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Targeting Aberrant Dendritic Integration to Treat Cognitive Comorbidities of Epilepsy
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Memory deficits are a debilitating symptom of epilepsy, but little is known about mechanisms underlying cognitive deficits.
Here, we describe a Naþ channel-dependent mechanism underlying altered hippocampal dendritic integration, degraded place
coding and deficits in spatial memory. Two-photon glutamate uncaging experiments revealed a marked increase in the fraction
of hippocampal first-order CA1 pyramidal cell dendrites capable of generating dendritic spikes in the kainate model of chronic
epilepsy. Moreover, in epileptic mice dendritic spikes were generated with lower input synchrony, and with a lower threshold.
The Nav1.3/1.1 selective Naþ channel blocker ICA-121431 reversed dendritic hyperexcitability in epileptic mice, while the
Nav1.2/1.6 preferring anticonvulsant S-Lic did not. We used in vivo two-photon imaging to determine if aberrant dendritic
excitability is associated with altered place-related firing of CA1 neurons. We show that ICA-121431 improves degraded
hippocampal spatial representations in epileptic mice. Finally, behavioural experiments show that reversing aberrant dendritic
excitability with ICA-121431 reverses hippocampal memory deficits. Thus, a dendritic channelopathy may underlie cognitive
deficits in epilepsy and targeting it pharmacologically may constitute a new avenue to enhance cognition.

Commentary

In human epileptic patients and animal models of epilepsy

there are numerous cognitive comorbidities associated with

learning and memory.1-3 In rodents, the kainic acid model of

mesial temporal lobe epilepsy produces long-term performance

deficits in navigation and behavioral tasks that depend on spa-

tial memory.4,5 Perhaps the most directly measurable, neuro-

physiological readout of spatial representations in the rodent

brain come in the form of “place cells,” hippocampal neurons

which fire preferentially when the mouse is in a particular

spatial location (e.g., along a track of a maze).6 Notably, place

cell firing is disrupted in epileptic animals, with CA1 place

cells having aberrant phase procession and being significantly

unstable over the course of 1 week.7,8

There is mounting evidence that sharply tuned place cells

emerge as a result of dendritic computation that amplifies syn-

chronous glutamatergic synaptic input.9 This type of dendritic

nonlinear amplification of synchronous input has been shown

to arise, at least in part, from sodium spikes initiating when

dendrites of pyramidal cells cross a voltage threshold.10 As

with many ion channels, sodium channels are significantly

dysregulated in animal models of epilepsy.11

In the highlighted study,12 Masala et al seek to test a

hypothesis that unifies the above observations that aberrant

sodium channel expression in epileptic mice leads to

pathological dendritic spike initiation, which in turn disrupts

place cells and consequently impairs spatial navigation. While

there is support in the literature for each premise of this hypoth-

esis, the authors designed experiments to validate each of these

findings and to test the overarching hypothesis that dendritic

sodium channels are causally linked to spatial navigation def-

icits in epileptic animals. The authors systematically test this

hypothesis using a series of advanced experimental techniques

that characterize differences between control mice and mice

with spontaneous recurrent seizures resulting from intracortical

kainate injection. First, they provide 5 lines of evidence that

CA1 pyramidal cells in hippocampal slices from epileptic ani-

mals have a higher propensity for generating dendritic spikes:

(1) unitary EPSPs induced by photo-uncaging glutamate

quasi-simultaneously at multiple dendritic spines sum with a

higher-than-expected gain and higher probability of supra-

linear summation (dendritic spikes) in first order dendrites of

epileptic animals, (2) dendritic spike threshold is lower in epi-

leptic animals, (3) the slope of rising edge of dendritic spike is

higher in epileptic mice (slow phase of summed EPSP was not

different), (4) in epileptic mice, dendritic spikes were generated

even with decreased synchrony of synaptic input (while control

mouse dendritic spikes dropped off quickly with synchrony),
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and (5) spike generation inactivation was significantly less in

epileptic mice. Next, they demonstrated the role of sodium

channels in aberrant dendritic spiking by showing that altered

dendritic summation of unitary EPSPs in epileptic mice was

normalized by the broad spectrum voltage-gated sodium chan-

nel blocker tetrodotoxin or selective blockade of Nav1.3 and

Nav1.1 with ICA-121431, but not by selective blocker of

Nav1.2 and Nav1.6, S-lic. The effect of ICA-121431 appeared

to be selective for dendritic sodium channels as it had no effect

on somatic action potentials. Finally, in correlating these elec-

trophysiological effects with molecular changes in sodium

channels, they found that Nav1.3 expression was dysregulated

in epileptic animals, as demonstrated by an increase in Scn3a

microRNA (mRNA) and Nav1.3 protein in pyramidal cells and

a decrease in Scn3a mRNA in interneurons.

In attempting to link these dendritic sodium channel defects

to cognitive dysfunction, in vivo experiments probed the spa-

tial navigation deficits in epileptic mice. The primary findings

were that, as previously demonstrated, place fields were signif-

icantly less precise in epileptic mice, but that ICA-121431

restored place field precision to the level of control mice.

Finally, to evaluate whether the effects of ICA-121431 had

behaviorally relevant implications, the authors performed 3

behavioral spatial learning assays. In 2 of the 3 tests epileptic

animals performed poorer. ICA-124131 rescued performance

in the task that required hippocampal-dependent memory con-

solidation but not in the task depending solely on spatial work-

ing memory.

Interestingly, although previous work has shown that

interictal spikes disrupt place cell performance,13 ICA-121431

did not affect interictal spike duration or frequency, suggesting it

acts independently of interictal spikes. In this model of epilepsy,

as with the similar intrahippocampal kainate model, there is a lot

of aberrant nonconvulsive neuronal activity observed: >10 dis-

charges per minute, ranging from 0 to >5 seconds in duration,

none of which were affected by ICA-121431. This detail is

surprising in that frequent synchronous events do not disrupt

spike-coding in a sparsely firing population of pyramidal cells

and in that a voltage-gated sodium channel blocker does not

affect such activity.

The subtlety of the effect of Nav1.3/1.1 blockade, combined

with the gene expression characterization and optical probing

of dendritic excitability, is strong evidence that the highlighted

study is zeroing in on a specific mechanism of epilepsy-related

spatial memory deficits. However, the only evidence demon-

strating that Nav1.3/1.1 sodium channels are causally linked to

the behavioral comorbidities described depends on pharmaco-

logical agents which may have off-target effects. Perhaps

future studies will further test the hypothesized mechanism

using a nonepileptic positive control. For example, does over-

expression of Nav1.3 (e.g., using an AAV vector) lead to sim-

ilar pathophysiology in dendritic spiking and spatial memory?

Specific genetic knockdowns (e.g., with mRNA) may help to

further isolate the role of Nav1.3 versus that of Nav1.1. Such

genetic manipulations enable the dissection of not only specific

sodium channel subtypes that are involved but also in which

cell types they are creating relevant pathology by selectively

overexpressing or knocking down Nav1.3 in pyramidal cells

versus interneurons.

It will be interesting to see how generalizable the findings of

the highlighted study are. For example, it will be important to

test whether ICA-121431 rescues spatial memory deficits

observed in other mouse models of epilepsy such as pilocarpine

or systemic kainate. Beyond the field of epilepsy are well-

established spatial memory deficits in other neurological dis-

eases such as Alzheimer’s disease (AD) and Parkinson’s disease

related to increased propensity for dendritic spiking caused by

dysregulation of Nav1.3 and Nav1.1? A mouse model of AD

shows a shift in the balance of sodium channel subunits,14

although it is unclear whether the findings align with those of

Masala et al, as the transcriptomics and proteomics were con-

fined to Nav1.3 and Nav1.2 in the highlighted study, whereas the

AD study identified dysregulation of Nav1.1 channels. A rat

model of Parkinson’s Disease, which also has spatial memory

deficits, did exhibit comparable overexpression of Nav1.3.15

It is always challenging to connect the actions of a single ion

channel to a behavioral output. However, in the highlighted

work, Masala and colleagues provide broad evidence for such

a link between dysregulation of Nav1.3, aberrant dendritic

spiking, and spatial memory dysfunction. If future studies

reveal this to be a robust and generalizable link, there may be

a relatively straightforward path to a highly specific treatment

for a significant comorbidity of epilepsy and potentially other

neurological conditions.
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