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abstract

The functional geometry of the reconstructed dendritic arborization of Purkinje neurons
is the object of this work. The combined effects of the local geometry of the dendritic
branches and of the membrane mechanisms are computed in passive configuration to
obtain the electrotonic structure of the arborization. Steady-currents applied to the
soma and expressed as a function of the path distance from the soma form different
clusters of profiles in which dendritic branches are similar in voltages and current trans-
fer effectiveness. The locations of the different clusters are mapped on the dendrograms
and 3D representations of the arborization. It reveals the presence of different spatial
dendritic sectors clearly separated in 3D space that shape the arborization in ordered
electrical domains, each with similar passive charge transfer efficiencies. Further simu-
lations are performed in active configuration with a realistic cocktail of conductances to
find out whether similar spatial domains found in the passive model also characterize the
active dendritic arborization. During tonic activation of excitatory synaptic inputs ho-
mogeneously distributed over the whole arborization, the Purkinje cell generates regular
oscillatory potentials. The temporal patterns of the electrical oscillations induce similar
spatial sectors in the arborization as those observed in the passive electrotonic structure.
By taking a video of the dendritic maps of the membrane potentials during a single oscil-
lation, we demonstrate that the functional dendritic field of a Purkinje neuron displays
dynamic changes which occur in the spatial distribution of membrane potentials in the
course of the oscillation. We conclude that the branching pattern of the arborization

explains such continuous reconfiguration and discuss its functional implications.



INTRODUCTION

The Purkinje neuron is a peculiar cell in the central nervous system. Besides the fact that
its isoplanar anatomical organization has been conserved throughout evolution (14; 37),
the cerebellar Purkinje cell with its single dendrite is the only output of the cerebellar
cortex, making it a chief card for understanding the cerebellar function. This cell has
been extensively studied for decades. Its morphology, its physiology and the underlying
mechanisms are well documented (15; 18; 14; 5; 27; 28; 45). Considerable information
is available concerning the intracellular response properties of the Purkinje cell and its
connectivity and functions. Since the first description that depolarization of the Purkinje
cell by intracellular injected currents in vitro evokes Na™ dependent somatic spikes and
Ca™ dependent dendritic spikes (39; 40), it is well known that spontaneous firing of
the Purkinje cell is characterized by burst-like activity consisting of both somatic spikes
and dendritic depolarizing spikes. In the cerebellar slice preparation, Purkinje cell fire
dendritic spikes in burst under certain conditions such as depolarization or a decrease
in extracellular Na™ concentration (29; 3). Results obtained from experiments in which
the effects of tetrodotoxine (TTX) were observed both in vitro and in vivo and for both
intact Purkinje cells and in Purkinje cells deprived of their climbing fibers, show that
TTX suppresses the somatic spikes within a few seconds and the dendritic spikes then
appeared grouped into bursts (3). TTX addition to the bath left the basic spontaneous
activity and its frequency unaltered indicating that Ca*™ spiking and C'a** dependent K
conductance changes are the main events underlying the oscillatory behaviour. Further
experiments demonstrated that Purkinje oscillatory activity was modulated by GABApg
receptors in the dendrites and GABA, receptors in the soma and dendrites (64; 65).
Moreover, bistability of Purkinje neurons has been analyzed in details by (67) and by
(41).

The aim of our simulation study is to describe precisely the membrane potentials that



characterize the whole dendritic arborization when the Purkinje neuron generates these
oscillatory potentials known to exist in these neurons. The features of the Purkinje cell
discharges are expressed by the local electrical states of any dendritic sites determined
by the currents that flow between any sites and to and from the soma during transients.
These spatial features are not yet fully described and are not yet explained in terms
of the combined effects of the membrane mechanisms and the local geometry of the
dendritic branches.

In addition to other Purkinje cell models previously published in the literature (50;
51; 11; 12; 53; 63; 67; 41) which replicate the features of the Purkinje cell discharges
recorded from live neurons, we propose here to focus our simulations on the analysis of
the spatial electrical patterns of the dendritic membrane, explored under passive and
active conditions. We implement a model of Purkinje neuron in which the fast discharge
mechanisms are deliberately excluded to cast light only on the spatial patterns of the
slow oscillatory activity in the whole dendritic arborization. This reductive approach
provides the electrical dynamics of the whole dendritic space that can only be computed
and cannot be recorded from live cells yet.

The electrotonic structure of the passive dendrite provides a basic reference for un-
derstanding how geometry plays a crucial role in determining dendritic processing of the
neuron (6; 7). In previous studies, we have shown the prominent impact of dendritic
geometry on somatopetal transfer of the current generated by steady uniform activa-
tion of excitatory synaptic conductances distributed over passive dendrites. By using
different values of specific membrane resistivity and assuming that the membrane con-
ductivity G,, = 1/R,, was an approximately linear function of the input firing rate,
we mimicked high and low pre-synaptic activities (31; 35; 34). When expressed by the
somatopetal current transfer effectiveness as a function of the physical distance from

the soma (4; 8; 35), it contains unique information on the geometrical features that



rule the transfer effectiveness of the dendrite. Namely, in a theoretical work, we have
demonstrated that electrical differences between the dendritic path profiles could only
occur because of differences in length and diameters between daughter branches along
the dendritic paths in the whole arborization (35). These two metrical parameters define
the metrical asymmetry of the dendritic branching. This notion helps to interpret
further our findings in non-linear conditions.

Our simulation tools provide maps of the spatial distribution of membrane potentials
over the passive Purkinje cell dendrite and when the active Purkinje cell generates slow
oscillatory potentials. Under both conditions, we show that the dendritic arborization is
similarly partitioned into several spatial sectors of different effectiveness, the electrical
states of which are ordered in a given geometry-related manner. We demonstrate that
metrical asymmetry of the dendritic branches is responsible for such spatial partitions
in effectiveness. Finally, to verify the robustness of our findings, we test with the same
simulation protocol, the responses of five other Purkinje neurons reconstructed and
analyzed in other laboratories (51; 53). We find similar spatial partitions of the dendritic
arborization, both in the steady state and during oscillatory activity in all cells. We
conclude that such compartmentalization is a general rule for the arborization of the
Purkinje neuron. Our findings is related to the key role of dendritic geometry and
suggest that the neuron output pattern in terms of action potentials initiation sites

must be revisited.

MATERIAL and METHODS

The Purkinje cell (P1) fully analyzed in this work was selected from a series of intra-
cellularly labelled Purkinje cells studied in slices of rat cerebellum. Methods of surgical
preparations, electrophysiological recordings, intracellular staining and histological pro-

cedures were described in details by (64; 65). This cell was reconstructed at high spatial



resolution with a three dimensional computer-aided system in our laboratory by one
operator (GHB). The procedure for data acquisition has been described previously in
detail in (6) and (34). Briefly, the labelled neuron was observed using a microscope (Or-
thoplan; Leitz, Wetzlar, Germany) with a 0.1um XY resolution motorized stage (EK
32; Maertzhauser) and microprocessor interface (Lang Electronics) with a Leitz plan
x100/1.25 NA oil immersion objective lens at a final magnification of 1,250. A step-
ping motor controlled the focus in Z direction at a resolution of 0.1um. The dendritic
segments were described by a series of data points separated by a 3D distance with a
controlled sampling interval ranging from 0.5um to 10um. The diameter of the profile
was measured at 0.2um resolution using a circle displayed on an oscilloscope and ad-
justed to the profile. A new data point was entered whenever a change in diameter was
observed. Each point was identified by 6 parameters: sequential number; x, y, z coordi-
nates; diameter of the profile; topological identifier. The computer-microscope system
was implemented by P. Gogan (6) on the basic principle described by (16) and (66). A
shrinking coefficient of the cell in slices was not calculated. At the end, the dendritic
arborization of P1 was stored in a data base together with fiducial marks. A dedicated
software program was used for computer reconstruction of the arborization.

The five other Purkinje neurons analyzed in this work were retrieved from the works
of (51; 53). They were posted in ModelDB

(http : //senselab.med.yale.edu/senselab/modeldb/) and downloaded from

(http : //www.dendrite.org/dendritica — 1.0/batchback /data/cells) in the files im-
portable into NEURON simulation software (21; 20). Two Purkinje cells from (53):
P19.hoc (368K) named P2 in this work and P20.hoc (196K) named P3 and three Purk-
inje cells from (51): celll, (240K) named P4, cell2, named P5 (265K) and cell3, (364K)
named P6.

NEURON simulator (21; 20) was used for computation.



Neuron model

The constructed model was built with a cylinder-shaped soma of 20um length, and
22.5um diameter, an initial segment of 20um length and 5um diameter, a stem axon
of 200pum length with a 3um diameter and the numerized dendritic arborization of the
Purkinje cell. Dendritic spines were not reconstructed. However, the dendritic branches
were classified as smooth or spiny according to their Strahler orders and their diameter
(58). It was assumed that in Purkinje cells, transition from spiny to smooth dendrites
occurred at branches of fourth Strahler order (23; 27). Therefore, we classified a branch
as spiny if it had a Strahler order exceeding four or if its diameter was thinner than 2um.
With these two criteria in our initial classification, only 55 of the total 539 branches
mismatched. Further careful consideration of the morphology resulted in classifying
these ambiguous branches as 23 smooth and 32 spiny branches. Then, the ultimate

classification was 56 smooth and 483 spiny dendritic branches.

Simulated membrane properties

The same reconstructed Purkinje cell structure was used for computing the electrical
states of the whole arborization under passive and active conditions. The specific mem-

brane capacitance C,, was 0.8 for the soma and 1 uF/cm? for the axon.

The passive model

In all simulations, the soma and axon were passive with membrane conductivity G,, =
667.25 11S/ecm?* and a reversal potential E, = -65 mV. The specific membrane capac-
itance C,, = 1 uF/cm? and the cytoplasmic resistivity R; = 250 Qcm were homoge-
neous throughout the dendrite. These values were taken from earlier models of Purkinje
neurons (51; 11; 48). The passive specific membrane conductance G,, was spatially ho-

mogeneous and tested with values from 10 to 10,000 pS/cm? simulating different levels



of tonic activation homogeneously distributed over the dendritic surface. Within this
range, two values (G,, = 40 and 350 pS/cm?) were selected for illustrating the effects
of low and high synaptic activation on the spatial distribution of the membrane voltage
(Fig 3). As in our previous works (31; 34), the electrotonic structure of the cell was
represented by profiles of the relative charge transfer effectiveness T'(x) as a function
of the path distance = from the soma estimated as in (4). To obtain 7'(z), we com-
puted the steady transmembrane voltage distribution E(z) over the whole arborization
in response to a direct steady current applied to the soma. The current intensity was
adjusted to get 10 mV deviation of the voltage £(0) at the somatic end of the dendrite
(x = 0) from the resting potential of the passive membrane E,. We used the known
directional reciprocity of the somatofugal attenuation of voltage and the somatopetal
attenuation of current (8; 35) to calculate the path distribution of the charge transfer
as T(w) = (E(x) - E,)/(E(0) - E).

To test the validity of the results obtained on P1, we used the morphologies of other
Purkinje neurons described by (51) and (53).

The active model

The specific cytoplasm resistance was R; =250 Qcm (51) throughout the cell. The
soma and axon were passive with membrane conductivity G,, = 667.25 uS/cm?, G,
= 6672.5 uS/cm?, G,, = 66,725 uS/cm? and a reversal potential E, = -65 mV. To
take into account the contribution of spines to the membrane area (4.4 spines per 1
pum dendritic length, each spine having a membrane area 1.1 pum?, as in (58)), the
membrane capacitance was set to =1.5 pF/cm? for the spiny branchlets whereas it was
set to 0.8 pF /em? for the soma and smooth, non-spiny dendritic branches as described in
the model implemented by (48). Tonic activation of excitatory synaptic inputs (AMPA
type) distributed over the whole arborization was simulated by introducing homogeneous

voltage-independent synaptic conductance G5 = 100 uS/cm? and reversal potential E,



= 0mV in the dendritic membrane.

The same set of ion channels as described by others (48; 11; 12) was incorporated in
the reconstructed dendritic arborization of our model. Since our study focused on slow
oscillatory potentials, we tested which channels could be excluded from the original set
without affecting the slow oscillatory pattern. After the test, an ultimate set of den-
dritic channels was defined: the P-type calcium (CaP) (38), delayed rectifier potassium
(Kdr)(68), A-type potassium (KA)(22), high-threshold Ca-activated potassium (KC)
currents (36) and the passive leak current (I leak). Other channels were not included
in our model because they conducted ions with one or two order lower conductance (T-
and E-type calcium currents; the D-type, persistent, and low threshold Ca-activated
potassium currents) or because they were not involved in shaping the oscillatory po-
tentials but in shaping the spikes at soma (fast and persistent sodium currents and
anomalous rectifier potassium current). Unlike the reference models (48; 11; 12), the
fast discharge mechanisms were excluded from our model because we focused on spatial

electrical pattern during the slow oscillations and not during action potentials.

The choice of the colour-coded scales

First, we computed the distribution of voltage along all paths of the arborization and
plotted it as a function of the path distance from the soma which is the common root of
all paths (see Fig.3) A, C. The branching multi-path plot was topologically equivalent
(homeomorphous) to the morphological arborization. It had the same number of con-
nected branches and paths as the neuronal dendrites. Hence, we obtained an electrical
image of the arborization represented by the corresponding tree of the path distance
profiles of voltages. The more similar the voltages along different branches and paths
were, the closer the path profiles of voltages on the multi-path plot were. Bundles of
closely running path profiles corresponded to groups of branches and paths showing

similar electrical state. An algorithm of the code of colours was implemented in order



to identify the location of the dendritic domains which have similar electrical states.
We use colour to illustrate the location of the bundles of similar voltage profiles on the
dendrograms and the 3D representations of the arborization. Arbitrarily, we chose six
colours to code the voltages and applied the colour-coded scale to all spatial represen-
tations. We adjusted the colour-coded scale to the voltage range enveloping a cluster of
profiles so that the branches in the cluster had the same colour, thus setting the voltage

limits for each color of the scale.

RESULTS

The quantitative geometry of the Purkinje cell

The reconstructed dendritic arborization of P1 (Fig.1A and B) was described by 3,484
data points. Typically, the single stem dendrite divided into secondary branches giving
rise to 539 dendritic segments. The total length of all dendritic segments was 6,765 um
and the total dendritic surface area was 24,041 um?. The quality of the morphological
description was checked by analyzing the 3D sampling interval (24; 30). The distribu-
tion of the sampling intervals showed a peak at 1.5um, indicating the most frequently
used sampling interval and a smooth frequency distribution (Fig. 1C). As the diameter
sampling was also indicative of the quality of the reconstruction, it was analyzed by
plotting the frequency distribution of the diameter of all data points using a bin width
smaller than or equal to half the minimum measurable diameter to avoid aliasing effects
(Fig. 1D). It was smooth without holes and the most frequently measured diameter was
around 0.5 um . These two observations attested a correct reconstruction at high spatial
resolution.

To assess the reliability of the model, we used five Purkinje cells retrieved from (51)

and (53) and compared the results obtained with our reconstructed cell P1 to those
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Figure 1: Quantitative geometry of the Purkinje cell. A: photomicrograph of the labelled
Purkinje cell in a rat cerebellar slice. B: two dimensional representation of the
Purkinje cell reconstructed at high spatial resolution. The 56 smooth dendritic
branches are indicated in grey and the 483 spiny dendritic branches are in black.
Calibration bar = 50 ym. C: sampling accuracy: analysis of the three-dimensional
sampling intervals. The distribution is built using a bin width of 0.2 gm and clip to
values less than 10 ym. D: histogram of the diameter distribution built with a bin
width of 0.1 um.

produced by the other slightly different morphologies. As the diameter is one of the
indicators of quality of the reconstruction and its inequality contributed to the metrical
asymmetry of dendritic branches, an analysis of the distribution of the diameters as a
function of the path distance was performed for each Purkinje neuron (Fig. 2). The
main finding was some difference between cells in the diameters of the dendritic tips.
P1 displayed smaller and more homogeneous tip diameters than the five other Purkinje
cells which displayed larger and more scattered tip diameters.

The same accurate quantitative morphology of P1 was used to simulate the electrical
states of the dendritic membrane when the arborization was a passive electrical skeleton
and when active membrane conductances were incorporated into the model. Thus, the

simulation experiments shared an identical dendritic geometry and differed only by their
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Figure 2: Analysis of the distribution of the dendritic diameters in the six Purkinje cells P1 to
P6 identified in Material and Methods. Diameters in pm (ordinates) as a function of
path distance from the soma in pm(abcissae). White circles: values of all measured
diameters; black circles: values of diameters for terminal segments.

membrane electrical properties. We next compared the results of this simulation with

those performed on the five other Purkinje neurons under passive conditions.

The passive configuration

As no mathematical tool was available to obtain a quantitative description of metrical
asymmetry of dendritic branches, we used the electrotonic structure of the arboriza-
tion as the best indirect indicator for revealing metrical asymmetry of dendritic paths
(7; 31; 35). The spatial profiles of somatofugal voltages are equivalent to the somatopetal
current transfer effectiveness plotted as function of the path distance from the soma
(4; 8; 35). The electrotonic structure of the arborization was computed under two dif-
ferent uniform specific membrane resistance of 25.0 and 2.86 kQem?. Correspondingly,
the somatopetal current transfer effectiveness T'(z) of the whole passive dendritic ar-

borization was obtained under two conditions of homogeneous tonic synaptic activation

12



by setting the specific membrane conductance G,, at a low (40 uS/cm?) and high value
(350 1S /em?).

The results of these computations are shown in Fig. 3 in which the distribution of
T'(x) along all dendritic paths represented the electrotonic structure of the arborization
(Fig. 3A, C). Since each profile of the plot represented the current transfer effectiveness
along a given dendritic branch, the branching plot of T'(z) was topologically homeomor-
phous to the reconstructed dendritic arborization. When the distribution of electrotonic
potentials along the dendritic arborization in the spatial domain was expressed, a diver-
sity of heterogeneous electrotonic properties was observed. As expected, T'(x) decreased
with path distance from the soma. The decay was smooth along uniform segments and
sloped down at the sites of abrupt changes in diameter or asymmetrical branching as
already demonstrated in previous works (7; 31; 35; 34). The structure of the whole
arborization displayed bundles of profiles that were more or less compacted according
to the values of G,,. It was checked that whatever G, from 10 to 10,000 1S/cm?, the
presence of bundles with similar 7'(z) was preserved although the absolute values of elec-
trotonic potentials were modified. For example in Fig. 3 A, at low synaptic activation
(G = 40 pS/em?), the profiles were compacted and displayed similar T'(z) between
0.8 and 1. However, two slightly divergent bundles of profiles were distinguished, one
of them in the longest branches, over 200 pum from soma. In contrast, at high tonic
activation (G, = 350 pS/cm?), the T'(x) profiles displayed divergent T'(z) producing
heterogeneous separation of the curves with different gradients indicating different trans-
fer effectiveness of branches situated at similar physical distances from soma (Fig. 3 C).
The difference in voltage between some branches was small enough to produce grouping
of the branches with similar electrotonic decay. That such grouping might exist in the
arborization was demonstrated in a previous work which showed that the electrotonic

structure could be reduced to a statistically significant small set of well discriminated
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clusters (35). Bundles of profiles which were formed by dendritic branches with similar
electrotonic potential could be clearly identified in the 1D representation (green, blue,
magenta arrows in Fig. 3 C). The arrows point at three different bundles which are
different in their transfer effectiveness, each of them with branches with similar transfer
effectiveness. These bundles fully analyzed in our previous works (31; 35; 34; 32) were

due to metrical asymmetry between daughter branches.

2|~ G,= 40 uSicm

S Y I I Bt S IS S B |
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Path distance from the soma (um) Path distance from the soma (um)

Figure 3: Electrotonic structure of the passive arborization of the Purkinje cell P1. A and
C: somatopetal charge transfer effectiveness (7'(x)) is expressed as a function of the
path distance z from the soma in pm computed at G,, = 40 uS/cm? and G, = 350
wS/em? . B and D : the corresponding dendrograms at low and high G, painted
with the colour-coded values of T'(z). b and d: Maps of the somatopetal charge
transfer effectiveness on the 3D reconstructed Purkinje cell arborization at G,,, = 40
wS/cm? in b and G,,, = 350 uS/em? in d as a function of the path distance x from
the soma in pum. The arborizations are split into different domains with different
T'(x). The arrows in A and C identify the bundles of profiles by their colours used
in dendrograms and 3D representations. Insert: colour-coded T'(z) from 0 to 1.
Calibration bar: 50 pm.

To localize the bundles with similar transfer effectiveness on the topological (2D) and
the 3D representation of the arborization, they were colour-coded by values of T'(x)
and painted on the dendrograms (Fig. 3 B and D) and the 3D representation of the

dendritic field (Fig. 3 b and d). While the dendrograms showed the position of each
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branch as a function of the path distance from soma, the 3D representation revealed the
spatial location of the branches of a given effectiveness within the dendritic field. At
low Gy, (G, = 4015 /em?), the colour-coded maps of the arborization were reduced to
only two homogeneous compacted domains with high efficiency (T'(z) = 0.8 to 1) that
occupied two distinct sectors of the dendritic field (Fig. 3 B and b). A large one with
T'(x) close to 1 involved the main part of the dendritic field from 0 to 250 pum from
the soma and a smaller one (T'(z) about 0.8) located in the North-East sector of the
dendritic field from 130 to 250 pum from the soma. At high G,,, (G, = 350 uS/cm?),
the values of T'(z) ranged between 0.2 to 1.0 (Fig. 3 D and d). The most effective
(T'(x) from 0.8 to 1) concerned only the proximal part of the primary dendrite up to
25 pum from the soma. Followed a region (T'(z) = 0.6) of small size and low complexity
from 25 to 130 um from the soma, giving rise to a large and most complex domain of
the dendritic field with T'(z) about 0.4. The least efficient domain was located in the
North-East sector of the dendritic field and extended from 150 pm to the tips of the
dendritic branchlets. It overlapped with the preceding domain in terms of path distances
from soma (dendrogram) but was clearly identified spatially on the 3D representation
(Fig. 3 d). The main observation was the specific spatial occupation of the dendritic
field by the bundles of dendritic branches identified in the 1D representation. They
were clearly separated in 3D space forming ordered electrical domains, each with similar

passive transfer properties.

The robustness of the dendritic partitions tested on different

Purkinje cell morphologies

To test whether our findings obtained on P1 could be generalized to other Purkinje
neurons and were not just incidental to this particular neuron, the same simulation

protocol was applied to five other reconstructed Purkinje neurons (P2 to P6) described
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in Material and Methods. Their passive electrotonic structures were represented by the
path distance profiles of the steady voltage computed with the same parameters as for
P1. By inserting the same membrane parameters in each cell, we have isolated the effect
of dendritic geometry.

The results of the computations are shown in Fig. 4. The comparison of the six
electrotonic structures (plots P1 to P6 in Fig. 4) revealed common features between
neurons and some cell-specific features. Similarities were the path profiles grouped
together into more or less dense bundles corresponding to sets of paths with similar
voltage transfer. The asymmetrical dendritic paths were separated by different voltages
but run along each other over path distances of several tens of micrometers indicating
that multiple segments were situated equidistantly from soma although characterized by
different voltages and thus, different passive transfer properties. The cell-specific voltage
features were observed at the most distal dendritic tips which ranged from about -66.5
mV in P5 to -68.5 mV in P2, compared to the same voltage (-60 mV’) at the soma. The
voltage difference between the tips of the shortest and longest dendritic paths ranged
from about 3.5 mV in P1 to about 6 mV in P3, P4, and P6. Finally, the number and
mutual position of individual path profiles and their pattern itself were cell-specific.

On the 3D image of the arborizations (inserts in Fig. 4), the dendritic domains with
similar (same colour) or dissimilar (different colour) voltages were located in the dendritic
fields. We found two main types of partition of the dendritic arborizations. In four cells
(P1, P3, P4, and P6), the domains looked like planar sectors approximately limited
by radii (dashed lines) emerging from major branching points. In each case one could
distinguish sectors of low (L), medium (M), and high (H) depolarization/effectiveness.
In the two other cells (P2 and P5), the partition of the whole arborization looked more
patchy. The feature of these two arborizations was the presence of two main highly

complex sub-trees emerging from two (P5) or three (P2) thick early order branches .
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Figure 4: Partition of the dendritic fields into several electrical sectors observed in Purkinje

neurons. Electrotonic structures of the passive dendritic arborization of six Purkinje
cells, P1 to P6, identified in Material and Methods. For each cell, the voltage along
the profiles (ordinates) is expressed in mV as a function of the physical distance
x from the soma (abscissae) in pm. The colour-painted profiles indicate voltages
according to each colour-scale (V(z)) in mV. In insert: the corresponding map of
the 3D reconstructed Purkinje neuron, painted with the same colour-scale, to locate
the different dendritic sectors characterized by the same voltage. In P1, P3, P4, P6
the domains looked like planar sectors approximately limited by radii (dashed lines)
emerging from major branching points. In each case, sectors of low (L), medium
(M), and high (H) depolarization/effectiveness are identified. In P2 and P5, the
partition of the dendritic fields appears more patchy.

Taken together, these findings demonstrated that dendritic geometry determined the

electrical features of the spatial dendritic domains in the six Purkinje neurons.

A realistic model of the active Purkinje neuron arborization

Our simulations were aimed at finding out whether similar spatial domains found in the

passive model of P1 also characterized the same dendritic arborization in condition of

distributed active conductances. If the regional organization of the electrical space of

the dendritic arborization already achieved by the passive structure is also discovered in

an active configuration, then our hypothesis of the pivotal role of metrical asymmetry

17



of dendritic branches will be strongly supported.

A series of simulations were performed in the active configuration with the cocktail of

conductances found experimentally in the Purkinje cell arborization during in vitro elec-

trical recordings (51; 11; 12; 48). During tonic activation of excitatory synaptic inputs

(AMPA type) homogeneously distributed over the whole arborization, the Purkinje cell

generated a regular auto-oscillatory activity.

A1l g

BBO

Figure 5: Oscillatory potentials generated by the Purkinje cell receiving distributed tonic

synaptic excitation. A1l: Regular auto-oscillations computed with G,, = 677.25
wS/em? and recorded from the soma (black trace) and 3 dendritic sites (red, green
and blue superimposed traces). B: A single expanded oscillatory cycle extracted
from A1 to show the phase-shifted recordings from the soma S (in black) and from
3 dendritic sites D1 (in red), D2 (in green), and D3 (in blue) localized on the 3D
arborization shown in C. The four horizontal black bars and vertical dotted lines
labelled 1 to 4 (under the potentials) indicate the phases of the oscillatory potential
during which snapshots were collected and are depicted in Fig. 6. A2: Same record-
ings as in A1 but computed with G,,, = 6,772.5 11.S/cm? to show the differences in
amplitudes and shift in time as compared to Al. A3: Same recordings as in Al
but computed with G,, = 67,725 uS/em?. D: A single oscillatory cycle extracted
from A2 with an expanded time scale to show better the differences in time and
amplitude (dotted lines) between the recordings. Abscissae: time in ms. Note the
different time-scales. Ordinates: voltage in mV'.

Figure 5 shows the simulated membrane potentials computed with 3 different values
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of Gy,. The wide range within which the model operated effectively for producing
slow oscillations was used to test its robustness. In Al (G,, = 677.25 uS/cm?), three
oscillations were recorded from the soma (S) and from 3 different dendritic sites (sites
S and D1, D2, D3 shown on the 3D representation of the arborization in Figure 5 C).
The four recordings were of different amplitudes, of slightly different shapes and each
occurred with a shift in time. One example of a single oscillation extracted from Al is
shown in Fig. 5 B with an expanded time scale to illustrate the shift in time. The first
potential to be recorded was from D1 (red trace) and had a peak amplitude of 76.6mV .
The second potential was recorded from D2 (green trace) with the highest amplitude
of 79.0mV followed by the potential from D3 (blue trace) of 75mV in amplitude. The
delayed potential recorded from the soma (black trace) had a peak amplitude of 40mV .
In Fig. 5 A2 (G,, = 6,772.5 uS/cm?), the dendritic recordings were similar to those in
A1 but with a slightly larger shift in time while the somatic recording displayed a much
smaller amplitude reaching -40 mV. The difference in time and amplitude between the
four recorded potentials (extracted from one oscillation in A2) was best illustrated in
Fig. 5 D when observed with an expanded time scale at the start of the rising phase
of the oscillation. The main result was that the recording D1 preceded D2 and D3 by
several milliseconds. The difference in amplitudes between the potentials recorded at
given sites (S, D1, D2, D3) of the dendritic arborization and at a given moment of time
(dashed lines)of the oscillation were, for example, as large as around 100 mV between
D1 and soma (Fig. 5 D). Figure 5 A3 (G,, = 67,725 11S/cm?) shows a larger difference
in amplitude between dendritic and somatic recordings. There is also a difference in
amplitude and a larger shift in time with respect to the values observed in Al and
A2. The demonstration that the oscillatory potentials were ordered in time was a new
and important finding that facilitated further the understanding of the dynamics of the

membrane potentials in the dendritic field observed in space.
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Dynamics of the spatial reconfiguration of membrane potentials

during an oscillatory potential.

By taking a video of the dendritic maps of the membrane potentials during a single
oscillation revealed that the functional geometry of the arborization was not static but
changed in space in the course of the oscillation. Successive snapshots of the maps
extracted from the video were taken during the 4 phases 1, 2, 3 and 4 of the oscillatory
cycle indicated in Fig. 5 B and are illustrated in Fig. 6. The sequence in which the
dendritic domains changed their consecutive colours allowed to identify the sequence of
changes in the membrane potential and derive the phase relationships of the events at
these domains. This proper procedure allowed to demonstrate the split of the dendritic
arborization into domains of different voltage transients. Noteworthy these domains
were like those identified in the passive configuration in the steady state (Fig. 3 d).
During the first phase of the cycle starting at the beginning of the rising phase of
the potential (t = 1.2 ms), almost the entire dendritic arborization was set at a poten-
tial between +25.0 to +31.67 mV except a tiny North-East domain between +31.67 to
+38.33 mV (Fig. 6, column 1). The following snapshots in the column showed that
the shift to higher values involved first the North-East domain (+38.33 mV'). Then the
arborization was split into successive dendritic domains with low to high values of volt-
ages characterized by their ordered spatial sequence. The North-East domain reached
the highest voltage (4+58.33 to +65.00 mV/) first (sixth snapshot in column 1). A state
of fully depolarized dendritic arborization (Fig. 6, column 2) was reached just before
the beginning of phase 2 (indicated in Fig. 5 B) corresponding to the start of the re-
polarizing phase of the potential (t = 6.8 ms). At that given moment, the soma was
depolarized between +31.67 and +38.33 mV. On the way back to repolarization (col-
umn 2), the split between domains occurred again in an inverse order to reach voltages

between +38.33 and +25 mV at the end of column 2. At the beginning of phase 3 (Fig.
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Figure 6: Dynamics of the electrical states of the membrane of the Purkinje cell arborization.
Snapshots of the dendritic maps of the membrane potentials taken during phase 1
to 4 of the oscillatory cycle shown under the potential in Fig. 5 B. Column 1 to 4
shows eight snapshots taken with equal time step At from top to bottom. Column 1
corresponds to the rising phase of the potential, starts at t = 1.2ms, snapshots taken
every 0.2ms and ends at ¢ = 2.6ms. Column 2 corresponds to the falling phase of
the plateau potential, starts at ¢ = 6.8ms, snapshots taken every 0.6ms and ends at
t = 11.0ms. Column 3 and 4 correspond to increasing (At = 0.75ms) and decreasing
(At = 1.0ms) inter-plateau hyperpolarizations starting at ¢ = 49.3ms and 62.3ms
and ending at ¢t = 54.55ms and t = 69.3ms respectively. Membrane potential is
colour-coded in mV: from 25.00 to 65.00 mV for columns 1 and 2, from -49.98 to
60.00 mV for column 3 and from -67.38 to -68.40 mV for column 4. Note that
the different scales of colour used for the different rows express different scales of
voltages.
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6, column 3, t = 49.3 ms), the arborization was hyperpolarized between -49.98 and
-51.65 mV | except some small domains near the soma. During phase 3, the arborization
was again orderly divided into domains showing potentials between -51,65 and -60.00
mV with regional differences of some tenths of mV. During phase 4, (Fig. 6, column 4, t
= 62.3 ms), successive dendritic domains were still changing towards hyperpolarization
but the differences between dendritic parts was reduced to only 1 mV (-67.55 to -68.23
mV’). Then, a new cycle started with the same successive spatial patterns of splits (not
shown). The turnover of the regional different polarizations of the dendritic membrane
lasted the duration of one cycle. One important finding was the fact that the same
dendritic sector in the arborization displayed a difference in voltage as high as about
130mV during a single oscillation (see Fig. 5 D). For example, the North-East domain
which displayed 458 to +65 mV at the beginning of the falling phase of the oscillation
(row 2), was hyperpolarized to -68 mV" at the end of the oscillatory cycle (row 4). The
dynamics of the spatio-temporal reconfiguration characterizing the oscillations is best

illustrated by the video provided in the supplementary material.

DISCUSSION

This work is based on the assumption that geometry of the dendritic arborization of
the Purkinje neuron has a significant impact on its main electrical characteristics which
determine its electrophysiological patterning.

Numerous compartmental models have combined morphological and electrophysiolog-
ical data obtained from different types of cells (58; 10; 59; 42; 9) and from Purkinje

neurons (51; 11; 12; 19; 53; 63; 48) to study the biophysical parameters characteriz-
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ing these neurons by direct fits of the transient responses recorded from it. The aim
was to replicate the results obtained in electrophysiological experiments in vivo or in
vitro. Thus, these studies were orientated towards single or two-sites recordings. This
preference for digging out reliable estimates of biophysical parameters provided impor-
tant results and has proved very useful. However, the models were often reduced to
two compartments considered to be sufficient for all important predictions. The two
compartments represented only proximal and distal parts of the whole tree, allowing
to explore the distal-to-proximal electrical relations along dendrites while the electrical
relations between different dendritic paths were neglected.

Our simulation of the Purkinje neurons complements previous modelling studies and
differs in several respects. First, the electrotonic structure is used as a tool for tracking
metrical asymmetry of the dendritic paths. Although indirect, it is a good indicator for
revealing this crucial morphological feature in the tree and its electrical consequences.
Second, electrical relations between any dendritic sites are assessed and result in a full
description of the electrical states of all sites in the membrane. Third, if transients are
omitted in our model, it is because they prevent the observation of what happens locally
and simultaneously in most locations of the whole tree. Finally, the active configuration
performed with voltage-dependent conductances incorporated in the dendritic membrane
provides spatial data on the electrical behaviour of the different sub-trees during slow
oscillatory potentials when the exchange of current between dendritic sites provides

dynamics of temporal patterns.

The electrotonic structure of the arborization

The simulation of the passive dendrite relies on the complete reconstruction of the cell
at high spatial resolution and provides a conventional reference for the layout of the

electrical patterns which can be traced further in non-linear configurations.
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The spatial profiles of somatofugal voltages are equivalent to the somatopetal current
transfer effectiveness (4; 8; 35). This 1D representation of the tree is the only indirect
tool allowing to explore the effects of local geometry on the current transfer effective-
ness along each dendritic paths. By comparing the spatial patterns along the different
paths, we show that the electrical differences between the profiles can only occur because
of differences in length and diameters along the dendritic paths in the whole tree i.e.
the metrical asymmetry between daughter paths. Unfortunately, no mathematical
tools are currently available to quantify the metrical asymmetry whereas the topological
asymmetry indices are not applicable (54; 61; 62). Nevertheless, the effect of asymmetry
can be observed in the 1D representation of the current transfer effectiveness profiles in
which the presence of different bundles is displayed. These bundles are the signature
of asymmetry. We conclude that among specific geometrical features of the dendritic
branches, metrical asymmetry of the branches results in a spatial functional partition of
the tree.

These partitions are observed in the six neurons analyzed in this work but with slight
differences that are geometrical in origin as morphology is the only variable parameter
between the neurons. One possible explanation for the difference between the trees in
their spatial partitions is found in the morphometrical analysis of the terminal segments
which show unexpectedly large diameters in all cells but one (P1). As already noted by
(53), the measurement of diameters may be subject to considerable error, particularly
for the finest dendrites. This difficulty of measurements cause differences between mor-
phological data acquisitions that in turn bear on the simulation results (24; 30). Large
tip diameters correspond to thick ends and mean greater leak through the membrane of
terminal segments. Thus, the leak decreases the charge transfer effectiveness as less cur-
rent flows to the soma and more current flows out through the leak. Thus, the direction

and quantity of current is conditioned by the geometry of the branchlets which in turn
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affect the features of the spatial partitions. This finding constitutes one supplementary
argument supporting the pivotal role of geometry in determining the electrical states of

the dendritic membrane.

The active model

The simulation of the active dendrite when the cell generates typical slow oscillatory
potentials, provides dynamics of temporal transient patterns. During a single oscilla-
tion, a differential distribution of membrane potentials in the arborization characterized
different dendritic domains of different sizes, tracing the same regional organization ob-
served in the passive model. For example, the North-East part of the dendritic field
that is identified in the passive configuration as showing the lowest efficiency exhibits
the highest membrane potentials at the beginning of the rising phase of the oscillation.
Then it is the first domain to reach the highest membrane potential (65.00mV’) when
the single-site recording D1 reaches also the peak amplitude of the oscillatory potential.
The two other domains where the recordings D2 and D3 are located, are shifted in time
with a small delay before reaching the peak amplitude of the oscillatory potential and
simultaneously, these two domains are highly depolarized but clearly separated both in
space and time. The explanation for the observed shift in time is that D1, located in a
domain with small diameters and great asymmetry, displays a greater input resistance
on which the inward currents produce greater voltage drop as compared to D2 and D3. If
a smaller proportion of charges is transferred to the soma from D1, a greater proportion
must be spent locally to build up the charge on the membrane capacitor at the entry
of the current. The charges deposited on the local capacitor generate depolarization
and hyperpolarization depending on the sign of the charge. As a consequence, the same
depolarization is built up faster in D1 as compared to the more effective sites D2 and

D3 which loose their charges due to a more effective transfer to the soma.
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The striking finding that emerges from these new results is that metrical asymmetry
of the arborization during oscillations induces the sector-like spatial organization of the
transient electrical states with distinct sectors similar to those observed in the passive
electrotonic structure in the steady state. Namely, the dendritic domains which differ in
their steady-state passive transfer properties become different in their electrical states
during the transients. Electrical oscillations in those domains are ordered in phase. They
are advanced in phase in the regions with lower effectiveness of the passive transfer of
somatopetal current. They are delayed in phase in the region with higher effectiveness.
The comparison of compartmentalizations of the dendritic arborization in the passive
configuration and during slow oscillations strongly suggests that the branching metrical
asymmetry explains such compartmentalizations.

The spatial dynamic electrical image of the whole operating tree is a new finding. It
may be related to other published materials in which similar spatio-temporal picture
can be observed. For example, (11), in comments of their Figure 10 B and C showing
images of membrane potential distribution and calcium concentration during a somatic
action potential and a dendritic spike, noticed that the dendritic spikes did not fire
synchronously in all regions of the dendritic tree trying to originate in an electrotonically
most distant branch from the soma and spread as a wave to a less distant part of the
dendrite. It is highly probable that the authors show fragmentarily spatio-temporal
pictures similar to those described here. Notably, the dendritic sub-tree where the
highest value of membrane potential and calcium concentration are observed by the
authors corresponds to the domain identified in our results as being the least effective

in charge transfer to the soma.
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Physiological implications

The discharge patterns of the Purkinje neuron (27) are currently recorded from the
soma, the stem dendrite or from multiple dendritic sites and are interpreted in single-
site somatocentric terms: initiation site at the trigger zone, orthodromic propagation
along the axon, back-invasion into the dendrite, dendritic spikes, boosting of distal
EPSPs. (11; 12; 56; 60; 19; 53; 63). Taken together, these studies provide important
information about dendritic excitability, modulation of synaptic potentials, efficacy of
backpropagating action potentials and non-uniformities in the membrane properties of
the Purkinje cell.

Our findings complements these results in drawing attention to some missing pieces
which may be of importance for understanding further the rules that govern dendritic
processing in the Purkinje neuron. By introducing the dynamics of the dendritic space,
we reveal a robust geometry-induced functional spatial fragmentation of the Purkinje
cell arborization. A new unreported characteristic of the Purkinje cell dendrite shown
in this study is the strong relation between the spatial steady transfer pattern and the
spatio-temporal pattern of the oscillatory potentials. Our data extend to existing results
demonstrating the impact of dendritic geometry on the electrical behaviour of the neuron
(7; 35; 33; 34; 32). Most important is the observation of the continuous spatial electrical
reconfiguration that occurs in a phase-ordered manner over the dendritic membrane
during oscillations. This finding indicates that the membrane of the dendritic field as
a whole is not a static element but changes continuously during oscillations in terms of
domains of different charge transfer efficiency.

The present results open the question of the pre- and post-synaptic scenario when the
Purkinje neuron is bombarded by the synaptic systems of climbing fibres and parallel
fibres. The great majority of the studies focus upon the synaptic connection. The presy-

naptic factors as well as the postsynaptic membrane receptors are extensively analyzed

27



(46; 1). Meanwhile the role of the electrical states of the dendritic membrane per se, as
the receiving target, is rarely addressed. If the results of our simulations are correctly
interpreted, it can be suggested that the synaptic afferent systems to single Purkinje neu-
rons meet different domains of the dendritic membrane which display different transfer
efficiencies at a given time. Our results show spatial dendritic sectors separated by a
difference in voltage as high as about 100 mV during a single oscillation (see Fig. 6).
As a consequence, these functional dendritic sectors which are alternatively turned on
and off during a cycle may be a plastic device for selecting synaptic inputs.

One example illustrates well our speculation. Data published recently by (26) on
undetected synapses between granule cells and Purkinje cells suggest that a large fraction
of parallel fiber synapses do not generate electrical responses in the Purkinje cell. Several
hypotheses are proposed to explain this fact, either action potential in parallel fiber
fails to reach distant synapses, or connections have low release probabilities or some
synapses have no functional postsynaptic AMPA receptors. An additional or optional
explanation which is not exclusive can be suggested. The parallel fibers bombarding the
Purkinje dendritic membrane meet some parts of the dendritic field which are, at that
given moment, not effective in transmitting current to the soma. Thus, the synapse is
silent not because of a presynaptic scenario, but because the dendritic branches that are
contacted are functionally disconnected from the soma. The electrical dynamics of the
dendritic field endow the neuron with the ability to select its own inputs according to
the context in which the synapse operates. If one consider that adjacent parallel fibres
(and therefore granule cells) contact adjacent dendritic spines, and that relatively large
individual domains of the dendritic space show the same charge transfer effectiveness,
one may speculate that, because of its dendritic geometry, the Purkinje cell is capable
of selecting one or another bundle of the 200,000 parallel fibres to be efficient.

The selection of afferent inputs by the Purkinje neuron is compatible with the reg-
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ulation of motor learning, particularly of the fine movements. The problem of silent
synapses is reviewed in several recent articles (43; 44; 2; 25) in which pre- and postsy-
naptic mechanisms are discussed often in the context of LTP, cortical plasticity, learning
and memory (52; 55; 49). Additional to the numerous hypothesis suggesting mecha-
nisms that may create silent synapses and lead to their switching to an active state, the
electrical spatial dynamics of the dendritic field may as well be an optional explanation.

The experimental verification of our spatial hypothesis requires complementing the
conventional electrophysiological approach with new tools that provide a full description
of the local transmembrane potential in the dendritic membrane over large regions of
the arborization (17; 57; 69; 13; 47). This can be performed by cellular imaging with
voltage-sensitive dyes acting as a sensor of local electrical field in the membrane. The
predictions of our simulations imply that space and time are necessarily bound together

in a new language to describe the firing patterns of the neuron.
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