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Function directs form of neuronal architecture
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The human brain is an architectural mar-
vel. The structure of each brain neuron
and the interconnected networks they
create are critical to all brain functions,
and structural abnormalities are directly
associated with neurological disorders.
Although the human genome encodes
only a few tens of thousands of genes,
the human brain is estimated to be com-
posed of hundreds of billions of neurons
connected by trillions of synapses. Each
brain neuron has an elaborate morphology
critical to its functions of collecting, pro-
cessing and disseminating information.
Brain neurons are typically polar cells,
composed of a tree-like dendritic arbor
that receives and integrates synaptic input
from upstream sources, a cell body and
an output axonal process and arbor that
terminates locally or distantly to transmit
signals to downstream targets. Although
their morphologies follow neuronal-type
basic patterns, each neuron is unique in
the number and position of axonal and
dendritic branches and the constellation
of pre- and postsynaptic cells contacted.
Deciphering how such complex cell mor-
phologies and networks form is a leading
question in developmental neuroscience,
central to understanding the origins of
numerous common neurodevelopmental
disorders, such as autism spectrum disor-
ders, schizophrenia and epilepsy. Recent
research has begun to unravel this mys-
tery, revealing that the structure of com-
plex neural systems can emerge through
self-organization following rules based on
use-dependent testing of synapses, and
synapse-mediated stabilization of dynami-
cally growing neuronal processes.

An understanding of how brain neu-
rons grow within native environments
and the molecular mechanisms involved
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is rapidly emerging due to recent advances
in technologies for imaging neuronal
growth within intact developing brains.
One powerful approach has been to take
advantage of transparent, externally
developing vertebrate embryos of albino
Xenopus laevis and zebrafish, since they
allow direct imaging within the intact
organism during critical stages of brain
circuit development, including neurogen-
esis, neuronal growth, synaptogenesis and
functional circuit refinement. Individual
brain neurons within these organisms can
be fluorescently labelled using single-cell
electroporation that can target transfec-
tion to individual cells while leaving the
rest of the brain unaltered."? Further, the
development of two-photon microscopy
has allowed in vivo time-lapse imaging
to capture high-resolution, 3D images of
neurons deep within living brains with
reduced phototoxic stress.® Finally, cre-
ation of sophisticated computer software
to track and measure dendritic arbor
growth in 3D over short and long inter-
vals has allowed comprehensive quanti-
fication of dendritogenesis.*> Together,
these new methods of labelling, imaging
and quantification represent an emerging
field termed dynamic morphometrics that
allows precise characterization of neuronal
growth behavior.

Application of these technologies
for time-lapse imaging using intervals
of hours or days can capture the entire
development of brain neuron dendritic
arbors, and finds that arbors of Xenopus
laevis tadpole tectal neurons elaborate
and reach maturity over 4 to 5 days.
Directly following differentiation, tectal
neurons are simple spheres and begin their
growth program by extending an axonal
process. While the axon seeks its targets
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during the next 2 days, short dendritic
processes, or filopodia, extend with little
net growth of the dendritic arbor. Then,
when axonal targets are reached, a burst
of dendritic branch addition and elonga-
tion occurs over the next 2 days. Four to
5 days following differentiation, the den-
dritic abor matures, entering a stable stage
of restricted growth with no further net
addition of branch number or length.

Using new methods for rapid time-
lapse imaging of growing neurons within
the intact and awake developing brain has
added a new layer of understanding of the
processes underlying dendritogenesis. Such
imaging has revealed a surprising amount
of motility and turnover of dendritic pro-
cesses over periods of minutes, which could
not be predicted from long interval imag-
ing.*>7 Short dendritic filopodia and lon-
ger branches are added and extend, retract
and are eliminated. Remarkably, almost all
dendritic filopodia retract within minutes
of initial extension. What is the purpose of
such high turnover? While initially appear-
ing as a waste of cellular resources, this
behavior suggests a search routine with a
high threshold for process stabilization and
maintenance. A leading theory to explain
this pattern of dynamic growth is the syn-
aptotropic model of dendritogenesis, in
which motile processes seek appropriate
presynaptic partners and synapse forma-
tion confers morphological stabilization.®
Strong support for this model comes from
in vivo time-lapse imaging of dendritic
growth in zebrafish tectal neurons express-
ing fluorescently tagged postsynaptic pro-
tein PSD-95, which demonstrates strong
correlation between formation of PSD-95
puncta and stabilization of dendritic
filopodia.”

An important implication of the syn-
aptotropic model is that this mechanism
allows function to drive form, since the
appropriateness of new synapses to cir-
cuit function is constantly tested leading
either to further synapse maturation and
strengthening or synapse elimination.’
Therefore, even though the vast majority
of dendritic filopodia are rapidly retracted,
they function to sufficiently search the
local neuropil for optimal contacts. The
number of filopodia added, their orienta-
tion and distance extended, determine the
extracellular volume sampled and thus,
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the potential for identifying and connect-
ing to the best presynaptic axons. Once
synapses are formed and tested, filopodia
are stabilized to prevent retraction and can
then extend further to create persistent
branches. Indeed, rapid time-lapse imag-
ing over periods of hours finds that den-
dritic filopodia can stabilize, elongate and
transition into branches that support fur-
ther filopodial extension. Since each den-
dritic branch in the mature arbor makes
a significant contribution to neuronal and
network function, high filopodial turn-
over and appropriate extracellular search-
ing ensures each mature branch formed is
optimal. In this manner, brain neuronal
dendritic arbors grow through use-tested
self-organization to create functional
structures and circuits.

The molecular mechanisms mediating
dendritogenesis are emerging and have
provided further support for the synapto-
tropic model, since discrete components
of synapse formation and maturation
have now been linked to specific aspects
of dynamic growth behavior. The first
step in synapse formation involves inter-
actions between cell adhesion molecules
(CAMs) on the surface of axonal and
dendritic  processes.”!?
CAM binding confers initial recognition

Trans-synaptic

of appropriate partners and creates adhe-
sion junctions that provide structural sta-
bilization. Subsequently, CAM binding
initiates nascent synapse development by
acting as nucleators to attract additional
synaptic proteins to both pre- and post-
synaptic sites. While CAMs have been
extensively studied for their roles in synap-
togenesis, little is known of their contribu-
tion to dendritic arbor growth. Recent in
vivo two-photon rapid time-lapse imaging
of growing neurons in Xenopus laevis tad-
pole optic tectum finds that the pre- and
postsynaptic CAM ligand pair, neurexin
(NRX) and neuroliginl (NLG1), directly
influence dendritic filopodial dynamic
behavior with lasting effects on arbor
structure.” Blocking trans-synaptic NRX-
NLGI interactions by applying extracel-
lular soluble recombinant NRX (NRX-fc)
prevents normal dendritic filopodial sta-
bilization, while increasing NRX-NLGI
interactions by overexpression of NLGI
hyper-stabilizes filopodia. Trans-synaptic
NRX-NLG interactions induce both
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pre- and post-synaptic differentiation
through triggering bi-directional recruit-
ment of synaptic proteins through intra-
cellular C-terminal PDZ (PSD-95/Dlg/
Z0l1) binding motifs.”® Expression of
NLGI-AC, a NLGI mutant lacking this
PDZ domain and able to bind NRX but
unable to recruit PSD-95, prevents filo-
podial stabilization. However, NLG1-AC
does induce a transient increase in filolo-
podial lifetimes that is blocked by soluble
NRX-fc, demonstrating that cell adhesion
complexes transiently stabilize the mem-
brane to limit process elimination, but
do not contribute to cytoskeletol changes
underlying filopodial motility needed to
confer persistent stabilization.

Following formation of CAM adhe-
sions, lasting structural = stabilization
requires synapse maturation. NRX-NLG1
interactions contribute further synapse
formation by recruiting and assembling
recep-
tors, scaffolding proteins and signalling

protein  complexes, including
molecules to contact sites." Immature
glutamatergic synapses may be “silent”
synapses, characterized electrophysiologi-
cally by the presence of NMDA receptors
(NMDARs), but not AMPA receptors
(AMPARs). Maturation to ‘AMPAfied’
synapses is mediated by activation of
NMDA receptors, which triggers down-
stream signalling cascades promoting
AMPAR synapses.”"
Interestingly, it was found that overexpres-
sion of NLGI is insufficient to stabilize
dendritic filopodia when NMDARs are
blocked pharmacologically. This demon-
strates that although NRX-NLGI com-
plexes can cluster PSD-95, which binds
to other cytoskeletal scaffold proteins,
this interaction is insufficient to promote
transition of motile filopodia into persis-
tently stabilized dendritic branches, and
that glutamatergic synaptic transmission
is required.’ These findings are supported
by previous work showing inhibition of
NMDARs or AMPARs decreases tectal
neuron dendritic arbor growth.’®!

insertion into

Interestingly, activity-dependent den-
dritogenesis appears to share molecular
mechanisms with synapse plasticity under-
lying learning and memory in the mature
brain. Activation of NMDARs allows cal-
cium entry at postsynaptic sites, which in
turn actives CaMKI]I, a critical component



for early-phase long-term potentiation
(LTP) at mature synapses.”? Blocking
endogenous CaMKII activity either phar-
macologically or by inhibitory peptides
induces excessive dendritic arbor growth.?
In addition, a recent discovered consti-
tutively active version of PKC, protein
kinase M{ (PKMz), implicated in late-
phase LTP,? also regulates developmental
dendritogenesis.” Inhibiting PKMz activ-
ity by delivering a PKMz inhibitor peptide
promotes dendrite outgrowth. Strikingly,
overexpression of CaMKII or PKMz
reduces thresholds for synapse maturation
and decreases growth plasticity by induc-
ing morphological hyper-stabilizing.**¢
A relationship between mechanisms
underlying long-term depression (LTD)
in mature brain and developmental den-
drite growth has also been established.
Inhibition of calcineurin (CaN), a cal-
cium/calmodulin-dependent serine/thre-
onine phosphatase required for expression
of NMDAR-dependent LTD, results in
increased dendritic arbor complexity.?®
Results these
revealed the need to reinterpret the synap-

from studies have
totropic dendritogenesis model. A simple
interpretation of the model predicts that
manipulations that increase synapse for-
mation and maturation would promote
formation of larger dendritic arbors, while
treatments that reduce synapse maturation
would result in smaller arbors. Strikingly,
multiple manipulations affecting different
components of the molecular pathways
underlying synaptogenesis find the oppo-
site results. Thus, a modified version of the
synaptotropic model has emerged in which
graded levels of synaptic maturation pro-
duce corresponding levels of stabilization.
In this model, upon initial contact CAMs
provide activity-independent membrane-
based cell-cell adhesions that provide
sufficient tension to prevent filopodia
from rapidly retracting, yet do not alter
cytoskeletal motility. Subsequent CAM-
initiated coalescence of synaptic proteins

at nascent synapses, along with activity-
dependent synapse formation, results in
immature synapses sufficient to stabilize
the filopodial cytoskeleton to prevent
retraction, yet also allowing continued
extension from the synaptic site. Activity-
dependent synapse maturation mediated
by CaMKII and PKMz produces strong,
AMPAfied synapses that further stabilize
dendritic structures, preventing further
process elongation. Newly differentiated
neurons lacking CaMKII demonstrate
high dendritic process turnover, without
branch stabilization and elongation, since
activity-dependent synapse formation is
restricted. Upon CaMKII expression, syn-
apses can be formed to provide structural
stabilization and elongation. In mature
neurons, with strong glutamatergic syn-
apses and large AMPA currents, further
dendritic growth is inhibited produce the
mature stable arbor morphology. This
graded synaptotropic model explains the
maturational progression of brain neuron
dynamic growth behavior.

References

1. Haas K, Sin WC, Javaherian A, Li Z, Cline HT.
Single-cell electroporation for gene transfer in vivo.
Neuron 2001; 29:583-91.

2. HaasK, Jensen K, Sin WC, Foa L, Cline HT. Targeted
electroporation in Xenopus tadpoles in vivo—from
single cells to the entire brain. Differentiation 2002;
70:148-54.

3. Svoboda K, Denk W, Knox WH, Tsuda S. Two-
photon-excitation scanning microscopy of living
neurons with a saturable Bragg reflector mode-locked
diode-pumped Cr:LiSrAIFl laser. Opt Lett 1996;
21:1411-3.

4. Liu XF, Tari PK, Haas K. PKM zeta restricts den-
dritic arbor growth by filopodial and branch stabili-
zation within the intact and awake developing brain.
J Neurosci 2009; 29:12229-35.

5. Chen SX, Tari PK, She K, Haas K. Neurexin-
neuroligin cell adhesion complexes contribute to syn-
aptotropic dendritogenesis via growth stabilization
mechanisms in vivo. Neuron 2010; 67:967-83.

6. Wu GY, Zou DJ, Rajan I, Cline H. Dendritic dynam-
ics in vivo change during neuronal maturation. J
Neurosci 1999; 19:4472-83.

7. Niell CM, Meyer MP, Smith SJ. In vivo imaging of
synapse formation on a growing dendritic arbor. Nat
Neurosci 2004; 7:254-60.

8. Vaughn JE. Fine structure of synaptogenesis in the
vertebrate central nervous system. Synapse 1989;

3:255-85.

BioArchitecture

20.

21.

22.

23.

24.

25.

26.

27.

28.

Cline H, Haas K. The regulation of dendritic arbor
development and plasticity by glutamatergic synaptic
input: a review of the synaptotrophic hypothesis. J
Physiol 2008; 586:1509-17.

. Bamji SX. Cadherins: actin with the cytoskeleton to

form synapses. Neuron 2005; 47:175-8.

. Craig AM, Kang Y. Neurexin-neuroligin signaling

in synapse development. Curr Opin Neurobiol 2007;
17:43-52.

. Dalva MB, McClelland AC, Kayser MS. Cell adhe-

sion molecules: signalling functions at the synapse.
Nat Rev Neurosci 2007; 8:206-20.

. Sudhof TC. Neuroligins and neurexins link synaptic

function to cognitive disease. Nature 2008; 455:903-11.

. LiZ, Sheng M. Some assembly required: the develop-

ment of neuronal synapses. Nat Rev Mol Cell Biol
2003; 4:833-41.

. Liao D, Hessler NA, Malinow R. Activation of post-

synaptically silent synapses during pairing-induced
LTP in CAI region of hippocampal slice. Nature
1995; 375:400-4.

. Wu G, Malinow R, Cline HT. Maturation of a cen-

tral glutamatergic synapse. Science 1996; 274:972-6.

. Isaac JT, Crair MC, Nicoll RA, Malenka RC. Silent

synapses during development of thalamocortical
inputs. Neuron 1997; 18:269-80.

. Rajan I, Cline HT. Glutamate receptor activity is

required for normal development of tectal cell den-

drites in vivo. ] Neurosci 1998; 18:7836-46.

. Rajan I, Witte S, ClineHT. NMDA receptor activity

stabilizes presynaptic retinotectal axons and postsyn-
aptic optic tectal cell dendrites in vivo. ] Neurobiol
1999; 38:357-68.

Sin WC, Haas K, Ruthazer ES, Cline HT. Dendrite
growth increased by visual activity requires NMDA
receptor and Rho GTPases. Nature 2002; 419:475-80.
Haas K, Li J, Cline HT. AMPA receptors regulate
experience-dependent dendritic arbor growth in vivo.
Proc Natl Acad Sci USA 2006; 103:12127-31.

Ewald RC, Van Keuren-Jensen KR, Aizenman CD,
Cline HT. Roles of NR2A and NR2B in the devel-
opment of dendritic arbor morphology in vivo. J
Neurosci 2008; 28:850-61.

Malenka RC, Kauer JA, Perkel DJ, Mauk MD, Kelly
PT, Nicoll RA, et al. An essential role for postsynap-
tic calmodulin and protein kinase activity in long-
term potentiation. Nature 1989; 340:554-7.
Malinow R, Schulman H, Tsien RW. Inhibition of
postsynaptic PKC or CaMKII blocks induction but
not expression of LTP. Science 1989; 245:862-6.
Soderling TR. CaM-kinases: modulators of synaptic
plasticity. Curr Opin Neurobiol 20005 10:375-80.
Wu GY, Cline HT. Stabilization of dendritic
arbor structure in vivo by CaMKII. Science 1998;
279:222-6.

Ling DS, Benardo LS, Serrano PA, Blace N, Kelly
MT, Crary JF, etal. Protein kinase Mzeta is necessary
and sufficient for LTP maintenance. Nat Neurosci
2002; 5:295-6.

Schwartz N, Schohl A, Ruthazer ES. Neural activity
regulates synaptic properties and dendritic structure
in vivo through calcineurin/NFAT signaling. Neuron
2009; 62:655-69.

Volume 1 Issue 1



