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Abstract

Dendritic spines, the bulbous protrusions that form the postsynaptic half of excitatory synapses,
are one of the most prominent features of neurons and have been imaged and studied for over a
century. In that time, changes in the number and morphology of dendritic spines have been
correlated to the developmental process as well as the pathophysiology of a number of
neurodegenerative diseases. Due to the sheer scale of synaptic connectivity in the brain, work to
date has merely scratched the surface in the study of normal spine function and pathology. This
review will highlight traditional approaches to the imaging of dendritic spines and newer
approaches made possible by advances in microscopy, protein engineering, and image analysis.
The review will also describe recent work that is leading researchers toward the possibility of a
systematic and comprehensive study of spine anatomy throughout the brain.
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Introduction

Throughout the nervous system, dynamic changes in the number and structure of synapses
are a hallmark of normal development and aging (Engert and Bonhoeffer, 1999, Maletic-
Savatic et al., 1999, Bosch and Hayashi, 2011). Dendritic spines, named by Ramon y Cajal
after ‘espinas’ or thorns in his native Spanish, are post-synaptic protuberances abundant in
glutamate receptors (GIuR) found primarily at excitatory synapses directly opposed to a
presynaptic bouton. Composed of a round spine head and a thinner spine neck, dendritic
spines serve as the point of contact between two neurons with an increased concentration of
postsynaptic signaling components such as GIuR (De Paola et al., 2006). Due to their unique
size and shape, they provide essential sites for local signal integration and molecular
compartmentalization, isolating rapid changes in local second messenger pathways
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particularly calcium (Shepherd, 1996, Yuste et al., 2000, Yuste and Bonhoeffer, 2001,
Alvarez and Sabatini, 2007).

Because they are easily observable features of neuronal morphology, dendritic spines have
been stained and imaged in fixed brain tissue for over a century. The availability of fixed
brain samples from human patients of neurological disorders has allowed investigators to
observe correlations between dendritic spine density and morphology with disease
progression. Additionally, the number and health of dendritic spines is correlated to the
health and functionality of synapses; in many neuronal subtypes, such as hippocampal
pyramidal cells, there is a one-to-one correlation between spine number and synapse number
(Nimchinsky et al., 2004, Alvarez and Sabatini, 2007). The use of animal models has
allowed for the observation of dendritic spines throughout development and their response
to disease treatments. More recently, the coupling of live tissue imaging, particularly with
the advent of two-photon laser scanning microscopy, with electrophysiology has led to
studies which examine the physiology of individual dendritic spines and correlate changes in
their size and structure to changes in physiology (Kasai et al., 2010).

The gain, loss, and morphological remodeling of dendritic spines are normal processes in
development, as well as in learning and memory (Engert and Bonhoeffer, 1999, Maletic-
Savatic et al., 1999, Bosch and Hayashi, 2011). Spine dynamics, including spine turnover
and changes in spine shape and motility, are vital for the development and function of neural
circuits (Calabrese et al., 2006). Though most spines are stable over a long imaging period, a
proportion of spines transiently appear and disappear and these synaptic changes, driven by
novel sensory experience, underline experience-dependent remodeling of specific neuronal
circuits (Knott and Holtmaat, 2008). In the accepted model of neuronal development, a
postsynaptic neuron projects numerous small, thin filapodia which sample local synaptic
inputs (Bhatt et al., 2009). Filipodia that receive sufficient synaptic input, mature into
dendritic spines while those that do not may be pruned. More recently, it has been
demonstrated that in adulthood changes in the size and shape of dendritic spines correlate
with plasticity at individual synapses (Matsuzaki et al., 2004).

Distortions in the normal patterns of neuronal signaling caused by disease or substance
abuse can manifest as changes in dendritic spine density and morphology, accompanied by
corresponding functional changes (reviewed extensively in this issue). Dendritic spine
abnormalities have been found in many pathological conditions and excitatory synapse loss,
which can be observed in individual neurons as a reduction in spine density, is strongly
related to cognitive impairment in neurodegenerative diseases such as Alzheimer’s or Rett’s
Syndrome (Moolman et al., 2004, Bittner et al., 2010). Reduced spine density of 27% and a
decrease in total dendritic length and complexity have also been observed in medium spiny
neurons of the caudate nucleus and the putamen from Golgi-stained postmortem tissue of
Parkinson’s patients (Stephens et al., 2005), indicating that synaptic dysfunction and
degeneration is likely a common manifestation of neuronal insult and disease resulting from
a range of unrelated causes. Strikingly, treatments that alleviate the cognitive symptoms of
neurodegenerative disease also have been shown to reverse their respective spine
pathologies (Smith et al., 2009). The specifics of the dendritic spine pathologies for a
number of conditions are covered extensively in this issue.

The number, morphology, and dynamics of healthy synapses throughout the brain are
excellent indicators of neuronal development and function and can provide investigators
with information about specific brain regions and neuronal subtypes. Optical imaging of
dendritic spines provides an attractive diagnostic tool for studies of synaptic health in
clinical (post-mortem human tissues) and basic research studies (animal models of disease).
A true understanding of the effects of disease states on synaptic structure on a systems level
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requires a comprehensive evaluation of changes in spine density and morphology throughout
the entire brain. This presents a rather daunting challenge for optical image acquisition and
analysis on a number of levels. First, the study of neurons throughout the entire anatomy of
the brain requires sample preparation and microscopy techniques sufficient to preserve
submicron imaging resolution for all neuronal subtypes in all brain regions. Second, the
enormous number of neurons in the brain (on the order of 1011) and the incomprehensible
level of connectivity between them (on the order of 1014 synaptic connections with ~90% of
these terminating in spines) taxes the limits of our abilities to gather and analyze data
(Williams and Herrup, 1988, Nimchinsky et al., 2004). As current high resolution imaging
techniques allow for the collection of massive of amounts of three dimensional anatomical
data from individual specimens, informatics becomes the rate limiting factor, i.e., the
bottleneck in these studies has become accurate image analysis and classification of
anatomical structures. Manual spine classification or computer assisted manual spine
classification, long the standard approaches, are extremely labor intensive and unacceptably
slow as well as subject to investigator variability and poor for 3D image analysis. Recently,
a great deal of progress has been made toward the development of software tools that can
accurately analyze dendritic structure and detect all classes of dendritic spines reproducibly
using objective criteria (Rodriguez et al., 2006, Rodriguez et al., 2008, Fan et al., 2009, Li et
al., 2010, Zhang et al., 2010, Son et al., 2011). Although to the human eye, the criteria that
determine just what is a dendritic spine seem obvious, defining these criteria in an objective
manner has been a challenge in algorithm development.

This review will recount traditional tissue staining and microscopy approaches that have
been and remain invaluable in the post-mortem analysis of human neurological disease
progression. Additionally, we will touch on more recent genetic tools and microscopy
advances that have enabled researchers to study spine dynamics and correlate spine structure
to neuronal physiology in animal models. Finally, we will discuss roadblocks in our study of
dendritic spine pathology and future technical solutions that may soon address them.

Historical context of Golgi staining

Visualization of dendritic spines can be traced back to the drawings of Camillo Golgi, based
on his observation of fixed brain tissues stained by the so-called black reaction, a staining
technique invented by Golgi in his kitchen. Santiago Ramon y Cajal, the founder of Neuron
theory, which states that the nervous system is composed of discrete individual cells which
together form the complete neural network, acutely sensed the value of this technique and
extensively used it in his work. It was Cajal who first documented dendritic spines in 1888
and demonstrated the reality of what he called collateral spines in 1895 (Garcia-Lopez et al.,
2007). In addition, Cajal deliberately recorded the different morphologies of dendritic spines
(sessile, mushroom, and thin), the different sizes among different brain areas and species,
and distribution characteristics and even hypothesized the physiological function of this
structure (Garcia-Lopez et al., 2007). All of these amazing achievements are due to the
assistance of the best microscope at the time and his delicate manipulation of Golgi staining.
The Nobel Prize in Physiology or Medicine 1906 was awarded jointly to Camillo Golgi and
Santiago Ramén y Cajal "7 recognition of their work on the structure of the nervous
system.”

Principle and procedures of Golgi staining to detect dendritic spines

Golgi staining is a progressive process involving formation of small, dense granules
precipitated inside the nerve cells, leaving the nucleus and mitochondria unstained. In the
process of impregnation, the silver or mercury chromate granules accumulate and gradually
cover the surface of the nerve cell (Fairen, 2005). The basic procedures of Golgi staining
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include the exposure of brain tissue to dichromate and impregnation with heavy metal ions
(silver or mercury). Only a few cells in the tissue can be clearly impregnated at the soma and
the neurites on a transparent background of unstained structure, an important factor that
makes individual spines detectable. Since the original Golgi staining was very time-
consuming, two main modified protocols were developed, (i) Rapid Golgi staining. Brain
tissue is fixed in an aldehyde-containing solution (Pilati et al., 2008), with relatively shorter
impregnation and chromation duration. Several methodological modifications are made to
improve the quality and reaction time (Raju et al., 2004, Pilati et al., 2008, Ranjan and
Mallick, 2010). (ii) Golgi-Cox method. Brain tissues are immersed in solutions containing
mercuric chloride and brain sections are treated with sodium carbonate or ammonia solution.
Performing the impregnation reaction at 37°C can shorten the notoriously slow process
(Ranjan and Mallick, 2010). Both methods are suitable for freshly prepared or lightly fixed
tissues (Rosoklija et al., 2003). Melendez-Ferro et al. successfully applied the Golgi-Cox
method to stain long-term frozen animal brain tissue and human brain tissue stored for up to
15 years in a freezer (Melendez-Ferro et al., 2009). Golgi-Cox provides cleaner, more
consistent three-dimensional reconstructions after confocal imaging and is therefore more
reliable to demonstrate the dendritic arborization of mammalian neurons, (Castano et al.,
1995, Raju et al., 2004). However, for staining tissues that have been fixed in formalin for
years, rapid Golgi and other modified Golgi methods such as Golgi-Kopsch are better
choices than Golgi-Cox (Rosoklija et al., 2003, Melendez-Ferro et al., 2009).

The advantages of this traditional histological technique include a complete morphology of
the entire neuron, a clear picture with minimal background, and that chromogen-stained
dendritic spines are relatively stable (Pannese, 1999, Ranjan and Mallick, 2010). However,
this method has certain inevitable disadvantages such as, random and unpredictable cell
staining and partial morphological information in brain areas (Pilati et al., 2008), although
the Golgi-Kopsch technique successfully improved the quality of impregnation on long-term
fixed Homo sapiens tissue (Rosoklija et al., 2003). In addition, Golgi staining and widefield
microscopy greatly underestimates the number of spines present on a given stretch of
dendrite, presumably due to the lack of z-plane resolution and the small volume of spines
relative to the parent dendrite (Chan-Palay et al., 1974, Feldman and Dowd, 1975, Harris
and Stevens, 1988). Spine detection from serial analysis of electron microscopy sections
shows that this underestimation can be as high as 3-fold in moderately spiny neurons such as
CAZ1 hippocampal pyramidal cells and even higher in more spiny neurons such as cerebellar
Purkinje cells (Harris and Stevens, 1988). Computational techniques have been in use for
many years that attempt to compensate for the low detection rate by applying a formula
based on the geometry of the parent dendrite, which give a more realistic estimate of the true
spine density (Feldman and Peters, 1979, Horner and Arbuthnott, 1991). None of this
discounts the value of the wealth of knowledge about synaptic degeneration gained in past
and continuing Golgi experiments as the studies are most valuable for their relative, rather
than absolute, spine numbers.

Current techniques for staining and imaging dendrite spines in the fixed
brain tissues

Recent application of Golgi staining in fixed tissue revealed a loss of dendritic spines of
pyramidal neurons in the brain from Creutzfeldt-Jakob disease patients (Landis et al., 1981),
decreased density of dendritic arborization on the cerebellar and visual cortices of AD
patients (Mavroudis et al., 2010, Mavroudis et al., 2011), abnormal neuroplasticity in
specific brain area of gene-knockout and stress-induced social defeat animal model (Nietzer
etal., 2011) and in depressed suicides (Hercher et al., 2010). Therefore, this method is still
one of the most reliable histological techniques in the morphological evaluation of dendritic
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spines (Figure 1) in specific brain areas (Couch et al., 2010) and in the detection of the early
dendritic pathology for a variety of neurodegenerative diseases (Melendez-Ferro et al., 2009,
Mavroudis et al., 2011). More recent advances in tissue staining and microscopy have
allowed researchers to compliment the valuable anatomical data gleaned from Golgi staining
of postmortem human tissue with additional anatomical and physiological data, both in
human tissue and in animal models of human disease.

Conventional brightfield microscopy is sufficient to image neurons and study the basic
morphology and relative density of spines in thin slices (Perez-Costas et al., 2007) but
provides insufficient resolution, particularly in the z-axis, for studies of subtle changes in
spine morphology. This becomes even more relevant when studying neuronal populations
that have been labeled more efficiently than is possible with the Golgi method. Widefield
fluorescence provides better resolution than brightfield, but images are blurred because
emitted fluorescence is detected not only from in focus photons but also from molecules
excited out of the focal plane. Confocal microscopy solves this problem by using a pinhole
to selectively collect emission from the focal point while excluding most light emitted out of
the focal plane (Conchello and Lichtman, 2005, Oheim et al., 2006).

The emergence and widespread availability of laser scanning confocal microscopy (LCSM)
has given researchers and neuroscientists a powerful tool to image changes in spine density
and plasticity in brain slices and cultured hippocampal neurons with nearly diffraction-
limited resolution (Moser et al., 1994, Papa et al., 1995). LSCM has been principally used to
image fluorescently labeled structures and Golgi staining was not considered suitable for
LCSM observations (Castano et al., 1995). More recently, a creative modification of the
technique takes advantage of the reflective nature of the dense metal particles used in Golgi-
impregnation. This reflection method involves selective collection of excitation light
reflected from a focal point through the confocal pinhole and has been used to reconstruct
high-resolution 3D structure of Golgi-Cox impregnated material (Tredici et al., 1993, Spiga
etal., 2011). This additional resolution gained by this technique makes visible not only
additional spines but additional parent dendrites projecting in the z-plane. Additionally,
combining Golgi-Cox impregnation with immunocytochemical procedures, allows
simultaneous 3D confocal visualization of both morphological and neurochemical features
of neurons (Lanciego and Wouterlood, 2011, Spiga et al., 2011).

More commonly, LSCM has been paired with intracellular staining by fluorescent dyes to
generate high-resolution 3-D reconstructions of neuronal anatomy. Manual injection of
Lucifer yellow or other fluorescent dyes to fixed or live tissue can be used to completely
label entire neurons one at time allowing 3-D confocal imaging of unambiguous neuronal
structures with a detection efficiency 3x that of the traditional Golgi stain and comparable to
electron microscopy studies (Buhl and Lubke, 1989, Vecellio et al., 2000, Wallace and Bear,
2004). Higher throughput cell-labeling can be obtained by application of lipophilic dyes
such as DiO, Dil, and DiD (Chen et al., 2011), endocytotic dyes such as FM143 (Dhawale
and Bhalla, 2008), or bioenzyme-based markers (Ryan, 2001, Couch et al., 2010, Anderson
etal., 2011).

Transgenic strategies and viral expression have been used to label living neurons from
animal models with fluorescent proteins /n vivo, employing a variety of strategies for
specific labeling of neurons of interest (Figure 2). One example is the creation of numerous
lines of Thyl-YFP mice in which certain groups of neurons express YFP based on the
integration site of the transgene, making possible distinction of the dendrites and spines of
individual neurons from those of their unlabeled neighbors (Feng et al., 2000). Another
example is labeling of individual neurons with multi-color fluorescence, based on random
recombination of Cre-based transgenes for a variety of fluorescent proteins, called the
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Brainbow technique (Gong et al., 2003, Livet et al., 2007). Interestingly, it was only when
transgenic animals that expressed fluorescent proteins sporadically were created, that this
technique began to approach the usefulness of the simple Golgi stain. A number of viral
vectors have been used to express fluorescent proteins in neurons for imaging including
recombinant adeno-associated virus, lentivirus, and rabies virus (Chamberlin et al., 1998,
Ehrengruber et al., 2001). Expression of fluorescent proteins in neurons with modified rabies
virus allows investigators to image pairs of neurons known to possess direct synaptic
connections through exclusively retrograde transmission of the virus (Ugolini, 2010) and
when combined with anterograde tracers, which allow investigators to trace at least two
layers of connectivity (Lopez et al., 2010). These techniques are valuable tools for the study
of anatomical mapping, and each has specific advantages in the detection of circuit-based
dendritic architecture, including spines.

The recent development of Sca/e technology to generate clear fixed biological samples in
Miyawaki’s group generates a fast, simple, and inexpensive approach for optical sectioning
for deep imaging and three-dimensional reconstruction of fluorescently labeled structures at
subcellular resolution with minimal distortion of brain anatomy (Hama et al., 2011).
Transgenic mice expressing fluorescent proteins in genetically defined neuronal populations
(Feng et al., 2000, Gong et al., 2003, Livet et al., 2007) provide an ideal substrate for Sca/e.
Using this tissue clearing technique, the fluorescent signal of individual dendritic spines can
be discerned by multiphoton microscopy at a depth of 0.9mm under the pial surface.
Furthermore, the development of a long focal length, high-NA objective (NA = 1.0, working
distance = 4.0 mm) opens the possibility of spine imaging throughout the entire volume of
the intact mouse brain, but work still remains to determine whether the technique causes
distortions in microanatomical structures such as spines.

The morphology and protein content of dendritic spines from fixed human and animal
tissues can be visualized in sections by immunofluorescence staining of synaptic proteins,
for example, synaptophysin and synapsin | (presynaptic marker), PSD-95 (postsynaptic
marker), or other pathological event-relevant markers (Perez-Costas et al., 2007). Such
correlation of protein content and morphology is invaluable in identifying populations of
spines, particularly in disease models where they may be differentially affected.
Unfortunately, the differential penetration of antibodies into sections impacts
immunostaining results, severely limiting its use in systematic studies of dendritic spine
anatomy.

Array tomography (AT) involves immunostaining and imaging of a series of ultrathin (70—
200 nm) sections using conventional fluorescence microscopy. The fluorescent images from
the same region of each section are aligned and reconstructed as a 3D stack to get a precise
map of antigen distribution. This powerful technique is suited for the quantitative analysis of
dendritic architecture. Indeed, AT has been used to analyze glutamatergic and GABAergic
synapses in mouse cortex (Micheva et al., 2010) and the glutamtergic innervations of mouse
dorsal raphe nucleus (Soiza-Reilly and Commons, 2010). The advantages of AT include: (1)
higher axial resolution than conventional optical imaging techniques, 70-200 nm based on
slice thickness versus > 1 um for CLSM and multiphoton, (2) multiple antigens can be
detected and spatially co-localized in the same sample, (3) strippable immunofluorescence
and re-immunolabeling, (4) no issue of antibody penetration, (5) reliable quantification of
synapses (91% relative to EM) (Micheva et al., 2010), and (6) suitability for the studies on
human clinical specimens and animal disease-model. However, this technique requires
laborious sample preparation and data reconstruction, is extremely time and energy-
consuming and has thus only been applied to small sample volumes.
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Functional imaging of dendritic spines

A revelation of the role of dendritic spines in neuronal physiology requires functional
imaging of dendritic spines in living neurons and a great deal has been learned about the
functional properties of dendritic spines from work performed in neuronal culture and acute
brain slices prepared from animals. Along with the development of fluorescent proteins and
dyes for structural imaging has been the development of fluorescent indicators for cellular
physiology. For the study of dendritic spine physiology, the most notable of these has been
calcium indicator dyes. Based either on a fluorescent dye (Grynkiewicz et al., 1985, Minta et
al., 1989) or protein (Nakai et al., 2001, Yu et al., 2003, Pologruto et al., 2004, Tian et al.,
2009) conjugated to a calcium buffer, the indicators change their fluorescence spectra or
emission intensity when bound to calcium. The coupling of confocal microscopy of
fluorescent proteins and calcium indicator dyes with brain slice electrophysiology has
provided a wealth of information about the role of dendritic spines in synaptic signaling and
plasticity (Koester and Sakmann, 1998, Engert and Bonhoeffer, 1999, Maletic-Savatic et al.,
1999, Bloodgood and Sabatini, 2005). The introduction of two-photon uncaging and
imaging to brain slice electrophysiology has allowed for the direct correlation of changes in
spine size with changes in synaptic strength on the single spine level (Matsuzaki et al., 2004)
and revealed the dynamic nature of spine size even in the absence of synaptic activity
(Yasumatsu et al., 2008).

Because fixed tissue imaging only provides a snapshot neuronal anatomy, it does not
provide real spine dynamical information. An observed change in spine density cannot be
attributed to a change in spine formation or pruning. Neurons imaged in culture or in brain
slice preparations lack intact synaptic inputs and sensory information and therefore cannot
fully address the relationship of spine plasticity to brain development and learning and
memory. Directly imaging changes in individual dendritic spines in the living, intact brain
addresses these points, allowing researchers to evaluate the importance of dendritic spine
dynamics to the functional reorganization of neuronal circuits (Knott and Holtmaat, 2008).

The most glaring roadblock to /in vivo dendritic spine imaging is that the opacity of the
intact skull precludes optical imaging of neocortical neurons. Though a craniotomy window
can be made to expose the cortical surface, scattering and absorption in brain tissue still
restrict the use of visible excitation light to track dendritic spines to the most superficial
surfaces of the cortex (Conchello and Lichtman, 2005). The strong scattering and absorption
of ultraviolet (UV) and visible light used for confocal microscopy in the tissue limit optical
resolution (axis resolution) and imaging depth (Denk and Svoboda, 1997). In addition, the
long detection light pathway increases the loss of fluorescence. That signal loss is
unacceptable for imaging of deeper brain areas (Conchello and Lichtman, 2005). Also, the
use of high power visible light results in photo-bleaching and photo-damage that destroy
fluorophores and shorten the duration of time lapse imaging (Oheim et al., 2006). Taken
together, confocal microscopy is limited to high-resolution three-dimensional (3-D) images
of spine morphology in superficial areas, tissue culture, or thin specimens (Moser et al.,
1994, Papa et al., 1995).

Two-photon microscopy, based on excitation of fluorophores by the near-simultaneous
absorption of two or more infrared photons, restricts the fluorescence excitation volume and
can reduce photo-damage and photo-bleaching (Denk et al., 1990, Patterson and Piston,
2000, Helmchen and Denk, 2005, Oheim et al., 2006). Compared with confocal microscopy,
which only collects the emitted fluorescence through the pinhole, most emission light can be
collected (even scattered emission) in non-descanned mode which enhances the efficiency of
fluorescence collection. Because only the fluorophore in the focal plane is excited, bleaching
and photo-damage are greatly reduced (Beaurepaire et al., 2001, Oheim et al., 2006).
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Furthermore, the near IR excitation wavelengths used in multi-photon microscopy penetrate
deeper into tissue with less light scattering and absorption, which allow for high resolution
in vivoimaging as deep as 0.5 to 0.8 mm beneath the brain surface (Theer et al., 2003,
Oheim et al., 2006).

Two-photon imaging and transgenic targeting of fluorescent proteins to specific cell-types
have been crucial to study the structure and dynamics of live neurons (Holtmaat and
Svoboda, 2009, Wilt et al., 2009), for example, /n vivo imaging studies, which can
simultaneously observe dendrite growth and synaptogenesis, indicate that synapse formation
can direct dendritic aborization (Niell et al., 2004). Observation of neuronal development
has revealed a population of transient spines that appear and disappear over days and a
population of persistent spines that increase gradually until adulthood (Holtmaat et al.,
2005). Recent /n vivo time-lapse imaging studies of astrocyte and dendritic spine activity
indicate that astrocytic protrusive activity regulates the stabilization of individual dendritic
protrusions and spine maturation (Nishida and Okabe, 2007). The advent of two-photon
microscopy and the specific transgenic targeting of fluorescent proteins has given rise to a
substantial number of /n vivo studies imaging dendritic spine dynamics in the brain over
long time periods (Figure 3) (Gray et al., 2006, Svoboda and Yasuda, 2006, Spires-Jones et
al., 2007).

Still, high resolution optical imaging studies are restricted to the superficial layers of the
cortex in live animals due to light scattering and absorption while many neurodegenerative
disorders are correlated with changes in spine dynamics in deeper brain structures such as
hippocampus. Even with the development of phytochrome-based near-infrared fluorescent
proteins (Shu et al., 2009, Filonov et al., 2011), which reduce scattering and absorption
(Misgeld and Kerschensteiner, 2006, Bittner et al., 2010), many brain areas are inaccessible
to conventional optical microscopy in live subjects.

Micro-endoscopy microscopy

Optical microendoscopy, one promising approach to imaging deeper brain areas such as
hippocampus, is accomplished by inserting an optical micro-probe directly into a
specifically targeted deep structure (Jung and Schnitzer, 2003, Jung et al., 2004, Levene et
al., 2004). A focal depth of more than 1 cm into the brain can be achieved by adjusting the
position of the microscope objective lens relative to the microendoscope probe. Because
high-resolution micro lenses provide the micron-scale resolution of a conventional water
immersion objective during direct insertion into tissue (Jung et al., 2004, Levene et al.,
2004, Barretto et al., 2009), imaging of spine dynamics beneath the penetration depth of
conventional light microscopy is possible (Flusberg et al., 2008). Currently, sub-cellular
microendoscopy has been used to track CA1 hippocampus pyramidal neuron and dendrite
dynamics in adult mice over the course of weeks and indicate that the change of dendrite
stability in diseased hippocampus might be a hot spot in future studies (Barretto et al., 2009,
Barretto et al., 2011).

Spine identification and characterization methods

As current high resolution imaging techniques allow for the collection of massive amounts
of three dimensional anatomical data or data series from individual specimens, the
bottleneck in these studies has become accurate quantification and classification of
anatomical structures. Manual spine segmentation or computer assisted manual spine
classification, long the standard approaches, are unacceptably slow for a task of this
magnitude, as well as subject to investigator variability and poor for 3D and 4D image
analysis. Additionally, manual classification of dendritic spines results in an unnatural
grouping of observed spines into subjectively defined groups when, in fact, dendritic spines
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display a continuum of shapes and sizes. It is also tedious work to correlate spines
temporally in time lapse datasets. Because different pathological conditions have such
varying effects on spine morphology, the criteria for these groups can change dramatically
from one experiment to the next. To these ends automated spine detection and
characterization algorithms have three long-term goals:

I.  Remove subjective bias and error from spine counting.

I1. Quantify spines based on objectively defined morphological parameters and
perform automatic spine counting for different groups, rather than placing into
subjective shape-based groups such as thin, stubby, and mushroom for healthy
neurons.

I11. Perform fast, automatic analysis on the large data sets potentially generated by the
current and future high-resolution imaging techniques.

The general mechanism of spine analysis consists of a pipeline for dendrite/centerline
extraction, spine detection, feature extraction, and spine classification (Hosokawa et al.,
1995, Weaver et al., 2004, Rodriguez et al., 2008). First, because of the level of resolution
necessary for accurate spine detection and characterization, most methods begin with a
filtering step that removes the background noise and a deconvolution step that corrects for
the point spread function (PSF) of the optical imaging system. Deconvolution can be based
on an empirically determined PSF (Kawata and Ichioka, 1980) but this approach is often
slow and tedious, therefore, many methods start with a faster blind deconvolution step. Next,
voxels corresponding to dendritic spines are segmented or distinguished from those
corresponding to cell soma, dendrites, and the background. Dendrite extraction remains the
most important and challenging task of the segmentation step because spines are identified
as protruberances from the parent dendrites. Centerline or skeleton extraction is most
commonly employed for identifying dendrites and isolating possible spine regions. Then,
spine detection is performed followed by morphological feature calculation and automatic
classification.

In vivoimaging of dendritic spines allows for the study of spine dynamics rather than the
simple snapshot provided by fixed tissue imaging, but automated analysis of spine dynamics
adds a layer of complexity. Thanks to the recent development of image registration and
segmentation techniques, time lapse dendritic spine images can be first aligned temporally
by using either global or deformable registration methods and then segmented using above
mentioned 3D segmentation Pre-segmentation of each time-point image could also help
improve the registration accuracy, and recently, joint segmentation and registration
techniques were explored to simultaneously obtain the temporal correspondences of spines
and their segmentations.

The first generation of spine segmentation algorithms was effective in analysis of tissue
samples, each with relative strengths and weaknesses. The method demonstrated by (Koh et
al., 2002) provides automatic detection and quantification of the 3D structures of dendritic
spines. Spine length, volume, density, and shape features were used for classification of
static or time-lapse images of hippocampal pyramidal neurons. The method first extracted
the dendritic backbone by calculating the medial axis. Then, geometric analysis was
performed to detect detached and attached spines according to the shapes of each candidate
spine region. Finally, multiple candidate regions could be merged into one spine according
to their combined shapes. Time lapse data were first processed by using image registration.
Features such as spine length and volume were used for classification. As for spine
detection, 95% (sensitivity) of spines were detected automatically compared to manual
results with a positive predictive value of 8%. No significant differences (p-value>0.05)
were found between manual and automatic spine measures. However, the method is based
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on geometric constraints of spines, and led to false positives dependent on the level of the
shape threshold. In later tools these problems have been addressed using adaptive thresholds
and model-based methods of dendrite detection.

Of the more recent tools, NeuronStudio (Rodriguez et al., 2008) is particularly well-suited
for the analysis of three-dimensional data sets derived from confocal or two-photon imaging
using a Rayburst sampling algorithm (Rodriguez et al., 2006). The algorithm first filters out
the dendrite that connects a series of spherical shapes along a centerline and then identifies
the shapes of the objects, after removing the dendrite, based on the linear distance from an
internal point to the external boundary of the object. Such spine detection is essentially a
spherical model fitting for spines after dendrite extraction. NeuronStudio was comparable to
manual spine counting in detecting spines and performs at a relatively fast rate, but exhibited
shortcomings in identifying individual spines from clusters, which are common particularly
in spiny neurons, as well as in lacking image segmentation capability to characterize spines
qualitatively in terms of spine size, shape, volume, and other morphological features.
Because of the limitation of the model, bigger flattened spines attached to the dendrite might
be missed. Still, NeuronStudio remains an excellent tool for determination of spine number
and density that is comparable to manual spine counting without the investigator bias.

Along the spine analysis pipeline mentioned above, centerline extraction for dendrite
detection and spine detection from isolated regions of the dendrite remain the critical step
for spine quantification. Researchers seek automatic methods for more robust dendrite
extraction and spine detection. Centerline extraction-based methods detect all the possible
centerlines and treat dendritic spines as small protrusions attached to the dendrites (Janoos et
al., 2009). For example, Janoos and colleagues presented a method for dendritic skeleton
structure extraction using a curve-skeleton approach based on the medial geodesic function,
which is defined on the reconstructed isosurfaces. The curvilinear fitting method (Zhang et
al., 2007) finds the medial axis of the dendritic backbone effectively (Figure 4a).

After determining the full diameter of the dendrite, spines are defined as structures
protruding from the dendrite. Classification-based methods separate points into different
groups using a classifier (Rodriguez et al., 2008), which can be used to judge whether each
isolated image region is a spine and to merge neighboring regions if their combination can
form a spine. Incorporating the centerline and spine detection, a publicly available software
tool for spine detection and characterization called neuron image quantitator (NeuronlQ) has
been developed (Cheng et al., 2007, Zhang et al., 2007). NeuronlQ is one of the rare quality
tools for both determination of spine number and quantification of the spatial dimensions of
detected spines via automated image segmentation. A variation of this method has been
successfully employed for accurate spine detection from /in vivoimaging data (Fan et al.,
2009). After extracting the centerline of dendrite and isolating it, a level-set model is used to
segment and detect the spines. The method has been applied to both static and time lapse
images. Taking the 105 manually marked spines as the ground truth, the sensitivity was 96%
with a positive predictive value of 10%. A Kolmogorov-Smirnov test also confirmed that the
automated and manual spine measurements are drawn from the same distribution and thus
had no significant difference. To deal with the partial volume effects or a large spacing
between neighboring slices, the speed function for the well-known level set method can also
be modified to allow for the segmentation of the treelike structures, such as dendrites (Rink
and Tonnies, 2007).

A more recent incarnation of the spine detection methods combines both centerline detection
and a geometric model of spines together using a gradient vector flow (GVF) method
(Zhang et al., 2010). This method uses GVF to determine the central regions of the dendritic
tree and spines. Then, eigen values of the Hessian matrix at each candidate spine central
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voxel are used to classify whether it belongs to different shapes such as blobs, tubes, or
plates. Finally, these candidate spine central points are used as an initialization of a level-set
method to segment the final spines. The major contribution is that by performing eigen
analysis for the central regions of each candidate spine, false positives are eliminated by
distinguishing true spines from other structures. Tested on 1123 manually segmented spines,
the method yielded a sensitivity of 90% with a positive predictive value of 9.6%. This
method has been shown to be accurate for 3D data analysis but, in general, such methods
remain too slow for systematic analysis of large neuronal populations.

Rather than using spine segmentation directly after removing the dendrite, Janoos (Janoos et
al., 2009) proposed to first use a level set method for segmentation of the entire dendrite and
spine structures and then extract the surface. Then curve-skeletons were extracted using the
medial geodesic function, representing the dendritic spine tree. Finally, dendrite and spine
skeletons were identified in the graph space. The sensitivity and specificity of the method
were 95.3% and 90.1%, respectively. The work by (Son et al., 2011) used a deformable
model to segment each spine with the initial points as the tip region of each spine that can be
determined from the skeleton structure. Although implemented for 2D projection images the
curve-skeletons obtained from Janoos et al.’s work perfectly feed to this deformable
segmentation.

In direct contrast to the above mentioned centerline extraction and spine detection pipeline is
a newer method that directly uses the outside edges of the dendritic spine structures to detect
spines (He et al., 2012) based on the curvature of their tips (Figure 4b). From the dendritic
spine shapes, it can be seen that the commonality of spine shapes is that they have tip areas
that distinguish them from dendrite and spine walls. Such a distinctive tip feature can be
quantified using the minimal cross-sectional curvatures on the surfaces. For spine tip, it will
be significantly larger than those on other locations. Such a new spine tip detection method
provides a robust initialization for spine detection. Region-growing or gradient vector flow-
based methods can then be employed to extract the entire spine regions. Experiments
showed that this spine detection-based method is just as accurate (97% sensitivity) but far
more computationally efficient than combining centerline extraction and gradient vector
flow methods.

In addition to spine detection from 3D images, as more and more time lapse assays are
available both /n vitroand in vivo, longitudinally corresponding the spines becomes more
and more important. As shown in a number of studies (Koh et al., 2002, Fan et al., 2009, Li
et al., 2010), such automatic time lapse dendritic spine analysis generally involves non-rigid
serial image registration in the spine detection procedure. The real challenge in such
registration comes in identifying which spines persist over time and which spines are new, in
part because the shapes of the spines themselves are so variable. Li (Li et al., 2010)
developed a global non-rigid registration system that first corrects for translation and
rotation of the parent dendrite over time and then uses B-Spline-based registration to correct
the elastic shape deformations. Spines are then identified using a spatial similarity metric
over a series of time points. The temporal spine associations are obtained through global
similarity maximization. The basic assumption of the association algorithm is that the
temporally corresponding spines should have similar shapes and should not move far away
(after alignment) under the current longitudinal deformations. The formulation also allows
one spine at a time point to correspond to no spines at a following time point or vice versa.
In this way, trajectories of spine centroids are analyzed and invalid associations can be
discarded. Therefore, the major contribution is post-processing after image registration in
order to overcome possible errors due to image alignment.
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Work over the last decade has yielded spine detection algorithms that quantify and
characterize dendritic spines from 3D image stacks or time lapse images. These algorithms
offer a clear objective alternative to manual counting by removing operator variability and
provide reliable classification of spines based on measured size and morphology. Efforts
have shown greater success extracting the dendritic centerline for isolating candidate spine
regions followed by spine detection or segmentation based spine shape features or shape
models. Novel image segmentation methods such as level-set and fast marching have been
employed for spine segmentation. Notably, rather than starting from the dendrite backbone,
spine tip detection offers an alternative approach, starting from the outside spiky points.

Recent developments toward faster computation times and reduced operator input are
encouraging but current methods still require minutes rather than milliseconds to analyze
anatomical data from single neurons. Additionally, to date all spine detection algorithms
require a single specified region of interest ideally from the dendrites of a single neuron.
Due to the wide range of pathophysiologies for dendritic spines, more sophisticated
automatic software is necessary to handle multiple dendrites and spines from /n vivoand in
vitroimage mosaics with relatively large fields of view. Although no one-size-fits-all
algorithm exists to date for spine detection, ideally, automatic algorithms must recognize the
dendritic arbors of a multitude of individual neurons per image set and combine as many
distinct spine recognition criteria as possible in order to accurately and objectively
characterize disease states.

In summary, based on the above analysis of automatic dendritic spine detection and tracking
techniques and the requirements for high content study, future work should be focused on
the following areas:

i. Continued optimization of the pipeline for dendrite and spine detection. Studies
showed that each step is not independent of one other and such optimization could
involve integration of the steps focusing on robustly segmenting spines using novel
features, while other structures act as a constraint of non-spine regions.

ii. Applying accurate serial image registration (rather than only two time points) and
simultaneously incorporating both original image and segmented results in the
registration procedure. Studies showed that such joint image segmentation and
registration steps could benefit each other.

iii. Dependent on the application, the imaging speed, and the staining technique, in
time lapse images, spine shapes can change dramatically with time. It could be a
challenging task to accurately register the spines with larger or more rapid
morphological changes. Therefore, precisely aligning dendrite and relatively stable
spines provide an invaluable opportunity to construct the temporal association of
each spine and make it possible to track bigger spine changes.

iv. Developing a sophisticated tool that can automatically process complicated images
with multiple dendrites not only for /in vitrobut also for more complicated /in vivo
images is necessary for fast automatic analysis on the large data sets in high content
studies.

Conclusions

Traditional studies of neuronal anatomy have provided a wealth of information about
neuronal structure and particularly the changes that correspond to disease in the human
brain. The workhorse of these studies has been and continues to be the Golgi stain. As recent
studies have attempted to understand and correct the mechanisms of many of these diseases,
researchers have started to complement these studies with newer approaches that provide
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systematic evaluation of brain development, aging, and pathogenesis. Three main advances
have marked this transition. First, we have seen the evolution from the analog staining,
eyeball detection, and manual labeling of Cajal and Golgi to digital image acquisition and
automated image analysis. Second, recent advances in cell labeling and high resolution
optical microscopy have allowed researchers to extend from endpoint studies performed on
fixed, post-mortem tissue to real-time, /n vivo, live animal dynamic studies utilizing either
intravital two-photon microscopy or optical fiber microendoscopy. Third, coupling of recent
transgenic animal engineering techniques with automated image acquisition enables the
degree of scalability necessary to image synaptic connections in the high-throughput manner
required for a complete, systematic study. The final piece needed to complete the puzzle is a
robust image analysis tool capable of quantifying all of the spine information throughout
these large data sets, ranging from gigabytes to terabytes. Recent work has made significant
progress toward objective characterization of dendritic spines, but a great deal still remains
in speeding up the analysis and expanding it to identify and characterize spines from large
populations of labeled and intertwined neurons.

Highlights

Golgi staining and manual spine identification have provided insight into
neurodegeneration

Advances in microscopy and tissue labeling have allowed /n vivo studies in animals

Automated spine algorithms are necessary tool for a systems level scale study
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Figure 1.

Photomicrographs of a Golgi-stained mouse cortical neurons from slices, (a) Neurons in
brain slices are randomly and sporadically labeled allowing visualization of individual
neurons. Scale = 50 pm. (b) Enlargement of boxed area in (a) showing dendrites and spines
belonging to individual neurons. Scale = 10 um. (c) Enlargement of boxed area in (b)
showing individual dendritic spines which can be counted and analyzed. Scale =5 pm.
Figure 2
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Figure2.

Transgenic labeling of neurons in vivo, (a) Cortical neurons bright express GFP allowing
spine imaging and counterstaining of vasculature and Ap plaques (data courtesy of Brad
Hyman, Massachusetts General Hospital), (b) Brainbow mice display multicolor labeling
allowing for tracing of processes from individual neurons over long distances (data courtesy
of Jeff Lichtman, Harvard University).
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Figure 3.

Time lapse two-photon imaging of the changes in neurites and dendritic spines in a live
mouse model of Alzheimer’s Disease during a therapeutic treatment on Ap plaques. (Data
courtesy of Brad Hyman and Tara Spires, MGH)
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Figure 4.

Comparison of two alternative spine detection algorithms, (a) (Zhang et al., 2010) Gradient
vector fields for centerline determination using the conventional GVF method (black
arrows) and proposed GVF with strong smoothing criteria (red arrows). Left, a test neuron
image with gradient vector fields superimposed and right, zoomed area 1 and 2 to better
visualize gradient vector fields, (b) (from He et al.) Detection of Spine Tip Area Using
Minimal Cross-Sectional Curvature. Cross-sectional plane (7) of 3D dendritic spine surface
when viewed from a particular angle, the cross-sectional curvature at dendritic spine surface
point Pis the Gaussian curvature of sectional curve Con plane 7.
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