons (Duch,
unpublished). Preliminary results indicate that
blockade of either VDCCs or of CaM kinase II
during these stages might affect dendritic
structure (Duch, unpublished). However, the
role of CaM kinase II and downstream signals
for dendritic maturation in invertebrates
remains to be further investigated.

Hormonal Control of Dendritic
Maturation

Studies in several different systems have
shown that dendritic shape can be influenced
by thyroid and steroid hormones and by gluco-
corticoids (104–109). For example, in develop-
ing rats, altered thyroid levels affect dendritic
branching of Purkinje and pyramidal cells
(104,110). High levels of glucocorticoids have
been demonstrated to decrease dendritic
length and the complexity of pyramidal cells in
the adult hippocampus (111), thus being con-
sidered a stress effect on dendritic structure
(107,108). Examples of steroid hormone effects
on dendritic maturation are estradiol-depen-
dent dendritic outgrowth in hypothalamic
slice cultures (112), steroid-dependent matura-
tion of the song-control system in birds (113),
and ecdysteroid-dependent dendritic growth
of insect motoneurons during metamorphosis
(106,114,115). This review is not intended to
discuss the actions of these different hormones
on the dendrites of neurons in the various
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systems mentioned above, but is rather aimed
at briefly discussing whether hormonal effects
might act in concert with activity-dependent
dendritic growth.

The first hurdle to overcome in interpreting
the results of hormonal manipulation on den-
dritic structure is to determine whether the
effects are direct or indirect. One way to test
for direct hormone action is to isolate the neu-
rons of interest in cell culture and apply hor-
mones in vitro. Manduca thoracic motoneurons
placed in culture respond to ecdysteroids with
an increase in dendritic branching complexity,
similar to the events observed during normal
pupal development in vivo (32,106). Likewise,
exposure of dissociated rat hippocampal pyra-
midal neurons to estradiol causes a twofold
increase in spine density (116). Although these
studies provide strong evidence that neurons
may be direct targets of steroid action, in both
culture systems, insect motoneurons and rat
pyramidal neurons, additional cell types are
also present. This leaves open the possibility
that the effects are mediated via alterations in
other cells.

It remains unclear whether hormone-
induced alterations in dendritic architecture are
mediated by hormone-specific cellular mecha-
nisms, or whether hormonal effects converge
with the previously discussed activity-depen-
dent mechanisms. In dissociated Manduca
motoneurons it has been clearly demonstrated
that ecdysteroid application promotes dendritic
outgrowth and growth-cone complexity (117),
which is correlated with increased calcium cur-
rent amplitude (118). Similarly, in dissociated
rat hippocampal neurons it has been demon-
strated that estradiol-induced spine formation
is accompanied by increased activity in pyra-
midal neurons (119). Likewise, there is an
increase in the cellular calcium response to glu-
tamate following estradiol application. Taken
together, these results suggest that excitation
leads to an increase in free intracellular calcium
concentration and CREB phosphorylation,
which, in turn, leads to activation of the
nucleus to produce more spine-associated pro-
teins (119). Therefore, hormone effects seem to

act in concert with activity-dependent mecha-
nisms to regulate dendritic shape.

Steroid hormone signaling and the path-
ways activated by diffusible signals might also
converge to affect dendritic structure. Colocal-
ization of estrogen and neurotrophin receptors
(tyrosine receptor kinases, trks) has been
demonstrated in a variety of neurons. This
colocalization leads to cross-talk between the
signaling pathways, in particular at the level of
the mitogen-activated protein (MAP) kinase
cascade. Estradiol causes estrogen–receptor-
and trk-independent activation of the MAP
kinases ERK1 and ERK2 (extracellular signal-
regulated kinases), suggesting nongenomic
actions of estradiol (112). Accordingly, estra-
diol application leads to ERK phosphorylation
even in ER-alpha knockout mice. As suggested
for estradiol, neurotrophin-mediated activa-
tion of trk directly activates the RAS-MEK-
ERK pathway, which may affect dendritic
structure by regulating MAP-2-microtubule
interactions (103). At this level the pathways of
several signals affecting dendritic structure
may converge, as MAP-2-microtubule interac-
tions might also be regulated by neuronal
activity via CaM kinase II (see above, 103).
These data support the view that estradiol-
induced alterations in dendritic structure
might be mediated not only by transcriptional
events via the estrogen receptor, but also by
rapid, nongenomic events.

Clear evidence for direct transcriptional reg-
ulation of dendritic shape comes from a recent
study on motoneuron dendritic growth during
Drosophila metamorphosis. Normal dendritic
growth, as occurs in identified motoneurons
during wild-type pupal development (30), is
impaired in mutants for a specific ecdysteroid
early response gene, the broad complex (BRC).
In BRC mutants the extent of dendritic arbors
of the motoneurons is markedly reduced as
compared with stage-matched wild-type con-
trols. Replacement with a wild-type transgene
rescues the wild-type dendritic phenotype
(120). This clearly demonstrates that steroid
hormones can affect dendritic maturation via
the action of their nuclear receptor on the tran-
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scriptional machinery. However, whether these
are direct effects or whether dendritic shape
might be affected as a consequence of altered
cell-cell interactions remains to be investi-
gated. Furthermore, it will probably prove use-
ful to identify additional downstream target
genes of transcriptional regulation during hor-
mone-dependent dendritic maturation.

Other Diffusible Factors and Control
of Dendritic Maturation

Several diffusible signals affect dendritic
maturation. In the vertebrate cortex, neu-
rotrophins, which include at least four related
proteins (NGF: nerve growth factor; BNDF:
brain-derived neurotrophic factor; and NT-3
and NT-4: neurotrophin 3 and 4), regulate the
dendritic growth of pyramidal neurons. The
underlying cellular and molecular mecha-
nisms have recently been reviewed (66,103).
Briefly, the starting point of these investiga-
tions was the discovery that NGF is critical for
dendritic growth and maintenance of sympa-
thetic neuron dendrites (121). This observation
was later substantiated in cortical neurons as
well (93). The effect of neurotrophins on pyra-
midal neurons from different layers shows a
different pattern for basal and apical dendrites
(66). Thus, neurotrophins are not simply
inducing overall dendritic growth but affect
distinct regions of the dendritic arborizations.
Furthermore, Horch and Katz (122) have
recently shown that BDNF released locally
from dendrites exerts direct action on branch-
ing of the dendrites of neighboring neurons in
a distance-dependent manner.

Activity-dependent dendritic growth is
enhanced by coincident exposure to neu-
rotrophins; both neuronal activity and neu-
rotrophins converge to activate CaM kinase II
and the MEK-ERK pathway (see section on
activity-dependent maturation of dendritic
architecture). Thus, neurotrophins may act in
concert with neuronal activity, as their effect on
growth is increased in active neurons and
reduced in inactive neurons (66). However, it

was recently shown that the role of BDNF
might be restricted to the maintenance of den-
drite architecture rather than growth, thereby
stabilizing connectivity during synaptic matu-
ration (123).

Another example of a factor influencing den-
dritic maturation is semaphorin 3A (Sema 3A),
a member of a large family of semaphorins
with repulsive and attractive functions on den-
dritic growth. Sema 3A acts both as a chemoat-
tractant on apical dendrites of pyramidal
cortical neurons and as a chemorepellant on
axonal growth (66). Two additional families of
chemoattracting proteins are Netrins and Slits.
Exposure of cortical neurons to Slit1 increases
dendritic growth and branching, and addition
of Robo-Fc fusion protein, which inhibits inter-
action between Slit 1 and its receptor, inhibits
dendritic growth (124).

Dendritic Tiling Limits Overgrowth
of Dendrites

In the developing nervous system, as the
dendrites of individual neurons grow, the
spacing between the dendritic fields of neigh-
boring neurons must be adjusted to reach opti-
mal occupation of nervous territory. There will
always be a trade-off among the number of
synapses, conduction delay, and computation
time. Moreover, because of space constraints,
the size of dendritic and axonal arborizations,
which take up a large fraction of brain volume,
is optimized as a result of evolutionary and
developmental constraints (125). In fact,
wiring of neuronal tissues as diverse as the
retina, cerebellum, olfactory bulb, and neocor-
tex obeys a simple mathematical rule of wiring
optimization (125). Optimization of all para-
meters requires precise regulation of dendritic
shape and dendritic contacts.

The two possible cellular mechanisms that
have been proposed for restricting dendrites to
grow within their own specific territories are
diffusible factors, such as growth factors, and
specific signaling mediated by direct contact
between dendrites. In the developing rat retina,
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it has been suggested that “contact-inhibition”
between retinal ganglion neurons regulates the
spread of their dendritic arbors as the retina
expands. For instance, lowering of retinal gan-
glion neuron density by target ablation causes
an expansion and shift of the dendritic fields of
neighboring ganglion cells toward the depleted
area (11). This suggests that dendritic growth is
regulated in part by interactions with neighbor-
ing dendrites. However, since removal of neu-
rons leaves their presynaptic partners without
a target, the observed excess growth of neigh-
boring ganglion cells could, in part, be due to
excess innervation by presynaptic partners to
accommodate for additional inputs.

In a recent study, Gao et al. (126) analyzed
factors that affect the morphology of sensory
multiple-dendrite neurons, called DA neurons,
of Drosophila larvae. Specific groups of neu-
rons meet with their contralateral homologs
in the midline, and once there, appear to repel
each other. Using photoablation, evidence
was provided for dendritic competition
between dendritic trees of neurons and their
contralateral homologs from different seg-
ments. A G-protein-coupled receptor called
flamingo seems to be required for this com-
petitive interaction between dendrites (127).
In this system, excess dendritic growth cannot
be attributed to changes in presynaptic inner-
vation, because DA neurons are primary sen-
sory neurons. Yet, the dendrites of distinct
classes of Drosophila neurons within a seg-
ment show different capabilities for dendritic
competition (128). Within a given segment,
while the dendritic arborizations of class IV
neurons show strong repulsive interactions,
those of class I and II neurons do not. Since
flamingo is expressed in all DA neurons, there
must be additional factors involved in medi-
ating these cell-cell interactions.

Dendro-dendritic competition was also ana-
lyzed in another system, the cercal circuitry of
the cockroach (129). Thirty days after a single
identified postsynaptic neuron was photoab-
lated, the synaptic connectivity was reorga-
nized in a manner that was consistent with
functional plasticity. However, the removal of

a post-synaptic neuron in this circuit had no
effect on the morphology of either presynaptic
or intact postsynaptic neurons (15). Thus, reor-
ganization of circuitry can occur in the
absence of macroscopic changes in the neu-
ronal architecture.

Future Prospects

To further increase our understanding of the
molecular and cellular mechanisms of den-
dritic development, the following issues/ques-
tions should be resolved:
1. How do intracellular cytoskeletal proteins and

signaling cascades regulate the number, length,
and diameter of dendritic trees, the decision
whether to branch or not, and if branching,
toward which direction?

In this respect, 3-D quantitative metric analy-
sis might help to reveal subtle differences in the
cellular effect signals for dendritic growth. This
would allow one to look at the effect of known
and yet to be identified extrinsic and intrinsic
factors on specific aspects of dendritic growth.
Furthermore, it is clear that activity-dependent
processes act on dendritic architecture. In order
to understand the cellular consequences of these
activity-dependent changes, we need to continue
investigation of the cellular and molecular mech-
anisms of synapse formation using real-time
functional imaging of labeled pre- and postsy-
naptic components.

2. How is the size of a dendritic field specified?
The establishment of connectivity with synap-

tic partners is presumably important in deter-
mining the size of a dendritic field. However,
dendritic tiling and intrinsic regulation of the
extent of growth for a given neuronal type
almost certainly play a role as well. One of the
challenges will be to examine the contribution of
each alone, perhaps with the design and applica-
tion of techniques for in situ localization of spe-
cific proteins during branching dynamics. Today,
it appears that dozens of molecules have been
found to regulate dendritic maturation, but it is
almost certain that each molecule plays only a
specific role in this formidable cooperative ven-
ture. One of the greatest challenges of develop-
mental neurobiology will be to specify the
unique role of each of these molecules and how,
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in concert, these orchestrate the maturation of
complex three-dimensional trees.

3. What are the universal mechanisms underlying
the maturation of dendritic architecture?

To address this issue, comparative studies
will be inevitable, because the role of given
signals appears to be weighted differentially in
different types of neurons, in different brain
areas, and especially in different species. Thus,
future studies should compare dendritic growth
between different species and brain areas,
despite the striking advantages of some systems
for live cell imaging and elegant manipulation
experiments. Although dendrites of invertebrate
neurons have some unique structural and func-
tional features, the mechanisms uncovered in
invertebrates are likely to also be applicable to
mammalian systems. The future for dendrite
studies is based on the pursuit of comparative
studies using invertebrate and vertebrate neu-
rons and circuits. Intrinsic and extrinsic signal-
ing pathways, with their receptor targets on the
dendrites, appear to involve molecules with
highly conserved structure, which is paralleled
by conserved roles in dendritic growth. Hence,
the discovery of clear organizational roles for
chemically related factors in invertebrate ani-
mals might shed light on patterns in the evolu-
tion of the orchestration of dendritic architecture
function in our own brain.
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