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This work presents PyramidalExplorer, a new tool to interactively explore and reveal the
detailed organization of the microanatomy of pyramidal neurons with functionally related
models. It consists of a set of functionalities that allow possible regional differences in
the pyramidal cell architecture to be interactively discovered by combining quantitative
morphological information about the structure of the cell with implemented functional
models. The key contribution of this tool is the morpho-functional oriented design that
allows the user to navigate within the 3D dataset, filter and perform Content-Based
Retrieval operations. As a case study, we present a human pyramidal neuron with over
9000 dendritic spines in its apical and basal dendritic trees. Using PyramidalExplorer, we
were able to find unexpected differential morphological attributes of dendritic spines in
particular compartments of the neuron, revealing new aspects of the morpho-functional
organization of the pyramidal neuron.

Keywords: visual analysis, dendritic spines, cerebral cortex, functional models, 3D reconstructions

INTRODUCTION

Over recent years, the field of neuroanatomy has evolved considerably, thanks to the use of classical
techniques and the introduction of new procedures and powerful techniques to examine the
organization of the nervous system (reviewed in DeFelipe, 2002, 2010). These new techniques have
shifted the bottleneck of their workflow from acquisition to data analysis, generating a high volume
of complex data to be examined. For example, the current development of semi- or automated 3D
reconstruction and visualization methods to analyze synapses, individual neurons or large brain
regions (or the whole brain in the case of the mouse) is of great importance as the large volume
of data generated is critical to define brain connectivity and function, and to face the challenge of
unraveling the extraordinary complexity of the nervous system in general.

Visualization-based approaches have proved to be successful in the analysis of complex systems,
exploiting the ability of the human visual system to extract information from visual scenarios
(Fuchs and Hauser, 2009; Keim et al., 2010; Munzner, 2014). Recently, Beyer et al. (2013) have
developed Connectome Explorer that implements ad hoc algebra queries based on a set of operators
and predicates of spatial, topological and attribute information. The information is extracted
from a dataset of segmented structures of electron microscopy analyses. Other tools have been
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developed for the study of other levels of detail (i.e., relationships
among neurons and brain parts) such as Brain Gazer (Bruckner
et al., 2009) or Neuron Navigator (Lin et al., 2011).

Here we specifically developed a new tool to interactively
explore and reveal the detailed organization of pyramidal
neurons. Our tool —PyramidalExplorer— differs from others
in that it does not analyze relationships among neurons in
the way that, for example, connectome explorer would (i.e., by
analyzing if a specific axon forms a synapse with the same
dendrite or a different one, or whether synapses formed in
the same dendrite occur sequentially or not). In the case
of PyramidalExplorer, we explore possible regional differences
in the pyramidal cell architecture by combining quantitative
morphological information about the structure of the cell
with implemented functional models. At present, the software
displays an example of a human pyramidal neuron that was 3D
reconstructed from high-resolution confocal stacks of images.
However, the present application allows the input of different cell
types, species and kinds of data (including electron microscopic
reconstructions), thereby broadening the usage of the tool (see
methods and results for further details).

Despite the fact that 3D light microscopic techniques are
limited to a lower level of resolution, they remain the method
of choice to obtain large-scale spatial information regarding
the location of particular structures in the neuron like, for
example, the distribution of putative synaptic connections along
the dendrites of the cell. We focused on the microanatomy
of pyramidal neurons, since they are the most abundant and
characteristic neuronal type in the neocortex. Pyramidal neurons
are the main projection neurons, since most of the processed
information leaves the cortex through the axons of pyramidal
cells to reach other cortical areas or subcortical nuclei. Also, their
dendritic spines (for simplicity, spines) are the main postsynaptic
target of excitatory glutamatergic synapses. In turn, pyramidal
cell axons constitute the main source of these synapses (reviewed
in DeFelipe and Fariñas, 1992). Thus, our understanding of the
synaptic organization of the neocortex largely depends on the
knowledge available regarding synaptic inputs to pyramidal cells.

At present, there are several software tools that allow the
3D reconstruction and visualization of microanatomical details
of the neuron from confocal stacks of images. For example,
Imaris software (Bitplane AG, Zurich, Switzerland) allows the
generation and visualization of 3D surfaces of neuronal elements
and displays several measurements from the reconstruction.
However, PyramidalExplorer imports the features computed
from any image segmentation software tool capable of generating
data using standard spreadsheet formats since, unlike Imaris,
it has not been designed as an image segmentation tool, but
rather as an interactive exploratory software tool. Furthermore,
Imaris software does not include —or does not accurately
calculate— certain important morphological variables related to
cell function. To address this issue, the tool proposed here uses a
new approach to analyze 3D reconstructed structures introducing
specifically calculated morphological variables that capture
functional properties of the cell (i.e., certain morphological
variables are implemented from mesh reconstructions and
functional models are calculated from morphological data).

Additionally, it incorporates a query driven analysis, which
allows users to perform Content-Based Information Retrieval
(CBIR) operations. These operations have proven to be a very
useful tool when dealing with a large amount of multimedia
information, due to the maturity reached by the techniques
involved (Smeulders et al., 2000; Lew et al., 2006; Tangelder
and Veltkamp, 2008; Hu et al., 2011; Juneja et al., 2015). Also,
the present approach surpasses other developed tools regarding
the implemented query interactions, as well as the interaction
with both the raw data and the derived data extracted from the
morphological information available in the meshes. Furthermore,
no specific prior knowledge of the dataset is required to extract
the derived data. These tasks have been integrated into a tool
called PyramidalExplorer, which is publicly available at http://
gmrv.es/pyramidalexplorer.

METHODS AND RESULTS

Data Acquisition and Preparation
The input data consist of 3D reconstructed apical and
basal arbors from a human pyramidal neuron that was
intracellularly injected with Lucifer Yellow (LY) in layer III
of the human cingulate cortex from a 40-year-old human
male obtained at autopsy (2–3 h post-mortem). Further
information regarding tissue preparation, injection methodology
and immunohistochemistry processing is outlined in Benavides-
Piccione et al. (2013). The injected cell was fully imaged at
high magnification using tile scan mode in a Leica TCS 4D
confocal scanning laser attached to a Leitz DMIRB fluorescence
microscope (Figure 1). Fluorescent labeling profiles were imaged,
using an excitation wavelength of 491 nm to visualize Alexa fluor
488. Consecutive stacks of images at high magnification (×63
glycerol) were acquired to capture dendrites along the apical
and basal dendritic arbors. Since intracellular injection of the
pyramidal cell was made in 300 μm-thick coronal sections, the
part of the dendritic arbor nearest the surface of the slice from
which the cell soma was injected (typically at a depth of∼30 μm
from the surface) was lost. In addition, with this method, the
apical dendrites that run for further than ∼900 μm from the
soma were not filled with dye, and therefore apical tuft was not
included in the analysis. Using a similar method of intracellular
injection, Krimer et al. (1997) estimated that the reconstruction
of neurons represented approximately two–thirds of the total
dendritic arbor of pyramidal cells.

Dendritic shafts and spines were individually reconstructed
in 3D from the high-resolution confocal stacks of images
(Figures 1C,D) using Imaris 7.6.5, Filament Tracer module
(Bitplane AG, Zurich, Switzerland). Over 9000 spines were
reconstructed along 8693 μm of the pyramidal neuron dendritic
length (4263 μm of basal dendrites, 540 μm of main apical, and
3890 μm of collateral dendrites). The morphological variables
used from Imaris included Spine Volume, Spine Area, Spine
Length and Spine Position in the x, y, z dimension. However,
since Imaris software does not include —or does not accurately
calculate— certain important morphological variables from the
spines related to function such as minimum or maximum
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FIGURE 1 | (A) Intracellularly injected layer III pyramidal neuron of the human cingulate cortex visualized in 3D from high-resolution confocal stacks of images.
(B) Three-dimensional reconstruction of the complete morphology of the cell shown in (A). (C,D) Higher magnification images of (A,B), respectively, showing basal
dendritic segments to illustrate the reconstruction of the dendritic shafts and spines. Scale bar (in D): 100 μm in (A,B) and 20 μm in (C,D).

diameters, these had to be retrieved by post-processing the
3D meshes. These values included Spine Maximum Diameter
and Spine Neck Mean Diameter. All these processes were
programmed using ad hoc python scripts.

Functional Modeling
The trans-membrane voltages and currents were calculated using
GENESIS simulator (Bower and Beeman, 1998). For integration
of the membrane dynamics, we used an exponential Euler
(explicit) scheme with the fixed step, dt = 1 μs.

Based on the data provided by the 3D reconstruction of the
spines described above, we modeled spines according to their
values of Spine MaximumDiameter, Spine Neck Mean Diameter,
Spine Length, and Spine Neck Length. Mushroom spines were
considered as two lumped cylinders for the spine head and neck,
respectively. The spine neck displayed diameters ranging from
0.175 to 1 μm and lengths between 0.38 and 4.37 μm; the
spine head showed both a diameter and length between 0.43 and
1.04 μm. Stubby spines were constructed as a single cylinder
with a diameter ranging from 0.44 to 1.15 μm and a length

from 0.32 to 1.66 μm. Thin spines showing a small head or
filopodia (long protrusions without clear head) were not included
in the model. All spines were attached to a parent dendrite
compartment of constant diameter and length: 3 and 20 μm,
respectively. The membrane capacitance, Cm, internal resistivity,
Ri, and membrane resistivity, Rm, were set to 1 μF/cm2, 100
�.cm, and 20,000 �.cm2, respectively.

The synaptic currents were modeled by:

Isyn(t) = gsyn (t)(Vm − Esyn)

gsyn(t) = ĝsyn (t/τsyn) exp(1 − t/τsyn), t > 0 (1)

with τsyn = 2 ms, and the reversal potential Esyn = 0 mV
for excitatory glutamatergic input (Makarova et al., 2011).
The synaptic conductances were homogenously distributed
throughout the surface of all spine heads with a constant density
of 132 S/m2.

The variation of the transmembrane potential Vm in spine
heads was calculated as the peak depolarization from rest.
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Content-Based Information Retrieval
Operation
A query driven analysis was incorporated into the tool to
allow users to perform Content-Based Information Retrieval
operations. CBIR systems focus on searching for data as a
function of the real data content, automating the information
extraction process from raw data (Smeulders et al., 2000), but
the set of objects that the system is able to recognize is much
broader in comparison with the classical recognition systems.
CBIR systems transform the contents of the raw data to a
signature. The signature is built from a set of features, also named
primitives, computed from the contents of the raw data. This
signature is the data used in the matching process with all the
items stored in the dataset.

CBIR systems differ in terms of the features used to retrieve the
information: text, color, texture, scheme, shape, volume, spatial
restrictions, objective and subjective attributes, movement and
cuts in videos, etc.; that is, any feature that can be used to
represent information contents and has discriminant properties
(Atrey and Hossain, 2010). Some other possible classification
criteria for these kinds of systems include the way the image
features are extracted –automatically, semi-automatically or
manually–, the feature abstraction level or the independence
between the different conceptual domains. Figure 2 depicts the
main operations involved in a CBIR system. This process has an
off-line stage, which computes the signature of each item from the
dataset. The system is then ready to process interactive queries
following the steps below:

(1) Input/query introduction: The user first selects a set of items
of the dataset to be used as a query reference and the system
computes its signature. Then, query criteria are selected
considering the most relevant features at any moment of
the working session. These interactive operations allow the
retrieval engine to compute the query signature.

(2) Query and dataset items’ signature comparison and sorting:
The signature obtained in the previous stage is compared
with all the dataset signatures and the system provides the
user with a list of items sorted according to the criterion
of greatest similarity to the query set. The volume of the
computations depends on the size of the dataset.

(3) Results are displayed and the query image updates. The
system presents a visual result of the sorted list to the user.

The Graphical User Interface
The graphical user interface (GUI) comprises a main window
and four additional auxiliary widgets (Figure 3A). In the main
window, PyramidalExplorer presents the 3D global view of the
cell being studied. This view shows the original data, if no queries
are performed yet, or the visual representation of the last scores
obtained after launching a query. In this way, the users visualize
all of the morphological elements of the neuron in the main
window, obtaining a global view of the whole cell. Each individual
structure is represented with a single 3D mesh stored in VRML
files exported from Imaris. The user can interact with the whole
scenario using the mouse for pan, rotate and zoom operations
(Figure 3B).

The main window incorporates the following four auxiliary
widgets:

• Spines. The purpose of this widget is tomanage the list of spines
sorting them according to different criteria.

• Detail viewer. Using this widget, the user can visualize in 3D the
details of one spine selected from the collection under study.

• Input parameters. These allow the user to interact with the
features included.

• Histogram and filters. The user can filter (Data filter) the results
based on the histogram distribution. Also, adjustment for an
optimal visualization of the results is available using Color
range.

Any of the widgets can be resized and positioned at will, or
disabled if, for example, there is not enough space on the screen.
They can also be detached from the main window for separate
management. The available menus and the tool bar are visible at
the top of the screen. Users can select the neuron under study
and save the results obtained after query or filter operations using
the File menu. Also, the appearance of PyramidalExplorer can be
customized using the View menu to select the background color,
the color of dendritic shafts, the colormap used for visualizing
the sorted results and the widgets that are active. Additional
shortcuts are available for selecting the closed or the wireframe
mesh representation, as well as for performing fast navigation
actions like positioning over the selected spine or going back
to the global view of the neuron. The tool bar allows users to
perform the most frequent interactions.

Each spine of the dataset has a unique name and the collection
of names is listed in the Spines’ manager widget. When a query is
performed, the Score column is displayed showing the similarity
results obtained (see below for further explanation). The list can
be reordered according to this value by simply clicking on the
Score label. Color codes are also mapped in the Score column
as a visual reference to highlight the level of similarity achieved
with a particular score (see Figures 3 and 4). The original sorting
based on alphabetical order can be obtained by clicking on the
Collection label.

Regarding the Detail viewer widget, it can present either the
original mesh exported by Imaris or the wireframe representation
of this mesh. The same interaction controls with the mouse that
are available for the 3D Global View are also implemented in this
widget. PyramidalExplorer also provides a visual reference of the
real size of the spines shown in this widget. This option is also
accessed through the View menu as well as with the shortcut
Ctrl + m (measure view). It is easy to return to the previous
visualization by undoing this operation through the View menu
or pressing the Ctrl +m shortcut again. Resetting to the default
position is also available in this view by pressing the space bar.
Hot keys can be used to speedup interaction if the user wishes to
concentrate on the spine selected in the Detail viewer widget (f
key) or if the 3D global view is required again (a key). Resetting
to the default position is also achieved using the space bar.

In order to perform a query, users have controls to
enable/disable and to assign weights to each of the morpho-
functional features extracted. The weights can be set in the [−1,1]
range using sliders and the importance of the selected features
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FIGURE 2 | Content-Based Information Retrieval (CBIR) system operation scheme.

can be established, where positive values mean the user wants to
find objects that are similar to the feature while negative values
mean the user wants to find objects that are dissimilar to the
feature. These controls are displayed in the Input parameters
widget. For combining the different range of values available, a
normalization stage is performed before computing the query
score. After feature normalization, all of the scores will fit in the
interval [0,1], allowing the objective function to be applied to the
selected criteria as a set of summation terms.

Once the query parameters are selected, that is, the query set
and the query criteria, users launch the query with the control
button available in the Histogram and filters widget. There are
two types of queries: the study of the distribution of a particular
feature in the dendritic arbor (Cell Distribution) and the study of
a particular element of the neuron (e.g., spine) with regard to the
remaining elements (Spine Comparison). Figure 3A shows the
result of applying a Cell Distribution query, concerning the Spine
Area. In this case, one feature is selected and when the query is
launched, the system returns all the values of the dataset for this
feature, assigning color codes according to the relative position of
the structure in the ranking of the feature values.

By contrast, Figure 4A shows the result of applying a Spine
Comparison query to the spine area. This query specifically
displays a comparison of the selected spine/s with the most
similar spines of the dataset. In both cases, a histogram is
displayed with the distribution of similarity values along the color
scale selected. The range of score values is ordered according to
the colormap selected (in the View menu). When queries are
launched, the view updates its contents showing the similarity
scores obtained with respect to the query set. Figures 3A and 4A
show the whole dendritic tree, but shafts can be hidden if users
want to focus only on the spines (i.e., assigning a transparent
color to the dendritic shaft). Other customization options include
changing the background color and choosing another colormap
for the query results.

Users also have some filter control over the color scale. They
have a double slider to adjust the active range of items in the
dataset according to the ordered scores. Also, they have a control
button to activate the complementary set of values of the current
range defined with the slider. Another widget allows users to
reduce the dynamic range of values under study, reassigning the
maximum and minimum values visualized to the extreme colors
of the visual mapping selected. This transformation enhances
the visibility of certain subsets of interest for the analysis under
consideration in the event that these items have very close values
that are not visually noticeable with the whole distribution.
Also, users can maximize the Histogram widget for a better
examination of the query results.

When Spine Comparison is selected, the image of the query
set defined by the user is displayed (Figures 4A,B; bottom, right-
hand corner). In this case, there is a single spine in the query
set, and therefore only one image is shown. However, it is also
possible to define a Spine Comparison query set that includes
several spines. If there are no items in this set, no images are
presented. The color assigned to the spine in the Detail viewer
widget (bottom, left-hand corner) is updated anytime a query is
carried out.

Viewing Differential Morphological and
Functional Features of the Neuron
Here we present an example of differential morphological
features of spines in particular compartments of the neuron.
The morphological features extracted (Spine Volume, Spine
Length, Spine Area, Spine Max Diameter, and Spine Neck Mean
Diameter) allow possible regional differences in the pyramidal
cell architecture to be visualized easily. For example, we can
interactively discover that the spines with the largest volumes are
found in the main apical dendrite, while some —but not all—
collateral and basal dendrites have a particularly high percentage
of large spines (Figure 5A). If we additionally select the Length
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FIGURE 3 | Graphical user interface (GUI) of PyramidalExplorer showing the cell comparison query result concerning Spine Area, from the human
pyramidal neuron in a global view (A) and in a zoom in view (B). Values are represented by color code. Red colors represent highest values whereas blue
colors represent the lowest values. White frame in the main window highlights the spine visualized in the Detail viewer widget.
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FIGURE 4 | Graphical user interface (GUI) of PyramidalExplorer showing the spine comparison query results concerning Spine Area, from the human
pyramidal neuron in a global view (A) and in a zoom in view (B). Values are represented by color code. Red represents the most similar spines with respect to
the query set (shown at the bottom, right-hand corner), while blue shows the most different spines. This query set specifically displays the comparison of one
selected spine (which is also shown in the Detail viewer widget) with the most similar spines of the dataset. White frame in the main window highlights the spine
visualized in the Detail viewer widget.
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FIGURE 5 | Cell comparison query result from the human pyramidal neuron concerning Spine Volume (A); Spine Volume and Length (B,C); Maximum
Diameter and Mean Neck Diameter (D,E); and Membrane Potential Peak (F). Values are represented by color code. Red colors represent the highest values
whereas blue colors represent the lowest values. Higher magnification images of the apical dendrites are shown on the right (inset). Arrows indicate representative
spines of the highest values, which are also shown on the Detail viewer widget at the bottom right. See results for further details.
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feature, we can visualize the position of the largest and longest
spines (Figure 5B), which is different from the position of the
largest and shortest spines (Figure 5C). As another example,
if we select Maximum Spine Diameter and Spine Neck Mean
Diameter, we can visualize the position of the spines with the
largest heads and the thinnest necks (Figure 5D), which have a
different distribution in the arbor from those which do not have
the largest heads and have the thickest necks (Figure 5E). Also,
functional information was generated off-line and linked to each
spine, by combining quantitative morphological information
about the structure of the cell with implemented functional
models. By doing this, it was possible to easily visualize the
estimation of the membrane potential peak that each spine would
generate in the cell. As shown in Figure 5F, particular dendrites
display differentmembrane potential peak values, as do particular
dendritic segments within the same dendrite.

This is an example of a human pyramidal neuron that
was 3D reconstructed from high-resolution confocal stacks of
images. However, the present application can manage different
kinds of data, including electron microscopic reconstructions.
Instructions for loading your own data into PyramidalExplorer
are available at http://gmrv.es/pyramidalexplorer.

PyramidalExplorer is also intended to grow as a bidirectional
tool to assist or link to others, including software specifically
addressing functional exploration, such as biophysical modeling
requiring anatomical details of neurons. The way to implement
data transfer between tools shall be developed on demand.
In this paper, we fed the anatomical details of real spines
obtained by PyramidalExplorer into an off-side computational
environment and the results were fedback to ease visualization.
For example, you may choose to visualize the amplitude of
voltage changes at the spine head in individual spines or by
levels of amplitude by toggling the Membrane Pot. Peak feature.
The biophysical parameters (conductance density) cannot be
obtained with experimental techniques, but can be calculated
using anatomo-functional relations already established in the
literature (spine head size and AMPA receptor density). This
illustrates the possibilities of functional exploration but, clearly,
specific routines may enable, for instance, the selection of
particular groups of spines for their activation in bound
computational software (Neuron, Genesis, etc.).

DISCUSSION

The development of the tool PyramidalExplorer allowed us to
interactively explore and reveal new aspects of the morpho-
functional organization of the human pyramidal neuron. In
particular, spines showed differential morphological attributes
in different compartments of the neuron, reflecting regional
variations in the functional properties of the cell.

Regarding the technologies used in the implementation, we
followed a user-centered design methodology (UCD) because it
is the strategy that best suits the problem of applying content-
based retrieval methods to users who had no previous experience
using this kind of technique. It should be noted that we did
not find any appropriate exploratory tool for the problem at

hand. The implementation was carried out following an agile
development method similar to scrum (Rising and Janoff, 2000)
since this approach fits in very well with UCD principles. It
was based on small sprints, each one defined by a specific goal
resulting in a new improvement of the prototype. Different
basic milestones were defined for the different stages of the
development, covering different aspects like GUI and usability
improvements; visualization and perception issues; tuning of
the retrieval engine; filtering; and 3D navigation capabilities.
Another important objective was to assure the portability of the
software tool, that is, to check that it could be used in the most
common operating systems currently used. PyramidalExplorer
was successfully tested in different versions of Windows, Mac
OSX, and Linux, covering both x86 (32 bits) and x64 (64 bits)
architectures.

PyramidalExplorer’s implementation was based on two well-
tested and freely distributed software toolkits. Our software tool
has been designed to operate within the same free distribution
policy. The interface was built using Qt1 (vs. 4.8), which is a
library that is used the world over, offering both stability and
portability over a wide range of software and hardware platforms,
as well as providing all the widgets and controls that users need
and meeting all usability requirements. Additionally, Open Scene
Graph2 was used for rendering duties. This toolkit facilitates some
rendering and interaction processes and, taking into account that
it uses OpenGL3, it also provides flexibility and stability in the
implementations. It currently comes with an example of a human
cell dataset which will allow potential users to test the tools
and appreciate the advantages of the approach and techniques
presented in this paper. However, users are able to access a
web portal to convert their own datasets and load them into
PyramidalExplorer.

The straightforward visualization of a large number of
different functionally oriented variables of the cell allowed
the extraction of meaningful information. For example, the
visualization of variations in the number of spines in the different
regions of the neuron is practically equivalent to the total
number of excitatory synaptic inputs to that pyramidal neuron,
since most glutamatergic excitatory synapses that pyramidal
cells establish are on their spines and the vast majority of
spines establish at least one glutamatergic excitatory synapse
(see DeFelipe and Fariñas, 1992; Arellano et al., 2007a). Also,
variations in the size and shape of the spine reflect distinct
functional properties of the spine. Quantitative analyses have
demonstrated strong correlations between the spine morphology
and its synaptic structure. Specifically, the spine head volume in
the neocortex is correlated with the area of the PSD (Arellano
et al., 2007b). Moreover, PSD area is correlated with the number
of presynaptic vesicles, the number of postsynaptic receptors
and the ready-releasable pool of transmitter. By contrast, the
length of the spine neck is proportional to the extent of
biochemical and electrical isolation of the spine from its parent
dendrite (Harris and Stevens, 1989; Yuste and Denk, 1995;

1http://www.qt.io
2http://www.openscenegraph.org
3http://www.opengl.org
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Nusser et al., 1998). More recent experiments have shown
that larger spines can generate larger synaptic currents than
smaller spines (Matsuzaki et al., 2004). Further studies show
that spines are dynamic structures and fluctuations in spine
morphology seem to mediate evoked and experience-dependent
synaptic plasticity (Van Harreveld and Fifkova, 1975; Holtmaat
and Svoboda, 2009; Araya et al., 2014; Tønnesen et al., 2014) and
have important implications for cognition and memory (Kasai
et al., 2010). Using the present tool, it was possible to easily
observe that spine volumes and areas from apical dendrites were
different from those of collateral compartments of apical arbors
and/or basal compartments. Additionally, some basal dendrites
showed regional morphological differences. This is in line with
previous studies that reported that different domains of the
basolateral dendrites have different properties with respect to
afferent connectivity, plasticity and integration rules (Markram
et al., 1997; Häusser and Mel, 2003; Gordon et al., 2006; Gelfo
et al., 2009; Petreanu et al., 2009).

A significant contribution of this tool is the morpho-
functional oriented design, which combines the quantitative
morphological information of the structure of the cell with
functional models that were specifically implemented from
mesh reconstructions. These calculations revealed membrane
potential peak that each spine would generate, based on
the maximum and minimum spine diameters (see Methods
and Results for further details). While these estimations were
made off-line and manually entered as functional information
linked to specific spines, a future upgrade may include the
automated transfer of morphological and electrophysiological
information between PyramidalExplorer and program simulators
and platforms for the theoretical investigation of single cell and
population electrophysiology requiring realistic morphological
data (e.g., Neuron, Hines and Carnevale, 1997; Genesis, Bower
and Beeman, 1998; BlueBrain). Thus, researchers would have
access to libraries of real (or imaginary) neurons with thousands
of spines and, after loading back the functional information
obtained for each individual spine, they could visualize the
role of specific groups of spines and spine morphologies in
subcellular electrogenesis. Indeed, a number of experimental and
theoretical results point to local dendritic spikes initiated by the
different grouping of coactive spines as a major mechanism for
(a) output decision and spike regime (Larkum et al., 2001; Ibarz
et al., 2006; Katz et al., 2009), (b) the formation of independent
computational dendritic subunits (Behabadi and Mel, 2014), and
(c) the establishment of synaptic plasticity (Bar-Ilan et al., 2011).
The 3D information contained in uploaded neurons may also
benefit researchers investigating the role of spine morphology
and location in the pathway-specific contribution to local field
potentials and the EEG (Herreras et al., 2015). This should

notably improve present models that normally use a spiny model
cells (Lindén et al., 2011) and should lead to the discovery
of important rules by explicit modeling of spines, which are
the main contributors of electric current to the extracellular
space.

This tool, therefore, opens a new opportunity to study
and analyze the morphology of neurons and explore possible
clustering or particular morpho-functional distributions of
spines within the cell through Content-Based Retrieval
operations. Using these operations, it is possible to find the spines
that are alike and dissimilar within the neuron, according to
particular morphological or functional variables. Furthermore,
it is also possible to set a query using multiple morphological
and/or functional variables and obtain data about which spines of
the neuron present the most similar or dissimilar characteristics
to a particular spine/s selected. Finally, there is considerable
interest in examining the possible alterations to pyramidal cells
associated with brain diseases, and their role in memory, learning
and cognition (Fiala et al., 2002; Benavides-Piccione et al.,
2004; Spruston, 2008; Luebke et al., 2010; Penzes et al., 2011).
Thus, the application of PyramidalExplorer to study pyramidal
cells in brain diseases —or their alterations after experimental
manipulations in animal models— is expected to provide a
new set of microanatomical data that will facilitate a better
understanding of the alterations of pyramidal cells under these
circumstances.

AUTHOR CONTRIBUTIONS

RB-P and IF-E performed tissue preparation, injection
methodology, immunohistochemistry processing and 3D
morphological reconstructions. JM and OH performed
functional modeling. PT, OR-S, SG, AR performed content-based
information retrieval operations and graphical user interface. PT,
OR-S, IF-E, JM, AR, LP, OH, JD, and RB-P wrote the paper.

ACKNOWLEDGMENTS

This work has been partially supported by the Spanish Ministry
of Economy and Competitiveness (Grants TIN2014-57481 and
BFU2013-41533R, and the Cajal Blue Brain Project C080020-09,
the Spanish partner of the Blue Brain initiative fromEPFL), by the
European Union’s Seventh Framework Programme (FP7/2007-
2013) under grant agreement no. 604102 (Human Brain Project)
and by a grant from the Alzheimer’s Association (ZEN-15-
321663). RB-P was supported by the Ministerio de Economia y
Competitividad (CSIC).

REFERENCES

Araya, R., Vogels, T. P., and Yuste, R. (2014). Activity-dependent dendritic
spine neck changes are correlated with synaptic strength. Proc.
Natl. Acad. Sci. U.S.A. 111, e2895–e2904. doi: 10.1073/pnas.132186
9111

Arellano, J. I., Espinosa, A., Fairen, A., Yuste, R., and DeFelipe, J. (2007a).
Non-synapticdendritic spines in neocortex. Neuroscience 145, 464–469. doi:
10.1016/j.neuroscience.2006.12.015

Arellano, J. I., Benavides-Piccione, R., DeFelipe, J., and Yuste, R. (2007b).
Ultrastructure of dendritic spines: correlation between synaptic and spine
morphologies. Front. Neurosci. 1:131–143. doi: 10.3389/neuro.01.1.1.010.2007

Frontiers in Neuroanatomy | www.frontiersin.org 10 January 2016 | Volume 9 | Article 159

http://www.frontiersin.org/Neuroanatomy/
http://www.frontiersin.org/
http://www.frontiersin.org/Neuroanatomy/archive


Toharia et al. PyramidalExplorer

Atrey, P. K., and Hossain, M. A. (2010). Multimodal fusion for multimedia
analysis: a survey. Multimedia Syst. 16, 345–379. doi: 10.1007/s00530-010-0
182-0

Bar-Ilan, L., Gidon, A., and Segev, I. (2011). Interregional synaptic competition in
neurons with multiple STDP-inducing signals. J. Neurophysiol. 105, 989–998.
doi: 10.1152/jn.00612.2010

Behabadi, B. F., and Mel, B. W. (2014). Mechanisms underlying subunit
independence in pyramidal neuron dendrites. Proc. Natl. Acad. Sci. U.S.A. 111,
498–503. doi: 10.1073/pnas.1217645111

Benavides-Piccione, R., Ballesteros-Yáñez, I., Martínez de Legrán, M.,
Elston, G., Estivill, X., Fillat, C., et al. (2004). On dendrites in
Down syndrome and DS murine models: a spiny way to learn.
Prog. Neurobiol. 74, 111–126. doi: 10.1016/j.pneurobio.2004.0
8.001

Benavides-Piccione, R., Fernaud-Espinosa, I., Robles, V., Yuste, R., and DeFelipe, J.
(2013). Age-based comparison of human dendritic spine structure using
complete three-dimensional reconstructions. Cereb. Cortex 23, 1798–1810. doi:
10.1093/cercor/bhs154

Beyer, J., Al-Awami, A., Kasthuri, N., Lichtman, J.W., Pfister, H., and Hadwiger, M.
(2013). ConnectomeExplorer: query-guided visual analysis of large volumetric
neuroscience data. IEEE Trans. Vis. Comput. Graph. 19, 2868–2877. doi:
10.1109/TVCG.2013.142

Bower, J. M., and Beeman, D. (1998). The Book of Genesis: Exploring Realistic
Neural Models with the General Neural SImulation System, 2nd Edn. New York,
NY: Springer Verlag.

Bruckner, S., Soltéxzová, V., Gröller, M. E., Hladuvka, J., Bühler, K., Yu, J. Y., et al.
(2009). BrainGazer– visual queries for neurobiology research. IEEE Trans. Vis.
Comput. Graph. 15, 1497–1504. doi: 10.1109/TVCG.2009.121

DeFelipe, J. (2002). Cortical interneurons: from Cajal to 2001. Prog. Brain Res. 136,
215–238. doi: 10.1016/S0079-6123(02)36019-9

DeFelipe, J. (2010). From the connectome to the synaptome: an epic love story.
Science 330, 1198–1201. doi: 10.1126/science.1193378

DeFelipe, J., and Fariñas, I. (1992). The pyramidal neuron of the cerebral
cortex: morphological and chemical characteristics of the synaptic inputs. Prog.
Neurobiol. 39, 563–607.

Fiala, J. C., Spacek, J., and Harris, K. M. (2002). Dendritic spine pathology: cause
or consequence of neurological disorders? Brain Res. Rev. 39, 29–54. doi:
10.1016/S0165-0173(02)00158-3

Fuchs, R., and Hauser, H. (2009). Visualization of Multi-variate Scientific Data.
Comput. Graph. Forum 28, 1670–1690. doi: 10.1111/j.1467-8659.2009.01429.x

Gelfo, F., De Bartolo, P., Giovine, A., Petrosini, L., and Leggio, M. G. (2009).
Layer and regional effects of environmental enrichment on the pyramidal
neuron morphology of the rat. Neurobiol. Learn. Mem. 91, 353–365. doi:
10.1016/j.nlm.2009.01.010

Gordon, U., Polsky, A., and Schiller, J. (2006). Plasticity compartments in basal
dendrites of neocortical pyramidal neurons. J. Neurosci. 26, 12717–12726. doi:
10.1523/JNEUROSCI.3502-06.2006

Harris, K. M., and Stevens, J. K. (1989). Dendritic spines of CA1
pyramidal cells in the rat hippocampus: serial electron microscopy
with reference to their biophysical characteristics. J. Neurosci. 9,
2982–2997.

Häusser, M., and Mel, B. (2003). Dendrites: bug or feature? Curr. Opin. Neurobiol.
13, 372–383. doi: 10.1016/S0959-4388(03)00075-8

Herreras, O.,Makarova, J., andMakarov, V. A. (2015). New uses for LFPs: pathway-
specific threads obtained through spatial discrimination. Neuroscience 310,
486–503. doi: 10.1016/j.neuroscience.2015.09.054

Hines, M., and Carnevale, N. (1997). The NEURON simulation environment.
Neural Comput. 9, 1179–1209. doi: 10.1162/neco.1997.9.6.1179

Holtmaat, A., and Svoboda, K. (2009). Experience-dependent structural synaptic
plasticity in the mammalian brain. Nat. Rev. Neurosci. 10, 647–658. doi:
10.1038/nrn2699

Hu, W., Xie, N., Li, L., Zeng, X., and Maybank, S. A. (2011). Survey on visual
content-based video indexing and retrieval. IEEE Trans. Syst. Man Cybern. 41,
797–819. doi: 10.1109/TSMCC.2011.2109710

Ibarz, J. M., Makarova, J., and Herreras, O. (2006). Relation of apical dendritic
spikes to output decision in CA1pyramidal cells during synchronous activation:
a computational study. Eur. J. Neurosci. 23, 1219–1233. doi: 10.1111/j.1460-
9568.2006.04615.x

Juneja, K., Verma, A., and Goel, S. (2015). “A survey on recent image indexing
and retrieval techniques for low-level feature extraction in CBIR systems,”
in Proceedings of the 2015 IEEE International Conference on Computational
Intelligence & Communication Technology (CICT) (Ghaziabad: IEEE), 62–72.
doi: 10.1109/CICT.2015.92

Kasai, H., Fukuda, M., Watanabe, S., Hayashi-Takagi, A., and Noguchi, J. (2010).
Structural dynamics of dendritic spines in memory and cognition. Trends
Neurosci. 33, 121–129. doi: 10.1016/j.tins.2010.01.001

Katz, Y., Menon, V., Nicholson, D., Geinisman, Y., Kath, W., and Spruston, N.
(2009). Synapse distribution suggests a two-stage model of dendritic
integration in CA1 pyramidal neurons. Neuron 63, 171–177. doi:
10.1016/j.neuron.2009.06.023

Keim, D. A., Kohlhammer, J., Ellis, G., and Mansmann, F. (2010). Mastering the
Information Age – Solving Problems with Visual Analytics. Geneva: Eurographics
Association.

Krimer, L. S., Jakab, R. L., and Goldman-Rakic, P. S. (1997). Quantitative
threedimensionalanalysis of the catecholaminergic innervation of
identifiedneurons in the macaque prefrontal cortex. J. Neurosci. 17,
7450–7461.

Larkum, M. E., Zhu, J. J., and Sakmann, B. (2001). Dendritic mechanisms
underlying the coupling of the dendritic with the axonal action potential
initiation zone of adult rat layer 5 pyramidal neurons. J. Physiol. 533, 447–466.
doi: 10.1111/j.1469-7793.2001.0447a.x

Lew, M. S., Sebe, N., Djeraba, C., and Jain, R. (2006). Content-based
multimedia information retrieval: state of the art and challenges. ACM
Trans. Multimed. Comput. Commun. Appl. 2, 1–19. doi: 10.1145/1126004.11
26005

Lin, C.-Y., Tsai, K.-L., Wang, S.-C., Hsieh, C.-H., Chang, H.-M., and Chiang,
A.-S. (2011). “The Neuron Navigator: exploring the information pathway
through the neural maze,” in Proceedings of the 2011 IEEE Pacific Vilsualization
Symposium, Hong Kong, 35–42.

Lindén, H., Tetzlaff, T., Potjans, T. C., Pettersen, K. H., Grün, S., Diesmann, M.,
et al. (2011). Modeling the spatial reach of the LFP. Neuron 72, 859–872. doi:
10.1016/j.neuron.2011.11.006

Luebke, J. I., Weaver, C. M., Rocher, A. B., Rodriguez, A., Crimins, J. L.,
Dickstein, D. L., et al. (2010). Dendritic vulnerability in neurodegenerative
disease: insights from analyses of cortical pyramidal neurons in transgenic
mouse models. Brain Struct. Funct. 214, 181–199. doi: 10.1007/s00429-010-
0244-2

Makarova, J., Ibarz, J. M., Makarov, V. A., Benito, N., and Herreras, O. (2011).
Parallel readout of pathway-specific inputs to laminated brain structures. Front.
Syst. Neurosci. 5:77. doi: 10.3389/fnsys.2011.00077

Markram, H., Lübke, J., Frotscher, M., Roth, A., and Sakmann, B. (1997).
Physiology and anatomy of synaptic connections between thick tufted
pyramidal neurones in the developing rat neocortex. J. Physiol. 500, 409–440.
doi: 10.1113/jphysiol.1997.sp022031

Matsuzaki, M., Honkura, N., Ellis-Davies, G. C., and Kasai, H. (2004). Structural
basis of long-term potentiation in single dendritic spines.Nature 429, 761–766.
doi: 10.1038/nature02617

Munzner, T. (2014). Visualization Analysis and Design. Boca Raton, FL: AK
Peters/CRC Press.

Nusser, Z., Lujan, R., Laube, G., Roberts, J. D., Molnar, E., and Somogyi, P.
(1998). Cell type and pathway dependence of synaptic AMPA receptor number
and variability in the hippocampus. Neuron 21, 545–559. doi: 10.1016/S0896-
6273(00)80565-6

Penzes, P., Cahill, M. E., Jones, K. A., VanLeeuwen, J. E., and Woolfrey, K. M.
(2011). Dendritic spine pathology in neuropsychiatric disorders.Nat. Neurosci.
14, 285–293. doi: 10.1038/nn.2741

Petreanu, L., Mao, T., Sternson, S. M., and Svoboda, K. (2009). The subcellular
organization of neocortical excitatory connections. Nature 457, 1142–1145. doi:
10.1038/nature07709

Rising, L., and Janoff, N. S. (2000). The scrum software development process for
small teams. IEEE Softw. 17, 26–32. doi: 10.1109/52.854065

Smeulders, A. W. M., Worring, M., Santini, S., Gupta, A., and Jain, R. (2000).
Content-based image retrieval at the end of the early years. IEEE Trans. PAMI
22, 1349–1380. doi: 10.1109/34.895972

Spruston, N. (2008). Pyramidal neurons: dendritic structure and synaptic
integration. Nat. Rev. Neurosci. 9, 206–221. doi: 10.1038/nrn2286

Frontiers in Neuroanatomy | www.frontiersin.org 11 January 2016 | Volume 9 | Article 159

http://www.frontiersin.org/Neuroanatomy/
http://www.frontiersin.org/
http://www.frontiersin.org/Neuroanatomy/archive


Toharia et al. PyramidalExplorer

Tangelder, J. W. H., and Veltkamp, R. C. (2008). A survey of content
based 3D shape retrieval methods. Multimed. Tools Appl. 39, 441–471. doi:
10.1007/s11042-007-0181-0

Tønnesen, J., Katona, G., Rózsa, B., and Nägerl, U. V. (2014). Spine neck plasticity
regulates compartmentalization of synapses. Nat. Neurosci. 17, 678–685. doi:
10.1038/nn.3682

Van Harreveld, A., and Fifkova, E. (1975). Swelling of dendritic spines in the fascia
dentata after stimulation of the perforant fibers as a mechanism of post-tetanic
potentiation. Exp. Neurol. 49, 736–749. doi: 10.1016/0014-4886(75)90055-2

Yuste, R., and Denk, W. (1995). Dendritic spines as basic units of synaptic
integration. Nature 375, 682–684. doi: 10.1038/375682a0

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Toharia, Robles, Fernaud-Espinosa, Makarova, Galindo,
Rodriguez, Pastor, Herreras, DeFelipe and Benavides-Piccione. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroanatomy | www.frontiersin.org 12 January 2016 | Volume 9 | Article 159

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuroanatomy/
http://www.frontiersin.org/
http://www.frontiersin.org/Neuroanatomy/archive

	PyramidalExplorer: A New Interactive Tool to Explore Morpho-Functional Relations of Human Pyramidal Neurons
	Introduction
	Methods And Results
	Data Acquisition and Preparation
	Functional Modeling
	Content-Based Information Retrieval Operation
	The Graphical User Interface
	Viewing Differential Morphological and Functional Features of the Neuron

	Discussion
	Author Contributions
	Acknowledgments
	References


