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Abstract

Astrocytes are the most abundant type of glial cells of the central nervous system; their involvement in brain functioning, from
synaptic to network level, is to date a matter of intense research. A well-established function of astroglial cells, among others, is
the metabolic support of neurons. Recently, it has been shown that during tasks like learning and long-term memory formation,
synapses sustain their metabolic needs using lactate, a compound that astrocytes can synthesize from glycogen, a molecule
that stores glucose, rather than glucose itself. Aforementioned role of astrocytes, as energy reservoir to neurons, is challenging
the classic paradigms of neuro-energetic research. Understanding their morphology at nano-scale resolution is therefore a
Sfundamental research challenge with enormous implications on many branches of neuroscience research, such as the study of
neuro-degenerative and cognitive disorders. Here, we present an illustrative visualization technique customized for the analysis
of the interaction of astrocytic glycogen on surrounding neurites in order to formulate hypotheses on the energy absorption
mechanisms. The method integrates a high-resolution surface reconstruction of neurites and the energy sources in form of
glycogen granules, and computes an absorption map according to a radiance transfer mechanism. The technique is built on
top of a framework for processing and rendering triangulated surface models, and it is used for real-time 3D exploration and
inspection of the neural structures paired with the energy sources. The resulting visual representation provides an immediate
and comprehensible illustration of the areas in which the probability of lactate shuttling is higher. This method has been further
employed for testing neuroenergetics hypotheses about the utilization of glycogen during synaptic development.

Categories and Subject Descriptors (according to ACM CCS): J.5.1 [Human Centered Computing]: Visualization/Visualization
techniques—Heat maps J.5.2 [Human Centered Computing]: Visualization/Visualization application domains—Scientific visu-

alization

1. Introduction

Neuroscience is an exciting and challenging field of research, re-
quiring a multidisciplinary effort from a large number of individu-
als and institutions from all over the world. In-depth understanding
of the human brain structure and behavior would ultimately help
to achieve important challenges for mankind, such as treat brain
related disorders, or create computation device whose logic is in-
spired by human brain learning mechanisms [KMM™13]. Physio-
logical mechanisms can be investigated at several spatial-temporal
resolution. For instance, the molecular level characterizes how sin-
gle molecules impact brain functioning at multiple scales; the cellu-
lar level focuses on understanding the functioning and morphology
of individual cell types; the network and behavioral level investi-
gates the connectivity of distinct neural circuits, and how these sys-
tems work together to make decisions and perform actions. Among
the various topics of interest in the field, neuroenergetics is raising
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attention; manipulation of brain energy metabolism can have an im-
pact on the normal physiological pace of the brain, and its dysfunc-
tion has been identified as one possible cause of neurodegenerative
diseases. In short, neuroenergetics focuses on the mechanisms of
energy storage and utilization in the brain at various levels [MA15].
One important source of energy is glycogen, an electron-dense
molecule that is formed by glucose molecules. In order to locate
and quantify these energy sources, researchers are taking advantage
on high-resolution electron microscopy techniques, such as FIB-
SEM or serial block face SEM [TG16], allowing to acquire brain
samples at nanometer resolution and perform morphological anal-
ysis on the distribution on glycogen particles [CBB*16]. However,
visual methods aimed to investigate and understand the brain en-
ergy metabolism at molecular and cellular levels are still at an early
stage of development due to the complexity, and the resolution of
the datasets. To date, neuroscientists commonly use standard mod-
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Figure 1: Method overview: from 3D neurite models and a list of glycogen granules, our method computes the absorption rate of glycogen

generated lactate according to a radiance transfer mechanism.

eling software, and customize for morphometric analysis to study
the distribution of glycogen compared to synaptic elements in
the brain. [CBB*16]. We present here an illustrative visualization
method suited for the interactive visual analysis of the influence of
glycogen on surrounding neurites, namely axons and dendrites, as
well as their synaptic elements, boutons and spines, respectively,
in the interest of understanding the shuttling mechanisms of lac-
tate [MWE™16]. The method takes as input a high-resolution sur-
face reconstruction of neural structure and a list of energy sources
in the form of glycogen granules, and computes an influence map
according to a radiance transfer mechanism (see Figure 1). By con-
sidering a photon mapping analogy, areas of greater glycogen con-
centration will highlight portions of the cellular plasma membranes
where the glycogen-derived lactate shuttling is more likely to oc-
cur. This framework can be used by neuroscientists for testing
neuroenergetics hypotheses about the utilization of glycogen de-
rived energy. Moreover, dense reconstruction of brain structures is
a complex and time consuming process as each individual com-
ponent needs to be imaged, identified and segmented. Rather, this
method can be used for a preliminary selection of the neurites and,
according to the absorption peaks, efforts can be focused on the
areas of interest. The technique has been successfully used for the
analysis of various surface reconstructions of electron microscopy
stacks of rodent brains.

2. Related work

Neuroscience domain: astrocytes and glycogen metabolism
role. It is generally acknowledged how astrocytes play a number
of pivotal roles in the support of neuronal functioning throughout
one’s life-time. Astrocytes are involved in a variety of processes in
the brain including fine tuning of synaptic transmission [CMS™*09],
neuroprotection and neurometabolism [MA15], however the under-
lining mechanism for these processes is far from being fully un-
derstood. Moreover, the recent discovery of the astrocyte neuron
lactate shuttle (ANLS) has proved quintessential among astrocytes
various unknown functions [BAM11, MA15]. This hypothesis il-
lustrates how lactate is delivered to neurons during intense synap-
tic activity, and moreover glycogen-derived lactate has been related
to one of the most important physiological brain functions, mem-
ory formation [SSB*11]. Despite its importance in both energy
metabolism and memory, characterization of brain glycogen distri-

bution has not been fully addressed. Recently, Oe et al. [OBA*16]
investigated cerebral glycogen in mice using light microscopy and
immunohistochemistry (IHC), and they observed a punctate dis-
tribution localized predominantly in astrocytic processes. With re-
spect to the intra-cellular distributions, Cali et al. [CBB*16] ob-
served that glycogen is localized primarily in small processes and
clustered around boutons and spines. More investigation efforts are
needed at addressing how other physiological processes other than
learning, like for instance aging, are related to modifications in
glycogen clustering and how this might be involved in declined
memory abilities. Morphological studies are required to evaluate
the influence of glycogen distribution compared to the surrounding
neuronal structures (dendrites, axons and boutons) under several
conditions. We propose here an illustrative analysis model aimed
at easing morphological analysis of the distributions of glycogen
on high resolution 3D reconstructions from micrometer resolution
electron microscopy stacks of rodents brain samples.

Morphology visual analysis. The general workflow for 3D re-
construction and visual analysis of brain morphology (see Fig-
ure 2) begins with sample preparation and serial block face scan-
ning electron microscopy (SEM) [KMWLOS8] imaging. Acquisi-
tion of biological tissues can be performed automatically at a
z-resolution of 5-50 nanometers depending on the cutting tech-
nique [KMWLOS]. After SEM, image processing for 3D recon-
struction of the various cellular structures is performed on ul-
trastructural 3D datasets [BH16] by means of manual or semi-
automatic segmentation techniques [KVRKB*15, BBH15]. Fol-
lowing registration and digital reconstruction, the 3D dataset can
be explored and analyzed with a variety of tools that offer visual-
ization and annotation. Currently many neuroscientists take advan-
tage of commercial or free software solutions [CSS*12,SMGL™ 16,
SSKH11] for 3D segmentation and reconstruction, and develop
custom plug-ins for specific statistical and morphometric analy-
sis [CBB*16,0BA* 16, ACW*15,JNC*15]. Similarly, tools for vi-
sual analysis directly relying on segmented volume data are gaining
visibility with the emergent field of connectomics [PKB*12]. They
are mainly designed to explore the reconstructions of nanoscale
neuronal connectivity for the interactive visual analysis using a
dynamic-driven query approach [BAAK™13]. Our technique is an
illustrative model that can be easily integrated into existing visual
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Figure 2: Workflow for morphology visual analysis: starting from Serial Electron Microscopy imaging of brain samples, high resolution 3D
models are computed from registered and segmented stacks of images and used as input for visualization and analysis tools.

analysis frameworks, and can be used to analyze the density distri-
butions of glycogen and other granules.

Density mapping in 3D structures. Mapping density distribu-
tions to a visual attribute, such as color, is a common practice
in visualization. The Allen Brain Atlas viewer [LNT*08] maps
density and level of gene expression to size in 3D and color re-
spectively. BrainNet Viewer [XWH13], renders a voxel-based net-
work using volume-to-surface mapping. Pycortex [GHLG15], uses
a pixel-based mapping to render voxels true to form. Goddard et
al. [GHFO7] describe interactive methods for visualizing density
maps using colors and by fitting atomic models. Recently, Agus et
al. [AMB™17] have shown how density maps can be used to derive
points of interest in work of arts in digital museums by tracking
the users viewing positions. Our illustrative method is also related
to photon map rendering techniques, which have been popularized
in ray tracing [JC95b], shadow rendering [JC95a] and global il-
lumination [Jen96]. Importance maps [PP98] are used to guide
the emission of energy packets. In our model, we use a radiance
transfer mechanism aimed to compute the influence of glycogen
granules to nearby neurites.

3. Glycogen Lactate Absorption Model

The proposed illustrative model highlights regions of astrocyte-
and-neurite membranes where the lactate shuttling is more likely
to occur. By considering a photon mapping analogy, we repre-
sent glycogen granules as energy sources that emit energy packets,
which can be absorbed by the surrounding neurite structures (see
figure 3), according to constraints derived from the theoretical
mechanisms of neuro-glia metabolic coupling [MA15,BR07]:

e power source: the released energy depends on the size of glyco-
gen granules, which are represented as spheres of varying ra-
dius (see figure 3). According to our illustrative model, these
granules cast energy packets onto the surrounding structures,
with a number proportional to its size, and a photon map is com-
puted and stored as a kd-tree [JenO1].
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Figure 3: Glycogen absorption model scheme: energy packets are
scattered from glycogen granules according to the size, and pres-
ence of activation enzymes. Absorbed energy is computed on per-
vertex basis with respect to the presence of absorption enzymes and
a distance threshold.

e energy irradiation: a restricted set of neurotransmitters and
neuromodulators is able to promote glycogenolysis in astro-
cytes [MA15]. They can be modeled as anisotropic direction-
selective energy irradiation modulators, and included as impor-
tance maps [PP98] for modulating or blocking the energy emit-
ting directions (indicated in red in figure 3).

e energy absorption: the shuttling of derived lactate
from astrocyte to neurons is mediated by lactate trans-
porters (MCTs) [Bar13], which can be modeled as anisotropic
direction-selective modulators, for energy packets reaching the
neurite surface (indicated in green in figure 3).

With respect to the radiance transfer, we implemented an absorp-
tion model similar to Lambert-Beer law [CL49] that incorporates a
distance-based gaussian decay from each glycogen power source;
thereby reflecting the influence of glycogen granules both near and
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far to membranes. The constraints are incorporated in the model
as modulators or switch functions, affecting both the energy ab-
sorption and the irradiation decay. Hence, given a neural process at
position xP and a glycogen granule energy packet g; at position Xf,
we define an absorption rate as:

P
Poc(Xp,gi) _ K(rlg)?ug(xig,wf)xp(xp,u)[’.])e_jxf H(x)dx7 0

where K(r%) is the glycogen irradiation power, A is a modulat-
ing anisotropy term taking into account the presence of activating
enzymes for glycogenolysis, A” is a modulating anisotropy term
taking into account the presence of enzymes for lactate metabo-
lization, and u(x) is the absorption coefficient taking into account
the tortuosity for energy transport due to occlusion or friction along
the path connecting the glycogen source power to the process. The
modulating functions A%,A” depend also on the irradiation direction
(1)f7 . The total energy absorption rate is obtained by summing up the
contribution of all glycogen energy packets:

pa(xP) = Zpa(xp,gi)~ )

Implementation. We derived a preliminary simplified version of
the absorption model by integrating the isotropic emission from
granules sources, the isotropic absorption from the neural struc-
tures of interest, and the isotropic tortuosity along the path con-
necting the neurite to the structure of interest. With these compo-
nents, glycogen granules irradiate in same way along all directions.
Energy packets are generated uniformly along the surface of the
glycogen granule and stored in a kd-tree. The absorption rate com-
putation is performed on a vertex basis, and accounts for the K-
nearest-neighbor (KNN) search distance threshold R by presuming
that distant energy packets do not significantly contribute to the ab-
sorbed energy of structures (indicated in green in Figure 3). This
distance is chosen in a way to be a trade-off between computa-
tional workload and the mean length of peripheral astrocytic pro-
cesses [DHK15] (less than 1 um). Given the isotropic assumption,
both the modulating functions and absorption coefficient become
constant, so the equation 2 is simplified to

pu(Xp) — ZKiKgXpe_””X?_xp”7 3)

and computed by accumulating all contributions from energy pack-
ets in the surrounding area.

4. Results

Dataset BB (um) v(M) | GL #P(K) T(m)
Hippocampusl | 7.1x6.7x4.7 | 6.28 1007 | 135 15.8
Hippocampus2 | 14x14x24 0.98 9438 | 38K 25.3
Cortex1 5x5x5 0.66 3037 | 407 13.8
Cortex2 5x5x5 1.08 7719 | 110 2.8
Cortex3 5x5x5.9 1.46 4128 | 546 5.7
Cortex4 5x5x5 2.78 7048 | 110 6.8

Table 1: Processing statistics: dataset size as bounding box (# BB)
in microns, number of M vertices (V), number of glycogen granules
(GL), number of emitted K packets (P), and the processing time in
minutes.

We tested the absorption model on a series of high resolution
3D reconstructions from rodents brains, and provide a summary of
preliminary evaluation performed from domain scientists. Datasets
include neural processes, like dendrites, axons, and astrocytes, as
well as the intracellular mitochondria. Table 1 provides statistics on
data processing, with respect to the model size in terms of bound-
ing box, number of vertices, number of glycogen granules, number
of emitted energy packets, and processing time in minutes. For all
datasets, we considered R = 0.5um as influence radius for accumu-
lating energy packets contributions and processing times were com-
puted on a laptop equipped with Intel i7-4700HQ 2.4 GHz CPU and
8GB RAM and running Linux Ubuntu kernel 3.13.

4.1. Evaluation.

The computed absorption rates on the datasets of table 1 were
log-normalized and color mapped according to a diverging Color
Brewer scheme [HBO03] (see Figure 4), and integrated with Neuro-
Morph analysis toolset inside the Blender environment [JNC*15].
The presence of peaks in absorption rates helped domain scientists
in finding areas of interest, and performing qualitative visual corre-
lations with surrounding organelles and structures. We report here
on some examples of analysis:

e synaptic plasticity: in figure 5, glycogen absorption mapping in
a portion of the dataset Hippocampusl showing two dendrites
highlights that glycogen could be involved in synaptic plastic-
ity [RB16]. Sites of possible dendritic spines formation (red ar-
rows) and maintenance (green arrows) are found neighboring ar-
eas containing high glycogen granules density;

e mitochondria: figure 6 shows a small portion of the mouse So-
matosensory Cortex1 dataset, highlighting how absorption map
peaks (on the left) correlate with the presence of dendritic mi-
tochondria (red arrows on the right), which are the intracellular
organelles responsible for the usage of lactate to ultimately syn-
thesize ATP [Barl3];

e synapses: figure 7 shows that the glycogen absorption map
peaks (on the left) correlate with the presence of an asymmet-
ric (presumably excitatory) shaft synapse; a continuous neuro-
transmitter release at this site might result in the formation of a
spine;

e boutons and PSDs: figure 8 shows another example highlight-
ing that absorption map peaks on astrocyte morphology can cor-
relate with the presence of boutons, spines and PSDs, further in-
dicating that glycogen generated energy is fundamental for sus-
taining neural connections and spines generation;

e axons: figure 9 highlights absorption peaks in specific axon bun-
dles in dataset Hippocampusl, conforming the hypothesis that
axons uptake glycogen-generated lactate [LTK* 16, She17].

These examples show how the absorption model can be success-
fully employed to test neuroenergetics hypotheses and rapidly in-
vestigate the correlation with morphology. In general, domain sci-
entists found absorption maps particularly useful during glycogen
analysis for the spatial discrimination capabilities and for reduc-
ing clutter and occlusion due to glycogen granules (see figure 10).
Moreover, absorption maps can be useful for the comparative anal-
ysis of glycogen distribution and astrocyte morphologies, in order
to recognize the channels for lactate emission (see figure 11).
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Figure 4: Absorption rate maps: color maps of glycogen lactate absorption rate are computed for datasets in table 1 according to a diverging
Color Brewer scheme [HB03]. From top left to bottom right, Hippocampus1, Hippocampus2, Cortex 1, Cortex2, Cortex3 and Cortex4. Images

produced with Meshlab software [CCC*08].

Immersive exploration. To evaluate and test the absorption
model, we also performed interactive sessions on a fully immersive
virtual reality (VR) environment CAVE (cave automatic virtual en-
vironment) [CNSD93]. The CAVE space is a cubic room with 3-m
sides that are each projected with two 8-megapixel streams. With
this setup, several people are able to simultaneously stand inside a
3D model, where details could be magnified on demand and even-
tually become a million-fold larger (um to m). The 3D model was
projected directly from the 3D modelling Blender window inter-
face by using TechViz software (www.TechViz.net), while the user
could manipulate the model inside the room with a controller. A
head-tracking system modify the perspective of the object based
on the position of the user, who is able to move freely in the
room and observe the model from different positions. Figure 12
shows interactive sessions of explorative analysis of hippocampus
2 model together with EM slices rendered with NeuroMorph pack-
age [JINC*15]. The peaks in absorption maps over the astrocyte
morphology drove domain experts in collaborative discussion and
comparison for confirming and formulating hypothesis on lactate
shuttling mechanisms and usage of glycogen generated energy.
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5. Conclusions

We presented a simplified illustrative model of glycogen absorp-
tion targeted at visual investigation of neural morphology and for
hypothesis testing about glycogen utilization. This could be use-
ful to assess whether difference in energy consumption exist for
instance during physiological conditions, aglycemia or for mem-
ory formation. Current limitations are related to the difficulties in
deriving the parameters from neuroenergetics entities for precisely
modeling of the machinery involved in lactate transport. However,
given the encouraging results of our preliminary evaluation, we
plan to incorporate more precise scattering and absorption con-
straints by processing data coming from in-vivo and in-vitro lac-
tate transporters acquisition [CFM*08]. Furthermore, the glycogen
lactate absorption computation is currently integrated into a visual
analysis workflow for morphology investigations [JNC*15]. How-
ever, a limitation of the whole pipeline is that it requires a previ-
ously reconstructed 3D model, which takes a considerable amount
of time and effort to process. Finally, we believe that the pattern of
glycogen distribution can provide significant cues for morphology
discrimination, and that the usage of an irradiation energy scheme
can provide hints for visual understanding of neural morphology
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Figure 5: Synaptic plasticity: the analysis of absorption map high-
lighted the presence of shaft synapses, from which spines can gen-
erate (red arrows), and highly plastic small-size dendritic spines
(green arrows). Dendrite detail from from dataset Hippocampusl,
rendered within Blender environment.

Figure 6: Correlation with mitochondria: the peaks of glycogen
lactate absorption maps (left) are correlated with mitochondria
(red arrows on the right). Dendrite detail from dataset Somatosen-
sory Cortexl. Images produced with Blender and Neuromorph soft-
wares [JNC*15].

Figure 7: Correlation with synapse: the peaks of glycogen lac-
tate absorption maps (left) are correlated with the presence of a
shaft synapse (red arrow on the right). Axon detail from dataset
Somatosensory Cortex2. Images produced with Blender and Neu-
romorph softwares [JNC*15].

evolution. We plan to integrate the absorption model in a real-time
scalable volume ray casting framework for directly rendering raw

Figure 8: Correlation with PSD: the peak of glycogen lactate ab-
sorption map on astrocyte morphology is correlated with the pres-
ence of a PSD and a bouton (on the right). Astrocyte detail from
dataset Hippocampus?2. Images produced with Blender and Neuro-
morph softwares [INC*15].

Figure 9: Correlation with axons: the peaks of absorption map
show that specific bundle of axons exhibit high lactate absorption
rate. Axons details from dataset Hippocampus 1. Images produced
with Meshlab software [CCC*08].

SEM image stacks [HAAB™17] and in systems for real time explo-
ration of abstract representations of brain structures [MAAB*17].
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