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Dendritic spines are key structures for neural communication, learning and memory. Spine size and shape
probably reflect synaptic strength and learning. Imaging with superresolution STED microscopy the detailed
shape of the majority of the spines of individual neurons in turtle cortex (Trachemys scripta elegans) revealed
several distinguishable shape classes. Dendritic spines of a given class were not distributed randomly, but rather
decorated significantly more often some dendrites than others. The individuality of dendrites was corroborated

by significant inter-dendrite differences in other parameters such as spine density and length. In addition, many
spines were branched or possessed spinules. These findings may have implications for the role of individual

dendrites in this cortex.

1. Introduction

Dendritic spines are the targets of most excitatory synapses onto
spiny excitatory neurons in the vertebrate brain (DeFelipe and Farinas,
1992). They are considered key structures (Yuste, 2010; Tgnnesen and
Nagerl, 2016) whose shape likely impacts synaptic strength and efficacy
(Araya et al., 2014). The spine neck is important for the electrical,
diffusional and biochemical isolation of the synapse from its parent
dendrite (Harris and Stevens, 1988; Harris and Stevens, 1989; Yuste and
Denk, 1995; Yuste et al., 2000; Nusser et al., 2001) and postsynaptic
currents are positively correlated with spine size (Matsuzaki et al.,
2004). In addition, dynamic structural changes of dendritic spines have
been implicated in cognition and memory (Kasai et al., 2010; Runge
et al., 2020; Dunaevsky et al., 1999).

Differences of spine number or density may therefore translate into
functional differences in a local circuit (Benavides-Piccione et al., 2013).
Such differences have indeed been reported in mice (Ballesteros-Yanez
et al., 2006) and primates, with more than 3-fold variations in spine
density across brain areas (Jacobs, 2001; Elston et al., 2001).

To better understand the potential importance of spine shape,
detailed morphological data are needed, but still scarce. Spines are
commonly classified into few categories (“thin”, “mushroom”, “stubby”
and “filopodia™) (Peters and Kaiserman-Abramof, 1970; Benavides--
Piccione et al., 2013), although these categories clearly depend on

imaging resolution (T¢nnesen and Nagerl, 2016; Tgnnesen et al., 2014)
and thus probably represent the coarse binning of a continuum (Pchit-
skaya and Bezprozvanny, 2020).

The correlations observed between functional and morphological
characteristics of spines (Araya et al., 2014; Padmanabhan et al., 2021;
Arellano et al., 2007) suggest that morphological features alone might
be used as a proxy for functional information. For example, a complete
map of input strengths inferred from dendritic morphology could help us
predict or interpret neuronal computation (Arellano et al., 2007).

Serial-section electron microscopy is the gold standard for detailed
morphological reconstruction of single spines in three dimensions,
(Harris and Stevens, 1988; Denk and Horstmann, 2004). However, with
this technique, spines are often reconstructed only in limited parts of
cells and dendrites [although see (Svara et al., 2022, Boergens et al.,
2018)]. By contrast, light microscopy allows one to image large fields of
view, but the resolution of conventional light microscopy is insufficient
to visualize the details of spine morphology.

A recent study combining expansion microscopy with lattice light-
sheet microscopy carried out high-resolution imaging of mouse brains
on a large scale (Gao et al., 2019). This study found layer-specific spine
characteristics. Other studies, based on confocal/widefield images with
limited spatial resolution, report the existence of differences between
spines on basal and apical dendrites in human pyramidal cells (Bena-
vides-Piccione et al., 2013; Luengo-Sanchez et al., 2018). We are not
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aware that such differences have been described in mice (Konur et al.,
2003).

Very little is known about spines in other model organisms, such as
reptiles, although spiny neurons have long been described there. Using
Golgi stains, long spines have been found in medium spiny neurons in
the dorsolateral striatum of the turtle Trachemys scripta elegans
(Gonzalez et al., 2013). Ebner et al. distinguished two spine types in
electron micrographs of Trachemys scripta (Ebner and Colonnier, 1975).
Basic dendrite and spine characteristics have been compared, using
small subsets of spines in electron and light microscopy in four different
turtle species (Goncharova and Davydova, 1983).

This scarce knowledge about spines in turtles is surprising, given that
the identification of general principles should benefit from the study of
many well-chosen model systems (Hemberger et al., 2019; Laurent,
2020). The cortices of reptiles and mammals living today all originate
from a shared ancient cortex, implying that they may retain features of
this common ancestry in their function, connectivity, and structure
(Hemberger et al., 2019). With only three layers, turtle cortex has an
architecture similar to mammalian hippocampus or olfactory cortex; it is
evolutionarily linked to the mammalian neocortex that has six layers
(Riquelme et al., 2023). Dorsal cortex is the first cortical stage of visual
processing, receiving retinal inputs via the thalamic lateral geniculate
nucleus (Fournier et al., 2018). Because the cortex is floating on a large
ventricle, cortex samples can be obtained that are handled similar to
typical rodent slices, but where a non-cut surface is observed; also su-
perficially positioned neurons are thus entirely intact.

Here, we capitalize on this preparation and on the super-resolution
features of STED microscopy to study this ancient cortex. STED-
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microscopy (Hell and Wichmann, 1994; Hell, 2007; Lauterbach, 2012)
provides not only time-resolved high-resolution images, e.g., of
neuronal processes (Westphal et al., 2008; Lauterbach et al., 2016;
Lauterbach et al., 2010; Steffens et al., 2021) but can also resolve sub-
cellular neuronal structures with high contrast (Rangaraju et al., 2019;
Willig et al., 2006). We examined spiny neurons in the turtle dorsal
cerebral cortex and observed that the dendrites of single neurons differ
from one another with regard to spine density and composition, sug-
gesting mesoscopic organization of dendrites in this system.

2. Results

We imaged almost all the spines in three spiny neurons in the deep
layer 2 of the turtle cortex (9308 spines in total) using high-resolution
STED microscopy in paraformaldehyde-fixed tissue. Overview 3D-stacks
acquired in confocal microscopy at low magnification (Fig. 1a—c) show
that the neurons have a large spatial coverage with up to 850 um span of
the dendritic tree. Their dendrites are to a large extent in a plane parallel
to the ventricular surface. They were subsequently imaged in 3D at high
resolution with STED microscopy using a toroidal (“donut”) depletion
pattern for lateral resolution enhancement. We took advantage of the
fact that cells were labelled in isolation in each preparation; the contrast
was thus high (Methods) and the neurons were imaged only along the
dendrites, reducing greatly the total volume imaged (1.8-12.2% of the
cuboid enclosing each neuron). This also reduced bleaching, recording
time and the amount of data to be stored and handled. The overall 3D
morphology of each neuron was reconstructed by stitching the skele-
tonized STED images (Fig. 1d-f), giving an almost complete 3D outline
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Fig. 1. Turtle neurons, (a—c) Confocal overviews of three cortical turtle neurons (maximum-intensity projections) show the large extent of the dendritic arbors; scale
bars 50 um. (d-f) Skeleton reconstruction based on individual high-resolution STED images along each dendrite. Dendrites in a-f are labeled with letters for later
reference. (g-h) Segmentation of all spines shows that some dendrites have longer spines than others (zoom on dendrites B and H from the neuron 1 shown in a and

d); scale bars 5 pym.
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of the dendrites. This revealed the rather straight shape of most den-
drites, with occasional sharps bends. STED microscopy gave a much
more detailed view of the spines than two photon-microscopy, typically
used to record and classify spines. The segmentation of 6943 spines
(Fig. 1g, h) allowed us to describe their morphology in detail. We
clustered spines according to their shapes in 3D and lengths. In addition
and independently of the clustering, we described them with 10
morphological parameters (like length, head width, neck width, thick-
ness variations, see Methods).

2.1. Multi-headed spines

At STED resolution (laterally 45 nm, axially 550 nm), we found a
multitude of spine shapes, and among them multi-headed spines. Five
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hundred and four spines (i.e., 5.4% of all spines analyzed) had 2, 3, 4 or
even 5 heads (Fig. 2a). The heads of these multi-headed spines could
have similar (Fig. 2a (i)~ (iv)) or very different sizes (Fig. 2a (v)—(xviii)).
The multiple heads of a same spine could lie in close proximity of one
another (Fig. 2a (xvii)-(xix)) such that they could possibly be enclosed
inside a single presynaptic ending (Bastians, 2018); others were far from
one another (Fig. 2a (xx)-(xxiv)). Various configurations could be
observed for spines with three heads: some had a branching neck, such
that each head has its own neck emerging from a common parent neck
(Fig. 2a (xxv)—(xxvii)); others had heads budding from one long common
neck (Fig. 2a (iv), (xxviii)-(xxx)). Occasionally a long spine laid parallel
to the dendrite (Fig. 2a (xxxi)). Others yet seemed to surround unstained
(and unidentified) structures (Fig. 2a (xxxii)—(xxxiv)).
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Fig. 2. Spines can have multiple heads and spinules, (a) Branched spines with multiple heads (5.4% of spines observed) can have several head of similar size (i)-(iv)
or of very unequal size (v)-(xvi), present heads close together (xvii)—(xix) or far apart (xx)-(xxiv). They can have more than two heads with individual necks (xxv)—
(xxvii) or rather budding from a common neck (xxviii)-(xxx); they can run parallel to the dendrite (xxxi). Some branched spines seem to enclose non-stained
structures (xxxii)—(xxxiv). (b) Various forms of spinules are observed on 0.8% of spines. This includes branched spinules (i), multiple spinules on one spine head
(ii)-(iii), thin, filopodia-like spinules (iv)-(ix), spinules with a mini-head (x)-(xvii) and further diverse forms (xviii)-(xxiii) (c) Some spines show pronounced “holes”,

presumably organelles or enclosed presynapses. Scale bars 1 pym.



J.A. Knobloch et al.
2.2. Spinules

Seventy five (0.8%) among the spines analyzed had smaller struc-
tures, so called “spinules” (Westrum and Blackstad, 1962), budding off
the spine head (Fig. 2b). The spinules could even themselves be
branched (Fig. 2b (i)) and individual spines could have multiple spinules
(Fig. 2b (ii), (iii)). Some were thin filopodium-like protrusions (Fig. 2b
(iv)—(ix)); others consisted of a “mini-head” protruding from a “mini--
neck” (Fig. 2b (x)-(xvii)). Further forms, often a short “finger” pro-
truding from the head, were observed (Fig. 2b (xviii)—(xxiii)).

In some instances, apparent “holes” were observed in the spines
(Fig. 2¢), suggestive of inclusions in spines or of the engulfment of a
presynaptic terminal (Bastians, 2018).

2.3. Clustering of conventional spines

To determine if regular spines (i.e., spines with one head) form
distinguishable classes, we clustered them using hierarchical clustering
based on their morphology (diameter profile) and length (Fig. 3a, top
row). To determine the optimal number of classes, we used the Davies-
Bouldin criterion (Davies and Bouldin, 1979) with which we identified
five classes. The Davies Bouldin criterion determines the optimal num-
ber of clusters based on the ratio of within-cluster and between-cluster
distances (see Methods for details). We named the classes according to
spine shape and size: “Stocky”, “Dwarf”, “Club-like”, “Balanced®,
“Delicate“. Even the Stocky spines typically had a detectable neck
(Fig. 3a), which is very short. Dwarf spines had a longer neck, often with
an ellipsoid head. Club-like spines had gradually thickening heads
almost from the point where they emerged from their parent dendrite in
contrast to the other classes, which had distinct neck and head regions.
Balanced spines are longer than Dwarf spines and have sometimes
elongated heads. Delicate spines are the longest ones with a think, long
neck. Spine length varied greatly between 0.67 ym on average for
Stocky spines and 4.06 um (6 times larger) for the Delicate ones. Spines
with a large head typically had a wide neck (Fig. S1a—c) and were long
(Fig. S1d-f).

To check for the stability of clustering, we clustered the spines from
each neuron individually (without taking into account the other neu-
rons). This led to classes that matched in general those from the global
clustering (i.e. all neurons taken together): Up to 98% of the spines of a
given class as determined on one neuron belonged to the according class
determined on all neurons together. Only in three out of the 15 indi-
vidual clusters (five clusters on each of three neurons) less than 50% of
the spines were assigned to the corresponding global clusters (Fig. S2).

2.4. Differences in spine composition across dendrites

We next examined whether spines that belong to different clusters
intermixed randomly along single dendrites: visual inspection hinted at
the possibility of non-random distributions (Fig. 1g, h). Indeed, quan-
titative analysis revealed that spines of a given class were not equally
likely to be found on each dendrite of a same neuron (Fig. 3b). Said
differently, each dendrite had a unique signature, made of different
ratios of each spine class. This is also visible by color-coding each spine
by class along each dendrite (Fig. 3c—e). The distribution of the classes
along the dendrite is not clearly inhomogeneous (Fig. S3). The distri-
bution of all spines belonging to a certain class onto the different den-
drites was consequently also inhomogeneous (Fig. 3f). The spine-class
distributions across all dendrites of all three neurons were signifi-
cantly different (Pearson’s Chi Square test, p < 10~1%%). Comparing ra-
tios of spine classes on the dendrites of individual neurons, spine classes
differed significantly on the dendrites of neurons 1 and 2 (p < 10”22,
p < 107, but no significant differences were observed for neuron 3.
Pairwise comparisons of all dendrites of each of neurons 1 and 2
revealed that some dendrites differed significantly from one another
whereas others did not (Fig. 3g, h). No significant difference was
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observed across the dendrites of neuron 3 (Fig. 3i). Comparing the spine
composition on the different dendrites across all cells revealed also the
clear difference in spine composition of neurons 1 and 3 (Fig. 3j).

2.5. Differences in spine density across dendrites

Although not systematic, significant differences in spine density
could be found between dendrites (Fig. 4a—c). The density of branched
spines differed as well across dendrites, but these differences were only
rarely significant (Fig. 4d-f). Spine density varied as a function of po-
sition along a dendrite, starting low at the proximal end to reach a
constant value (medians for the three neurons 1.5, 2.2 and 1.3 spines per
micrometer) after 50-100 um (Fig. 4g—i). This held true for dendrites
starting at the soma (Fig. 4g-i, red) and for secondary dendrites
(Fig. 4g—i, blue).

2.6. Correlations with local dendrite diameter

We next examined whether spine density and length depend on local
dendrite diameter and if such correlations are dendrite specific (Fig. 5).
We found different correlations, most of them but not all positive. Thick
stretches of dendrites tended to have more (Fig. 5a-c) and longer
(Fig. 5d-f) spines, though these correlations were not always significant.

2.7. Differences across dendrites persist with simpler quantitative spine
descriptors

To complement the clustering analysis with measures that are in-
dependent of the hierarchical clustering, we approximated spine
morphology using neck diameter, head diameter, their ratio, and spine
length (see Methods). Overall, the diameters were well approximated by
log-normal distributions (Fig. S4). In all three neurons analyzed, head
diameters (Fig. 6a), neck diameters (Fig. 6b), their ratio (Fig. 6¢) and
spine lengths (Fig. 6d) differed significantly on several dendrites of the
same cell. As expected from the clustering results, fewer significant
differences were found with neuron 3 than with the other two. Similar
differences were found using the total area of the spine (see Methods),
the area of the head and that of the neck (Fig. 6e-g), or the variability of
the thickness of each spine (expressed as the coefficient of variation of
each spine, see Methods) (Fig. 6h—j). As control, we randomly assigned
each spine to another dendrite, causing all significant differences to
disappear (Fig. S5).

The spine length distributions on each dendrite differed across
dendrites (Fig. 7a—c). This was visible even when spines where split in
only two groups ("long“: >3 um and “short*: <3 um). This revealed a
non-homogeneous distribution of spine sizes, with two dendrites on
neurons 1 and 2 having many long spines (Fig. 7d-f).

3. Discussion and conclusion

Using superresolution STED microscopy, we showed that most of the
dendrites observed in this study possessed a specific set of spine types,
even on the same neuron. This might indicate a specialization of indi-
vidual dendrites for information processing, especially since dendrites
can serve as electrophysiologically semi-independent compartments
(Larkum et al., 2009). This observation is based on almost 10,000
dendritic spines in three cortical neurons in the turtle Trachemys scripta
elegans. We examined almost 7000 spines in detail on 31 dendrites. Our
analysis covered each neuron almost in its entirety, enabling us to
compare the spine compositions of all pairs of dendrites (Fig. 1). Strik-
ingly, we found that each dendrite bore a specific mixture of spine types
(Fig. 3); the individuality of each dendrite was expressed in the overall
shape and the average length, neck- and head-diameter or surface area
of the spines that decorated it (Fig. 6). In two of the three neurons, spine
composition differed across dendrites of the same neuron. These dif-
ferences could not be explained by random distribution of the spine
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Fig. 3. Spines belong to different classes, which are inhomogeneously distributed on the dendrites, (a) 5 classes of spines were identified by hierarchical clustering of
shape and length. Upper part of each panel shows the individual diameter profiles (gray) and the average profile of the class (light blue). Positions along the spines
are scaled to the average spine length of the respective class. Lower parts show two representative examples of each class. Colored frames correspond to colors in b.
Scale bars 500 nm. Inset in the first diagram shows the principle of the diameter measurements (white) perpendicular to the skeleton (green) (in reality pro-
grammatically every 20 nm, i. e. finer sampled as indicated here, giving the continuous width profiles shown). (b) Relative frequency of each class on different
dendrites, showing a distribution that differs between dendrites. Numbers 1-3 refer to the three neurons, letters to the individual dendrites (cf. Fig. 1). Underlying
numbers are tabulated in supplementary table S1. (c—e) Spine classes along dendrites. Each colored line represents one spine, each row one dendrite. Color code as in
b. Position is measured from the start of the dendrite. While differences between the dendrites are visible, no clear trend along the dendrites is visible. (f) Repartition
of spine classes to dendrites is inhomogeneous. Each color represents one dendrite. The bars show which percentage of spines of a given class are found on which
dendrite. (g-j) Pairwise Person’s Chi-Square tests show significant differences between the distributions of the clusters on the dendrites: p values color coded:
p <0.05 red, p < 0.01 yellow, p < 0.001 green, p > 0.05 blue. All tests have been corrected for multiple comparisons. g-i show the comparsion of dendrites within
(iach cell, j all dendrites across cells, gray lines indicate borders between cells.
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(d-f) Density of branched spines is also different; due to generally low numbers of branched spines, theses differences are significant only for some dendrites in the
first cell. * p < 0.05, ** p < 0.01, *** p < 0.001. (g-i) Spine density increases on almost all dendrites from the proximal end over the first 50-100 um to become then
relatively constant. Primary dendrites (red) show always this density profile, while side branches (blue) show it often but not always. Thick lines represent the
median, thin lines individual dendrites.

types across dendrites. In addition, a clear difference was seen between
cells.

A specific composition of the spines on each dendrite has to our
knowledge only been published as a coarse distinction for basal/apical
dendrites of pyramidal cells (Benavides-Piccione et al., 2013), although
dendrite-specific function has been demonstrated in different contexts:
Otor et al. demonstrated recently functional compartimentalization in
tuft dendrites of layer 5 pyramidal neurons in murine motor cortex (Otor
et al,, 2022). They found that motor variables were differentially

represented in different tuft tree segments. If the individuality of den-
drites observed there is due to specific inputs or due to intrinsic prop-
erties of the dendrites like spine types decorating them, remains unclear.
Homeostatic spine scaling localized to individual dendrites has been
reported in visual cortex of mice after monocular enucleation (Barnes
et al., 2017). In primary somatosensory cortex of mice, pyramidal neu-
rons’ excitatory and inhibitory synapses are weighted toward the same
dendritic segments; large inhibitory synapses were seen to be present
more on some dendrites than on others, whereas this was not the case for
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Fig. 5. Spine parameters correlate with dendrite diameter, (a—c) The local dendrite diameter is often correlated with the local density of spines, especially in the first
neuron. Clear differences are visible between the neurons. (d-f) The spine length is sometimes positively correlated with the local diameter of the dendrite. Error bars
show 95% confidence intervals of the Pearson correlation coefficients. * p < 0.05, ** p < 0.01, *** p < 0.001.

large spines (lascone et al., 2020).

The differences in shape and size across spines (Figs. 2, 3) may have
an impact on the synaptic connections which they represent. Since the
volume of a spine head is proportional to the cube of its diameter and the
area of the post-synaptic density is strongly correlated with spine vol-
ume, connection strengths may vary greatly across synapses (Borczyk
et al., 2019). Indeed, differences in spine shape alter electrical, diffu-
sional and biochemical properties (Harris and Stevens, 1988; Harris and
Stevens, 1989; Yuste and Denk, 1995; Yuste et al., 2000; Nusser et al.,
2001), thus affecting synaptic strength and learning (Araya et al., 2014).

Some dendrites were decorated with many long spines (Fig. 1, 7).
This suggests that such dendrites may sample a larger volume of possible
synaptic inputs, while potentially contributing weakly to depolarization
due to high neck resistance (Yuste, 2013).

Mammalian spines are commonly classified into few categories
(“thin”, “mushroom”, “stubby” and “filopodia”) (Benavides-Piccione
et al., 2013), although this classification probably represents the coarse
binning of a continuum (Arellano et al., 2007; Pchitskaya and Bez-
prozvanny, 2020). Likewise our clustering of turtle spines should be seen
as a binning of a continuum of shapes. Notably, clustering of a contin-
uum is considered to describe the data better than a classification into
predefined groups (Pchitskaya and Bezprozvanny, 2020).

Spine density as a function of distance from the soma (Fig. 4) fol-
lowed closely the distribution that was found in electron-microscopy
studies in rat (Wilson et al., 1983), cat (Kemp and Powell, 1971), and
human (Benavides-Piccione et al., 2013). It thus seems to be an evolu-
tionarily conserved principle.

We found significant, but not very strong correlations of spine den-
sity and length with dendrite diameter (Fig. 5).

Chemical fixation (as used here) was found by Tamada et al. to
impact especially the spine neck diameter (Tamada et al., 2020),
whereas they did not see significant differences in spine head volume
and spine length compared to cryofixation in their electron-microscopy
study. This might influence the absolute values that we determine for
the neck diameters (Fig. 6) and to a certain extent the overall spine
shapes, especially in the neck regions. Such potential fixation artifacts
would affect all spines. It is therefore very unlikely that they would
artificially introduce inhomogeneous distribution of spine classes on
different dendrites. This assumption is supported by the differences in
spine length, which are large compared to neck diameters and less prone
to chemical fixation artifacts (Tamada et al., 2020). Fixation artifacts
(Tamada et al., 2020) might also affect the dendrite diameter. It is ex-
pected that such artifacts would be independent of local spine properties
and therefore would not introduce artifactual correlations of dendrite
diameter with spine length and density.

We found that 0.8% of spines have a complex shape, with spinules
protruding from the head (Fig. 2). In reptiles (Anolis carolinesis) Waxman
et al. reported small (<200 nm) protrusions from pre- into postsynaptic
profiles (Waxman et al., 1980). In rodents, it was reported that such
spinules might project into presynaptic boutons and serve for
trans-endocytosis and retrograde signaling (Spacek and Harris, 2004;
Zaccard et al., 2020). GluA1 receptors have a higher mobility in spinules
compared to the rest of the spine in cultured hippocampal neurons
(Inavalli et al., 2019). Spacek et al. report that spinules reach also into
astrocytic processes; this might be indicative of direct communication
between perisynaptic glia and spines (Spacek and Harris, 2004). The
fraction of spinule-expressing spines in turtle cortex was much lower
than in rat hippocampus, in which Spacek and Harris report spinules on
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32% of all spines (45 out of 139 spines) (Spacek and Harris, 2004). Also
Zaccard et al. report, for dissociated cortical pyramidal murine neurons,
a higher fraction of spines that have (at least transiently) spinules (85%
on mushroom spines) (Zaccard et al., 2020). This major difference with
our study may result from the fact that Zaccard et al. observed many
short-lived spinules (70% less than 60 s) over a period of 1000 s, while
our data are snapshots from fixed tissue.

Five percent of the spines analyzed were branched, matching the
proportion of branched spines in medium spiny neurons from dorso-
lateral striatum in Trachemys scripta elegans (Gonzalez et al., 2013). In
rat Purkinje cells, the fraction of branched spines is 2.2% as seen with
high-voltage electron microscopy of Golgi impregnated samples (Lee
et al., 2004). The fraction of branched spines seems to increase after
induction of long-term potentiation (LTP), at least in the rat hippo-
campus, where an increase from 2.5% to 6% (Dhanrajan et al., 2004) or
from 1.7% to 5.5% (Trommald et al., 1996) were observed. Branched
spines may thus reflect ongoing plasticity and differentiation in adults
(Lee et al., 2005).

Our most interesting result concerns the correlation of spine types as
well as spine density with individual dendrites (Figs. 3 and 4). Also
quantitative spine parameters like lengths and diameters differ between
dendrites (Fig. 6). Electron microscopy studies examined, in mammalian
hippocampus and cerebral cortex, the sizes of synaptic contacts formed
by the same axon onto a same postsynaptic neuron, hypothesizing that
Hebbian plasticity rules should lead to a correlation between the sizes of
such converging contacts. They found such correlations to be significant
(Motta et al., 2019; Bloss et al., 2018; Sorra and Harris, 1993). Following
a similar reasoning, our results, which point to dendritic compartments
defined by spine composition, suggest that turtle-cortex dendrites could
form relatively uniform electrical compartments — thus linking the fate
of synapses placed on them. The shape of spines is critical for their
electric/synaptic properties (Araya et al., 2014). Spine volumes are in
rodents strongly correlated with the size of the post synaptic density,

presynaptic active zone size and the number of docked vesicles (Schi-
korski and Stevens, 1999); the calcium dynamics in spines depends on
their neck length (Holthoff et al., 2002). Gidon et al. found heteroge-
neous activation functions of human Layer 2/3 dendrites (Gidon et al.,
2020). Based on their turtle-dendrite electrophysiological recordings
Larkum et al. reported that some neurons may possess less active den-
drites (Larkum et al., 2008). Since they could record only from one
dendrite per neuron, this could mean that some dendrites of one and the
same neuron are less active than others of the same cell. This would be
consistent with our morphological data, suggestive of large dendritic
compartments. Branco et al. showed that the dendrites of rat pyramidal
cells can act as processing compartments (Branco et al., 2010);
dendrite-specific spine composition might tune such computations. It
remains unclear, however, whether the different spine morphologies we
observed represent functional differences.

In conclusion, this study showed with superresolution microscopy a
large variety of dendritic spines in turtle cortex, including various spi-
nules and branched spines with different branching patterns. These
spinules might serve for retrograde signaling to the presynaptic neuron
but also to glia. Branched, multi-headed spines may reflect ongoing
plasticity and differentiation but also postsynapses engulfed by the
presynaptic terminal.

Most importantly, we demonstrated that different dendrites from the
same neuron could be decorated by different spine types. This points to
dendritic compartments defined by spine composition with potentially
functional roles of individual dendrites and suggests mesoscopic orga-
nization of dendrites in this system.

4. Materials and methods
4.1. Animals and tissue preparation

The procedures involving animal husbandry and care were
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conducted in conformity with the institutional guidelines that are in
compliance with national German and international laws and policies
(DIRECTIVE 2010/63/EU; Tierschutzgesetz; Tierschutz-Versuchstier-
Verordnung; FELASA guidelines). The animals were sacrificed accord-
ing to § 4 (3) Tierschutzgesetz, and § 2 Tierschutz-Versuchstier-
Verordnung.

Cortical slabs were prepared and single neurons were patched as
described in (Hemberger et al., 2019): Wild-type turtles (Trachemys
scripta elegans) were obtained from an open-air breeding facility (NASCO
Biology, WI, USA). Turtles were anesthetized with dexdomitor
(75 pg/kg, IM) and ketamine (23 mg/kg, IM). Turtles were decapitated
after loss of the corneal reflex. The heads were rapidly transferred into
turtle ACSF solution (96.5 mM NacCl, 2.6 mM KCl, 4 mM CaCl,, 2 mM
MgCl,, 31.5 mM NaHCOs, 20 mM glucose, pH 7.4) bubbled with carb-
ogen (95% O, 5% CO5). The skull was opened; dura mater and arach-
noid were removed. To prepare cortical slabs the cortical sheet was cut
with iridectomy scissors as follows: (1) transversally: slightly posterior
to the anterior pole of the cerebral cortex; (2) transversally: 5-7 mm
caudal to the first incision; (3) parasagitally: along the border between
medial and dorsal cortices medially; (4) just slightly before where dorsal
cortex merges with the dorso-ventricular ridge (DVR). During patching
at room temperature (about 23 °C) the slabs were constantly perfused
with turtle ACSF, bubbled with carbogen, with a flow rate of
2-6 ml/min.

4.2. Staining

Neurons from two turtles (Neuron 1 and 2: male, 275 g; Neuron 3:
male, 330 g) were filled with biocytin via patch pipettes: Long-shank
patch pipettes (6-8 MQ) were pulled with a Sutter P1000 electrode
puller from borosilicate glass (Science Products BF150-86-10, outer
diameter 1.50 mm, inner diameter 0.86 mm). Pipettes were filled with
internal solution (140 mM K-gluconate, 4 mM NaCl, 14 mM Phospho-
creatine, 10 mM HEPES, 4 mM Mg-ATP, 0.3 mM Na-GTP, 4 mg/ml
Biocytin, 0.015 mM Alexa 488). Experiments were carried out on an
upright Nikon microscope with 16x water-immersion objective. Cells
were patched for at least 20 min to ensure filling with biocytin. Proper
filling was verified by observing the increasing fluorescence of Alexa
488 in the neuron.

Only one cell per slab was filled with biocytin. After retraction of the
patch pipette, the slabs were immediately fixed for 24 h in 100 mM
phosphate buffer (PB) (pH 7.4) with 4% paraformaldehyde at 4 °C.

Patched neurons were stained capitalizing on the strong binding of
streptavidin to biocytin: After 3x washing in PB cortical slabs were
incubated for 1 h in 3% hydrogen peroxide, 4x washed in PB, incubated
for 1 hin 2% Triton X-100 in PBS for permeabilization and subsequently
incubated over night at 4 °C in 0.1% Triton X-100 in PBS containing
0.016 g/1 streptavidin coupled to the fluorophore Atto 647 N (Atto Tec,
Siegen, Germany). Slabs were rinsed three times for 1 h in PBS and
mounted in Mowiol or Aqua Polymount on coverslips #1.5, ventricular
side to the cover slip.

4.3. STED Microscopy

Slabs were imaged on an inverted STED Microscope (Expert Line,
Abberior Instruments, Gottingen, Germany) with an 100x silicon oil
immersion objective (UPLSAPO100XS, Olympus Germany, Hamburg,
Germany) and a toroidal (“donut”) depletion pattern of the STED focus.
Wavelengths: Excitation 640 nm, STED 775 nm, detection 650-720 nm;
voxel size 20x20x300 nm>. Image stacks were planewise linearly
deconvoved (Wiener filtered) using theoretical point spread functions
and custom-written routines in Matlab (The Mathworks, Natick, USA).

The neurons with the wide ramifications of the dendrites were
imaged piecewise, following individual dendrites as identified in over-
view images, with small overlap between the individual STED stacks.
Overview images were recorded on the same microscope in confocal
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mode with a 30x silicon oil immersion objective (Olympus UPLSA-
PO30XS) and stitched together with the ImageJ plugin “Pairwise
Stitching” (Preibisch et al., 2009).

4.4. Skeletonization, segmentation and spine profiles

Unless otherwise noted, all analysis was performed with custom-
written routines in Matlab. Skeletons of dendrites and spines were
determined manually in the 3D data sets using the software webKnossos
(Boergens et al., 2017). First, skeletons of all spines and the dendrite in
each individual image stack were marked. The skeletons of the dendrites
in individual image stacks were subsequently joined using
custom-written routines in Matlab. In spine-skeletons attachment points
to the dendrite, end of the neck, start of the head and end of the spine
were marked manually. Where present, start and end of spinules were
marked, too. In cases where the full spine was not clearly visible, only
the head position was marked. These “single-point” spineheads (2935 in
total) were included in statistics that are based exclusively on spine
positions (e.g. spine density, Fig. 4), but obviously not used for clus-
tering, length measurements etc.

Segmentation was based on the deconvolved 3D data sets in com-
bination with the skeletons. Each spine was manually segmented along
the skeleton in the imaging plane (xy). Due to the lower resolution along
the optical axis (z), no attempt was made for a volume reconstruction.
However, the xy segmentation follows the spine across several z-planes.

Diameter profiles of the spines were determined by calculating the
diameter of the segmented spine perpendicularly to the skeleton about
every 20 nm.

4.5. Spine parameters

Quantitative spine parameters (Fig. 6) were specified as follows:
“Head diameter” was defined as the largest diameter within the head
region, “neck diameter” as the smallest diameter in the neck region,
“spine length” as the length along the 3D skeleton from the attachment
point to the end of the head. Head-neck diameter ratio for each spine as
the quotient of its head diameter and neck diameter.

Spine, neck and head area were defined as the sum over all diameter
profiles times the actual sampling interval, i.e. essentially as the integral
of the diameter values along the length of the spine. Of note, these areas
were not calculated as a 2D projection but used the segmentation in 3D.

The diameter variations were calculated as the coefficient of varia-
tion of all diameter values in each spine (respectively the neck and head
regions). They represent the diameter variation within each spine, not
between spines.

Spine densities were determined from the distance of each spine
head to its nearest neighbor. According error bars were obtained from
the variation in these distances. For display (Fig. 4), the densities were
converted to the more common spine density (the inverse of the in-
tervals). The error on the density was calculated via error propagation to
be the error of the intervals divided by the squared mean interval. For
correlations of spine density with local dendrite diameter, the number of
spines in a segment of 3 um length around each spine was counted.

4.6. Clustering

Spines were clustered based on their diameter profile and length. To
disentangle the diameter profile (measured every ~20 nm) from the
spine length, the profiles were resampled to contain 100 sampling points
for every spine, so that shape served as a clustering criterion indepen-
dently from length. Length was then included in the clustering as an
independent feature.

Hierarchical clustering with the Ward algorithm and Euclidean dis-
tances was used in a multidimensional space. Dimensions 1-100 rep-
resented the diameter of the spine from attachment point to its end,
dimensions 101-200 the length (repeated 100 times to give it a balanced
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weight compared to the 100 diameter values). To balance the influence
of the different dimensions during clustering, the length values were
scaled so that the mean rescaled length matches the mean diameter.
Hierarchical clustering needs setting of a cutoff threshold that de-
termines in how many clusters the data set is split. This threshold was
determined according to the Davies-Bouldin Criterion. The Davies-
Bouldin (DB) index is defined as DB = %Zlemax#i(D(i j))» with D)
being the in-cluster to inter-cluster distance ratio of clusters i and j, i.e.
D;j = %. d; represents the mean Euclidian distance between each
point in cluster i and the centroid of that cluster, analogous for d;. d;;
represents the Euclidean distance between the centers of clusters i and j.
Different cutoff thresholds are tested, leading to different numbers of
clusters k. For the optimal clustering solution the Davies-Bouldin (DB)
index is lowest.

For display of typical diameter profiles (Fig. 3), the length of all
profiles within each cluster were scaled to the mean length.

For display of spine classes along the dendrite (Fig. 3c—e), one bar
represents 0.5 ym dendrite length. If more than one spine is present
within this dendrite-stretch, the color displayed represents the majority
of spine classes.

4.7. Statistics

Statistical differences between multiple groups (e.g. multiple den-
drites, Fig. 4, Fig. 6) were evaluated with a Kruskal-Wallis test at a 5%
significance level. Matlab was used for all statistical tests. As control
(Fig. S5), all spines were assigned to a random dendrite, while the
original number of spines on each dendrite was kept.

Bar graphs in Figs. 4 and 6 represent mean + standard error of the
mean (SEM).

Correlations between different spine characteristics (Fig. S1) were
calculated as Pearson’s coefficient (Matlab function corrcoef) and tested
for rejection of the null-hypothesis (no correlation) at a 5% significance
level, which is equivalent to the fact that the 95% confidence interval
does not include zero.

To test for significant differences of cluster distribution on dendrites
(Fig. 3) Person’s Chi Square tests were performed with Matlab (function
crosstab) with a 5% significance level. A conservative correction for
multiple comparisons was applied, using Bonferroni correction with the
number of all mutual comparisons (465) for all cells, even where only
dendrites within one cell are shown (Fig. 3g-i). Where the matrices in
Fig. 3g—j are green, yellow or red, the respective dendrites are signifi-
cantly different in terms of spine classes.
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