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The corticothalamic network is responsi-
ble for producing many forms of neural
oscillations, such as sleep spindles and the
slow-wave (�1 Hz) rhythm (Crunelli et
al., 2006). The rhythm-generating prop-
erties of this circuit depend on reciprocal
excitatory connectivity between the cor-
tex and thalamus, as well as intrathalamic
circuitry and the intrinsic properties of
thalamic neurons (Huguenard and Mc-
Cormick, 2007; Fig. 1A). Thalamic relay
neurons project both to the cortex and to
the reticular thalamic nucleus, which pro-
vides inhibitory feedback to the thalamic
relay cells. Due to their high expression of
T-type calcium channels, which are de-
inactivated at hyperpolarized membrane
potentials, both thalamic relay and reticu-
lar neurons fire rebound bursts following
release from sustained hyperpolarization;
this can establish an oscillatory cycle be-
tween bursting thalamic relay cells and in-
hibitory reticular neurons (Huguenard
and McCormick, 2007).

Oscillatory activity in thalamocortical
circuits has important physiological func-
tions, but dysfunction of the circuit can
produce pathological oscillations in the
form of spike-wave discharges (SWDs;
Huguenard and McCormick, 2007), the

characteristic electrographic signature of
absence epilepsy (Commission on Classi-
fication and Terminology of the Interna-
tional League Against Epilepsy, 1989). In
absence seizures, stereotyped 3– 4.5 Hz
(5– 8 Hz in rodent models) SWDs are
broadly generalized throughout the cor-
tex, indicating abnormal global synchro-
nous activity (Tenney and Glauser, 2013;
Maheshwari and Noebels, 2014).

The majority of genetic mutations as-
sociated with SWDs affect ion channel
function (Maheshwari and Noebels,
2014), indicating that alterations in these
channels likely contribute to the produc-
tion of pathological thalamocortical activ-
ity. Of particular interest are mutations in
P/Q-type voltage-gated calcium channels,
which mediate neurotransmitter release
(Neher and Sakaba, 2008). In mice, com-
plete or partial loss of function of these
channels produces a spike-wave epilepsy
phenotype, likely due to an accompanying
increase in thalamic T-type calcium cur-
rents that renders the thalamus hyperex-
citable (for review, see Zamponi et al.,
2010). Because global knock-outs affect
multiple nodes of the corticothalamic net-
work, as well as remote regions, previous
genetic models have been unable to deter-
mine the mechanism underlying this up-
regulation of thalamic T-type currents.
Past experimental and theoretical work
indicates that neurons may homeostati-
cally regulate their intrinsic ionic conduc-
tances in an attempt to maintain network
activity and function (Golowasch et al.,
1999; O’Leary et al., 2014). Thus, in global

knock-outs, it is unclear whether com-
pensatory changes in thalamic T-type cur-
rents are driven by the loss of P/Q currents
in thalamic neurons themselves, or by ab-
errant synaptic transmission from cortical
neurons lacking P/Q currents.

In a study published in The Journal of
Neuroscience, Bomben et al. (2016) inves-
tigated the effects of altered P/Q chan-
nels on corticothalamic dynamics using
Cacna1a Ntsr(�/�) mice. These mutant
mice have a selective deletion of the P/Q
channel � subunit gene Cacna1a in corti-
cal layer VI pyramidal neurons, which
project to thalamic relay and reticular cells
(Bomben et al., 2016, their Fig. 1). Be-
cause this mutation is a cortical cell-
specific deletion, Bomben et al. (2016)
avoid the confounds of a global knock-out
and can determine whether loss of P/Q
currents in cortical neurons is sufficient to
alter T-type currents in thalamic neurons.

First, to investigate the impact of this
mutation on the generation of spike-wave
epilepsy, Bomben et al. (2016) performed
electroencephalogram experiments on
wild-type and mutant Cacna1a Ntsr(�/�)

mice. Cacna1a Ntsr(�/�) mice displayed
frequent SWDs (Bomben et al., 2016,
their Fig. 5). To further characterize
this phenotype, the authors examined
whether Cacna1a Ntsr(�/�) mice were sen-
sitive to ethosuximide, a T-type calcium
channel blocker (Chen et al., 2014). As in
tottering mice, which have a global partial
loss of P/Q currents (Fletcher et al., 1996),
and other spike-wave epilepsy mouse
models (Chen et al., 2014), ethosuxi-
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mide rapidly suppressed SWDs in
Cacna1a Ntsr(�/�) mice. These results sug-
gest that mice lacking P/Q-type calcium
channels in layer VI cortical neurons still
exhibit T-type calcium currents sensitive
to ethosuximide, and a reduction of
T-type currents is sufficient to suppress
spike-wave epilepsy. Future studies will be
needed to determine whether the loss of
T-type currents in thalamic relay cells
rescues the epileptic phenotype in
Cacna1a Ntsr(�/�) mice, as is the case in
other spike-wave epilepsy models includ-
ing tottering (Song et al., 2004).

Previous studies (Jun et al., 1999; Saito
et al., 2009; Noebels, 2012) have shown
that genomic mutations of Cacna1a cause
partial or complete ataxia, but whether
this effect involved corticothalamic pro-
jections was unknown. To assess whether
the knock-out of P/Q-type calcium chan-
nels in layer VI cortical neurons produces
abnormal motor control, Bomben et al.
(2016) assayed balance, agility, and gait in
wild-type and Cacna1a Ntsr(�/�) mice. In-
terestingly, only a small, yet significant,
difference in motor coordination deficit
was observed in Cacna1a Ntsr(�/�) using
the ledge test (Bomben et al., 2016, their
Fig. 9). The authors could not visually de-
tect impaired motor behaviors in
Cacna1a Ntsr(�/�) mice, indicating that the
ataxia seen in other mouse models is pro-
duced by circuits outside the corticotha-
lamic pathway, such as those involving the
cerebellum (Mark et al., 2011).

Having examined the behavioral and ep-
ileptic phenotypes of Cacna1a Ntsr(�/�)

mice, Bomben et al. (2016) next character-
ized changes at the corticothalamic relay
synapse using whole-cell patch-clamp of
thalamic relay neurons while electrically
stimulating corticothalamic white-matter
tracts in acute slices. Synapses lacking P/Q
channels showed no difference in paired-
pulse facilitation, a standard way of estimat-
ing neurotransmitter release probability
(Branco and Staras, 2009). The authors then
used an N-type calcium channel toxin to
show that N-type channels played a robustly
increased role in mediating neurotransmit-
ter release at synapses lacking P/Q channels
(Bomben et al., 2016, their Fig. 3). Because
P/Q-type and N-type calcium channels are
the principal channel types responsible for
neurotransmitter release (Zamponi et al.,
2010; Maheshwari and Noebels, 2014), this
result suggests that N-type calcium channel
activity is upregulated to compensate for a
P/Q-type channel deletion.

Strikingly, the authors showed that,
just as in the global P/Q channel knock-
down tottering (Zhang et al., 2002), the

targeted presynaptic cortical deletion in
Cacna1a Ntsr(�/�) mice changed electro-
physiological properties in postsynaptic
thalamic neurons. Using whole-cell
patch-clamp of thalamic relay or reticular
thalamic neurons, the authors used a hy-
perpolarizing current pulse to activate
T-type channels in these postsynaptic
cells. Cacna1a Ntsr(�/�) mice exhibited in-
creased T-type currents in both types of
thalamic cells (Bomben et al., 2016, their
Figs. 5, 6; Fig. 1B). Cacna1a Ntsr(�/�) retic-
ular thalamic neurons also showed an in-
crease in the number of rebound burst
action potentials following the hyperpo-
larizing pulse.

Because these increases in T-type
channel currents were not mediated by an
increase in T-type channel mRNA expres-
sion (Bomben et al., 2016, their Fig. 8), the
authors speculated that T-type channels
may be differentially post-translationally
modified in Cacna1a Ntsr(�/�) mice. Post-
translational modifications would allow
for changes in ion channel conductance,
kinetics, or surface expression without
changes in overall mRNA or protein lev-
els. Previous studies indicate that post-
translational modifications can indeed
modify ion channel properties; for exam-
ple, phosphorylation of voltage-gated
sodium channels by PKA or PKC can re-
duce peak sodium current in rat hip-
pocampal neurons (Numann et al., 1991;
Schulz et al., 2008), and phosphorylation
of voltage-gated sodium channels by PKA
in rat dorsal root ganglion neurons can
increase peak sodium currents while also
increasing channel activation and inacti-

vation rates (Gold et al., 1998; Schulz et
al., 2008). Furthermore, phosphorylation
of voltage-gated potassium channels
(Yang et al., 2007) and ubiquitination of
AMPA receptors (Huo et al., 2015) can
regulate surface expression of these ion
channels. To expand on the Bomben et al.
(2016) study, one could use a surface bi-
otinylation experiment to determine
whether an increase in surface expression
of thalamic T-type channels is responsible
for the increased T-type channel currents
in Cacna1a Ntsr(�/�) mice.

How can a presynaptic P/Q channel
deletion lead to a postsynaptic change in
T-type calcium currents? Although the
authors speculate that P/Q channel dele-
tion may cause a change in neurotrans-
mitter release that can then mediate
transsynaptic effects, the current paper
does not fully test this possibility. Paired-
pulse facilitation at the corticothalamic
relay synapse was unchanged in knock-
out animals (Bomben et al., 2016, their
Fig. 3), suggesting that release probability
is grossly unchanged in knock-out
synapses. Further work is needed to
determine whether other aspects of neu-
rotransmitter release are affected in
Cacna1a Ntsr(�/�) mice. For example, one
could examine whether P/Q channel dele-
tion affects the readily releasable pool of
vesicles using a high-frequency stimulus
train analysis (Fioravante et al., 2011). In
addition, although it is not possible to de-
tect changes in quantal vesicle release in
the current system due to the numerous
remaining P/Q channel-containing pro-
jections (Bomben et al., 2016, their Fig. 2),

Figure 1. Schematic of the corticothalamic circuit and changes following P/Q-type calcium channel deletion in layer VI cortical
neurons. A, Schematic of the corticothalamic circuit. Layer VI pyramidal cells of the cortex send excitatory projections onto
thalamic relay neurons and the surrounding reticular thalamic neurons. Thalamic relay neurons send excitatory projections back
to the cortex (primarily layer IV) and reticular thalamic neurons. Reticular thalamic neurons inhibit thalamic relay neurons and
“gate” information flow from the thalamus to the cortex (Huguenard and McCormick, 2007). Black squares are expanded in B. B,
Effects of deleting P/Q-type calcium channels in layer VI neurons. Corticothalamic relay synapses show increased N-type channel-
mediated neurotransmitter release. Through an unknown mechanism, both postsynaptic thalamic relay neurons and reticular
thalamic neurons show an increase in T-type calcium channel currents (Bomben et al., 2016).
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one could investigate changes in the am-
plitude of a quantal response using opto-
genetic stimulation in the presence of
strontium (Lerner et al., 2015).

Beyond the scientific advances pre-
sented in this study, the authors’ genera-
tion of a Cre-dependent P/Q channel
deletion opens the door for generating
other mice with inducible Cre-dependent
P/Q channel deletions, enabling spatial
and temporal specificity of the P/Q chan-
nel knock-out. Such mice could give
insight into whether changes seen in
Cacna1a Ntsr(�/�) mice result from long-
term developmental effects or short-term
acute effects of P/Q channel deletion. For
instance, it is possible that the postsynap-
tic increase in T-type calcium currents
does not result directly from a presynaptic
P/Q channel deletion, but rather from the
circuit’s homeostatic regulatory mecha-
nisms. In any case, the inducible Cre sys-
tem would allow further dissection of
when and where P/Q calcium channels are
necessary for maintaining a normal corti-
cothalamic microcircuit, thereby giving
insight into how their dysfunction can
contribute to the generation of SWD.

Thus, through a cell-type-specific
knock-out, Bomben et al. (2016) have ad-
vanced our understanding of how the loss
of P/Q-type calcium currents contributes
to altered intrinsic properties of thala-
mic neurons and ultimately pathological
oscillatory activity. Although the mecha-
nism underlying altered thalamic T-type
currents in Cacna1a Ntsr(�/�) mice re-
mains unknown, future work can con-
tinue to probe the role of both P/Q-type
and T-type calcium channels in cortico-
thalamic circuit dysfunction and absence
epilepsy.
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