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Abstract
Neurons vary greatly in size, shape, and complexity depending on their underlying function. Overall
size of neuronal trees affects connectivity, area of influence, and other biophysical properties.
Relative distributions of neuronal extent, such as the difference between subtrees at branch points,
are also critically related to function and activity. This review covers neuromorphological research
that analyzes shape and size to elucidate their functional role for different neuron types. We also
introduce a novel morphometric, "caulescence", capturing the extent to which trees exhibit a main
path. Neuronal tree types differ vastly in caulescence, suggesting potential neurocomputational
correlates of this property.
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1. Introduction
Neurons play vital roles in central and peripheral nervous systems, including integration,
production, and transmission of electrochemical signals, and establishment of plastic network
connectivity. From prenatal development through adulthood, these functions are determined
by many interacting factors, such as gene expression, intracellular molecular dynamics, and
the type and distribution of ion channels. This review focuses on the most visible, though quite
complex traits of neuronal morphology. Morphological properties include a variety of general
size characteristics such as length and volume, as well as attributes associated with complexity
such as number of branches and asymmetry [1,2]. Each feature has implications for how
neurons grow and adapt [3,4], as well as function both locally and in the broader neuronal
network [5,6].

1.1. Neuromorphology
Neurons display elongated branching structures stemming from their cell bodies. These trees,
called axons and dendrites, respectively send and receive signals to and from other neurons.
Axonal and dendritic arbors differ in size and shape both between and within cell classes (Fig
1). Given the complexity and variability of neuronal morphology, computer-aided methods are
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typically employed to perform comprehensive and quantitative analyses. Many of the previous
and current results reviewed here are based on 3D digital reconstructions of neuronal arbors
[7]. This process begins with histological slices laid out on slides. The neurons of interest are
labeled so they can be captured using a digital camera mounted on a microscope, allowing
focusing for acquisition of an entire 3D structure. Specialized software programs, such as
Neurolucida [MicroBrightField, Inc., Colchester, VT], Neuron_Morpho [8]
(http://www.personal.soton.ac.uk/dales/morpho), or Neuromantic
(http://www.rdg.ac.uk/neuromantic) provide tools for visualizing the captured images and/or
tracing neuronal branches, outputting 3D coordinates and connectivity of trace points. The end
product is a digitized, morphologically realistic neuronal representation that can be loaded into
software programs specialized in extracting an extensive array of morphological metrics, such
as L-Measure [1] (http://krasnow.gmu.edu/cn3). Digital reconstructions are further imported
by software that simulate biophysical properties [9,10], thus providing morphological realism
for electrophysiological modeling.

2. Neuron size and shape
Overall size encompasses an important subset of morphological characteristics of neuronal
arbors. Distinct functional aspects of internal neuron size are defined by the total number of
terminal branches (the “degree” of the tree) or by continuous morphometrics including total
length, surface area, and internal volume [11]. The spatial extent of the neuron can also be
described in terms of distance reached from the soma or by the height, width, and depth of a
box containing the whole arborization. Greater length often corresponds to greater area of
invaded space, and thus greater potential connectivity. For axons this may result in increased
divergence (one signal sent to many cells). Total wiring is minimized by increasing length for
axons over dendrites [12] when divergence is higher than convergence (more presynaptic than
postsynaptic neurons). When convergence is greater than divergence, dendrites have relatively
greater length. These predictions were confirmed in retinal, cerebellar, olfactory bulb, and
neocortical neurons.

Membrane surface area correlates with number of synapses in dendrites and axon terminals
[13,14]. Signal propagation speed linearly increases with diameter, however the metabolic cost
also escalates due to the squared relationship between diameter and cross-sectional area [15].
Within the generally large metabolic costs of the brain, synaptic transmission and spike
generation are particularly energy intensive due to the high ATP requirements of ionic pumps
[16]. The total number of branches (defined as the regions between two bifurcations or between
a bifurcation and a termination) is another measure of absolute tree size and varies widely
between cell types (Fig 1B). Individual branches may operate in isolation for the separate
processing of specific groups of synaptic inputs [17]. Bifurcations also serve as nodes of
integration, enhancing dendritic computational power [18].

Each path within a tree, from soma to termination, has its own total number of branches, length,
surface area, and volume. For any size metric, the maximum extent among all paths in a tree
is also functionally relevant. Greater distance along the path augments passive signal
attenuation (i.e. when voltage gated channels are not actively propagating the membrane
potential), and thus decreases the influence of distal synapses [19]. Branch order, defined as
the number of bifurcations from the cell body (Fig 2A), also influences signals. Computational
models and electrophysiological experiments have shown that branch points are prone to failure
in active signal propagation [20,21,22]. These failures are due to impedance mismatch between
branches, which is in turn affected by differential section areas [23]. A greater density of
bifurcations therefore can have a significant impact on passive and active signal propagation
both towards and away from the soma. With active propagation, the density of active channels
can modulate the effects of morphology and prevent the failure of dendritic spike forward- or
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back-propagation [24]. Thus, branch points and length can respectively act as digital filters for
active signals and continuous filters for passive signals.

2.1. Cell growth in development
All the aforementioned morphological properties mature through various developmental
stages. Initially, neurons stem several small, undistinguished branches from the cell body. After
multiple phases of retraction and elongation, one of the branches becomes differentiated by
rapidly elongating and adopting axonal characteristics [25]. The rest of the sprouts eventually
assume dendritic properties such as forming spines, small protrusions that synapse with
excitatory axons [26]. Axons and dendrites also develop distinct biophysical properties
including channel distributions and cytoskeletal makeup [27]. There are numerous molecular
agents involved in axonal [28] and dendritic outgrowth [26], though their details are beyond
the scope of this review (see also [29]).

2.2. Morphological plasticity
Neurons arborize either from their growth cones located at extending terminal tips or from
intermediate segments of existing branches (“interstitial” branching) [30,31]. Branch
elongation and arborization allows synapsing with other cell processes, creating a neuronal
network. The connectivity of the network must be refined through retraction of underused
synapses, testing of others, and stabilization of functionally meaningful ones [32]. This
plasticity is driven by dynamic factors, particularly afferent activity, that can impact neurons
throughout development and in different ways depending on age and cell type [3,4,5,33].
Dendritic growth mechanisms are sensitive at the population level, producing larger arbors in
organisms with enriched environments [34,35] and smaller trees and brain regions in response
to stressful environments [36,37,38].

Afferent activity also plays a role in retraction due to competition between inputs. Mitral cells
in the olfactory system initially grow dendrites that contact multiple glomeruli, only later to
retract from all but one [39]. Multiple cerebellar climbing fiber axons synapse onto individual
Purkinje cell dendrites. Upon innervation by parallel fibers onto the Purkinje cell, all climbing
fibers retract, except a single one which then expands its dendritic influence [40].

2.3. Extrinsic vs. intrinsic influences
These steps in dendritic and axonal development temporally overlap and interact dynamically.
This complex process is mediated by a number of intrinsic (host-cell specific) and extrinsic
(cues from neighboring cells, target axons, and surrounding extracellular milieu) factors. The
mutual interactions make it difficult to distinguish individual factor roles in dendritic and
axonal growth. Models and experiments have each reached differing conclusions on the relative
extent of intrinsic and extrinsic influence on neuronal growth.

Samsonovich and Ascoli [41] found that the direction of growth for reconstructed hippocampal
dendrites was mostly determined by repulsion from their own soma. Deviations from the
orientation leading directly away from the soma were typically followed by corrective
deflections based on the segment’s resulting position. The repulsion strength decreased with
distance from the soma, yielding the approximately conical shape of hippocampal principal
cells.

A stochastic computational growth model could reproduce several morphologically diverse
cerebral and cerebellar cortical cell types by modifying only two external cues [42]. Modifying
the spatial distribution of simulated ‘neurotrophic particles’ changed both orientation and
branch density, whereas modifying the dimensions of the space available for growth changed
the gross size and shape of the cell. This study also suggested the requirement of an intrinsic
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constraint on maximum size to keep larger cells from extending at faster rates than neighboring
neurons. Without such a correction, bulkier arbors would increasingly restrict growth particles
from reaching smaller trees. The author theorized an alternative extracellular constraint based
on distance-dependent concentrations of growth-facilitating cues, possibly related to cortical
layers.

3. Qualitative and quantitative neuromorphological features
Tree shape is often the most visually obvious identifier of neuronal arbor and cell types. For
example, pyramidal cell dendrites are composed of two polarized arbors, apical and basal (Fig
1B). Both grow away from the cell body in opposite directions, receiving input from different
sources. Basal dendrites spread out as they extend from the soma, taking a conical shape with
the apex located at the cell body [43]. Apical dendrites also spread out as they grow away from
the soma, but they elongate more than basal dendrites, differentiating further as they advance
through multiple layers.

Pyramidal cells are the principal neurons in both the cerebral cortex and hippocampus.
Although all pyramidal cells share a relatively similar appearance, some differences also exist
between regions. The overall size of adult male rat pyramidal dendritic arbors (labeled in
vitro) from the NeuroMorpho.Org (http://NeuroMorpho.Org) database [7,44], measured as
total number of branches, length, surface area or volume, is approximately 4 to 9 times larger
for hippocampal than for cortical pyramidal apical arbors (detailed results not shown) and
approximately 3 times larger for hippocampal basal arbors (p < 0.001 for all metrics). There
is less difference between cell types when measuring pyramidal dendrites along their principal
axis of growth, where cortical pyramidal dendritic arbors (apical and basal combined) are ~70%
the size of hippocampal pyramidal dendritic arbors (p < 0.05). Hippocampal neurons are
relatively spread out along the other two orthogonal axes compared to cortical pyramidal cells,
which appear more elongated. Cortical dendrites may be confined within a more restricted
lamella thus appearing flatter. Differences in tissue slice shrinkage leading to greater distortion
in one of the cell types may also explain the results.

Cerebellar Purkinje cell dendrites are mostly restricted to growth in two dimensions. They fan
out significantly in the rostrocaudal direction, but are nearly flat mediolaterally (Fig 1B, right).
Purkinje cells are thus aligned in neat rows correlating with the deep folds (folia) throughout
the cerebellar cortex. This architecture may help minimize the length of shared parallel fiber
inputs [45]. Some dendritic types, such as in retinal ganglion cells, stop growing upon reaching
neighbors of the same type. The resulting ‘retinal tiling’ spatial layout [46] suggests repulsion
between neighboring neurons as a shape-constraining mechanism. Other neuronal types such
as stellate cells and motoneurons grow away from the soma in many directions (i.e. they are
multi-polar) (Fig 1A).

Underlying the shape and physical qualities of dendrites and axons is the cytoskeleton. The
cytoskeleton provides and maintains the structural properties of the neuronal trees, mediating
intracellular transport [47], and branch diameter [48,49], elongation, and bifurcation [50].
Different cytoskeletal fibers include actin filaments, microtubules, and other intermediate
filaments. In dendrites, actin is largely found near the branch surface, where it can give rise to
high densities of spines, as well as forming filopodia that sample the extracellular environment
to guide direction and growth patterns determining overall shape [51]. Microtubules make up
much of the branch core and act as a skeletal backbone maintaining the neuronal tree shape
[26]. Microtubules have polarity which determines the direction of resource transport and is
an important differentiating factor between axons and dendrites. Axon microtubules only
transport distally (towards the plus-ends), while dendritic microtubules face both directions
[52]. The loss of function of a motor protein that drags the microtubules into dendrites minus-
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end first results in elongated dendrites without taper and with an organelle makeup closer to
an axon [53].

The size metrics discussed so far relate to many neuronal functions. However, other functional
properties depend on more complex shape and size metrics such as branching distributions and
patterns [54]. Branching patterns and distributions can be measured in numerous ways
providing a challenging choice for the best metrics to explore for a given cell type and features
of interest. The following section reviews some common topological measurements including
partition asymmetry and modifications thereof.

4. Beyond size: complexity and asymmetry
Considering the shape of neurons beyond their size opens the door to a more extensive set of
metrics. Early measures of complexity were restricted to 2D images of neurons. Sholl analysis
is a common metric that counts the number of branches at regular distances from the soma
[55]. Modified (or Sholl-like) analyses, including 3D variations, were natural extensions once
digital 3D reconstructions became available [56,57]. Sholl-like analyses expand size metrics
by analyzing their distribution relative to distance measures such as branch order or path
distance. As an example, dendritic branches tend to thin as they elongate. Accordingly,
numerous computational modeling studies have used distance-dependent diameters to
stochastically produce realistic neuron/arbor types [6,58,59,60].

Krichmar et al. [61], loading CA3 pyramidal cell reconstructions into an electrophysiological
simulation environment, found that size morphometrics affect firing activity but cannot account
for all aspects of electrophysiological behavior. How dendrites are distributed across branch
order significantly correlates with aspects of firing patterns. These results suggest that complex
morphological properties must be characterized not only by overall size, but how size varies
within the given tree.

4.1. Partition asymmetry
Morphological asymmetry reflects the relative balance of branches or size within a tree.
Partition asymmetry (Ap) is a relative measure of asymmetry at a bifurcation node based on
the distribution of degree (number of terminals) between the node's two subtrees [62]. Figure
2B presents the formula and calculation for a sample tree. The value ranges from 0 (symmetric)
to 1 (asymmetric). Since degrees are integers, the number of possible values of Ap depends on
the node total degree. The denominator represents the degrees of freedom (total degree minus
two, as both left and right subtrees must have at least one terminal).

The number of possible tree shapes increases exponentially with tree size. Even relatively small
trees exhibit an exorbitant number of possible branching patterns [62,63]. Given the relatively
small number of observations enabled by experimental data acquisition, it is impossible to
know if there is only a subset of tree shapes that fully represents a given cell type [64]. It is
therefore useful to have an informative scalar morphometric about tree shapes. Van Pelt [62]
defined the tree asymmetry index as the average partition asymmetry across a tree, finding this
measure sensitive to different tree shapes.

4.2. Asymmetry alternatives
Because partition asymmetry measures the asymmetry of a node given all possible degree
distributions, nodes that can only have one possible distribution (i.e. nodes with degree 2 or 3)
technically do not have an asymmetry value. Van Pelt et al. [62] choose to give the two possible
partitions with degrees < 4 asymmetry values of 0 and 1 for practical purposes, but recognize
that these values are arbitrary and mention several alternative methods to measure asymmetry
in neuronal trees. Because arbitrary values change the average partition asymmetry for a given
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tree, we decided to compare asymmetry measures with and without nodes of degree < 4.
Measuring partition asymmetry for all axonal and dendritic trees from NeuroMorpho.Org with
total degree > 5 (N = 4597), we found that excluding nodes with degrees < 4 resulted in
significantly greater standard deviation (0.19 > 0.12, F = 0.39, p < 0.0001) suggesting higher
sensitivity to tree shapes. Van Pelt et al. [62] performed a similar comparison for both
asymmetry measures for all possible tree shapes with degree ≤ 7 as well as measuring the
number of unique values and found analogous results.

Measuring asymmetry at the tree level as opposed to locally provides a different measure that
depends on node size. The metric we termed “global asymmetry” accomplishes this by
weighting partition asymmetry by degree. Thus, nodes that contribute to a greater part of the
entire tree have proportionally greater influence on the measured asymmetry. Since this
measure is global in nature, a more absolute partition asymmetry is appropriate. This is
achieved by not subtracting 2 in the denominator of the partition asymmetry equation, such
that trees with a greater absolute difference in subtree sizes always have greater partition
asymmetries.

Asymmetry can also be measured using continuous size metrics such as length, surface area,
and volume. Since the branches diverging from a bifurcation have continuous size, even a node
with two terminals can be asymmetric. There is therefore no reason for limiting the nodes to
be included in such a measure. Additionally, since it is length (or surface area or volume) and
not degree being measured, degrees of freedom are not a factor (Fig 2C). Donohue and Ascoli
[65] tested the accuracy of growth models in computer simulations using different asymmetry
metrics. Basal and apical tree degree asymmetries were accurately produced by different
morphometric constraints (diameter and path distance, respectively). Surface area asymmetry
however was best determined by path distance for both arbor types. These results suggest that
different asymmetry measures may be determined by distinct factors depending on neuron or
arbor type.

A novel implementation of partition asymmetry termed “excess asymmetry” was used to
measure morphological homeostasis in hippocampal dendritic trees [66]. This metric is based
on the idea that if an arbor grows under homeostatic constraints, then larger subtrees will offset
smaller subtrees, limiting the size range of the entire tree. Specifically, consider a node with
subtrees l and r, where l has subtrees a and b, and r has subtrees c and d. Switching b with
either c or d will result in a more symmetric node in case of homeostasis (if a and b are large
then c and d are small or vice versa). Excess partition asymmetry then compares the actual
partition asymmetry with the swapped partition asymmetries, producing a positive value if
there is homeostasis and a value near 0 otherwise. Degree, length, and surface area were all
used to determine excess asymmetry. Significantly positive excess asymmetry values were
found in several dendritic types of cortical principal cells, suggesting that subtrees grow under
homeostatic constraints.

4.3. Asymmetry’s complex relationships
Size metrics have been found to classify arbor and cell types better than some simple asymmetry
scalars [67]. However, asymmetry’s relevance may require more targeted methods to fully
capture cell type variation. Cuntz et al. [68] modeled a dendritic structure by minimizing total
wiring to a sample of potential synaptic sites from a reconstructed fly tangential cell. The
resulting virtual dendrite was very different from the corresponding reconstructed cell. It was
quite asymmetric and had a clear main path. A second model constrained both total wiring and
path distance from synaptic site to soma. Diameter and taper rate were also constrained to
minimize the current transfer variability between synapse to soma paths. The result appeared
much like the source cell, with several levels of fairly symmetric branching followed by more
asymmetric regions. A single asymmetry measure would not be capable of describing the
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multiple dendritic sub-domains, whereas a set of targeted measures could capture such
functionally related patterns.

Neurons abide to many constraints and functions beyond homogeneous synaptic efficacy and
minimizing metabolic cost. A more generalized recent model to relate neuronal function and
morphology involved an evolutionary algorithm, with “genes” made up of tree growth
parameters, and electrophysiological simulations to test virtual neuron fitness [69]. Based on
the chosen functional parameters, the model finds optimal dendritic arbors over many
generations. Within the resulting set of morphological parameters, those vital to the specified
neuronal fitness are more highly conserved.

Asymmetry may correlate with other measurements that more directly reflect the function of
the corresponding tree shape feature. The next section introduces “caulescence”, a novel
measure that typically correlates with asymmetry, yet often provides a clearer functional
consequence. Additionally, we explore analyses suggesting that for certain cell types, larger
caulescence appears to cause the high asymmetry values.

5. Caulescence
The term “caulescent” was originally used in botany to describe a plant with a main trunk or
stem [70]. As some neurons present tree structures with prominent main paths, including axons
and pyramidal cell apical dendrites, we found it appropriate to develop a rule for univocally
identifying main paths and a measure to capture their prominence.

The main path of a neuronal tree can be defined as the path from the soma to a termination
which at each bifurcation leads to the greatest extent of a given metric (e.g. degree, length,
surface area or volume). Degree-based caulescence (CD) follows the path that leads to the
higher degree at each bifurcation, while length-based caulescence (CL) takes the path towards
the most length (Fig 2D). Caulescence is then defined as the weighted partition asymmetry of
nodes along the main path. This choice factors out the influence of secondary subtrees and
weights more heavily the bifurcations with the largest extent. Both the partition asymmetry
and weighting are based on the same metric used to determine the main path itself. The equation
for caulescence is1:

where l and r are the sizes of the two subtrees at each node on the main path. The resulting
value represents the overall balance of extent, where high caulescence (close to 1) indicates a
very distinct main path and low values reflect a more balanced tree without a clear main path.
Figure 3 shows main paths in example neuron types.

The significance of caulescence in neuronal arborizations is revealed in the drastic differences
between the values of various cell and arborization types. Using the length metric and
NeuroMorpho.Org arbors, pyramidal cell apical dendrites tend to be highly caulescent (0.62
± 0.17, N=889), while their basal counterparts have much less caulescence (0.37 ± 0.17;
N=1779; p < 0.001). As seen in Figure 3A, the main path is more obvious in apical compared
to basal dendritic trees. High caulescence by volume or surface area in dendrites can optimize
synaptic integration along the main path, analogous to elongating the soma. In fact, surface
area (as well as volume, not shown) caulescence is significantly higher than length caulescence
for both pyramidal basal (0.39 ± 0.17; p < 0.05) and apical dendrites (0.69 ± 0.16; p < 0.001).

1Code for measurements including caulescence available at http://mason.gmu.edu/~tgillett/caulescence/
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This fits with secondary (e.g. oblique) branches having smaller diameter than main branches
and therefore high input impedance [23,24,71].

Two groups of NeuroMorpho.Org axons had sample sizes large enough for analysis and varied
substantially between types. Cortical basket cell axons had a lower mean caulescence (0.54 ±
0.15; N=57) than uniglomerular projection neuron axons (0.73 ± 0.10; N=233; p < 0.001). As
would be expected due to the lack of taper in axons, neither cell class had axons with a
significantly different surface area (CS) or volume-based (CV) caulescence compared to CL and
CD. The main path in both apical dendrites and axons is acting in part as an efficient way to
get from an origin (i.e. soma) to a destination (i.e. apical tuft, axonal terminals), as opposed to
sending many branches to neighboring targets.

The adaptation of partition asymmetry in the caulescence definition results in a fairly strong
correlation between caulescence and several asymmetry measures, particularly global
asymmetry. There are, however, noticeable distinctions. For example, in apical dendrites of
rodent hippocampal pyramidal cells, caulescence values below 0.50 are generally lower than,
and correlate less with, global asymmetry values (both using the length metric, Fig 4).
Caulescence values above 0.50 highly correlate with and fall above global asymmetry. Thus,
the ratio of global asymmetry to caulescence is higher at low than at high values (Fig 4 top left
inset). This may be due to hippocampal apical dendrites with a major bifurcation near the soma,
effectively leading to a second main path. A tree with more than one true main path has lower
caulescence due to a highly weighted bifurcation with low partition asymmetry where the
second main path begins. The tree's global asymmetry would then be higher than its caulescence
because other highly weighted bifurcations on the second main path would contribute a
relatively high partition asymmetry. Rodent cortical apical dendrites show no significant
difference in correlation above or below caulescence of 0.5 (Fig 4). While rodent hippocampal
(0.66 ± 0.21; N=205) and cortical (0.67 ± 0.13; N=258) apical dendrites have similar mean
caulescence, primate cortical apical dendrite values (0.57 ± 0.15; N=387) are substantially
lower. These results signify important differences between both brain region and species even
within a cell and arbor type.

Lower global asymmetry may be due to secondary branches. Measuring partition asymmetry
separately along the main and secondary paths (Fig 4 bottom right inset) can distinguish the
relationship of potentially separate domains. A 2-sample Kolmogorov-Smirnov test rejected
that the primary and secondary branch partition asymmetry values could come from the same
population (p < 0.001). These results show that main path nodes indeed have significantly
higher partition asymmetry than secondary nodes. This means that the asymmetry of apical
dendrites is due primarily to the effect of the main path.

For simplicity’s sake, only caulescence defined along a single main path was analyzed. Future
incarnations of the metric may be expanded by taking into account the multiple main paths that
certain individual trees exhibit, such as some of the low caulescence but high global asymmetry
apical dendrites in Figure 4. Additionally, cerebellar climbing fibers and Purkinje cells (Fig
1B) appear to have main paths that split in multiple directions. Another aspect of separating
morphological sub-domains is the determination of where a main path ends. Removing
acaulescent regions would further differentiate sub-domains. For example, the apical tuft of
apical dendrites is more symmetric and thus its exclusion from the main path would likely
further increase the high caulescence values of these trees.

6. Conclusion
While many biophysical mechanisms determine cell types throughout the body, such as
chemical messengers and metabolic constraints, neuronal characterization would be
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incomplete without considering morphology. It is both cause and effect of function; a dynamic
player in signal propagation, integration, and connectivity. Size morphometrics summed
through the trees can characterize fundamental aspects of different cell types. Differential size
distributions at branch points serve to quantify less obvious morphological aspects such as
asymmetry. All these properties are mediated by function, environment, and metabolic
efficiency. Growth and functional models, in conjunction with morphological properties, have
the capacity to isolate individual features and increase the understanding of their relationships
to one another. One such feature, caulescence, provides a novel tool for characterizing a
relatively unexplored aspect of neuromorphology.
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Fig. 1.
Diversity in neuronal size. A. Brainstem motoneuron [72] (left) and cerebrocortical stellate
dendritic trees [73] (right) have similar shapes and numbers of branches (53 and 51,
respectively) but different total lengths (6298 to 1966 µm). Boxed Inset: Zoomed-in (4×)
stellate cell emphasizing morphological similarity to motoneuron besides size. B. Hippocampal
CA3 pyramidal [43] (left) and cerebellar Purkinje cell [24] (right) dendritic trees have similar
lengths (9670 and 9883 µm) but different numbers of branches (121 and 567). Rotation shows
the prototypical Purkinje cell planar shape. All trees (from NeuroMorpho.Org) are to scale.
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Fig. 2.
Binary tree properties. Branches are the regions between bifurcation or termination nodes.
A. Branch (centrifugal) order of each node from the root. B. Terminal degree (number of
terminations) of each subtree at each node. The formula for partition asymmetry (Ap) is
provided below with calculation for the root of the example tree. C. Lengths of individual
segments with length-based partition asymmetry (Al

p) for the root. D. Main paths (gray) by
degree (dashed) and by length (solid). At the split of the different main paths, the left subtree
has a degree of 3 and a length extent of 2.6, while the right subtree has a degree of 2 and a
length extent of 2.75.
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Fig. 3.
Main paths in example neurons from NeuroMorpho.Org. A. Hippocampal subicular pyramidal
dendritic arbor [74,75]. Main path (red) is more caulescent in apical (gray, CL = 0.88; CD =
0.88) than basal trees (blue, CL = 0.38±0.14; CD = 0.36±0.07; N = 5). Boxed Inset: Zoomed-
in (2×) individual basal tree with main path (red) (CL = 0.24; CD = 0.43). B. Hippocampal CA1
pyramidal cell dendritic (basal: dark blue; apical: gray) and axonal (light blue) arbors [76,77,
78]. Axonal main path (thickened red) would not be obvious without color, even though this
axonal tree is highly caulescent (CL = 0.89; CD = 0.89). Some branches are thickened for visual
clarity. CL = length-based and CD = degree-based caulescence.
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Fig. 4.
Scatter plot of rodent pyramidal cell apical dendrite global asymmetry against caulescence
(C), both using the length metric. Green circles represent hippocampal neurons, blue crosses
cortical neurons. Solid is the diagonal, where global asymmetry equals caulescence. At C >
0.5, caulescence is greater than global asymmetry, suggesting a difference between bifurcations
in the primary and secondary paths. Variability in global asymmetry for hippocampal apical
dendrites increases at C < 0.5. This could be explained by dendrites with multiple main paths.
Top Left Inset: Mean ratios of global asymmetry to caulescence below and above 0.5
caulescence is significantly different for hippocampal cells (p < 0.0001). Bottom Right
Inset: Partition asymmetry analysis of all rodent apical dendrite nodes. Primary path
bifurcations have significantly higher partition asymmetry than secondary path bifurcations (p
< 0.0001).
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