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Abstract

In the adult nervous system, chemical neurotransmission between neurons is essential for
information processing. However, neurotransmission is also important for patterning circuits
during development, but its precise roles have yet to be identified, and some remain highly
debated. Here, we highlight viewpoints that have come to be widely accepted or still challenged.
We discuss how distinct techniques and model systems employed to probe the developmental role
of neurotransmission may reconcile disparate ideas. We underscore how the effects of perturbing
neurotransmission during development vary with model systems, the stage of development when
transmission is altered, the nature of the perturbation, and how connectivity is assessed. Based on
findings in circuits with connectivity arranged in layers, we raise the possibility that there exist
constraints in neuronal network design that limit the role of neurotransmission. We propose that
activity-dependent mechanisms are effective in refining connectivity patterns only when inputs
from different cells are close enough spatially to influence each other’s outcome.
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Introduction

The functioning of the adult nervous system requires the creation of precise patterns of
connectivity during development. A complete understanding of how circuits develop
requires knowledge of the mechanisms that coordinate multiple developmental events that
act together to shape connectivity patterns unique to each circuit. As such, a large body of
work over several decades has focused on elucidating these developmental mechanisms.
Cellular and molecular mechanisms that regulate the morphology of axons and dendrites, the
output and input structures of neurons, respectively, have been explored in detail.
Ascertaining the mechanisms that control the number, efficacy, location and molecular
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composition of synapses, the sites of neurotransmission, continues to be of prime
importance.

Of much interest since the 1960s has been the role of neuronal activity in circuit
development, underscored by classic studies in the visual system [1, 2] and in the
neuromuscular junction [3]. Subsequent studies in diverse model systems have, however,
provided disparate viewpoints about the importance of neuronal activity in patterning
circuits. While neuronal activity often describes a broad range of cellular activities, we focus
here on the role of chemical neurotransmission between pre- and postsynaptic cells. We
outline briefly at what stages of circuit development, neurotransmission has been found to
play a role. Specifically, we discuss whether transmission regulates synapse formation,
differentiation, elimination and maintenance. Next, we consider the techniques that are
commonly used to ascertain the role of neurotransmission and compare observations drawn
from distinct methods. We then highlight a few recent studies that exemplify what can be
learnt from applying contrasting experimental strategies to solve the problem. We speculate
on what factors might limit a developmental role for neurotransmission in circuit
development. Finally, we summarize some current perspectives and future directions in the
field.

What stages of circuit assembly are regulated by neurotransmission

Synapse formation and differentiation

Synaptogenesis commences upon contact between pre- and postsynaptic neurons (Fig. 1).
Thereafter, pre- and postsynaptic proteins accumulate at the site of contact, leading to
differentiation of the synapse. However, even prior to physical contact, axonal growth cones
can release neurotransmitters [4, 5] and dendrites are lined with transmitter receptors. Thus,
it is conceivable that prior to axonal-dendritic contact, transmitter release influences
synaptogenesis. One way it may do so is to regulate the probability of contact between cells.
For example, the dendrites of hippocampal neurons in culture are covered with highly motile
filopodia that can facilitate contact between axons and dendrites [6]. Furthermore, focal
application of glutamate, an excitatory neurotransmitter, can locally induce filopodial
formation in these neurons [7]. In retinal ganglion cells, dendritic filopodia motility is
reduced upon blocking neurotransmitter receptors [8]. The decrease in filopodia motility
theoretically reduces the potential contact volume presented by the postsynaptic cell. Thus,
transmission may promote synapse formation by regulating filipodial formation and
motility. In contrast, the loss of cholinergic neurotransmission at the rodent skeletal
neuromuscular junction (NMJ) from embryonic stages increases the prevalence of
myopodia, thin protrusions from muscle fibers [9]. The increase in myopodia is matched by
an increase in the number of receptor-bearing junctions on the myotube. Transmission at
early stages of NMJ development is therefore needed to suppress hyperinnervation of
muscle fibers.

Although transmitter release could play a role in facilitating the rate and regulating the
extent of initial contact between cells, neurotransmission is not required for synaptogenesis
per se[10]. Synapses still form in mouse mutants where transmitter release is perturbed
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from the very beginning [11, 12]. It is clear, however, that once formed, transmission is
involved in the maturation of nascent synapses [13, 14].

Refining connectivity: Inappropriate connections are removed with maturation

Although from the very beginning, some circuits are generated with near precision, others
undergo varying degrees of reorganization before attaining their mature connectivity
patterns. Circuit development thus involves not only the formation and maintenance of
synaptic connections but in many instances, necessitates the elimination of erroneous
contacts (Figs. 1, 2). There is much evidence to support a role for neurotransmission in
circuit refinement across diverse model systems. The skeletal NMJ is, however, arguably the
most well-defined system where transmission-mediated circuit refinement occurs (Fig. 2A).
Somewhat unique to the NMJ is that innervation of each muscle fiber is confined to a single
pretzel-shaped postsynaptic area bearing acetylcholine receptors. At birth, muscle fibers are
initially multi-innervated, and subsequent refinement requires the withdrawal of all but one
motor axon [3, 15]. The remaining axon terminal expands and takes over the synaptic area
previously occupied by the other axons [16]. This ‘synaptic takeover’ behavior at the NMJ
implicates motor neurons engaging in a competition for contact with the muscle fiber. The
competition, producing winners and losers, is fueled by neurotransmission, without which,
refinement does not occur.

Refinement of the initial patterns of connectivity in the mammalian visual system (Fig. 2B)
is also thought to involve a process of activity-dependent competition [17-19]. At maturity,
retinal ganglion cells from the left and right eyes form synaptic connections with different
postsynaptic cells in their subcortical target, the dorsal lateral geniculate nucleus (dLGN).
Likewise, in the cortex, dLGN axons representing the left and right eyes remain segregated
and are distributed into ocular dominance columns. Eye-specific layers and ocular
dominance columns emerge during development from initially diffuse patterns of
innervation, and perturbing transmission along the visual pathway disrupts these refinements
in connectivity. Depriving one eye of vision (monocular deprivation) leads to a loss of
axonal territory in the cortex representing the deprived eye and an expansion of territory
subserving the seeing eye [1, 2, 17]. Thus, as in the NMJ, some dLGN axons gain whereas
others lose territory during development via a process that is mediated by neurotransmission.

Implicit in the observation that postnatal refinement always results in singly-innervated
NMJs is that neurotransmission shapes the convergence of inputs within a circuit.
Transmission-mediated refinement resulting in stereotypic convergence can be found in the
visual system. Mouse dLGN neurons can receive inputs from as many as 20 retinal ganglion
cells at birth but only maintain connections with 1-3 cells in the adult [20]. This refinement
takes place even after eye specific layers are formed, and although it does not depend on
visual experience, it does require spontaneous retinal activity [21]. Similarly, adult Purkinje
cells in the cerebellum are contacted by a single climbing fiber, but earlier in development
are innervated by as many as 5 climbing fibers [22] (Fig. 2C). Disrupting postsynaptic
neurotransmission at Purkinje cells using a variety of methods [23-25] results in persistent
innervation from multiple climbing fibers. Thus, across several systems, neurotransmission
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regulates the stage of circuit refinement that determines the number of afferents converging
onto an individual postsynaptic cell.

It is important to note that circuits must also regulate the number of divergent connections
each presynaptic cell makes. In the mature cerebellum, each inferior olivary cell contacts ~7
Purkinje cells [26], yet initially each climbing fiber axon contacts upwards of 100 Purkinje
cells [27]. Much less is known about the developmental patterns of divergence in the visual
system and at the NMJ. But, because transmission regulates ‘afferent convergence’ in these
model systems, it is possible that transmission also plays a pivotal role in customizing the
number of cells each individual axon contacts within its respective network.

The notion that transmission evokes mechanisms that can bring about circuit refinement
begs the question, ‘what factors determine who wins?” Multiple observations across the
systems we discuss here suggest that the more active input wins. At the NMJ, axons unable
to synthesize neurotransmitter lose to those that transmit [28]. Likewise, the non-deprived
eye clearly gains more territory in the visual cortex. Also, the efficacy of neurotransmission
of the climbing fiber that will eventually solely innervate the Purkinje cell is greater than
that of other co-innervating fibers [29]. However, it is also apparent that the ability to
transmit better than one’s neighbors is not the sole factor underlying the outcome of
competition. In these systems, it is crucial that the postsynaptic cell is able to respond to its
inputs in order to promote the appropriate refinement process. For example, inhibiting
cortical neurons during monocular deprivation favors the deprived, rather than the non-
deprived, eye. Thus, imbalances of transmission underlie transmission-dependent refinement
in connectivity, but such imbalances need to be suitably detected by the postsynaptic cell
[30].

Whereas multiple manipulations can nicely unmask a role for neurotransmission in circuit
refinement, it is not yet clear how imbalances in transmission are normally created between
competing axons. One thought is that within each cell there are limited resources of the
molecular machinery underlying transmitter release. Intriguingly, at a specific NMJ, the
larger axon that contacts more muscle fibers ends up losing, possibly because larger axons
can provide relatively little resource to each of its terminals, compared to smaller axons
[31]. In circuits in which more than one axon remains connected to a common target cell, it
may be that there isn’t much difference in the efficacy of transmission between individual
axons but rather, winning axons fire axon potentials synchronously, together leading to a
more effective depolarization of the postsynaptic cell [32]. Despite the fact that the
molecular, physiological and cellular factors causing imbalances in transmission from
competing axons are still elusive, it is evident that physiological changes often appear prior
to structural alterations. For example, Layer IV neurons lose responses to the deprived eye
prior to structural changes in dLGN axons [33], and functional differences between climbing
fiber inputs onto Purkinje cells appear prior to the elimination of connections [34, 35].

Maintaining connectivity patterns and strengthening connections require transmission

The stability of the initial contact between an axon and a dendritic filopodium does not
require excitatory neurotransmission [36]. But, transmission is eventually needed to initiate
pathways (such as CAMKII, small GTPases) that stabilize the cytoskeletal network
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necessary for the overall maintenance of axons and dendrites [37, 38]. Maintenance of
axonal and dendritic structure involves the release of trophic factors such as brain-derived
neurotophic factor [39]. In mouse mutants lacking transmitter release, synapses are
precipitously lost shortly after formation [12]. This decline may result from destabilization
of connections in the absence of neurotransmission, or a consequence of cell death. Indeed,
distinguishing between transmission-dependent trophic support and selective synapse
maintenance under conditions of activity blockade is not trivial.

However, there is evidence to suggest that transmission influences the maintenance of
connectivity patterns that are newly established. In the mouse retinogeniculate pathway,
visual deprivation commencing past the period of initial circuit refinement results in a
weakening of synaptic strength of inputs onto a single dLGN neuron [40]. Thus, even
remaining ‘winning’ connections within this circuit need to be maintained by visually-
evoked transmission, at least within a critical period when they still appear malleable.
Strengthening can occur via a variety of mechanisms, including increasing the number of
synapses between the winning axon and the postsynaptic cell [20] and increasing efficacy of
transmission pre- and/or postsynaptically.

Formulating defined roles for neurotransmission in circuit patterning thus requires assessing
potential effects at all stages of circuit development. It is important to emphasize that
synapse formation and elimination occur concurrently within a network and that activity-
dependent mechanisms may function in tandem with activity-independent mechanisms [17,
19]. We have thus far emphasized support for a role for transmission at various stages of
circuit development, but as discussed next, there remains much debate when ascribing
precise roles for transmission even at stages where the effects of transmission are most well-
studied. Disparate findings may have come about simply because circuits draw upon
transmission differentially during development, but they may also be due in part to how
transmission is perturbed.

Perturbing neurotransmission: Many ways to probe multiple roles

The availability of diverse approaches to alter neurotransmission has been invaluable but
can complicate comparisons across manipulations. As mentioned earlier, a classic approach
that uncovered the importance of neurotransmission in circuit development is blockade of
sensory stimuli. However, because there is spontaneous activity in immature sensory circuits
before sensory stimulation occurs [41], pharmacological approaches have been utilized to
block transmission completely. One advantage, of course, with pharmacological agents is
having temporal control of the manipulation. A pharmacological manipulation that has led to
seminal discoveries is the application of the neurotoxin, tetrodotoxin (TTX). TTX blocks
voltage gated sodium channels and thus the generation of action potentials that lead to
synchronized release of transmitters at the axon terminal. In the presence of TTX, however,
transmission onto a cell may still occur at sub-threshold levels of activity, or if the
presynaptic cells have TTX-insensitive sodium channels. Additionally, it can be difficult to
isolate TTX treatment to specific cell types or brain regions because this agent is readily
diffusible. Neurotransmitter receptor antagonists have therefore been used widely and
effectively to selectively inhibit transmission along specific pathways (e.g. glutamatergic or
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cholinergic). However, caveats include the possibilities that pre- and postsynaptic cells may
possess the same receptors, and that disruption does not block all transmission.

Genetic techniques have greatly facilitated both cell specific and location specific
suppression of neurotransmission, in addition to temporal control of the manipulation. Using
transfection or transgenic techniques, it is possible to express exogenous proteins in specific
cell populations, which produces relatively well-characterized effects on neurotransmission.
For example, over-expression of the inward rectifying potassium channel (Kir2.1) can
hyperpolarize cells and reduce their output [42]. Alternatively exogenous expression of
tetanus toxin light chain (TeTXx) that cleaves an integral component of the molecular
machinery needed for vesicular release of transmitters (exocytosis), can also suppress
transmission [43]. There are, however, physiological differences between their actions.
Kir2.1 over-expression lowers the cell’s resting membrane potential, and thus the cell’s
response to inputs is also diminished. Although TeTx allows a cell to maintain its respones
to presynaptic inputs, it may also prevent the release of trophic agents necessary for
neuronal survival [44].

Recent studies have applied the various combinations of perturbations summarized in Figure
3, and have revealed novel insights into how transmission regulates circuit development.
Two important conclusions arose from these studies. The first is that different manipulations
even within the same system may yield opposing results. The second is that global
disruption of neurotransmission can lead to different outcomes compared to when
transmission is altered in a few cells. Indeed, in vivo and in vitro observations underscore an
important point raised earlier — that the development of each cell’s connectivity is highly
dependent upon the relative activity of its neighbors. Examples of the findings that underlie
these two major conclusions are provided in Box 1.

Box 1

Circuits are differentially perturbed by distinct methods of disrupting
transmission

The left panel schematizes the effects of global versus local perturbation of
neurotransmission on axonal arborization of developing zebrafish retinal ganglion cells
(RGC) within the optic tectum. The exposure of RGCs to tetrodotoxin (TTX) does not
alter their axonal development [93,94], although this finding is debated [95]. However,
there is decreased net growth and axonal branching when the excitability of isolated
RGCs is reduced (Kir2.1), or if the cells fail to release transmitter (VAMPm) [93].
Conversely, although exocytosis is also impaired by expression of tetanus toxin (TeTx),
toxin expression in isolated RGCs causes an increase in axonal growth [96]. Intriguingly
these deficits that are a consequence of perturbed transmission in isolated cells, are
rescued if transmission from their neighbors is additionally suppressed [93,96].

The upper right panel illustrates the different effects of disrupting neurotransmission with
TeTx expression or Kir2.1 over-expression in hippocampal cultures. Isolated Kir2.1
over-expressing cells receive fewer synapses compared to control cells [97]. The axon of
isolated TeTx expressing cells makes the same number of synapses but these ‘silenced’
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synapses are apposed to postsynaptic sites with fewer glutamate receptors [67]. The
number of synapses onto a postsynaptic cell does not change when TTX is applied to the
entire culture [67], though this may depend upon the duration of exposure [98, 99].

In the lower right panel, chronic blockade of Xenopus retinal activity with intraocular
injection of TTX [39] alters the development of retinal axonal morphology, whereas
blocking glutamate receptors on tectal neurons by APV infusion to the tectum does not
[46]. Note also that TTX increases RGC axonal arborization in Xenopus but not in
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Box 1.

It is also evident that differential effects of global and selective manipulation can take place
even at a single synapse. At the NMJ, selective blockade of the receptors of a small region
of the postsynaptic area on a single muscle fiber results in the loss of connectivity only at the
area of receptor blockade, while blockade of the entire postsynaptic region results in no loss
[45]. But, differences in global and local blockade do not extend to all circuits examined.
For example, chronic infusion of APV, an antagonist of NMDA receptors, into the Xenopus
optic tectum results in less elaborate tectal dendritic arbors [46] and prevents sensory
stimulated dendritic growth [47]. In comparison, genetically altering NMDA receptor
function in isolated tectal neurons also produced similar effects on dendritic morphology
[48]. Corresponding findings have also been observed in the mammalian somatosensory
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system, where the disruption of NMDA-dependent neurotransmission either in all
postsynaptic cortical cells [49, 50], or in a single cell [51] results in disruptions in dendritic
arborization.

Studies in which either suppressing presynaptic transmitter release or disrupting
postsynaptic transmitter receptors have also, at times, presented disparate findings, despite
both approaches effectively reducing neurotransmission (Box 1). While it is possible that
some pharmacological manipulations are not specific to pre- or postsynaptic sites, recent
studies utilizing genetic manipulation of thalamocortical and cortical circuits demonstrated
that this reason may not explain contrasting observations. When perturbing
neurotransmission by Kir2.1 over-expression in either presynaptic cortical projecting
neurons or in their postsynaptic cortical target cells, there is decreased growth and branching
of the axonal arbors of the projection neurons [52, 53]. Thus, transmission from presynaptic
cells and depolarization of postsynaptic cells are intricately linked in patterning axonal and
dendritic components of their circuit. Indeed, many studies have shown that signaling
molecules can also be transmitted from post to presynaptic cells, and that such ‘retrograde
transmission’ can alter synaptic and cellular function [54]. Intriguingly, retrograde
transmission can even influence the dendritic development of the presynaptic cell [55] and
the efficacy of transmission onto those dendrites [56]. Therefore, in order to understand how
neurotransmission affects circuit development, it is necessary to assess both presynaptic and
postsynaptic effects of any given manipulation.

Uncovering unexpected roles of neurotransmission by different

approaches

One assay, multiple manipulations

One approach to dissect the contributions of transmission is to assay a single feature of the
circuit and then probe systematically the effects of neurotransmission on this feature. Here
we highlight two model systems that have been studied with such an approach, the first
assessing effects on axonal projections, and the second on dendritic arrangements.

In the mature mammalian olfactory system, olfactory sensory neurons (OSNSs) in the nasal
olfactory sensory epithelium (OSE) project their axons to the olfactory bulb (OB). Each
mature OSN expresses a single odorant receptor (OR), and the axons of all OSNs expressing
the same OR converge onto the same postsynaptic specialization in the olfactory bulb called
a glomerulus (Fig. 4A, [57]). Genetic mutation in mechanisms that allow OSNs to detect
odorants effectively silences OSNSs, but the axons of OSNs still converge onto the correct
glomeruli [58, 59]. However, subsequent studies revealed that sensory stimuli are necessary
for [60] and can modulate the timing of refinement of connections between OSNs and
glomeruli [61]. Furthermore, Yu and colleagues [62] demonstrated that expression of TeTx
in a subset of OSNSs, but not all OSNs, disrupted the targeting of the axons to specific
glomeruli (Figs. 4B, C). Intriguingly, if Kir2.1 was expressed by the subset of OSNSs instead,
their axons were not even able to target the olfactory bulb. These observations exemplify
two of the features we previously highlighted - that even for the same presynaptic cell type,
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different manipulations of neurotransmission may have distinct outcomes, and that local
manipulations may have effects distinct from those of global disruptions.

A second system in which an unprecedented number of manipulations was utilized to assess
connectivity within a single circuit is the development of the aCC motor neurons in the
Drosophilia ventral cord. Using a range of genetic manipulations, Landgraf and colleagues
[63] elegantly separated transmission-dependent versus transmission-independent effects on
dendritic growth of the aCC neuron in Drosophila. Dendritic growth of the aCC neuron was
constrained by contact with presynaptic cholinergic interneurons throughout development,
but neurotransmission was only necessary after an initial phase of synaptogenesis.
Furthermore, genetic manipulation of the density or location of synapses on the aCC
dendritic arbor revealed that transmission-independent contact locally restricts dendrite
extension. Neurites bearing contacts become stabilized while their neighboring non-
contacted neurites continue to grow. However, when transmission is blocked later in
development, non-contacted dendrites show increased growth because transmission
dependent inhibition of dendritic growth is lost. Their study also went on to show that
increasing the density of contacts but not overall transmitter levels causes a correlated
decrease in the size of the dendritic arbor. Taken together, these observations in the fly: (i)
emphasized when during development transmission is important, (ii) distinguished global
from local effects, and (iii) separated the effects of cell-cell contact from neurotransmission.

One manipulation, multiple assays

A different approach to isolating the role of neurotransmission in circuit development is to
assay all features of the circuit while disrupting transmission with one type of manipulation.
This can be achieved by studying circuits in which connectivity is organized into stereotypic
patterns for which axons, dendrites and their synapses can be reconstructed in detail. Indeed,
connectivity within the vertebrate retina is highly arranged, compact, and its cellular and
subcellular components are easily visualized within a single field of view. Additionally,
altered cellular morphology often reflects perturbed visual function. Within the retina are
two parallel excitatory pathways separately encoding increments (ON) or decrements (OFF)
of light levels (Fig. 4D). Photoreceptors synapse onto ON or OFF bipolar cells that converge
onto the output cells of the retina, the retinal ganglion cells (RGCs). While some RGCs only
receive direct input from either ON or OFF cone bipolar cells, there also exists a subset of
RGCs that receive input from both bipolar cell subclasses. Within the inner plexiform layer
(IPL), the axons, dendrites and synapses of ON and OFF cells occupy distinct sublaminae.
The compact nature of the bipolar-RGC circuit makes it additionally plausible to address
how transmission affects connectivity at multiple levels including: (i) Axonal structure of
the presynaptic cell, (ii) dendritic arbor of postsynaptic cell, (iii) the number of synapses an
individual axon makes with a particular postsynaptic cell, (iv) the total number of inputs on
the postsynaptic cell and (v) direct comparison of distinct inputs onto the same postsynaptic
cell to assay for ‘competition’.

Using transgenic expression of TeTx to suppress glutamatergic neurotransmission from ON
but not OFF bipolar cells in the mouse retina (Grm6: TeTx transgenic line) in vivo, a study
by Kerschensteiner et al. [64] produced several unexpected findings. Strikingly,
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neurotransmission does not regulate the axonal development of bipolar cells nor the
dendritic arbors of RGCs (Figs. 4 E, F). Bipolar cell axons and RGC dendrites remained
stratified and were unchanged in their basic branching patterns and size. The unaffected
dendritic stratification of RGCs in Grmg: TeTx retinas contrasts with previous observations
when glutamatergic transmission is perturbed chronically by intraocular injections of APB, a
metabotropic glutamate receptor 6 (mGIuR6) agonist that blocks transmission onto ON
bipolar cells [65]. However, RGC dendritic stratification appears normal in a mutant in
which mGIuR6 receptors are absent [66]. The difference in observations across studies may
be due to species differences, cell type differences or the nature of the perturbation.

Not unexpectedly, differentiated synapses are present in the Grm6: TeTX retina. However, in
contrast to hippocampal cultures [10, 67], the number of synapses made between the
transmission-defective bipolar cells and the RGCs is reduced despite normal axonal and
dendritic morphologies (Figs. 4 E, F). Individual ON bipolar cell axons had fewer output
sites and ON RGC dendrites show a corresponding decrease in the number of postsynaptic
sites. Few other studies have assayed for the density of postsynaptic sites after specific
presynaptic blockade [68, 69]. Perhaps most unexpected was that the reduced synapse
density in ON RGCs in Grm6: TeTx retinas is explained by a decrease in the rate of
formation and not elimination of synapses. This finding is fundamentally different from the
generally accepted view that transmission primarily shapes connectivity by regulating
synapse elimination. Also, it provides evidence that the rate of synaptogenesis, as reported
by the appearance of glutamatergic postsynaptic sites, can be influenced by transmission.
Moreover, like the aCC circuit in the fly ventral cord, the rate of synapse formation in the
bipolar cell-ganglion cell circuit is only regulated by transmission after an initial activity-
independent phase.

The reduction in synapse density in the Grm6: TeTx retina is localized to ON connections
only, even for RGCs that are contacted by both ON and OFF bipolar cells. Thus, axons that
converge onto the same postsynaptic cell may not necessarily compete for synaptic territory,
as apparent at the NMJ and in the mammalian visual pathway. The absence of activity-based
competition between ON and OFF bipolar cell axons in the mouse retina prompts the
question of why some converging inputs compete and others do not.

Constraints on activity-dependent competition by network design

One reason why mouse ON and OFF bipolar cells do not compete for synaptic territory on a
common postsynaptic RGC is that their inputs are restricted to separate laminae. This raises
the possibility that molecular cues dictating the formation of synaptic laminae [70] may
preclude axons from competing by keeping their inputs far apart. Perhaps the direct
targeting of ON and OFF bipolar cell inputs onto separate dendritic arbors of an individual
bistratified ganglion cell early in development [71, 72] does not encourage competition
between the ON and OFF bipolar cell axons because punishment signals, as hypothesized
for the NMJ [73], cannot spread far enough to destabilize the synapses of the lesser
competitor (Fig. 5). This possibility is supported by the observation that transmission is not
necessary for localizing inputs representing the left and right ears onto separate dorsal and
ventral arbors of Nucleus Laminaris (NL) neurons (Fig. 5C). Indeed, differential expression
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of molecular guidance cues is found in the dorsal and ventral layers in the NL [74, 75]. In
contrast, transmission-dependent emergence of eye-specific layers in the dALGN may
proceed because left and right inputs are initially intermingled on the dendrites of an
individual dLGN neuron prior to segregation. Indeed, potentiation upon stimulation of an
input during development of Xenopus retinotectal circuits can spread to inputs that are close-
by on the dendritic arbor [76].

In the vertebrate retina, there is an additional constraint on the patterning of inputs even
from neighboring afferents of the same presynaptic cell types. For example, the axonal
arbors of each morphologically defined subtype of retinal bipolar cell tile, i.e. their arbors do
not overlap (Fig. 5E). This tiling is thought to arise from homotypic interactions between
cells of the same subtype [77, 78]. We hypothesize that axonal tiling could restrict the
developmental effects of transmission by limiting the potential overlap of converging inputs.
If the axonal territories of bipolar cells are ‘released’ from tiling, it is conceivable that the
terminal branches of neighboring cells extend, and their synapses inter-digitate on the
postsynaptic dendrite. The freedom to expand may allow every bipolar cell to increase their
connectivity, implicating a role for homotypic interactions in constraining the number of
connections each bipolar cell can make. Alternatively, individual bipolar cells may continue
to acquire their stereotypic number of connections in the absence of axonal tiling. This
would suggest that tiling alone does not regulate the number of synapses each bipolar
makes. For either scenario, creating an imbalance in activity of neighboring bipolar cells of
the same subtype could further uncover a latent role for transmission, if the active cell
makes more synapses than its silenced neighbors.

Experiments separating interactions between synaptic partners, and homotypic interactions
between presynaptic cells, are thus important [78]. Certainly, in the past, inherent
competitiveness between afferents has been revealed when the situation promotes this
behavior. Notably, in the frog retinotectal system, eye-specific stripes appear when retinal
axons from an implanted third eye was forced to co-innervate a single tectum [79]. Whether
the extent of synaptic overlap is a factor that circumscribes a role for activity-mediated
competition remains a hypothesis to be explored experimentally but we think, worth testing.
Further investigations will greatly benefit from knowledge of whether synapses from
different presynaptic cells are initially intermingled on the dendrite prior to synapse
elimination. As such, visualizing the locations of all the synapses formed by each
presynaptic cell onto an individual dendritic arbor, and where synapses of individual axons
are added and eliminated over time, will be immensely helpful. Efforts to ascertain the type
of wires and location of synapses within major brain circuits are underway [80].

Conclusions

Despite the immense complexity in defining the roles of neurotransmission in circuit
development, several fundamental findings and thought-provoking ideas have emerged.
First, there exists transmission-dependent and transmission-independent phases of circuit
development that do not overlap, but not in every system studied to date [81]. Second, the
developmental effects of transmission may be local or global; regulation of connectivity
between a pair of pre and postsynaptic cells may depend not only on transmission between
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the cell-pairs but also transmission arising from other neurons in the circuit. Third, it is also
evident that that the outcome of suppressing transmission in an experimental model could
vary depending on the nature of the perturbation. However, recent advances in genetic
strategies have enabled better targeting of the site of activity-blockade. Finally, recent
findings in the visual and auditory systems raise the possibility that the effects of
transmission may be limited by spatial constraints built into the circuit design. We raise the
notion that axons may not compete for synaptic space on the postsynaptic cell if their
synapses are not near enough to affect each other.

The future of this field is immense and many questions remain unresolved. There is a major
effort to ascertain how the spatiotemporal firing patterns of presynaptic cells and the
depolarization of the postsynaptic cell influence the maintenance or elimination of synapses
[32,82]. The intercellular pathways that ‘translate’ neurotransmission into structural and
physiological changes in wiring need to be fully explored. Of much current interest is
defining the roles of activity-mediated local protein synthesis [83, 84] and transcriptional
events in patterning axons, dendrites and synapses [85, 86]. Also, because neurons generally
receive inhibitory inputs, determining how the balance of excitation and inhibition comes
about during development is essential [87]. Furthermore, it is now evident that complex
physiological properties of circuits can be shaped developmentally by activity patterns [88—
90] of their inputs, but how this occurs is unknown.

In summary, while it is clear that neurotransmission influences circuit development, it is
unlikely that there is a unified role (or roles) for neurotransmission that applies to all
circuits, within and across species. Nevertheless, perhaps the goal in determining how
transmission shapes neuronal connectivity is not to pursue common effects but rather to
appreciate that diverse strategies are utilized by organisms to build their nervous system.
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Abbreviations

APB 2-amino-4-phosphonobutyrate

APV DL-2-Amino-5-phosphonopentanoic acid
CAMKII calcium/calmodulin dependant protein kinase I
dLGN dorsal lateral geniculate nucleus

GTPases guanosine triphosphate hydrolyzing enzymes
Kir2.1 inward rectifying potassium channel 2.1
NMDA N-methyl-D-aspartic acid

NMJ neuromuscular junction

RGC retinal ganglion cell
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TeTx tetanus toxin light chain
TTX tetrodotoxin
VAMPmM dominant-negative vesicle-associated membrane protein
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I. Synapse Formation and Differentiation
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Figure 1. Stages of circuit development
Simplified view of the major developmental events underlying the assembly of neuronal

circuits. |. Both axons and dendrites show marked matility during early stages of neuronal
growth. Some sites of contact differentiate into synapses (e.g. red arrow) upon the
recruitment of pre- (yellow) and postsynaptic (red) proteins. 1. Many circuits undergo a
period of refinement in their initial pattern of connectivity by the removal of erroneous
contacts (compare with I11). Individual presynaptic cells may contact more postsynaptic
cells than at maturity (greater divergence), and single postsynaptic cells may receive inputs
from inappropriate presynaptic cells (greater convergence). Note that synapse elimination
(blue arrow) and synapse formation (red arrow) can take place concurrently. I11. Mature
patterns of circuits are established not only by synapse elimination but also by the
subsequent growth and maintenance of appropriate connections.
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A) NMJ B) Visual system C) Cerebellum

Figure 2. Circuitsthat refine their connectivity based on neurotransmission
In many systems, postsynaptic cells receive erroneous connections that are eliminated by

maturity. A: At the mammalian neuromuscular junction (NMJ), multiple motor neurons
(MN) contact a muscle fiber (MF) at a single junction in early development but only one
axon remains at maturity. B: In some vertebrate visual systems, connections from retinal
ganglion cells (RGC) representing the left and right eyes are segregated into eye-specific
layers in the dorsal lateral geniculate nucleus (dLGN) and ocular dominance columns
(ODCs) in the visual cortex (VC). Eye-specific layers form prior to eye-opening and before
ODCs appear. C: In the rodent cerebellum, multiple cells from the inferior olivary nucleus
make climbing fiber (CF) connections onto the cell body of each Purkinje cell (PC). All but
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one input is subsequently removed, and the remaining climbing fiber expands its territory to
innervate the proximal dendrites of the Purkinje cell.
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Figure 3. Methodologiesfor disrupting neurotransmission
Summary of common methods used to disrupt neurotransmission. Some approaches

suppress transmission onto a cell (input), perturb transmission from the cell (output) or
affect both input and output. Methods that suppress release of transmitters include the use of
Tetanus toxin, TeTx; Dominant negative expression of mutated vesicle associated
membrane protein, VAMPM [91], and Tetrodotoxin (TTX). Sensory Deprivation, N-methyI-
D-aspartate (NMDA) receptor blocker (APV) and over-expression of the inward rectifying
potassium channel Kir2.1 or nonfunctioning forms of postsynaptic receptors (e.g. the C
terminal of glutamate receptors (GIuR) [48,92]) alter transmission by reducing both input
and output. Downward red arrows, decrease neurotransmission; red crosses, blockade of
transmission.
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Figure4. Onetype of in vivo perturbation with distinct effects acr oss two model systems
A: In the mammalian olfactory system, subpopulations of olfactory sensory neurons (OSNs)

(blue and yellow cells) express a single type of olfactory receptor. Each population projects
their axons from the olfactory sensory epithelium (OSE) to the olfactory bulb (OB) where
they converge at separate postsynaptic specializations or glomeruli (green and purple ovals).
TeTx expression in a subpopulation (C) but not all (B) OSNs leads to mistargeting of axons
[62]. D: In the vertebrate retina, ON and OFF bipolar cells (yellow) receive their inputs from
photoreceptors (Ph) and contact retinal ganglion cells (RGCs). ON bipolar cells stratify their
axons in the inner half of the inner plexiform layer (IPL). RGC dendrites stratify in either
the ON or OFF or both sublayers (ON/OFF) of the IPL. Expression of TeTX in all ON
bipolar cells does not disrupt their axonal morphology and lamination nor alter the dendritic
structure of RGCs [64]. However, compared to wildtype animals (E) ON RGCs make fewer
connections (cyan dots) in the TeNT retina (F).
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Figure5. I'sneurotransmission-mediated circuit refinement dependent on input proximity?
A: Neurotransmission dependent elimination of motor neuron (MN) axonal inputs that

initially overlap at the neuromuscular junction is thought to employ local ‘punishment’
signals (red arrows, a) [73]. MF, muscle fiber. B: Parallel fibers (PFs) make connections
primarily onto the distal dendrites and a single climbing fiber (CF) innervates the proximal
dendrites of cerebellar Purkinje cells. While climbing fibers are the first to innervate
Purkinje cells, their territory becomes intermingled with the inputs of parallel fibers later in
development. Disruptions to neurotransmission from either PFs or CFs result in a local take
over of territory by the more active input (red arrows, b; [100]). C & D: Not all circuits with
converging afferents display neurotransmission-mediated competition. C: Inputs
representing the ipsilateral (ipsi) and contralateral (contra) ears contact separate dendritic
arbors of Nucleus Laminaris (NL) neurons of the auditory brainstem. These inputs do not
intermingle even during development. If transmission is disrupted in one set of inputs,
synaptic takeover does not occur [101]. D: Similarly, in the mammalian retina, the axons of
OFF bipolar cells (BCs) do not innervate the retinal ganglion cell (RGC) dendrites contacted
by ON BC axons with suppressed transmitter release [64]. The apparent absence of activity-
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dependent mechanisms (crossed arrows in c,d) in shaping the selectivity of inputs in the NL
and retina may be because distinct types of afferents in their circuits show little to no spatial
overlap. The axonal arbors of neighboring BCs of the same subtype tile at maturity but
whether or not these converging inputs intermingle during development, and utilize
neurotransmission to determine their relative territories has yet to be determined (e, en face
view of the retina).
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