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Summary of Recent Advances

Recently, stable labeling techniques and use of two-photon microscopy for deep tissue imaging have
enabled observation of neuronal structural dynamics within intact cerebral cortical circuits. These
studies demonstrate that while neuronal structures are predominantly stable in the adult, a fraction
of dendrites and axons are highly dynamic and responsive to experience, remodeling with precise
cell type and laminar specificity. The qualitative and quantitative features of dendritic spine, dendritic
branch, and axonal remodeling suggest their purpose may be to provide access to and alter
connectivity between different circuits in cortical space. The net number of synapses lost or gained
during arbor remodeling may not be as important as the change to the circuit diagram resulting from
the shuffling of synaptic partners.

[. Introduction

An important feature of neuronal function is the capacity to dynamically adapt in response to
changes in input activity. In the adult brain, neuronal plasticity has been shown to take many
forms, from changes in intrinsic excitability to alterations in the strength of existing synapses.
A long-debated question is to what degree structural changes that result in the formation or
elimination of synaptic connections contribute to experience-dependent modifications of
functional circuitry. The long term nature of structural changes make them particularly
attractive as cellular substrates for persistent changes in connectivity, such as might be required
for learning and memory [1] or changes in cortical map representation [2].

Recently, techniques for stable neuronal labeling [3,4] and the implementation of two-photon
microscopy for deep tissue imaging [5] have for the first time enabled longitudinal observation
of structural dynamics in cerebral cortical neurons embedded within an intact circuit. These
studies demonstrate that while neuronal structures are predominantly stable in the adult, a
fraction are highly dynamic and responsive to experience. Here we review recent reports of
experience-dependent structural plasticity in the adult brain visualized by in vivo two-photon
microscopy. While limits in optical penetration has largely confined in vivo imaging to
structures extending into layer 1 (L1) and layer 2/3 (L2/3) of the cerebral cortex, it is clear that
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experience-dependent rearrangements occur in both dendritic and axonal elements with precise
cell type and laminar specificity. We speculate as to how these relatively modest dynamics
may serve to modulate circuit function.

Il. Structural plasticity of neurons in the cerebral cortex is laminar, cell type,
and stimulus specific

Cortical circuits are built upon a laminar architecture and consist of excitatory pyramidal
neurons and inhibitory interneurons of various cell types [6]. Neurons transmit activity locally
or over long distances through axonal arbors containing en passant (EPBs) and terminaux
(TBs) boutons, which form synapses at various sites on the post-synaptic cell. A large fraction
of excitatory synapses are made on dendritic spines that protrude from the dendrites of
pyramidal neurons [7]. For aspiny interneurons, excitatory synapses are largely made on
dendritic shafts [8]. Axons of inhibitory neurons form dendritic shaft synapses as well as peri-
somatic and axo-axonic synapses [9]. The heterogeneity in synaptic contact types suggests that
different modes of structural plasticity may be required to rearrange these different types of
connections.

A considerable amount of attention has been focused on the structural dynamics of dendritic
spines, as they are thought to provide a one-to-one indicator of excitatory synaptic presence
[10-18]. In reality, the one-to-one correspondence between dendritic spine and excitatory
synapse is less straightforward. Evidence shows that about 2-4% of spines in the neocortex
lack synapses [19-22]. New spines can require a period of up to 4 days to form a synapse
[23] suggesting that dendritic spine turnover on the timescale of hours to days may not
necessarily reflect synapse turnover. In addition, a spine synapse can share a bouton with
multiple partners [23]. Despite these reservations, chronic in vivo imaging of dendritic spine
dynamics gives us the closest estimation of excitatory on excitatory synaptic dynamics on the
timescale of several days without visualizing synapses directly. Approximately ~5-10% of
spines on apical dendrites of layer 5 (L5) and L2/3 pyramidal neurons can form or be eliminated
over the course of a week during normal, day-to-day experience [10-18]. The degree of spine
dynamics can vary across cortical regions [13,15] suggesting that while the requirement for
structural plasticity may be general to the cerebral cortex, specific dynamics may differ
according to functional modality.

Sensory manipulations that lead to functional plasticity such as chessboard whisker trimming,
monocular deprivation (MD), or retinal lesion are able to enhance the baseline rate of spine
turnover by up to three-fold [11,12,14,16]. In the extreme case of a retinal lesion, 90% of initial
spines in the silenced region of visual cortex turn over during retinotopic reorganization, an
almost complete replacement of the spine population [14]. More recently, behavioral learning
through motor training has also been shown to produce increases in spine dynamics of up to
10% in the adult motor cortex, comparable to sensory deprivation [17,18]. Beyond the
enhanced spine dynamics seen with these manipulations, a perhaps less anticipated finding is
that in some cases the response is specific to both cell type and laminar location. MD increases
spine gain on apical dendrites of L5 pyramidal neurons extending into the superficial layers of
binocular visual cortex but not on neighboring L2/3 pyramidal neurons [11]. In regions between
barrel columns, chessboard whisker deprivation selectively increases the number of new
persistent spines on L5B pyramidal neurons with complex, large apical tufts, but decreases
previously persistent spines in neurons with simple, small apical tufts [12] (see Figure 1 for
summary).

An important aspect of spine remodeling in terms of physiological relevance is that it is not
simply activity that drives spine dynamics, it is highly-dependent on the experiential context.
Dendritic spine dynamics in the adult motor cortex increase only during naive training to
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specific motor tasks as opposed to retraining on the same tasks learned earlier in life [17].
Similarly, dendritic spine gain in the adult visual cortex is observed only during an initial MD
and not during a second MD of the same eye [11]. These initial structural changes can persist
from weeks to months, long after the functional expression of these modifications become
suppressed such as during recovery from MD or post-training [11,18]. It is thought that lasting
structural changes can contribute to rapid functional adaptations upon re-exposure to the
previous sensory manipulation or during re-learning [24,25]. This highlights the unique feature
of structural plasticity that distinguishes it from other forms of neuronal plasticity in the adult
brain, it is persistent over significantly longer time intervals.

Aside from their dendritic spines, dendritic arbors of pyramidal neurons are largely stable in
the adult cortex [16,26]. However, some mouse mutants show uncharacteristically large
dendritic remodeling. Delta-catenin knock out animals show a progressive loss of dendrites
and spines concomitant with a decrease in cortical function [27]. In mice with a late onset
deletion of the Pten tumor suppressor gene apical dendrites of L2/3 pyramidal neurons
continued to grow and expand in the mature cortex while the basal dendrites on the same
neurons or neighboring apical dendrites of L5 pyramidal neurons were unaffected [28]. These
studies reveal a latent capacity for large-scale dendrite remodeling in the adult cortex that also
seems laminar and cell type specific.

Unlike pyramidal neurons, ~3% of inhibitory interneuron dendritic branch tips, which equals
to ~1 out of 35-45 dendritic branch tips per cell, can remodel on a weekly basis [26]. Over
several months an average of 8 dendritic branches out of 35-45 total are likely to change
[29]. These remodeling interneurons are not subtype specific but are spatially restricted to a
superficial strip of L2/3, while interneurons above them in L1 and below in deep L2/3 remain
stable [30]. Each dynamic branch tip can elongate or retract approximately 10 pm per week
on average and up to ~ 90um over weeks. These can also include the addition and elimination
of entire branch tips that primarily occur on higher order branches at the arbor periphery [26].
Serial electron microscopy reconstructions of interneuron dendrites indicate they contain a
synaptic density of about one synapse per micron [31]. Thus, while localization and hence
synapse gain/loss on these cells is less obvious than on spines of excitatory cells, a significant
degree of synaptic reorganization is likely to accompany dendritic rearrangements on inhibitory
neurons. Interneuron dendrite remodeling can also be driven by sensory manipulations.
Monocular and binocular deprivation increase the fraction of dynamic branch tips in these cells
by 3 fold, to ~10% of arbor branch tips per week [29]. The timing of branch tip remodeling
and the relative distribution of tips extending into L1 versus L2/3 differs for these two
deprivation protocols, indicating that interneuron structural rearrangements in addition to being
cell type and lamina specific are also stimulus specific.

Axonal remodeling in response to injury-related perturbations had been demonstrated in the
adult cortex by classic histological techniques prior to the advent of chronic in vivo imaging
methods [32,33]. In vivo imaging validated these observations, and further revealed more subtle
and dynamic aspects of day-to-day axonal arbor and bouton remodeling. Like dendritic spines,
bouton turnover is not necessarily indicative of one-to-one synaptic gain or loss, as boutons
vary in regards to the number of their synaptic contacts ranging from several to none [34], and
multiple boutons, excitatory and inhibitory, can partner with the same dendritic spine [35].
Never-the-less, axonal arbor remodeling and bouton turnover are likely to reflect a change in
the synaptic population. In this case too, dynamics seem to reflect cell type and lamina specific
rules. Axons of L6 pyramidal neurons and thalamocortical axons that terminate in L1 and L2/3
remodel up to ~30um over 4 days [36]. The TBs on axons of L6 pyramidal neurons turn over
at a rate of ~20% per week, while thalamocortical axons contain a mixture of less dynamic
EPBs and TBs that turn over at ~4% and ~7% per week, respectively. In the neocortex of
primates, horizontally projecting axons of L2/3 pyramidal neurons contain a high density of
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EPBs approximately 7-12% of which turn over per week under normal experience but whose
arbors appear stable [37]. A retinal lesion can produce a 5-10 fold increase in axonal bouton
turnover in these cells [38], accompanied by rapid initial growth of axonal arbors on the order
of tens of microns from surrounding horizontal projections into the deprived region followed
by a steady period of retractions over the course of weeks.

lll. What function can structural plasticity serve in the adult brain?

Quantitatively, the fraction of dynamic dendritic and axonal elements seems modest in relation
to their stable cohorts, particularly in the unperturbed cortex. However, their contribution to
cortical plasticity may be cumulative if the remodeling of pre and postsynaptic components
are at different synapses. Indeed, new dendritic spines preferentially synapse onto existing
boutons [23], implying that dendrites and axons that remodel concurrently are not necessarily
synaptic partners. In addition, structural dynamics appear far from random. They are driven
by specific patterns of activity and are restricted to certain cell types and spatial domains, as
if specific circuit features are targeted for remodeling dependent on the required outcome.
Below, we consider the potential functional significance of structural dynamics in spines,
inhibitory dendrites, and axonal arbors within the cortical circuit.

Based on steric considerations it is estimated that each dendritic spine is capable of making
approximately 4 potential synaptic contacts with adjacent axons [39]. This density of potential
synapses within a given volume of neuropil suggests that even small structural changes, such
as spine additions and retractions, can significantly alter circuit connectivity [40]. Moreover,
a typical cortical pyramidal neuron receives only a handful of inputs from each of a thousand
or so different excitatory cells [7]. These inputs are not necessarily random as fine-scale
excitatory subnetworks can be embedded within the larger circuit [41] and long-range inputs
can be segregated into subcellular compartments of pyramidal neurons [42]. A 5-10% rate of
dendritic spine turnover would affect the rearrangement of 250-500 synaptic connections or
potentially a minimum of 50-100 neuronal partners. These findings support the view that
structural plasticity in the adult brain serves to increase the number of potential synaptic
contacts by increasing spatial access to distinct circuits within an arbor's vicinity [40].

In the case of interneurons, an estimate of synaptic turnover associated with a baseline dendrite
remodeling of 10 um per cell/week would be on the order of 10 synapses, or in the case of MD,
30 synapses per cell with approximately 10% of branch tips remodeling [29]. This is a minimal
estimate of total synaptic turnover per interneuron, not accounting for potential synapse
dynamics on stable dendrites. While slightly lower, the estimated synaptic turnover from
dendrite remodeling is on the same order of fractional dendritic spine turnover of ~5-10%
observed in L5 pyramidal neurons during MD in visual cortex [11] or during motor learning
behavior in motor cortex [17,18]. This suggests that the relative scale of structurally-related
synaptic remodeling that occurs in the adult cortex during plasticity is comparable between
excitatory and inhibitory cell types.

Approximately 10 pre-synaptic, temporally correlated excitatory inputs are thought to be
sufficient to trigger an action potential in inhibitory cells [43]. For bitufted interneurons, a train
of action potentials from even a single synaptic contact can produce an action potential [44].
Accordingly, a total branch tip length change of ~30 um (or ~30 synapses) per cell during MD
could alter the connectivity of up to 30 excitatory pre-synaptic partners, each with significant
ability to initiate interneuron firing. Furthermore, one inhibitory cell makes a large number of
synapses (15-20) on to local excitatory cells despite representing only about 20% of cortical
neurons [8]. As a result, the activity of a given post-synaptic cell can be more strongly
influenced by the minority of inhibitory neurons that synapse onto it than by the excitatory
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majority. The functional consequences of dendritic spine and interneuron arbor remodeling
may be quite different.

About 80% of the synapses on distal interneuron dendrites represent excitatory inputs [31]
from a large number of local pyramidal neurons that each contributes only 3-7 synapses [8].
Thiscircuit feature, where only a small fraction of the excitatory drive to a given cell is provided
by a single presynaptic partner, is thus common between cortical pyramidal cells and
interneurons. In the same way that remodeling of a small number of spines can influence the
addition or removal of a specific pre-synaptic input, retraction or addition of only a few
interneuron dendrites could serve the same purpose. Monocular deprivation specifically
increases the fraction of dynamic branch tips without effecting change per branch tip length,
supporting the idea that these changes serve to gain or remove access to different circuits in
cortical space [29].

A large fraction of excitatory axons that synapse onto cortical pyramidal neurons arrive from
long range intracortical and subcortical origins [45] and take rather direct, near linear
trajectories through local cortical areas [46], which in terms of sampling provides only limited
access. The flexibility of dendritic spines and inhibitory dendritic branch tips potentially allows
them to seek these excitatory inputs. Since the reach of dendritic spines is limited, remodeling
of projection axons might be required in situations when the reorganization of long-range
excitatory connections is needed. Thalamocortical and L6 pyramidal axon arbors appear to be
more dynamic on a day-to-day basis compared to horizontal L2/3 pyramidal axons [36]. The
high tortuousity and small branch lengths of inhibitory axons [46] might allow them a high
degree of local coverage that would not necessitate substantial structural changes to sample
different local partners. Indeed, imaging of GABAergic axons in slice cultures show that
GABAergic synapses form in the absence of any morphological protrusions, exclusively
appearing at preexisting axon-dendrite crossings of excitatory cells [47].

Conclusion

Even within the narrow portion of neocortex examined by two-photon microscopy, current
findings paint a complex and diverse picture of structural plasticity in the adult brain. The
qualitative and quantitative features of dendritic spine, interneuron dendritic branch tip, and
axonal remodeling suggest they are optimally designed to access and alter connectivity between
different circuits in cortical space. The relative number of synapses lost or gained during a
branch tip retraction or elongation may not be as important as the change to the circuit diagram
resulting from the shuffling of synaptic partners. The cell type and laminar-specificity of both
pre- and post-synaptic structural dynamics argue that the partner sampling occurring during
synaptic remodeling is circuit specific. An open question is whether this specificity is a matter
of circuit hot-spots that allow optimal sampling of many converging inputs, or whether locales
permissive to remodeling are dictated by the specific circuits that need to be accessed for a
given outcome. Evolution of in vivo imaging technologies may soon allow this question to be
addressed through the examination of both pre and post-synaptic structures in the context of a
labeled circuit.
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Figure 1. Diversity of Structural Rearrangements in the Adult Brain

A schematic of the types of structural rearrangements and associated synaptic changes
(glutamatergic in green; GABAergic in red) observed by chronic in vivo two-photon imaging
for cell types within L1 and L2/3 of the adult cortex during normal experience. This includes:
a) L5 pyramidal apical dendritic spines (~5-10% per week) [10-18]. b) L2/3 pyramidal dendritic
spines (~5-10% per week) [11,13,14]. c¢) superficial L2/3 interneuron dendritic arbors (~3%
per week, ~10um per arbor) [26,29,30]. d) L6 pyramidal axonal arbors (~20% per week,
~3um per arbor) and terminaux boutons (~20% per week) [36]. ) L2/3 pyramidal axonal arbors
(tens of microns over weeks, *retinal lesion) and en passant boutons (~7-12% per week)
[36-38]. f) thalamocortical axonal arbors (~8% per week, ~2um per arbor), en passant (~4%
per week) and terminaux boutons (~7% per week) [36].
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