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Recent studies indicate that astrocytes show heterogeneity in morphology and

physiological function. They integrate synaptic signals and release calcium in

reaction to active neurons. These calcium signals are not yet fully understood

as they are highly dependent on the cell’s morphology, which can vary

across and within brain regions. We found structural heterogeneity among

mouse hippocampal CA1 astrocytes based on geometric features, clustering

741 cells into six classes. Of those, we selected 84 cells and reconstructed

their morphology based on confocal microscope images and converted

them into multi-compartment models with a high detailedness. We applied

a computational biophysical model simulating the intracellular ion and IP3
signaling and di�usion in those 3D cell geometries. The cells were stimulated

with three di�erent glutamate stimuli. Calciummainly oscillated in the stimulated

and the neighboring compartment but not in the soma. Significant di�erences

were found in the peak width, mean prominence, and mean peak amplitude of

the calcium signal when comparing the signals in the stimulated and neighboring

compartments. Overall, this study highlights the influence of the complex

morphology of astrocytes on intracellular ionic signaling.

KEYWORDS

astrocyte,morphology, computational neuroscience, intracellular signaling, biophysical

modeling, calcium dynamics

1 Introduction

Over time, the conventional view that astrocytes primarily fulfill structural, metabolic,
and regulatory roles has been challenged. Recent research spanning the past three decades
has unveiled a more active role for astrocytes, indicating their involvement in modulating
synaptic transmission and brainmetabolism (Araque et al., 1999; Haydon and Carmignoto,
2006; Nedergaard and Verkhratsky, 2012). Each astrocyte consists of a soma with multiple
outgoing branches that further divide into smaller branchlets, ultimately leading to the
perisynaptic astrocyte processes (PAPs). Notably, the abundance and morphology of
astrocytes exhibit significant variability across species, brain regions, and cortical layers
(Zhou et al., 2019; Khakh and Deneen, 2019; Verkhratsky and Nedergaard, 2018; Holt,
2023; Baldwin et al., 2023). Comparative studies have revealed striking differences, such
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FIGURE 6

The 21 features, except primary angles, display significant di�erences between the six classes. P-values smaller than 0.05 are indicated with a star.

3,400 terminal points, around 250 branching points, and a process

maximum around 80. The critical value had the highest count of
cells at 36 µm and the maximum radius at 64 µm. The Sholl-like

analysis provided a mean process maximum of 500, a mean number

of primary branches of 5 µm, a mean critical value of 30 µm, and a
meanmaximum radius of around 70 µm (Figure 2B).
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FIGURE 7

Intracellular Ca2+ behavior in the three selected compartments for each class (0–5), respectively. (A) Ca2+ concentrations over time for the di�erent

classes and compartments. For clear visibility of the Ca2+ signals, the y-axis may change for each condition. The stimulation periods have been

indicated above the signals in the stimulated compartment. (B) Comparing the extracted features—change in the mean peak width, change in the

peak prominence, and change in mean peak amplitude—from the Ca2+ dynamics for the six classes. All three features are based on a signal change

from the stimulated to the connected compartment.

To define the number of classes for the classification, the knee
locator divided the dataset into six different classes (Figure 3A).
This was coherent with the dendrogram, which showed a clear
increase of the Euclidian distance between joined clusters when
going from 6 to 5 classes (Figure 3B). The high numbers on
the diagonals of the confusion matrices when comparing the
classification results by k-means, Gaussian Mixture model, and
Agglomerative Clustering indicated that the majority of the cells
were classified with the same label (Figure 4A). The labels derived
from k-means were used for the final classification. Figure 4B
displays the labeled data points by k-means plotted as t-distributed
Stochastic Neighbor Embedding (t-SNE). Figure 5 shows three
example cells from each of the six classes. We confirm that the
obtained classes do not cluster according to the initial datasets
(Table 2).

We tested all features for differences between classes using
the Kruskal-Wallis test with a p-value < 0.05 (Figure 6); the
exact p-values are stated in Supplementary Table S3. The violin
plots indicate that all features besides feature Primary Angles have
significant differences between most of the classes.

3.2 Calcium signal partially depends on
morphology

Figure 7A displays the intracellular Ca2+ concentration over
time for the six classes and the three different compartments. As

expected, we observed an increase of the Ca2+ concentration with
stimulus intensity and a decrease from the stimulated compartment
toward the some. Oscillations occurred mainly in the stimulated
and the connected compartment. As for most cells, there is no
proper oscillation visible in the soma, we compared the change in
peak width over groups only from the stimulated compartment to
the connected compartment (Figure 7B). A significant difference
was found between classes 0 and 2. The comparison of the change
in mean peak prominence from the stimulated compartment to the
connected compartment indicated significant results for classes 0
and 1 (Figure 7B). Significant differences between classes 0 and
1 were also detected for the change of the mean peak amplitude

from the stimulated compartment and the connected compartment
(Figure 7B). The three-way ANOVA with the three factors—
stimulus intensity, class, and compartment—revealed pairwise
differences between classes 0 and 1, 0 and 2, 0 and 4, 0 and 5, and
1 and 3 (p < 0.05) for the connected compartment and stimulus
intensity of 0.1 µM.

3.3 Potassium and sodium dynamics
showed no di�erences between classes

With increasing glutamate stimulus, the intracellular K+

concentration was reduced (Figure 8A). The lowest concentrations
were measured in the stimulated compartment. The Na+

concentration decreased in the soma with increasing stimulus,
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FIGURE 8

Intracellular K+ behavior in the three selected compartments for each class (0–5), respectively. (A) K+ concentrations over time for the di�erent

classes and compartments. For clear visibility of the K+ signals, the y-axis may change for each condition. The stimulation periods have been

indicated above the signals in the stimulated compartment. (B) Violin plots showing the minima of the K+ amplitudes at 6 µM stimulus for the

di�erent classes and the three compartments—stimulated compartment, connected compartment, and soma.

whereas it increased in the other two compartments (Figure 9A).
The Kruskal-Wallis test showed no significant differences between
the classes (Figures 8B, 9B).

4 Discussion

Our research explores the relationship between astrocyte
morphology and function, specifically focusing on how structural
differences influence ion dynamics. Astrocytes exhibit significant
morphological heterogeneity across species and brain regions
(Zhou et al., 2019; Baldwin et al., 2023; Torres-Ceja and Olsen,
2022).

GFAP is expressed in astrocytes, and antibodies against
GFAP are a standard marker for immunolabeling the astrocyte’s
intermediate filament. In Refaeli et al. (2021), all astrocytes were
tagged and marked using the GFAP promoter through viral
infection. Consequently, it is likely that these astrocytes were in a
certain state of activation due to both GFAP gene expression and
the viral injection into the brain. However, this cannot be proven,
as in the hippocampus (unlike the cortex), most astrocytes express
GFAP even without being activated (Chai et al., 2017).

Cells can be categorized based on molecular (Karpf et al., 2022)
and morphological characteristics (Lanjakornsiripan et al., 2018;
Viana et al., 2023). For example, Viana et al. (2023) found structural
heterogeneity in the hippocampus subregions CA1 and dentate
gyrus by testing for statistical differences in morphological features
like total process length, number of processes, Sholl analysis, and

last intersection radius. Most of the calculated geometrical features
that we used for the classification have been used in other studies
as well (Baldwin et al., 2023; Herde et al., 2020; Savtchenko et al.,
2018; Viana et al., 2023). Our classification revealed six classes

of astrocytes within the CA1 region. Determining the number of
classes is quite challenging since there is no ground truth. Thus,

to provide a solid ground, we trained three different clustering
algorithms, aiming to obtain similar classification results. K-means,

Gaussian mixture model, and Hierarchical clustering yielded an
overall coherent classification.

The cylindrical compartments, reconstructed from the
microscope images, allow the use of their surface and volume

data for the differential equations of our model. So far, only

the ASTRO model by Savtchenko et al. (2018) comes with such
a high detailedness of the 3D geometry as we have it in our
computational model.

Fine astrocytic processes are responsible for the majority of
astrocytic Ca2+ signals (Bindocci et al., 2017). Morphological

variations may have functional implications (Molotkov et al.,
2013; Grolla et al., 2013). Astrocytic Ca2+ signaling, a primary

mode of communication, involves complex mechanisms, including
glutamate-triggered intracellular Ca2+ (Semyanov et al., 2020).
While computational models have been developed to study

astrocyte function at various scales (Lenk et al., 2024; Manninen
et al., 2018), a systematic investigation of the relationship

between morphology and ion dynamics is lacking. We created
a computational model, based on the work of Oschmann et al.

Frontiers inCellularNeuroscience 11 frontiersin.org

https://doi.org/10.3389/fncel.2024.1474948
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org


Freund et al. 10.3389/fncel.2024.1474948

FIGURE 9

Intracellular Na+ behavior in the three selected compartments for each class (0–5), respectively. (A) Na+ concentrations over time for the di�erent

classes and compartments. For clear visibility of the Na+ signals, the y-axis may change for each condition. The stimulation periods have been

indicated above the signals in the stimulated compartment. (B) Violin plots showing the minima of the Na+ amplitudes at 6 µM stimulus for the

di�erent classes and the three compartments—stimulated compartment, connected compartment, and soma.

(2017) and Gordleeva et al. (2019), including 3D morphology
and intra- and extracellular diffusion. Our multi-compartment
model is derived from confocal microscope images of the CA1
region (Refaeli et al., 2021). This model enables analyzing
mechanisms of Ca2+ release from the internal Ca2+ stores in
the ER and Ca2+ entering through the plasma membrane, both
depending directly or indirectly on extracellular glutamate released
by neurons.

The simulated Ca2+ dynamics (Figure 7) vary across the three
conditions: the class based on morphological features, stimulus
intensity, and compartment type. While stimulated and connected
compartments indicate similar signals, the respective signals in
the soma do not display clear oscillations for most cells. The
glutamate stimulus of 1 and 6 µM leads to oscillatory behavior
as also demonstrated by De Pittà et al. (2009), while the 0.1 µM

glutamate stimulus only induces in some classes a few Ca2+ peaks.
Astrocytes in class 5 exhibit, for example, a smaller volume and
fractal dimension, resulting in a lack of Ca2+ peaks with a low
glutamate stimulus. However, astrocytes in class 1 with a high
roundness value, high process maximum, and a high mean number
of branches can exhibit a small number of Ca2+ peaks with a low
glutamate stimulus.

Zur Nieden and Deitmer (2006) studied Ca2+ dynamics in
hippocampal rat astrocytes and obtained similar results with a 10
µM glutamate stimulus as we did when stimulating our model
with 6 µM glutamate. They report that the stimulus only elicited
oscillations in 63% of the astrocytes, which might be an indication

of heterogeneity. Similar to our simulations, Nett et al. (2002)
measured the Ca2+ oscillations and their diffusion across four
primary processes of a mouse hippocampal astrocyte.

The results for Na+ are comparable with Rose and Karus
(2013). The authors obtained comparable Na+ concentrations of
around 13 and 18 mM when stimulating with 1 and 10 µM

glutamate, respectively. We observed no significant differences in
K+ and Na+ ion dynamics between the six classes, unlike with
Ca2+. This may result from the fact that the Ca2+ dynamics
in the model are partly dependent on the intracellular stores in
the ER and the IP3R channels, whose role in the dynamics is
highly dependent on the local branch morphology. K+ and Na+

dynamics, on the other hand, only depend on the current through
the plasma membrane. As for the diffusion, it is modeled similarly
between the ion species and, therefore, does not lead to differences
between their dynamics.

Using the cell information such as position and shape can
be used in the future to reconstruct and simulate a whole cube
with connected astrocytes (Refaeli et al., 2021; Ma et al., 2016).
As a starting point, the work by Verisokin et al. (2021) could
be used in which the authors constructed a 2D spatial astrocyte
network to model Ca2+ signals in a multicellular construction.
Furthermore, studying the influence of ion dynamics on the
astrocyte morphology (Denizot et al., 2019), which we did not
consider here, is an interesting aspect for future work. Overall,
astrocytes are glial cells that play an important role in brain activity.
Combining imaging and computational modeling techniques can
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help obtain more information on astrocyte morphological and
functional complexity.
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