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A general homeostatic principle following
lesion induced dendritic remodeling
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Abstract

Introduction: Neuronal death and subsequent denervation of target areas are hallmarks of many neurological
disorders. Denervated neurons lose part of their dendritic tree, and are considered "atrophic", i.e. pathologically
altered and damaged. The functional consequences of this phenomenon are poorly understood.

Results: Using computational modelling of 3D-reconstructed granule cells we show that denervation-induced
dendritic atrophy also subserves homeostatic functions: By shortening their dendritic tree, granule cells compensate
for the loss of inputs by a precise adjustment of excitability. As a consequence, surviving afferents are able to
activate the cells, thereby allowing information to flow again through the denervated area. In addition, action
potentials backpropagating from the soma to the synapses are enhanced specifically in reorganized portions of the
dendritic arbor, resulting in their increased synaptic plasticity. These two observations generalize to any given
dendritic tree undergoing structural changes.

Conclusions: Structural homeostatic plasticity, i.e. homeostatic dendritic remodeling, is operating in long-term
denervated neurons to achieve functional homeostasis.

Keywords: Electrotonic analysis, Computer simulation, Compartmental modeling, Morphological modeling, Voltage
attenuation, Backpropagating action potential, Homeostatic plasticity, Granule cell
Introduction
Neuronal death is a consequence of a number of neuro-
logical disorders such as brain trauma, ischemia or neuro-
degeneration. However, in contrast to damage to other
organs of the body, brain damage is not limited to the
damaged site but also affects those areas of the brain
which are heavily connected to the site of injury. The tar-
get neurons of the injured dying neurons are denervated
and show a profound reorganization of their denervated
dendritic tree [1, 2]. The mechanisms involved in this
postsynaptic reorganization are not yet fully understood.
Degeneration of axon terminals may directly affect the
postsynaptic target cell by a decrease in afferent drive, loss
of neurotrophic factors, and/or loss of adhesion-molecule
signaling [1, 3, 4]. Activated micro- and astroglial cells
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could contribute by changing the composition of the
extracellular matrix [5], or the secretion of cyto-[6], and
chemokines [7]. Finally, collateral sprouting could contrib-
ute to a partial recovery of the dendritic arbor [2, 8–10].
The phenomenon of denervation-induced dendritic re-

modeling has been studied in some detail using the classical
“entorhinal cortex lesion (ECL) model” [2, 3, 11]. In this
experimental setting entorhinal afferents to dentate granule
cells are lost and granule cells profoundly remodel their
dendritic tree [8, 10, 12–14]. Using morphometric analysis
of Thy1-GFP mice we recently documented these changes
in neuronal arborization in adult mice and showed that en-
torhinal denervation causes a loss of dendrites resulting in
less complex dendritic arbors and a persistent shortening of
the dendritic tree [10] (Fig. 1a). The functional consequence
of this shortening, which typically has been regarded as
“atrophic”, damaging or detrimental to the denervated
neuron, has not been studied [4] and remained elusive.
Earlier studies employing computer simulations of

neurons have shown that dendritic morphology is a crit-
ical determinant of neuronal excitability and firing prop-
erties [15–21]. In particular, the electrotonic extent of
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Fig. 1 Action potential backpropagation and excitability in
compartmental models of denervated granule cell dendrites. a
Representative examples for 3-D reconstructions of control (black)
and denervated (red) GFP-positive granule cells [10]. Dendrograms of
each tree are shown to the right. b Simulated action potential back-
propagation (bAP) is plotted for control (black) and denervated (red)
granule cells (n = 15, each) as a function of depth in the molecular
layer. The border between inner and outer molecular layer is indicated
by a dashed line. The IML/OML layer boundary was obtained from the
reconstructed cell data. c Somatic membrane voltage traces in active
compartmental models of a control (black) and a denervated (red)
granule cell in response to +200 pA somatic current injections. Note an
increase in the number of evoked action potentials in the denervated
granule cell. d Compartmental models of denervated cells displayed
higher firing rates following current injections in the soma. e Somatic
membrane voltage traces in response to stochastic activation of
dendritic synapses at 0.5 Hz in the active compartmental model.
Excitatory synapses were distributed in dendrites of granule cells using
the same synaptic density in both groups. On average 5716 and
3045 synapses were inserted in control and denervated neurons.
f Corresponding firing rates in response to increasing frequency of
stochastic synaptic activation. g Somatic membrane voltage traces
in response to stochastic activation of dendritic synapses at 0.5 Hz
in the passive compartmental model. h Corresponding steady-state
voltages as a function of frequency of stochastic
synaptic activation (same cells as in b)

Platschek et al. Acta Neuropathologica Communications  (2016) 4:19 Page 2 of 11
the dendritic tree appears to have a major impact on neur-
onal firing [19, 22] as well as the spread, integration and
plasticity of synaptic potentials [23–26]. The exceptionally
thin dendrites of granule cells are hard to reach with den-
dritic patch-clamp recordings [27, 28]. We have therefore
used experimentally validated anatomically and biophysi-
cally realistic compartmental models of 3D-reconstructed
healthy and denervated granule cells [10, 29] and have
studied the consequences of deafferentation-induced den-
dritic changes using a comparative electrotonic analysis.
We show in the following that dendritic retraction in
granule cells and, more generally, in all models of den-
dritic trees, boosts backpropagating action potentials
(bAPs) selectively in the denervated dendritic region. This
structural plasticity may serve as a homeostatic mechan-
ism that precisely maintains input-output firing relations.

Results
Backpropagating action potentials (bAPs) in denervated
granule cell dendrites
By combining full 3D-reconstructions [10] with published
values of passive membrane and cytoplasmic parameters
[26], we obtained compartmental models for control
(healthy) deafferented and denervated dentate gyrus granule
cells (see Fig. 1a, Methods). Intuitively, the electrotonic dis-
tances within the smaller denervated cells should be shorter.
Indeed, in the passive compartmental models, the outward
voltage attenuation Lout from the soma toward the dendrites
was strongly reduced in denervated granule cells (Additional
file 1: Figure S1 and Figure S2). This effect was strongest for
high frequency stimulation (40 Hz) and we further quanti-
fied the effect by determining mean attenuation distances
over the somatodendritic extent of the dendritic tree (see
Methods) [30]. We observed significant differences in Lout
(p < 0.0001). Average Lout values were 0.15 ± 0.02 (Control)
and 0.07 ± 0.02 (Denervated) at 40 Hz stimulation fre-
quency. We conclude from this that the dendritic
reorganization after ECL leads to highly significant changes
in the electrotonic architecture of denervated granule cells.
The strong reduction in Lout suggests a higher efficacy

of voltage spread for somatic action potentials in deaffer-
ented neurons relative to control cells. To test this pre-
diction, we simulated backpropagating action potentials
(bAPs) by voltage-clamp of a spike shape in the soma of
a passive compartmental model [26]. Control cells ex-
hibited realistic attenuation of bAPs along the depth of
the molecular layer [28]. In line with the decreased Lout,
the backpropagation efficacy was higher in denervated
than in control granule cells (Fig. 1b). Similar results
were obtained when simulating bAPs in active compart-
mental models [28] (see Methods and Additional file 1:
Figure S3E). Most strikingly, significant increase in max-
imum bAP amplitudes was observed selectively in the
denervated dendritic layer (Fig. 1b), i.e. in the outer
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molecular layer (OML) but not in the inner molecular
layer (IML). To delineate the IML, we have adopted the
OML/IML border which was identified previously in ex-
perimental data as the termination zone of GFP-positive
mossy cell axons [10]. On average, peak bAP values in
the OML increased from -22.7 ± 3.2 mV to -18 ± 3.9 mV
in denervated granule cells as compared to control cells
(p < 0.001). This result suggests that lesion-induced
changes in dendritic morphology facilitate the invasion
of bAPs selectively into the deafferented dendritic region.

Excitability in compartmental models of control and
denervated granule cells
Since synaptic events act like current sources rather than
voltage sources [24], the spread of synaptic potentials
from dendritic locations toward the soma can be pre-
dicted by calculating the transfer impedance using high
frequency sinusoidal current injections (40 Hz). In our
model the transfer impedance revealed significant dif-
ferences between control and denervated granule cells
(p < 0.0001; see also Additional file 1: Figure S2), with
transfer impedance in denervated cells being larger in-
dependently of the distance from the soma. Also the
steady-state input impedance was significantly higher in
denervated neurons as compared to healthy controls
(somatic steady-state input impedance: Control: 349.5 ±
38.8 MΩ vs. Denervated: 591.3 ± 63.2 MΩ; p < 0.0001). As
predicted from the transfer impedance analysis, explicit
simulations of excitatory postsynaptic potential (EPSP)
propagation from distal dendritic sites to the soma
showed increased amplitudes in denervated granule cells
as compared to their control counterparts (p < 0.0001).
The mean of the average somatic EPSP showed a signifi-
cant increase from 1.1 ± 0.1 mV to 1.7 ± 0.2 mV. In con-
trast, the membrane time constant was not significantly
changed (Control: 34 ± 0.6 ms vs. Denervated: 34.3 ± 0.4
ms; p > 0.1).
To predict the consequences of dendritic atrophy for

the granule cell input-output function we added to the
passive model active channels for generating realistic
spiking [31]. As predicted by the higher input resistances
in compartmental models of denervated granule cells,
the somatic f-I curves were shifted, rendering the neu-
rons more excitable (Fig. 1c, d; see also Additional file 1:
Figure S3). The mean output frequencies in somatic f-I
curves (Additional file 1: Figure S3B) were strongly in-
creased in denervated cells as compared to control cells.
However, when we distributed synapses in dendrites at
the same density for compartmental models of both de-
nervated and control cells, we observed similar firing
rates (Fig. 1e, f, see also Additional file 1: Figure S3).
Thus, in synaptic f-I curves, the greater excitability ef-
fectively compensated for the smaller actual number of
synapses in the shorter dendrites. Importantly, such
remarkable homeostatic compensation for the lower
number of synaptic inputs was already present in the
passive model, leading to similar somatic voltage output
in control and denervated cells when all dendritic synap-
ses, distributed again at the same density, were activated
(Fig. 1g, h). Viewed together, these simulations demon-
strate that dendritic remodeling following entorhinal de-
nervation enhances the firing ability of dentate gyrus
granule cells and contributes to a homeostatic regulation
of their synaptically driven output.

Electrotonic consequences of dendritic remodeling in a
morphological model
To better understand the changes in the electrotonic
architecture due to lesion-induced dendritic
reorganization, we generated synthetic dendritic trees of
dentate gyrus granule cells using a morphological model
based on optimal wiring principles [32–34]. After target
points were positioned in space, the algorithm that was
used for the morphological model connected these targets
while minimizing total dendrite length and conduction
times in the tree. In order to generate synthetic dentate
gyrus granule cell morphologies, we positioned target
points in the IML and OML to reproduce real granule cell
reconstructions and connected these to a tree [34] (Con-
trol, Fig. 2a black tree; see Methods). Synthetic denervated
cells were reproduced by removing target points in the
OML (Denervated OML, Fig. 2a red tree) in a manner to
reproduce morphologies of real denervated granule cells
(see Methods and Additional file 1: Figure S5). In addition
to the morphological models that were constrained by real
data, we generated synthetic dendritic trees of granule
cells where the IML targets were lesioned (Denervated
IML, Fig. 2a green tree) carefully reproducing the den-
dritic spread and the overall dendritic length of the corre-
sponding OML denervation but in the proximal region of
the tree (see Methods and Additional file 1: Figure S5).
Next, we tested electrotonic properties and excitability

in synthetic dendrites using the morphological model of
control and denervated granule cells as described above.
The synthetic morphologies produced very similar re-
sults as their real counterparts (Fig. 2). Whereas the
membrane time constant remained similar in all three
groups (Control: 34.3 ± 0.2 ms, Denervated OML: 34.4 ±
0.2 ms, Denervated IML: 31.5 ± 0.1 ms), Lout, backpropa-
gation of action potentials, input resistance, transfer
impedance and EPSP attenuation were altered both in
the OML lesion and in the IML lesion as compared to
the control group (Lout 40 Hz: Control: 0.12 ± 0.01, De-
nervated OML: 0.06 ± 0.01, Denervated IML: 0.18 ±
0.01; input resistance: Control: 347.8 ± 13.8 MΩ, De-
nervated OML: 583.3 ± 25.5 MΩ, Denervated IML:
605.6 ± 33.1 MΩ; transfer impedance 40 Hz: Control:
43.3 ± 2.3 MΩ, Denervated OML: 68.3 ± 3.4 MΩ,



Fig. 2 Action potential backpropagation and excitability in
compartmental models of granule cells with synthetic morphologies.
a Representative synthetic morphologies of control (black) and
denervated granule cells (red – denervation in the distal OML; green –
corresponding to a hypothetical denervation in the proximal IML)
including dendrograms. b-f Action potential backpropagation (bAP),
passive and active input-output responses and example voltage traces
as in Fig. 1b-h
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Denervated IML: 91.8 ± 7 MΩ; somatic EPSP: Control:
1.05 ± 0.05 mV, Denervated OML: 1.64 ± 0.08 mV, De-
nervated IML: 2.17 ± 0.13 mV). In addition, as in real
morphologies, increased excitability of synthetic dener-
vated granule cells (Fig. 2c, d) and higher efficacy of
voltage propagation from dendrites to soma led to a
homeostatic maintenance of synaptically-driven granule
cell firing in active models (Fig. 2e, f ). This was also the
case for synaptically-evoked somatic voltage changes in
the passive case (Fig. 2g, h). Most importantly, as
shown previously in the real morphologies, we observed a
selective increase in the efficacy of bAPs in the deaffer-
ented OML for synthetic neurons (Fig. 2b, compare red
and black traces; average bAP values in the OML:
Control: -21.3 ± 1.5 mV, Denervated OML: -17.3 ± 2.2
mV). Interestingly, the opposite was true for the fabri-
cated IML lesion, where bAPs were selectively en-
hanced in the IML as compared to the OML (Fig. 2b,
green trace; average bAP values in the IML: Control:
17.3 ± 0.8 mV, Denervated IML: 22.3 ± 0.3 mV). These
findings indicate that bAPs are selectively enhanced in
the dendritic region where the inputs were lesioned.

General principle for bAP enhancement
To understand how bAPs are boosted selectively in the
denervated dendrite, we first studied equivalent cable
models replicating the electrotonic structure of all three
morphological model types (Fig. 3a) [18, 35]. Notably,
even the equivalent cable models reproduced the select-
ively reduced voltage attenuation in the denervated area
(Fig. 3a, c). The number of dendritic branch points has
been shown previously to be a good predictor of bAP ef-
ficacy [18]. The higher the number of branch points the
larger the radius of the equivalent cable (see Methods).
To further simplify the analysis, we have constructed a
reduced version of the equivalent cables (Fig. 3b) by
using a simple cylinder with electrotonic distance-
dependent changes in the diameter according to equiva-
lent cable parameters. Interestingly, even such reduced
models of dendrites were able to replicate bAP ampli-
tudes (Fig. 3d) indicating that structural plasticity very
generally underlies compensatory changes in the electro-
tonic architecture upon denervation.
Exploring dendritic reorganization in a variety of mor-

phological models, we found that the phenomenon that
we described for the dentate gyrus granule cell is applic-
able to any synthetic dendritic tree that we generated.
To illustrate this, we demonstrate two conditions: a le-
sion of a single dendritic branch as well as a lesion of a
large dendritic area in a simplified synthetic 2D dendritic
tree grown in a square dendritic field. Figure 3e indicates
using pseudo-colors the difference between the voltage
attenuation (corresponding to action potential backpro-
pagation as seen previously) before and after lesioning a
single dendritic branch. Voltage attenuation was select-
ively reduced in the dendritic area adjacent to the lesion.
Selective bAP enhancement in the denervated area was
also present when removing a large area of the dendritic
tree (Fig. 3f ).

General principle for excitability homeostasis
The homeostatic regulation of excitability can also be
explained using the simple morphological model. We in-
creased the length of synthetic dendrites grown in a
square area by increasing the complexity (Fig. 4a). The
input conductance increased linearly with the length of
dendrite (Fig. 4b). Since the average diameter was the
same in all cases and the input conductance increases



Fig. 4 Morphological models reveal the general electrotonic
principle leading to the homeostatic regulation of excitability.
a Representative simplified morphological models (grey) with
increasing complexity of dendrites. b Change of input conductance
with total dendrite length in the simplified morphological models
(grey line) with linear fit (dashed line). Single values were averaged in
100 μm sized bins. c Resulting somatic membrane potential
deflection when activating all synapses, as a function of total
dendrite length (grey line). An average was performed as in b.
Synapses were distributed 1 per node and nodes were 1 μm apart.
d) Input conductance vs. total dendrite length measurements in
denervated (red) and control black granule cell reconstructions with
linear fit (dashed line). e Corresponding firing rate of the cells when
all dendritic synapses are activated at 0.5 Hz. The output frequency
is plotted versus total dendrite length and summary graph in inset.
The same distribution and number of synapses was used as in
Fig. 1f. f, g Same as d, e but in synthetic cells from Fig. 2. On
average 5634, 3032 and 3085 synapses were inserted in synthetic
control, denervated OML and denervated IML cells, respectively

Fig. 3 Reduced cable models and morphological models to
illustrate the general principle for bAP enhancement. a Profiles
(radius vs. electrotonic length) of equivalent cable models generated
from synthetic cells shown in Fig. 2a (black – control; red – OML
lesion; green – IML lesion). The radius of the unbranched equivalent
cable was calculated from the radius of dendritic segments at a
given electrotonic distance from soma (see Methods). The larger the
number of branches at a given electrotonic length, the larger the
radius of the equivalent cable. b Toy models for all three conditions.
c, d Simulated action potential backpropagation (bAP) is plotted for
the equivalent cables (c, n = 15, each; see a) and toy models (d, n = 1,
each; see b) as a function of their electrotonic length. e Difference in
voltage ratio (%) between lesioned and non-lesioned morphological
model grown in a square dendritic field. The lesioned branch is
indicated with a black dot and grey dendritic structure. Inset shows
magnified region of the dendrite at which the lesion was made.
f Similar to e but a large region was lesioned. The lesion is indicated
with a dashed line and grey dendritic structure
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with membrane surface this is not surprising. Assuming
that the synapse density doesn’t change, this means that
the number of synapses also grows linearly with the
length of dendrite. These two measures cancel each
other to reveal an almost constant somatic membrane
potential deflection when all synapses are stochastically
activated at the same rates (Fig. 4c). For the granule cell
synthetic and reconstructed morphologies used in our
study the linear relation between total dendrite length
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and input conductance was true (Fig. 4d and f), which
led to an excitability of the cells that was independent of
total length (Fig. 4e and g).

Discussion and conclusions
In this study, we used computational models to predict
the effects of dendritic reorganization on the electro-
tonic structure and intrinsic excitability of deafferented
dentate granule cells. In the specific case of the dener-
vated granule cells, our simulations revealed that these
neurons are, as expected, electrotonically more compact
than control granule cells. As a consequence, backpropa-
gating action potential (bAP) attenuation and dendroso-
matic EPSP attenuation were significantly reduced in
their denervated dendrites. Notably, this boost of bAPs
was restricted to the denervated dendritic layers. Since
bAPs that reach back to the synapse are thought to be
involved with strengthening synaptic weights locally, this
result indicates that dendritic remodeling could contrib-
ute to a homeostatic strengthening of surviving synapses
on denervated dendritic segments [29, 36]. Moreover,
simulations of somatic and dendritic f-I curves revealed
an increased excitability of the cells. In conjunction with
the smaller number of synapses this led to a homeostatic
maintenance of firing rates in denervated granule cells.
Thus, the shortening of dendrites helps to restore the
normal firing pattern of granule cells and normalizes in-
formation throughput to the hippocampus.
Using both simplified passive cable models as well as

generalized morphological models [18, 34, 37] we unrav-
eled the general principles that led to these two homeo-
static features of dendritic remodeling. We showed that
the observed effects are emerging properties of alter-
ations in dendritic electrotonic architecture. Our data
imply that denervation-induced structural adaptations of
neurons counteract the loss of synaptic inputs due to
denervation and thus contribute to neuronal homeosta-
sis. In contrast to the current view, which regards
denervation-induced dendritic retraction as detrimental
for a neuron, we here propose that this form of den-
dritic remodeling returns a denervated neuron to its
functional state and may, in fact, be restorative.

Computational models reveal a selective boost of bAPs
following dendritic atrophy and retraction
A large number of predictions from passive electrotonic
analyses [38–40] have revealed general principles of den-
dritic computation that were consequently also shown
to be true in experiments [41, 42] or complex active
computational models [43–45]. Using simplified branched
morphological models and the resulting derived compart-
mental models, we showed that dendritic retraction in
passive dendrites leads to a selective boost of bAPs specif-
ically in the retracted dendritic region. This is in line with
a previous study that proposed the number of branch
points as a predictor of bAP efficacy [18] since reducing
the number of dendritic branches decreases the number
of branch points [46]. Because of its general applicability,
we would like to claim that the principle that we describe
in this manuscript will apply under a wide variety of bio-
logically relevant settings in adult animals.
First, we have tested this in the case of the dentate

gyrus granule cell. Retracting distal dendrites as a conse-
quence of entorhinal cortex lesion intuitively impinges
on (1) the attenuation of electrical signals because of the
shorter dendrites and (2) the excitability of the cells be-
cause of the higher input resistance. We showed that
voltage attenuation in both directions (Lin and Lout) was
decreased upon denervation independently of the fre-
quency. Interestingly however, fast events were facili-
tated most strongly in the somatofugal direction
favoring action potential backpropagation vs. EPSP for-
ward propagation. The preexisting asymmetric attenu-
ation (Lin > Lout) due to open-end versus sealed-end
boundary conditions for Lin versus Lout [30, 37, 47–49]
was thereby counterbalanced after dendritic retraction.
In line with the diminished Lout, explicit simulations
confirmed the predicted boost of bAPs in dendrites of
denervated granule cells. bAPs being a major factor
affecting spike-timing dependent long-term synaptic
changes [50–53], such synaptic changes would be en-
hanced specifically where branches have retracted, i.e. at
100–200 μm depth in the molecular layer in the case of
the denervated granule cell. The predictions of our
model should be tested directly using electrophysio-
logical recordings [28] or calcium/voltage imaging in the
dendrites of granule cells. Importantly, the increase in
bAPs exclusively in denervated dendritic segments of
granule cells could result in the strengthening of surviv-
ing excitatory synapses. Such a mechanism could con-
tribute and/or maintain the observed layer-specific
homeostatic strengthening of surviving synapses after
denervation which we described recently [29, 36]. Fur-
thermore, enhanced bAPs are likely to increase the plas-
ticity of denervated dendritic segments and could thus
facilitate the stabilization of new synapses and the rewir-
ing of the denervated segments. All of these effects
would counteract the denervation effects and thus ap-
pear to be homeostatic in nature.
Second, using a general morphological model, we were

able to show that the spatially selective enhancement of
action potential backpropagation is not only present in
the specific case of denervated granule cells but, remark-
ably, in any dendritic morphology. The retraction of a
single dendritic branch or a large dendritic region will lead
to a tightly focused reduction in the attenuation of bAPs in
the targeted area. This mechanism will enable any dendritic
tree which undergoes structural remodeling including



Platschek et al. Acta Neuropathologica Communications  (2016) 4:19 Page 7 of 11
extension or shortening of its distal branches to adjust
local synaptic plasticity specifically in the remodeled den-
dritic subcompartments.

Precise adjustment of excitability associated with dendritic
retraction/atrophy counteracts the effects of denervation
We wondered how functional changes associated with
the loss of distal dendritic segments will affect the de-
nervated neurons. Again, we looked first at the specific
case of the dentate granule cells, which have been thor-
oughly investigated following denervation. After denerv-
ation the firing rate of these cells decreases and then
recovers to control levels by one week post lesion [54].
This indicates that structural and functional changes
occur after denervation which restore the excitatory
drive of these neurons and thus information throughput
via the dentate. Sprouting of surviving fibers and com-
pensatory synaptic scaling were discussed as the major
mechanisms contributing to this early restoration of
neuronal firing [36, 55]. Our data suggest that, in the
next weeks following the denervation, dendritic atrophy
could also play an important role in this context by
maintaining the firing rates after synaptic scaling has de-
clined. We noted that dendritic atrophy will result in an
increased granule cell excitability because of enhanced
passive dendrosomatic signal propagation and larger in-
put resistance to somatic and dendritic current injec-
tions [20, 22, 56]. This increase in excitability does not,
however, result in hippocampal seizures, since the in-
creased excitability of these cells goes hand in hand with
a reduced excitatory input. To understand the net effect
of this increased excitability we reproduced the circuit
input onto denervated granule cells after ECL. Since
spine densities of denervated dendritic segments return
to normal within the first weeks post-lesion [8, 10, 12]
we modeled a similar density of inputs as in control cells
[10]. This resulted in a decrease in the absolute number
of synapses. Remarkably, the increase in excitability of
granule cells after lesion compensated exactly for the
resulting smaller number of excitatory synapses, suggest-
ing that these structural changes of the granule cell den-
dritic tree return granule cell excitability to a
physiological working level. In other words, by remodel-
ing the size of its dendritic tree a denervated neuron can
exquisitely calibrate its excitability and adapt it to the
available afferent input. Such a mechanism counteracts
the denervation effects and appears to be a homeostatic
mechanism by which neurons regulate their activity
under injury conditions. Similarly to the bAP enhance-
ment, using a general morphological model, we have
shown that this homeostatic mechanism is not only
present in granule cells but represents a fundamental
feature of all dendritic trees which undergo lengthening
or shortening of their branches while keeping synaptic
density constant. A change in input conductance gets
canceled out by a change in the number of synapses
leading to firing rate independent of the length of
dendrites.

Dendritic atrophy–good or bad for a denervated neuron?
The biological phenomenon of denervation-induced
plasticity has been receiving more and more attention
[55, 57–60]. It is now well-recognized that the structural
reorganization of neurons can contribute to disease
pathogenesis [61, 62] as well as to functional regener-
ation following a partial injury [63, 64]. Dendritic retrac-
tion and remodeling are widely seen in neurological
diseases and are usually considered signs of pathology
and malfunction. In fact, some authors have even linked
progressive impairment of dendrite maintenance to cog-
nitive defects [65]. Although we do not dispute that den-
dritic atrophy is a sign of an abnormal condition, we
would like to point out that the long-term functional
consequences of limited dendritic atrophy are in part
homeostatic and could thus help a neuron to maintain
the function of its remaining synapses. Too much den-
dritic atrophy, however, may exceed the ability of the
system to compensate [62]. This ability to compensate
may also depend on the age of the neuron, since imma-
ture neurons are considerably more and aged neurons
are considerably less plastic than the adult neurons on
which our study is based [66–68]. Thus, limited den-
dritic atrophy may be good for the remaining functional
activity of a denervated neuron in the network while it
may be detrimental to a neuron, or even lethal, if it ex-
ceeds a certain neuron or age-specific threshold.

Methods
Morphology of reconstructed granule cells
We used detailed 3D reconstructions [10] obtained from
high resolution confocal images of GFP-labeled control
(n = 15) and and long-term denervated (n = 15; 90 days
after entorhinal cortex lesion) dentate granule cells in
sections of Thy1-GFP transgenic mice. Of note, using
age-matched controls, the previous experimental study
excluded that dendritic retraction may have been in-
duced by aging instead of denervation [10]. The recon-
structed neurons were imported into Matlab
(Mathworks, Natick, MA) using the TREES toolbox soft-
ware package [34, 69] (www.treestoolbox.org). The recon-
structions were used to directly generate synthetic granule
cell morphologies for compartmental modeling (see below).
To correct diameter overestimation due to the fluorescence
halo in confocal images, a quadratic diameter taper [32] was
mapped onto all dendritic tree structures (function “quad-
diameter_tree” in the TREES toolbox, see Additional file 1:
Figure S4). The tapering was not required for firing rate
homeostasis. Reconstruction data from biocytin labeled

http://www.treestoolbox.org
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granule cells [26] were used to constrain the quadratic equa-
tion parameters. Additionally, proximal dendrites with a
path length smaller than 110 μm were adjusted to match
the diameter of the reconstructed granule cells. An axon
from Ref. [26] was attached to all morphologies. The digi-
tized morphologies were then exported to NEURON.

Electrotonic analysis
Electrotonic analyses were carried out with the NEURON
simulation program [70]. Passive properties were taken
from Schmidt-Hieber et al. [26]: Ra (specific axial resist-
ance) = 194 Ωcm; Rm (specific membrane resistance) = 38
kΩcm2; Cm (specific membrane capacitance) = 1.01
μFcm−2. Spines were implicitly modeled by scaling Rm

and Cm of dendrites to include the spine membrane
surface area [31]. Implementing these passive parame-
ters in our reconstructed morphologies reproduced ex-
perimental values for membrane time constant and
input resistance taken from electrophysiological record-
ings in typical control granule cells [26]. The passive
parameters were kept identical in both control and de-
nervated cells to isolate the unique effects of morpho-
logical changes [30]. Membrane time constant was
unaltered in denervated cells but input resistance was
higher in denervated cells (see Results). Electrotonic
lengths (Lin, Lout) were computed by determining the
natural logarithm of the somatopetal and somatofugal
voltage attenuation, respectively [30]. Somatofugal (Lout)
and somatopetal (Lin) attenuation were defined by the fol-

lowing function: Lin Xð Þ ¼
Xn

i
In Vremote Xð Þi=Vsoma Xð Þi

� �
n

and Lout Xð Þ ¼
Xn

i
In V soma Xð Þi=Vremote Xð Þi

� �
n , where i

runs through all n segments of the dendritic tree at a cer-
tain somatodendritic depth X. The voltage clamp was
inserted either in the soma (Lout) or in the corresponding
segments (Lin).

Simulations of backpropagating action potentials (bAPs)
Passive propagation was simulated as in Refs [18, 30]: a
somatic action potential waveform acquired from an ac-
tive model [71] was injected as a voltage-clamp com-
mand at the soma. This was done to isolate action
potential propagation from action potential initiation
and thus to make sure backpropagation starts from the
same initial conditions in each morphology [18]. To
study bAPs in the active model, we used a previously
published model of a hippocampal dentate gyrus granule
cell with biophysical properties tuned to reproduce den-
dritic recordings of bAPs [28]. Action potentials were
initiated by supra-threshold somatic current injection.
Similar to the electrotonic analysis, the backpropagation
efficacy was quantified by computing the average max-
imum bAP amplitude across all branches at a given
somatodendritic depth: V Xð Þ ¼
Xn

i
V Xð Þi
n , where i runs

through all n segments of the dendritic tree at a certain
somatodendritic depth X.

Calculation of transfer impedance and simulations of
excitatory postsynaptic potential (EPSP) attenuation
Transfer impedance, the ratio of remote voltage change
and local current injection, was computed for each seg-
ment of all dendritic trees using the impedance tools
built into NEURON. These measures included the som-
atic input resistance where steady state current injection
and voltage recording coincide at the soma. Excitatory
postsynaptic potentials (EPSPs) were simulated using a
bi-exponential synaptic conductance (rise time = 0.2 ms,
decay time = 2.5 ms, reversal potential = 0 mV, peak con-
ductance = 1 nS); values from Ref. [26]. Dendrosomatic
attenuation of EPSPs was determined by measuring
somatic voltage changes in response to excitatory post-
synaptic events evoked at all locations of the dendritic

tree EPSP Xð Þ ¼
Xn

i
EPSP Xð Þi

n• EPSPmax
, where i runs through all

n segments of the dendritic tree at a certain somatoden-
dritic depth X.

Simulations of somatic and synaptic input-output
responses
To determine synaptic input-output relationships, pas-
sive parameters were obtained from published data by
Schmidt-Hieber et al. [26]. For active simulations we
employed two active models of hippocampal dentate
gyrus granule cells with realistic biophysical properties
previously published by Aradi and Holmes (AH-model)
[71–73] and by Schmidt-Hieber et al. (SH-model) [31].
Simulation files were downloaded from the ModelDB
database [74] at http://senselab.med.yale.edu/modeldb/.
Passive properties were taken from Schmidt-Hieber
et al. [26] to generate a passive structure for the inser-
tion of the various active channels. AH-model granule
cells comprised five distinct sections with different dens-
ities of nine voltage-activated channels: soma, granule
cell layer dendritic section, proximal, middle, and distal
dendritic section. In the other active model, voltage-
dependent Na+ and K+ channels were inserted into
both soma and dendrites. Various f-I relationships are
shown in Additional file 1: Figure S3. In order to
most accurately estimate the input-output response in
denervated granule cells we designed a realistic synap-
tic input scenario. ECL spine density recovers within
2 weeks after denervation [10], we therefore inserted
synapses with the same density (3 ± 0.2 synapses/μm)
throughout the whole dendritic tree. The spatial distri-
bution of synapses was homogenous. Synaptic inputs
were simulated as conductances with bi-exponential

http://senselab.med.yale.edu/modeldb/
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time course with rising and decay time constants of
0.2 and 2.5 ms respectively and with a maximum value of
0.5 nS. Individual synapses were activated by independent
(asynchronous) presynaptic spikes. Presynaptic stimula-
tion followed a Poisson distribution [75].

Statistical analysis
Data are presented as mean ± standard deviation. Statis-
tical comparisons were made using the Wilcoxon–
Mann–Whitney test or Kruskal–Wallis test followed by
Dunn’s multiple comparison test. A two-tailed p value
lower than 0.05 was considered to be significant. Only
the layers containing dendrites of all control and dener-
vated cells (n = 15 each) were used for the statistical ana-
lysis of distance-dependent properties. Therefore, the first
180 μm of the somatodendritic depth of reconstructed
trees were used to quantify Lout, bAPs, transfer impedance
and EPSPs in control and denervated granule cells.

Morphological models
Synthetic control and denervated granule cell dendrite
morphologies were generated connecting targets using a
minimum spanning tree algorithm based on wiring
optimization principles as described previously [32, 34].
Three different groups each consisting of 15 artificial gran-
ule cells were constructed: (1) control granule cells, (2) de-
nervated granule cells which lost their afferent axons in the
OML (denervated OML) and (3) hypothetical, denervated
granule cells, which lost their afferent axons in the IML
(denervated IML). The original control and denervated cell
reconstructions were centered on the soma location, ro-
tated and scaled to obtain dendritic fields [34]. Cone shaped
dendrite spanning fields for each cell group were defined
approximating the dendritic fields and subdivided into vol-
umes with a height of 20 μm. The density profile of topo-
logical points (branch and termination points) was
obtained from reconstructed dendrites and used to provide
target points for the minimum spanning tree algorithm.
Target points were randomly distributed within the previ-
ously described volumes of the dendrite spanning fields and
connected to dendritic structures satisfying two wiring
costs: (1) the total amount of wiring should be minimal and
(2) the path length from any target point to the soma
should be minimal. These two constraints were applied
using a balancing factor of 0.98, which weighted the second
cost against the first cost. One out of 150 synthetic cells
was selected that matched the statistical data best. This re-
sulted in highly realistic values for the number of Sholl-
like intersections (Additional file 1: Figure S5A) and the
distribution of topological points (Additional file 1:
Figure S5B) in the synthetic cells. An axon from a re-
constructed granule cell and a realistic soma matching
the average length and surface of the somata from re-
constructed control and denervated granule cells
respectively were added. The IML/OML layer boundary
was transferred from the reconstructed cell data. The
synthetic cells were refined using a set of functions
from the TREES toolbox: resample_tree (distance = 2
μm), smooth_tree (pwchild = 0.5, p = 0.8, n = 10), jit-
ter_tree: parameters were chosen to fit the total den-
dritic length in each dendritic layer (Additional file 1:
Figure S5C), quaddiameter_tree (slope = 0.016, offset =
0.65) where proximal dendrites with a path length smaller
than 110 μm were adjusted to match the diameter of the
reconstructed granule cells. The same active and passive
properties were used as in reconstructed cells. To obtain
synthetic denervated IML granule cells, a similar approach
was pursued. Topology points from reconstructed, dener-
vated OML granule cells were shifted distally by 80 μm,
then translated into target points and distributed in the
previously described cone shaped dendrite spanning field
of artificial, control granule cells. The remaining steps cor-
respond to the generating of synthetic OML denervated
granule cells. A set of simplified morphological models
were generated by connecting 1 to 1000 targets in a 200 x
200 μm square area with a balancing factor of 0.5 (Fig. 3e,
f and Fig. 4a-c). Diameter values were mapped using the
quaddiameter_tree function of the TREES toolbox, with a
slope of 0.1 and a terminal diameter of 0.5 μm. Passive
electrotonic simulations were performed with specific
membrane resistance of 20,000 kΩ cm2 and axial resist-
ance of 200 Ωcm.

Equivalent cable models
Equivalent cable models were generated using the
TREES toolbox. The radius of the equivalent cables was

determined as req Xð Þ ¼
X

i
r Xð Þ32i

� �
2
3 , where i is an

index of each segment in the synthetic dendritic tree lo-
cated at an electronic distance X from the soma [18].

Simplified cylinder models
In order to understand the lesion-induced electrotonic
changes at the level of cable models we generated simplified
cylinder models for control and denervated granule cells. A
control case cylinder model consisted of a 10 μm long cylin-
der of 5 μm radius appended with a 490 μm long cylinder of
1 μm radius. We generated an OML lesion cylinder model
by shortening the control model to half of its length and
by reducing the proximal radius to 0.83 μm. We gener-
ated an IML lesion cylinder model by reducing the ra-
dius of the control cylinder to half of its initial value
between 20 % and 30 % of its length. Passive properties
were taken from Schmidt-Hieber et al. 2007 [26].

Additional file

Additional file 1: Supplementary Material. (PDF 580 kb)
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