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Abstract
Neuronal excitability can be modulated by release of intracellular calcium but the impact of
calcium store depletion on intrinsic neuronal properties is unknown. In this issue of Neuron,
Narayanan et al. describe an intrinsic plasticity that is depletion-induced, regionally restricted and
may protect neurons from pathological alterations in calcium signaling.

The view that intracellular calcium stores are passive reservoirs is a thing of the past. In the
past few years, with the discovery of the molecular components responsible for refilling the
stores, including the TRP family of channels (Ambudkar et al., 2007) and the Stim/Orai
complex (Cahalan, 2009), the depletion of the calcium store in the endoplasmic reticulum
(ER) has taken on new significance. As more members of the calcium signaling toolkit have
been identified, additional functions have been assigned to specific cellular pathways (Choe
and Ehrlich, 2006; Mikoshiba, 2007; Rizzuto and Pozzan, 2006). Along with the functional
assignments is the understanding that modulation of the physiological signaling underlies
these processes and, when disrupted, leads to pathological situations and chronic diseases.

Much of our knowledge of ER calcium storage and depletion has been obtained from studies
using non-excitable cells. Although neurons have been more difficult to study, in this issue
of Neuron, Narayanan, Dougherty and Johnston elegantly examine the aftermath of ER
calcium store depletion on hippocampal neurons. They found that ER calcium store
depletion in CA1 pyramidal neurons of the hippocampus leads to an increase in functional h
channels in the plasma membrane. The enhanced h current depended upon calcium release
through inositol 1,4,5 trisphosphate receptors (InsP3Rs), calcium entry through store
operated channels (SOCs), and activation of protein kinase A (PKA). Increased h channel
activity resulted in a persistent, perisomatic reduction in intrinsic neuronal excitability,
which was accompanied by an increase in the optimal response frequency of the neuron. The
authors suggest that this form of depletion-induced intrinsic plasticity could have a
neuroprotective role in situations of pathological alterations of calcium signaling.

Remarkably, despite the global inhibition of the sarcoplasmic/endoplasmic reticular calcium
ATPase (SERCA), changes in the electrical responses of the neurons were predominantly
confined to the soma. What is the basis for the regional difference observed in the response
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to calcium store depletion? The authors suggest that this can be accomplished in numerous
ways. One simple explanation could be that calcium release only occurs in a limited region.
This strategy would be especially useful in neurons and in polarized epithelial cells where
large distances exist between subcellular regions and where extracellular stimuli are released
locally. In the experiments described by Narayanan et al. (2010), the combination of bath
application of the SERCA inhibitors and the uniform distribution of SERCA in hippocampal
neurons (Jacob et al., 2005) supports the assumption that the ER is unloaded everywhere.
That there is a similar, albeit more attenuated, response along the dendrite of the CA1
neuron provides additional support for the idea that the calcium stores are depleted in the
dendrites as well as the soma.

An alternative explanation is that components of the calcium signaling tool kit can be
distributed in a cellular and regionally specific manner, and that the observed specificity is
provided by cooperative action or regulation of these components. The differences in
distribution of calcium signaling molecules across cell types are not subtle and can have
profound influences on function. An excellent example is in the distribution of the channels
responsible for the unloading of the ER stores: striated muscles contain predominantly
ryanodine receptors (RyR), whereas neurons contain predominantly InsP3R (Berridge et al.,
2003; Rizzuto and Pozzan, 2006). The high expression of RyR and use of the T-tubule
network provides a rapid and explosive increase in calcium throughout the cell that is
necessary for muscle contraction. In contrast, the delay inherent in the biochemical cascade
needed to produce InsP3 provides layers of control consistent with the processing and
regulation of neuronal functions. Within a cell there also are clear subcellular specialties in
ER channel location. The InsP3R can be juxtaposed to the plasma membrane for rapid
responses to agonist stimulation, or it can be deeper in the cell for more delayed calcium
signals (Delmas et al., 2002). The interactions between the plasma and ER membrane can be
regulated by scaffolding proteins such as Homer which form subdomains by linking the
InsP3R of the ER to metabotropic glutamate receptors of the plasma membrane (Xiao et al.,
2000).

For the InsP3R, an additional aspect of its specialization is that the distribution of its
isoforms is often found restricted to specific subcellular regions. Although these isoforms
are highly homologous, they have distinct functional properties (Tu et al., 2005). The
InsP3R type 3 is often exclusively expressed in the soma of neurons (Johenning et al.,
2002). Among the isoforms, InsP3R type 3 has the lowest affinity for InsP3, and thus serves
to respond to high levels of InsP3 resulting from intense stimulation. On the other hand, the
InsP3R type 2, although not expressed in many neurons, is often found on the nuclear
membrane where its location and high InsP3 affinity make it suitable for regulating calcium-
dependent nuclear events (Leite et al., 2003). The InsP3R type I, the isoform most
commonly found in neurons, is expressed throughout the cell and its exquisite sensitivity to
inhibition by calcium enhances its role in calcium oscillations (Johenning et al., 2002). It is
the combination of functional distinctions such as these along with restricted regional
distribution that become crucial in understanding functional responses to unloading calcium
stores.

The experiments by Narayanan et al. (2010) strongly suggest that distribution of calcium
release channels within a cell alone cannot fully explain the regional responses to changes in
cytoplasmic calcium. Regionally-specific regulation may be due to non-uniform distribution
of accessory proteins that regulate calcium signaling. One particularly relevant example of
such regulation is the interaction of the InsP3R type I with chromogranin B (CGB). CGB is
expressed in the ER of hippocampal cells and, when bound to the luminal side of the
InsP3R, significantly increases its open probability (Choe et al., 2004). Notably, CGB is
expressed in the soma and proximal dendrite of pyramidal cells of the hippocampus (Jacob
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et al., 2005). Regions with high CGB correlate with the location for calcium signal initiation
sites (Jacob et al., 2005), and interestingly, there appears to be a reciprocal relationship
between the expression of CGB and the InsP3R in the hippocampus in CA1 and CA3
(Nicolay et al., 2007). The high expression of CGB might be important for compensating for
low InsP3R expression, yet another mechanism for regionally-specific modulation of
calcium levels

Thus, regionally specific functions in neurons can be modulated by non-uniform distribution
of components of the calcium signaling tool kit within a cell. These components may be
expressed in a compartment of the cell, may be clustered, may have regionally localized
binding partners, or may be enzymatically modified. This list of the different types of
regionally-specific regulation is far from being exhaustive. In the case of Narayanan et al.
(2010), the increase in the h current quite possibly is the result of silent h channels that
become functional after modification that changes their gating properties. In this case, the
activation of PKA, rather than de novo protein synthesis, could be the event that provided
the extra boost. Such a mechanism would be consistent with previous work demonstrating
that many kinases, pumps, and calcium buffers are evenly expressed throughout neurons
(eg., (Jacob et al., 2005)), but show specificity due to their activation by other regionally–
specific processes. Activation of signaling subdomains can provide regional specificity and
explain the observed functional differences in plasticity between somatic and dendritic
regions.

In summary, the results of Naranyanan et al. (2010) reveal a new form of plasticity that may
play a key role in neuroprotective responses to dysregulation of calcium signaling in
pathological states. Beyond this, these findings underscore the complexities of calcium
signaling within a cell and the numerous processes that contribute to fine-tuning its
spatiotemporal properties. Future work will define the precise mechanisms and the regional
specificity underlying the regulation of h channel activity and explore the relevance of
depletion-induced intrinsic plasticity to neuroprotection.
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Figure 1.
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