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Electrical activity in early
neuronal development
Nicholas C. Spitzer1

The construction of the brain during embryonic development was thought to be largely independent of its electrical activity.
In this view, proliferation, migration and differentiation of neurons are driven entirely by genetic programs and activity is
important only at later stages in refinement of connections. However, recent findings demonstrate that activity plays
essential roles in early development of the nervous system. Activity has similar roles in the incorporation of newly born
neurons in the adult nervous system, suggesting that there are general rules underlying activity-dependent development.
The extensive involvement of activity makes it likely that it is required at all developmental stages as a necessary partner
with genetic programs.

E
arly neuronal development may be divided into three major
phases occurring sequentially but partially overlapping.
Proliferation from stem cells generates large numbers of neu-
rons. Migration of neurons to achieve their final locations

follows on the heels of proliferation. Differentiation includes mat-
uration of electrical excitability, transmitter specification, and out-
growth of axons and dendrites. Here I consider newly discovered
functions of electrical activity in these events that follow neural
induction and precede synapse formation.

The activity dependence of synapse formation and neuronal sur-
vival at later stages of development has been recognized for some time
and has been recently reviewed1–4. Proliferation, migration and dif-
ferentiation all depend to various extents on forms of electrical activ-
ity, both embryonically and in the adult. Given the involvement of
ion channel signalling in neural induction5, it appears that electrical
activity plays a role at all stages of development. Research now focuses
on the mechanisms by which this activity exerts its effects.

Conventional forms of excitability

In the past, electrical activity was viewed exclusively as the activity of
action potentials in which the inward current is carried by Na ions.
Because tetrodotoxin blocks voltage-gated Na channels and the
action potentials they generate, tetrodotoxin was the principal assay
used to determine whether or not a developmental process is activity-
dependent. Recognition of the role of Ca as a second messenger
coupled with the development of techniques for imaging intracellular
Ca ion concentrations led to the discovery of spontaneous fluctua-
tions in intracellular Ca at early stages of neuronal development (Box
1). Examination of the origins of these fluctuations revealed roles for
neurotransmitters that depolarize neurons and activate voltage-gated
Ca channels that promote entry of Ca, or that bind to receptors that
flux Ca. The transmitters GABA (c-aminobutyric acid) and glycine
activate receptors that generate depolarizing chloride currents at
early stages, while glutamate receptors generate Na and Ca currents
that depolarize neurons throughout development. As a result, tests of
the roles of these forms of excitability in neuronal development
require blockade not only of voltage-gated Na channels, but volt-
age-gated Ca channels and neurotransmitter receptors, for both of
which there are large families. Proliferation, migration, ion channel

expression, neurotransmitter specification, axon pathfinding and
dendrite outgrowth are all regulated by the expanded repertoire of
conventional forms of excitability.

Novel forms of excitability

The discovery of previously unknown forms of excitability has also
contributed to the appreciation of the role of electrical activity in
neuronal development. Here excitability is defined as the influx of
ions, often Ca ions, via mechanisms that do not depend on classical
voltage-gated or neurotransmitter-gated channels. For example, TRP
(transient receptor potential) channels are involved in the generation
of growth cone Ca transients. Metabotropic transmitter receptors,
mechanoreceptors, and transmitter transporters acting in reverse are
less-well-studied components generating electrical signals that can
shape neuronal development. Tests for the roles of Ca transients in
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Box 1 jSpontaneous activity before synapse formation

Observations of spontaneous electrical activity at early stages of
development before synapse formation suggested that it could have
roles in the assembly of the nervous system. Electrical recordings and
optical imaging of intracellular Ca revealed the presence of extensive
neurotransmitter-evoked activity in a range of CNS structures in both
vertebrates and invertebrates before the appearance of conventional
synaptic structures. Endogenous release of a neurotransmitter
activates NMDA receptors in embryonic turtle cortex72 and generates
Ca transients via activation of metabotropic glutamate receptors in
embryonic mouse cortex73. Endogenous transmitters also engage
GABAA receptors that lead to depolarization of neuronal progenitors in
the postnatal mouse subventricular zone and rostral migratory
stream74.

Spontaneous Ca transients are also triggered by substrate
interactions and by mechanisms that are still unknown. Ca transients
are observed in embryonic mouse neural crest75, Xenopus and zebrafish
spinal neurons20,32,42,76–78, chick dorsal root ganglion neurons31 and
hamster cortical neurons33. Several different patterns of Ca transients
are observed in precursor cells of the embryonic rat neocortical
ventricular zone79. In tunicates and invertebrate nervous systems,
spontaneous Ca elevations are generated in cells as varied as
embryonic ascidian muscle and pupal moth antennal-lobe and fly
mushroom-body neurons19,80,81.
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developmental processes now include imaging of intracellular Ca
during the relevant period of development to learn whether such
forms of excitability are present. It seems likely that further classes
of Ca transients await identification.

Neuronal proliferation

Neurons are generated in vast numbers in the embryonic brain, as
asymmetric divisions of neural progenitors give rise to neurons at a
prodigious rate. Strikingly, this process is regulated by electrical sig-
nalling. GABA and glutamate released at this early stage before syn-
apse formation have different effects on neurogenesis in different
regions. GABA and glutamate depolarize embryonic rat cortical pro-
genitor cells in the ventricular zone, stimulate elevations of intra-
cellular Ca, and inhibit DNA synthesis. Blockade of GABAA receptors
and the AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid)/kainate class of glutamate receptors increases DNA syn-
thesis, indicating a role for endogenously released transmitters in
regulating proliferation6. Similarly, release of GABA from differenti-
ating neuroblasts depolarizes their progenitor cells in the postnatal
mouse subventricular zone and limits proliferation7 (Fig. 1). In con-
trast, GABA induces proliferation of postnatal rat immature cerebel-
lar granule cells by depolarization and activation of Ca channels8.
Disruption of Ca wave propagation through embryonic rat radial
glia that are neuronal progenitors decreases neuronal proliferation
in the ventricular zone9. Roles for other neurotransmitters and the
mechanisms by which activity stimulates or inhibits proliferation are
now subjects of interest. The sign of the effects of electrical activity
can be regulated by the ratio of 39, 59-cyclic AMP to cyclic GMP10,11.

Neuronal migration
Neurons are generated in a restricted set of locations and generally
migrate to specific sites from which they extend processes to establish
synaptic connections. Some neurons migrate radially and others
migrate tangentially. Both the rate and extent of migration are regu-
lated by neurotransmitters released at this early point in devel-
opment. Radial migration of postnatal mouse cerebellar granule
cells along Bergmann glia depends on activation of voltage-gated
N-type Ca channels and the NMDA (N-methyl-D-aspartate) class
of glutamate receptors, which generate fluctuations in intracellular
Ca ions that are positively correlated with their rate of migration12.
Release of GABA and glutamate in a manner that does not require
conventional SNARE-dependent exocytosis of vesicle contents pro-
motes migration of embryonic mouse hippocampal pyramidal neu-
rons13,14. Somatostatin increases the frequency of Ca transients and
the initial rate of postnatal murine granule cell migration as well as
the loss of Ca transients that triggers the completion of migration15

(Fig. 2). In contrast, GABA slows the rate of migration in other
regions of the brain. Astrocyte-like cells regulate the rate of tangential

migration by uptake of GABA in the postnatal mouse subventricular
zone and rostral migratory stream; migration is reduced by inhibiting
uptake and increased by blocking GABAA receptors16. The signal
transduction pathways by which neurotransmitters stimulate or
inhibit neuronal migration are now being investigated17,18; the ratio
of cAMP to cGMP appears to regulate the sign of this process as well.

Neuronal differentiation
Voltage-gated ion channel expression. Neuronal differentiation has
many components, one of which is the specification of ion channels
that govern excitability. Spontaneous electrical activity can regulate
the level of excitability of cells by controlling the expression of ion
channels generating it. The best-studied example is the development
of embryonic ascidian muscle, in which Ca currents are expressed
before the appearance of rapidly activated outward and inwardly
rectifying potassium currents, engendering a period of spontaneous
activity. When Ca-dependent action potentials are blocked, devel-
opmental expression of the rapidly activated potassium current is
specifically suppressed19. In embryonic Xenopus spinal neurons the
delayed rectifier current plays the central role in developmental con-
version of Ca-dependent action potentials to Na-dependent spikes.
Ca influx through voltage-gated channels at early stages of devel-
opment drives an increase in the rate of activation of this current20,21.
These results demonstrate feedback loops by which early forms of
electrical activity regulate intrinsic excitability and can limit the
embryonic period during which activity triggers developmental pro-
grams.
Neurotransmitter specification. A second feature of neuronal dif-
ferentiation is the specification of neurotransmitter phenotype. This
process depends on early electrical activity in a number of systems, in
conjunction with cell-specific transcription factor expression or
action of trophic factors. Alterations in activity can change the num-
bers of neurons expressing excitatory and inhibitory transmitters.
Different classes of embryonic Xenopus spinal neurons generate

ba

GABAGABA

Figure 1 | Spontaneous release of neurotransmitters from neuroblasts
generates elevations of calcium in embryonic progenitor cells that
suppress their proliferation. a, Cerebral cortical progenitor cells (green) in
the ventricular zone divide asymmetrically (black arrows) to give rise to
neuroblasts (red) in rodent brains. b, Neuroblasts release GABA (blue
arrows), depolarizing progenitors and stimulating elevations of Ca (yellow)
that inhibit DNA synthesis and proliferation. Adapted from ref. 7, with
permission.
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Figure 2 | Neurotransmitter modulation of embryonic neuronal migration
by stage-specific regulation of calcium transients. Spontaneous release of
somatostatin increases the frequency of Ca transients (Ca) and enhances
tangential migration of granule neurons on the superficial layer of the mouse
cerebellum. Somatostatin suppresses Ca transients and slows radial
migration of granule neurons in the deep layer at a later stage of
development. Adapted from ref. 15, with permission.
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spontaneous Ca spikes at different frequencies, before synapse
formation. In a homeostatic manner, spike suppression increases
the incidence of excitatory transmitter expression and decreases the
incidence of inhibitory transmitters. Conversely, increasing spike
production decreases the incidence of neurons expressing excitatory
transmitters and increases the incidence of neurons expressing inhib-
itory transmitters22 (Fig. 3). Embryonic chick and rat neurons gen-
erate developmentally transient Ca-dependent action potentials that
may produce Ca spikes like those described for Xenopus spinal neu-
rons and regulate transmitter expression similarly23–25. Results from
studies of other systems are consistent with activity-dependent
homeostatic regulation of transmitter expression. Stimulation of
embryonic rat sensory petrosal ganglion neurons in vitro induces
expression of tyrosine hydroxylase26, a synthetic enzyme for dopa-
mine that acts as an inhibitory transmitter for these neurons. Phy-
siological stimulation of these neurons in vivo induces tyrosine
hydroxylase expression exclusively in cells expressing Phox2a/2b
(paired-like homeobox 2a and 2b ) transcription factors27, illustrat-
ing the partnership between transcription factor expression and
activity.

Transmitter receptor populations change to match activity-
dependent changes in transmitter expression at the vertebrate
neuromuscular junction. Matching of transmitters with their cog-
nate receptors appears to be achieved by a process of selection.
Embryonic Xenopus muscle cells initially express receptors for glu-
tamate, GABA and glycine as well as acetylcholine; acetylcholine
receptor expression prevails as maturation progresses. However the
receptor populations remaining in muscle cells parallel changes
in transmitter phenotype when neuronal activity is perturbed.
Glutamatergic, GABAergic and glycinergic synaptic currents are
recorded from muscle cells when early neuronal Ca-dependent activ-
ity is manipulated to increase the number of neurons expressing these
transmitters96. These results are consistent with release of glutamate
from neonatal mammalian motorneurons28,29 and glutamatergic
transmission at adult vertebrate neuromuscular junctions30.
Axon pathfinding. A third aspect of neuronal differentiation is the
targeting of axons that neurons extend to synapse with other neu-
rons, muscles or glands. Both novel and conventional forms of activ-
ity are involved in pathfinding of axons via the migration of growth
cones at their tips. Intracellular Ca has diverse effects on axon exten-
sion, turning and branching that may depend on concentration and
route of entry. Growth cone motility and neurite extension are inhib-
ited by application of transmitters that elicit depolarizations and Ca
increases, and axon extension is inhibited by spontaneous growth

cone Ca transients as well20,31–33. TRPC5-receptor-operated ion
channels appear to constitute the Ca entry pathway generating spon-
taneous growth cone transients in cultured hippocampal neurons34.

Axons turn in response to diffusible guidance molecules. Growth
cones of cultured Xenopus spinal neurons exhibit Ca-dependent
attraction to gradients of acetylcholine and of glutamate35. Ca also
mediates growth cone turning of these neurons stimulated by an
extracellular gradient of netrin-1 (ref. 36), a diffusible guidance factor
in vivo. The ratio of cAMP to cGMP modulates the activity of voltage-
gated Ca channels that regulate Ca increases and growth cone turn-
ing37. The turning responses to netrin-1, brain-derived neurotrophic
factor and MAG (myelin-associated glycoprotein) are mediated by
TRPC1 channels38,39 in Xenopus spinal neurons and TRPC3 channels
in rat cerebellar granule neurons40 (Fig. 4a). Stimulation of action
potentials enhances netrin-1 attraction and converts MAG repulsion
to attraction, by elevating both Ca and cAMP (ref. 41), demonstrat-
ing an intersection of conventional and novel forms of excitability.
Axons also turn in response to different substrates. Filopodia that
extend from neuronal growth cones sample the environment for
extracellular guidance cues, and generate localized transient eleva-
tions of intracellular Ca at their tips that propagate back to the
growth cone in embryonic Xenopus spinal neurons. The frequency
of filopodial transients is substrate-dependent and reduces filopodial
motility, promoting turning when stimulated differentially within
filopodia on one side of the growth cone42.

Axons branch both at their tips and interstitially, and both classes
of branching are activity-dependent. Axons of retinal ganglion cells
arriving in the optic tectum of Xenopus tadpoles add branches at their
tips equally but eliminate them selectively through a NMDA-recep-
tor-dependent mechanism in regions of the tectum constructed to be
dominated by the opposite eye43. Competition between neighbour-
ing axons growing and branching in the zebrafish optic tectum
involves activity-dependent neurosecretion that implicates the role
of neurotransmitters44. Interstitial or collateral branching at points
along axons involves chemotropic signals45. Netrin-1 increases inter-
stitial branching of cultured hamster somatosensory cortical neu-
rons, stimulating repetitive Ca transients that are spatially and
temporally correlated with the sites of axon protrusion; suppression
of these transients blocks branching46.

Axon guidance by both substrate and diffusible molecules requires
expression of appropriate receptors, and receptor expression is activ-
ity-dependent in a number of cases47,48. This is an important but
relatively unexplored subject.
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Figure 3 | Calcium-spike-dependent homeostatic specification of
embryonic neurotransmitter expression. a, Normal expression of
excitatory transmitters (green) and inhibitory transmitters (red) in the frog
spinal cord. b, Suppressing production of spontaneous Ca spikes increases
the number of neurons expressing excitatory transmitters and decreases the
number of neurons expressing inhibitory transmitters. c, Increasing the
frequency of Ca spikes decreases the number of neurons expressing
excitatory transmitters and increases the number of neurons expressing
inhibitory transmitters. Adapted from ref. 22.
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Figure 4 | Turning of embryonic axonal growth cones and elaboration of
dendritic arbours depend on elevation of intracellular calcium. a, Growth
cone trajectories of frog spinal neurons during exposure to a gradient of the
guidance molecule netrin-1 (arrows) show turning in controls that is absent
when synthesis of Ca-permeable TRP channels is knocked down. Adapted
from ref. 38, with permission. b, Blocking Ca-permeable glutamate receptors
(NMDAR) reduces the growth of dendrites in the frog brain. Adapted from
ref. 49, with permission; copyright 1999 by the Society for Neuroscience.
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Dendrite outgrowth. A fourth facet of neuronal differentiation is the
formation of dendrites, which are generally shorter than axons, more
extensively branched, and specialized for the receipt instead of trans-
mission of synaptic signals. Their growth and stability depend on
activation of neurotransmitter receptors and Ca elevation.
Blockade of NMDA receptors on neurons in the Xenopus tadpole
optic tectum, during the period of synaptogenesis in which axons
are innervating the tectum and growth cones are releasing transmit-
ter, suppresses development of their dendritic arbours by curbing
addition of new branches and extension of pre-existing branches49

(Fig. 4b). Cholinergic neurotransmission evokes local Ca-induced Ca
release that stabilizes developing dendrites of retinal ganglion cells
during early stages of synapse formation in the embryonic chick
retina50; blockade of glutamatergic transmission suppresses dendrite
motility at later stages of development51. Dendrites of postnatal rat
hippocampal neurons in slices generate Ca transients in their filopo-
dia during synapse formation that are correlated with reduced filo-
podial motility52, similar to the effect of Ca transients on axonal
filopodia42.

Activation of transmitter receptors also stimulates global Ca
increases throughout dendritic arbours that signal to the nucleus
and regulate dendrite outgrowth. Ca-induced dendritic growth in
cultured embryonic rat cortical neurons is regulated by activation
of a transcriptional program that involves CaM (Ca/calmodulin-
dependent protein) kinase IV and CREB (cAMP responsive element
binding protein)-mediated signalling to the nucleus53. Targeted dis-
ruption of CREST, a Ca-responsive transactivator, compromises
dendritic growth and branching in mouse hippocampal and cortical
neurons54. Thus activity-dependent transcriptional regulation via the
activity of conventional transmitter-activated channels is a key aspect
of dendrite formation. Activity of novel channels may also be
involved, given the expression of TRP channels on dendrites in the
mature nervous system.

Adult stem cells

The discovery of adult neurogenesis55 led to investigation of the steps
regulating proliferation, migration, and differentiation of newly born
neurons as they develop in the adult brain. Remarkably, early stages
of development of these neurons in the dentate gyrus of the hip-
pocampus and in the olfactory bulb are also activity-dependent.

Neuronal precursors and differentiating neurons express voltage-
gated Na and Ca and transmitter-activated channels similar to those
in embryonic cells56,57, which may give rise to spontaneous activity
and have functions similar to those in the embryonic nervous system.
Altering excitability affects proliferation. Activating NMDA recep-
tors decreases proliferation and blocking NMDA receptors or lesion-
ing excitatory afferents increases proliferation of granule cells in adult
rat dentate gyrus58. In contrast, serotonin stimulates hippocampal
rodent neurogenesis59,60. Seizure activity and voluntary wheel run-
ning increase the number of new neurons and odour deprivation
reduces it61,62, suggesting that physiological activity regulates adult
neurogenesis. Perturbing excitability also perturbs migration.
Seizures disrupt migration from the subgranular proliferative zone
to the inner granule cell layer in the dentate gyrus61. Odour depriva-
tion reduces expression of tenascin-R and disrupts radial migration
of neuroblasts in the mouse olfactory bulb63.

Depolarization by neurotransmitters is important for neuronal
differentiation from adult stem cells. Excitation of cultured mouse
hippocampal proliferating precursors via NMDA receptors and volt-
age-gated Ca channels represses glial fate genes and stimulates
expression of the neural fate gene NeuroD64. GABAergic synaptic
activation of precursor cells in vivo is excitatory owing to their
increased intracellular chloride concentration and stimulates Ca
influx and expression of NeuroD that promotes neuronal differenti-
ation65. Progeny of adult rat hippocampal neural stem cells co-cul-
tured with neurons and astrocytes from neonatal hippocampus
become electrically active and form synaptic connections that appear

to contribute to their functional integration into pre-existing cir-
cuits66. Indeed, integration of newly generated neurons into existing
networks is activity-dependent. GABAergic depolarization of new-
born mouse granule cells in the adult dentate gyrus is necessary for
synapse formation and dendritic development in vivo67. Thus many
features of activity-dependent early development involving conven-
tional ion channels are recapitulated in adult neurogenesis; roles for
novel forms of activity remain to be investigated.

Conclusions and perspectives

Now that we recognize the involvement of electrical activity in many
aspects of early neuronal development, we can ask whether electrical
activity has a specific function or functions. Has evolution simply
opportunistically seized on what was useful at the time—selecting
signalling by transcription factors or signalling by ion channel activ-
ity for various purposes? Or are there particular benefits to the organ-
ism of signalling by ion channels that generate elevations of
intracellular Ca?

On the one hand, signalling by electrical activity may refine sig-
nalling via gene expression, providing feedback loops to validate
or fine-tune steps of development driven by genetic programs.
Analogous to processes of development at later stages of differenti-
ation, genes establish an initial landscape that subsequent activity
reshapes. In this way electrical activity can act to ensure the efficiency
and fidelity of brain assembly.

On the other hand, electrical activity seems likely to operate at a
more fundamental level, integrated with gene expression. Genes
encoding ion channels, receptors and ligands that activate them gen-
erate electrical activity leading to a wide range of elevations of intra-
cellular Ca (ref. 68; Box 2). Different patterns of Ca elevation can
regulate gene expression in a cell-autonomous manner. However,
transient elevations of intracellular Ca also regulate cellular secretion
and organization of the cytoskeleton that controls motility. Secretion
of diffusible molecules and cellular motility that generates cell–cell
contacts enable inductive interactions among cells that regulate neur-
onal development at all levels, from cell proliferation to post-trans-
lational protein modification. In this way brief electrical activity can
act non-cell-autonomously to stimulate ligand–receptor binding
with consequences that play out over longer, developmentally rel-
evant timescales (Fig. 5).

Gene expression

Electrical activity
and calcium transients

Environmental
cues

Indirectly
(non-cell
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Hardwired

Softwired

Directly
(cell autonomous)

Figure 5 | The partnership of gene expression with electrical activity. Gene
expression leads to synthesis of ion channels, receptors and ligands;
secretion of ligands and cell–cell interactions drive electrical activity that
generates transient elevations of Ca. Ca transients in turn regulate gene
expression both directly in a cell-autonomous manner and indirectly, non-
cell-autonomously, via inductive interactions. This hardwiring of early
development is likely to be complemented by softwiring driven by
stimulation of electrical activity by environmental cues.
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This process is probably important, because the complexity of the
brain renders the number of genes in the genome insufficient to
program the organization of the nervous system directly on a sin-
gle-gene-to-single-component basis. Local communication is
required to specify developmental choices in a temporally and spa-
tially appropriate manner. Cellular and subcellular Ca signalling con-
trols DNA synthesis6–9,58–62,64,65, regulates messenger RNA and protein
levels47,48,54,69, and stimulates phosphorylation and dephosphoryla-
tion53,70,71. Thus electrical activity and gene expression appear to be
full partners in neuronal development. We can look ahead to iden-
tification of the inducing molecules released in an activity-dependent
manner and the cell–cell contacts driven by activity that drive induct-
ive interactions in early neuronal development.

Activity-dependence of early neural development does not neces-
sarily challenge the idea that development is hardwired. Develop-
ment operates on a fixed agenda if activity simply implements the
outcome of genetic programs or even if it is an equal partner, turning
on and being turned on by genetic programs. Hardwiring will be
broken, however, when environmental cues alter activity that affects
development (Fig. 5). Because synapses have not yet formed at early
stages, these cues must reach developing neurons by other means,
such as paracrine action of transmitters, circulation of maternal hor-
mones, or (in lower animals) fluctuations in temperature. These
stimuli can be predicted to alter early activity, but the extent to
which this regulates and softwires early development remains to be
determined.
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