Bayesian morphometry of hippocampal cells
suggests same-cell somatodendritic repulsion
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Abstract

Visud inspectin of neurors suggest thd dendritic orientatio may be
detemined boh by internd constraints (e.gmembrae tensiof ard by
extern& vecta fields (e.g neurotrghic gradients) Fa example basa
dendritss o pyramidd cells agear ncely fanout This regular
orientdion is had to judify completey with a generhtendeng to
grow straight given the zigag observd expeimentally Instead
dendrites coutl (A) favar a fixed (“external’) direction o (B) repé
from ther own soma To invedigate these msililities quantitatively
reconstructed hippocamipeells wee subjecteda Bayesia analysis
The statisticamodd combinel linearly factors A andB, as wdl as the
tendeng to grow straight Fa all morphological clasesB was fourd
to be significatly podtive ard consistenit greate than A. In addition
when dendites wee atificially re-orientel according to this mode] the
resuting structure closey resembld red morphologies The® resits
suggetthat somatodemdic repulsion may play a roé in determining
dendritic orientationSince hppocamphcells ae ver densely pacle
and ther dendrtic trees highy overlap the repulsio mug be celt
specific. We discss possitd mechanisis uinderlying such specificity.

1 Introduction

The stidy d brain dynanics and developmehat the cellula levd would greaty beneit
from a standardizedaccurae ard ye succinct statistical model characteriginthe
morpholoy of major neuronkaclasses. Sut modé could al® provide a bass for
simulation o anatomically refistic virtua neurors [1]. The model should curatey
distinguidr among different neuronal ekses: a morphological differem between ckses
would be captured Y a differerce n modé parametes ard reproducedn generaté
virtual neurons In addition, te model should be setbnsistent there shoudl be o
statigical differerce in modé parametes measuré from real neurog d a given cless
and from virtud neurors d the same clss. The assumpion tha a sinple statiical model
of this sot exists relis an the similariy of averag@ environmental ah homeosttc
conditiors encounter by individud neurors durirg developmenand o, the limited
amourt of gendic informatian tha underlies differentigion of neuronéclasses.

Previous reseahcin conputaiona neuroanatomy temainy focusel on the topolog
and internd geomety of dendites (i.e, the properties descritlan “dendrogramg/’[2,3].
Recertly, we dtemptel to include spatial orientatioin the madels thus generatig



virtual neurons in 3D [4]. Dendritic growth was assumed to deviate from the straight
direction both randomly and based on a constant bias in a given direction, or “tropism”.

Different models of tropism (e.g. aong a fixed axis, towards a plane, or away from the
soma) had dramatic effects on the shape of virtual neurons [5]. Our current strategy isto
split the problem of finding a statistical model describing neuronal morphology in two
parts. First, we maintain that the topology and the internal geometry of a particular
dendritic tree can be described independently of its 3D embedding (i.e., the set of local
dendritic orientations). At the same time, one and the same internal geometry (e.g., the
experimental dendrograms obtained from real neurons) may have many equally plausible
3D embeddings that are statistically consistent with the anatomical characteristics of that
neuronal class. The present work aims at finding a minimal statistical model describing
local dendritic orientation in experimentally reconstructed hippocampal principa cells.

Hippocampa neurons have a polarized shape: their dendrites tend to grow from the soma
as if enclosed in cones. In pyramidal cells, basa and apical dendrites invade opposite
hemispaces (fig. 1A), while granule cell dendrites al invade the same hemispace. This
behavior could be caused by a tendency to grow towards the layers of incoming fibers to
establish synapses. Such tendency would correspond to a tropism in a direction roughly
paralel to the cel main axis. Alternatively, dendrites could initially stem in the
appropriate (possibly genetically determined) directions, and then continue to grow
approximately in a radia direction from the soma. A close inspection of pyramidal
(basal) trees suggests that dendrites may indeed be repelled from their soma (Fig. 1B). A
typical dendrite may reorient itself (arrow) to grow nearly straight along aradius from the
soma. Remarkably, this happens even after many turns, when the initia direction is lost.
Such behavior may be hard to explain without tropism. If the deviations from straight
growth were random, one should be able to ‘remodel"th e trees by measuring and
reproducing the statistics of local turn angles, assuming its independence of dendritic
orientation and location. Figure 1C shows the cell from 1A after such remodeling. In this
case basal and apical dendrites retain only their initiad (stemming) orientations from the
original data. Theresulting “otton ball$ uggests that dendritic turns are not in dependent
of dendritic orientation. In this paper, we use Bayesian analysis to quantify the dendritic
tropism.

2 Methods

Digital files of fully reconstructed rat hippocampal pyramidal cells (24 CA3 and 23 CA1
neurons) were kindly provided by Dr. D. Amaral. The overal morphology of these cells,
as well asthe experimental acquisition methods, were extensively described [6]. In these
files, dendrites are represented as (branching) chains of cylindrical sections. Each section
is connected to one other section in the path to the soma, and may be connected on the
other extremity to two other sections (bifurcation), one other section (continuation point),
or no other section (terminal tip). Each section is described in the file by its ending point
coordinates, its diameter and its "parent”, i.e., the attached section in the path to the soma
[5,7]. In CA3 cells, basal dendrites had an average of 687(x216) continuation points and
72(x17) bifurcations per cell, while apical dendrites had 717(x156) continuation points
and 80(+21) hifurcations per cell. CAl cells had 462(+138) continuation points and
52(+12) bifurcations (basal), 860(+188) continuation points and 120(+22) bifurcations
(apical). In the present work, basal and apical trees of CA3 and CA1 pyramidal cells were
treated as 4 different classes. Digita data of rat dentate granule cells [8] are kindly made
available by Dr. B. Claiborne through the internet (http://cascade.utsa.edu/bjclab). Only
36 of the 42 cells in this archive were used: in 6 cases numerical processing was not
accomplished due to minor inconsstencies in the data files. The ‘rejected” cells were
1208875, 3319201, 411883, 411884A, 411884B, 803887B. Granule dendrites had



549@186) contnudion points ard 30&6) bifurcatiors pe cell. Cdls in theg a similar
formats can b renderedrotated and momed with a java appl¢ available thragh tre
internd (www.cns.soton.aak) [7].

Figure 1: A: A pyramida cell (c53063)from Amaral’s archive B: A zoomtin from pané
A (arrows poirt to the same bas&ree locéion). Datted dendrits ae behind the plane. C
Sane cell (63063) wih its dendtiic orientation remodeld assuming zeo tropisn and
sare statitics d all turn andes (see Redts).

In agreemenwith the available formtaof morphologicd data (descrite above), te
process bdendrtic growth' can be representedsaa discres stochatic process consistin
of sequentihattachmeh of new sedions  ead growing dendriteHere we keep th
given internd geomety of the experimentadaia while remodeling te 3 embealding
geomety (denditic orientation) The tak is © male a remodel: geomety staistically
consistehwith the original structuteThe basic asumpion is tha neuronadevelopmertt
is a Marlov process goverdely locd rules [4]. Sgecificdly, we assune thet (i) eat
st in dendriic outgrowh only depend m the precedig step and ro curren locd
conditions ard (i) dendrites co not underg geometrial a topologicd modification
after ther formation (see, however Discission) In this Markov approximéon, a
plausibk 3D embading can le fourd by seuentially orienting individud sections
stating from the soma and oving towad the terminals We are implemeing this
procedue in two-step iteratiors (1) First a a given nodé with cordinatsr; we select a
sectin i+1, disregad its given orientéion, and calculag its most likely rpectel
direction n'i;; based on th model (heg sectim i+1 conned nodes ard i+1, ard n
stands fo a unt vector) Fa a conthuaion point the mos likely directin n',; is
computel as the direction o the vecto sum n; + v;. The firg temm is the direction o the
parent sction n;, and reflects the tendeng dendrites exhilit to grow relaively straigh
due b membrae tension mechanichproperties d the cytoskeletonetc. Thke secod
term is a local vale d a vecta field: v; = v(r;), which compriss the influerce d externa
locd conditiors m the directio o growth (as specified bebw). Findly, we generate a
perturbdion of the mos likely direction n';,; to produce a pé#cular plausibe instance b
a nev direction In summarythe new diection n;,; is generate as:

! Although we resot to a developmentanetaphor our god is to describe accuratel
the resit of developmenrathe than the process fodevelopment.
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Here T; is an operator that deflects n'i,; into a random direction. If we view each
deflection as a yaw of angle a;, then the corresponding rolling angle (describing rotation
around the axis of the parent dendrite) is distributed uniformly between 0 and 27z The
probability distribution function for deflections as a function of a; istaken in aform that,
aswe found, well fits experimental data:

a;

P(T, Joe @, @
where o << 1 isa parameter of the model. At bifurcation points, the sasmerule (1), (2) is
applied for each daughter independently. A more accurate and plausible description of
dendritic orientation at bifurcations might require a more complex model. However, our
simple choice yields surprisingly good results (see below). The model (1), (2) can be used
in the smulation of virtual neuronal morphology. In this case one would first need to
generate the internal geometry of the dendrites [1-5]. Most importantly, model (1), (2)
can be used to quantitatively assess the significance of the somatocentric (radial) tropism
of real dendrites. Assuming that thereis a significant preferential directionality of growth
in hippocampal dendrites, the two main alternatives are (see Introduction):

Ha: The dominating tropic factor isindependent of the location of the soma.
Hg: The dominating tropic factor isradia with respect to the soma.

The smplest model for the vector field v that discriminates between these alternative
hypotheses includes both factors, A and B, linearly:

v, =a+bn! . ©)

Here a = (a, a,, &) is a constant vector representing global directionality of cell-
independent environmental factors (chemical gradients, density of neurites, etc.)
influencing dendritic orientation. n'; is the unit vector in the direction connecting the
soma to node i, thus representing a somatocentric tropic factor. In summary, a,, a,, a, b
and o are the parameters of the modd. Finding that the absolute value a = [a] is
significantly greater than b would support Ha. On the contrary, finding that b is grester
than a would support Hg. Based on a Bayesian approach, we compute the most likely
values of a, b and o by maximization of the likelihood of all experimentally measured
orientations (taken at continuation points only) of a given dendritic tree:

(a*’b*):argm?xa}ril P(Ti)zargmibrf(ai}, @

where a; is given by (1)-(3) with experimenta section orientations substituted for n;, n;.,
asterisk denotes most likely values, and the averageis over al continuation points. Given
a* and b*, the value of o* can be found from the average value of a; computed with a =
a* and b = b*. The relation results from differentiation of (4) by 0. The same relation
holds for the average value of a computed based on the probability distribution function
(2) with o= o*. Therefore, <a;> computed from the neurometric datawitha=a* and b
= b* is equal to <a> based on (2) with o= ¢*. The modd is thus self-consistent: the
measured value of g* in aremodeled neuron is guaranteed to coincide on average with
the input parameter o used for simulation. In addition, our numerical analysis indicates
self-consistency of the model with respect to a and b, when their values are within a
practically meaningful range.



3 Results

Results 6 the Bayesia analyss ae presentedni Tabe 1 Parametera andb were
optimized for ead cell individudly, then the absolute value = ja| was take for ead
cell. The mean value ahthe standat devidion o a in Tabke 1 wee conputed basd o
the set dthe individud absolute valugswhile each mdividud value d b was taken with
its sign (which wa positve in dl cases bu one) The mog likely direction o a varied
significantly amorg cells i.e, no paticular fixed direction was generall prefered.

Table 1: Results fron Bayesia analyss (mea + standad devidion). a is the minimizel
defledion angle a andb are parameter d the model (1)(3) conputed accordirg to (4).

Original data Z coordinate set to zero
Dataset a B a a b

A

CA3-bas

164+ 2.3

0.49+0.17

0.08+ 0.05

120+ 2.4

0.42+0.15

0.06+ 0.05

CA3-apidg

152+ 1.9

0.36+0.16

0.12+ 0.07

120+2.9

0.29+ 0.23

0.10+0.14

CAl-bas

166+ 1.6

0.49+ 0.26

0.14+0.10

142+1.9

0.48+ 031

0.16+0.12

CAl-apig

191+ 2.0

0.30+ 0.20

0.16+ 0.15

17324

0.22+0.17

0.11+0.10

Granule

191+ 2.7

1.01+ 0.64

0.17+0.11

110+x1.9

0.36+0.16

0.07+0.05

The key finding is thd a is na significartly different from zerq while b is spnificartly
postive. The slightly highe codficient of variation obtaind for granué cells coud be
due D a large experimentaerra in the z cordinae (orthogonhto the dice). In severa
granuk cells (btiin none éthe pyramidal cellsthe greatenoise in z was apparémupm
visud inspectin o the rendered structure$herefore we reran the analys discardig
the z coordinat (right columns) Reslts changd only minimally for pyramidécells, ard
the granué cel parametes kecane more consisterwith the pyramidacells.

The measured average valudstlle model paametes wee used fo remodeling of
experimentaneurond shapesas describé above In paticular, b was sé to 0.5, whika

was sé to zero. We kefpthe internal geomejrand the initial stemmiig directin of eadh

tree fran the experimentadata and smulatel dendriic orientation & all nodes separaté
by more than 2 steps fro the soma. A typidaresult s show in Figue 2 Generdy, the

artificially re-oriental dendrits looked bdter than one coud expect fo a modé as

smple @& () — (3). This result mg be compared ith figure 1G which shows an

exampé d remodelirg based on th same modehithe abseoe d tropism (@ = b = 0).

Although in this case the shapercée improved by relucing g, the resit neve get &

close 0 a real shapas in Fig. 2 C, D even when random uncorrelatd locd distortiors

("shuffling") are apflied to the generated geometryhus, &hough the tendencto grov

straight represents ¢hdoninart component bthe modé (i.e., b<l), somateentric
tropian may exet a dranatic effect m dendriic shape. Surprisingly, emehe aspnmetry

of the dendtiic sprea (compae frort ard side viewy is preserve afteg remodeling
However two detdls are difficult to reproduce Wth this modé& the uniform distribution

of dendrits in spae axd othe sulile mediumdistarce carelations amog dendritic
defledions In orde to accoun for the® propeties we mg need b conside spatidly

carelatel inhomogeneitie d the medium ard pasibe shot range dendrodendriti
interactions.



4 Discussion

The key results of this work is that, according to Bayesan anaysis, dendrites of
hippocampal principa cells display a significant radial tropism. This means that the
gpatial orientation of these neuronal trees can be statisticaly described as if dendrites
were repelled from their own soma. This preferential direction is stronger than any
tendency to grow along a fixed direction independent of the location of the soma. These
results apply to all dendritic classes, but in general pyramidal cell basal trees (and granule
cell dendrites) display a bigger somatocentric tropism than apical trees.

Figure 2: Dendritic remodeling with somatocentric tropism. A, B: front and side views
of cell 10861 from Amaral' sarchive. C, D: Same views after remodeling with parameters
a=0, b=05, o=0.15(corresponding to <a> = 17°). The first two sections of each tree
stem were taken in their original orientations; al subseguent experimenta orientations
were disregarded and regenerated from scratch according to the model.

Assuming that dendrites are indeed repelled from their soma during development, what
could be a plausible mechanism? Principal cells are very densely packed in the
hippocampus, and their dendrites highly overlap. If repulson were mediated by a
diffusible chemical factor, in order for dendrites to be repelled radialy from their own
soma, each neuron should have its own specific chemical marker (a fairly unlikely
possibility). If the same repulsive factor were released by al neurons, each dendrite
would be repelled by hundreds of somata, and not just by their own. The resulting
tropism would be perpendicular to the principal cell layer, i.e. each dendrite would be
pushed approximately in the same direction, independent of the location of its soma. This
scenario is in clear contrast with the result of our dtatistical analysis. Thus, how can a
growing dendrite sense the location of its own soma? One possibility involves the
spontaneous spiking activity of neurons during development. A cell that spikes becomes
unigue in its neighborhood for a short period of time. The philopodia of dendritic growth



cones could possess voltage-gated receptors to sense transient chemical gradients (e.g.,
pH) created by the spiking cell. Only dendrites that are depolarized during the transient
chemical gradient (i.e., those belonging to the same spiking cell) would be repelled by it.
Alternatively, depolarized philopodia could be sensitive to the small voltage difference
created by the spikein the extracel lular space (a voltage that can be recorded by tetrodes).

The main results obtained with the ssmple model presented in this work are independent
of the z coordinate in the morphometric files, i.e. the most error-prone measurement in
the experimenta reconstruction. However, it is important to note that any observed
deviation of dendritic path from a gtraight line, including that due to measurement errors,
causes an increase in the most likely values of parameters a and b. Another possibility is
that dendrites do grow almost precisely in straight lines, and the measured val ues of a and
b reflect distortions of dendritic shapes after development. In order to assess the effect of
these factors on a and b, we pre-processed the experimental data by adding a gradually
increasing noise to all coordinates of dendritic sections. Then we were able to extrapolate
the dependence of a*, b* and <a>* on the amplitude of noise in order to estimate the
parameter values in the absence of the experimental error (which was conservatively
taken to be of 0.5 um). For basal trees of CA3 pyramidal cells, this analysis yielded an
estimated “orrected” value of b between 0.14 and 0.25, with a remaining much smaller
than b. Interestingly, our analysis based on extrapolation shows that, regardless of the
assumed amount of distortion present in the experimental data, given the numbers
measured for CA3 basal trees, positive initial <a> implies positive initid b. In other
words, not only measurement errors, but also possible biologica distortions of the
dendritic tree may not be capable of accounting for the observed positivity of the
parameter b. Although these factors affect our results quantitatively, they do not change
the gtatistical significance nor the qualitative trends. However, a more rigorous analysis
needs to be carried out. Nevertheless, artificially reoriented dendrites according to our
simple model appear almost as redlidic as the origina structures, and we could not
achieve the same result with any choice of parameters in models of distortion without a
somatocentric tropism. In conclusion, whether the present Bayesian analysis reveals a
phenomenon of somatodendritic repulsion remains an (experimentally testable) open
guestion. What is unquestionable is that the presented model is a significant step forward
in the formulation of an accurate statistical description of dendritic morphol ogy.
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