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Recent molecular genetic studies coupled with electrophysiological and behavioral approaches confirmed the classical
view that CaV3.1 channels play a central role in the generation
of thalamocortical rhythms, such as 3- to 4-Hz spike-wave discharge during absence seizures (11, 12). Regarding the role of
CaV3.1 in slow wave sleep, however, mice with such genetic
deletions present electrophysiological consequences that are
inconsistent with the above generalization, even with behavioral phenotypes exhibiting fragmented sleep. Indeed, mice
with a global CaV3.1 deletion showed reduced delta rhythm
(13) in contrast to the increased delta rhythms found in mice
with thalamus-restricted deletion of CaV3.1 (14). In addition,
there is clear evidence that thalamic T-type Ca2+ channels
support the generation of spindle oscillations (15). However,
recently published work proposes that sleep spindles are sustained in mice lacking CaV3.1 channels (16). These results
differ from the classical view and raise the need to examine
further the role of thalamic CaV3.1 channels in the generation
of thalamocortical rhythms.
Here we addressed the issue of whether CaV3.1 channels are
important for the generation of low-frequency thalamocortical
rhythms during unconsciousness. Spectral analysis of EEG recordings from CaV3.1 KO mice indicates a shift away from low
frequency, with an increase probability toward the high-frequency
rhythmic components. There is also a significant alteration of thalamocortical dynamic interactions.
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Significance
Defining the neuronal activity underlying unconscious states is
a fundamental prerequisite to understanding cognitive brain
function. The present findings indicate that the neuronal activity associated with unconsciousness is directly related to the
voltage-gated ionic conductances supporting thalamic lowfrequency electrical oscillations. In particular, voltage-gated
calcium channels are important players in the generation of
prolonged unconsciousness. Thus, mice with a deletion of voltage-gated CaV3.1 channels are incapable of maintaining the
low-frequency oscillatory activity associated with unconsciousness. These results indicate that CaV3.1, though functionally
very significant in the generation of physiological unconsciousness, is not the only channel involved in the generation of the
low-frequency spontaneous brain activity that supports nonpathological unconsciousness.
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halamocortical interactive rhythmic activities are well-defined
physiological correlates of both conscious and unconscious
conditions (1, 2). From a functional perspective, abnormal slow
cortical rhythms and their synchronized network dynamics are
omnipresent correlates of unconscious states, such as coma and
general anesthesia (3, 4). Moreover, a dynamic alteration of coherence as well as coupling/uncoupling in thalamocortical circuits
also can be characterized as likely correlates of unconsciousness (3–5).
Since the discovery of low threshold, T-type Ca2+ channels
(6, 7) and the subsequent studies of intrinsic electrophysiological
properties in the thalamic neurons (8, 9), T-type Ca2+ channels
have been implicated in many physiological and pathological
brain states (for a review, see ref. 10). The ionic conductances they
support have been shown to generate synchronized oscillatory
activity in thalamocortical circuits through calcium-dependent
low-threshold spikes (LTSs). Indeed, these LTSs, generated by
“deinactivation” of T-type Ca2+ channels, underlie thalamic burst
firing. This activity is reflected as high-amplitude low-frequency
oscillations in electroencephalography, and its presence is recognized as spike-wave-discharges, low-frequency rhythms (<1 Hz
slow, delta and theta rhythms), as well as by spindle-generated
rhythmicity (10).
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In unconscious status (e.g., deep sleep and anesthetic unconsciousness) where cognitive functions are not generated there is still a
significant level of brain activity present. Indeed, the electrophysiology of the unconscious brain is characterized by well-defined
thalamocortical rhythmicity. Here we address the ionic basis for
such thalamocortical rhythms during unconsciousness. In particular, we address the role of CaV3.1 T-type Ca2+ channels, which are
richly expressed in thalamic neurons. Toward this aim, we examined the electrophysiological and behavioral phenotypes of mice
lacking CaV3.1 channels (CaV3.1 knockout) during unconsciousness
induced by ketamine or ethanol administration. Our findings indicate that CaV3.1 KO mice displayed attenuated low-frequency
oscillations in thalamocortical loops, especially in the 1- to 4-Hz
delta band, compared with control mice (CaV3.1 WT). Intriguingly,
we also found that CaV3.1 KO mice exhibited augmented highfrequency oscillations during unconsciousness. In a behavioral measure of unconsciousness dynamics, CaV3.1 KO mice took longer to
fall into the unconscious state than controls. In addition, such unconscious events had a shorter duration than those of control mice.
The thalamocortical interaction level between mediodorsal thalamus and frontal cortex in CaV3.1 KO mice was significantly lower,
especially for delta band oscillations, compared with that of CaV3.1
WT mice, during unconsciousness. These results suggest that the
CaV3.1 channel is required for the generation of a given set of thalamocortical rhythms during unconsciousness. Further, that thalamocortical resonant neuronal activity supported by this channel is
important for the control of vigilance states.

Results
The initial steps in this study addressed EEG recordings and
their spectral profiles. The classical finding, that during unconsciousness spectral profiles differ significantly from those recorded
in the conscious status, is confirmed. Thus, during unconsciousness, high-amplitude low-frequency oscillations (delta, 1–4 Hz)
were markedly increased from the awake state when unconsciousness was induced by ketamine (Fig. S1 A–D) or by ethanol
(Fig. S1 E–H). The delta power was significantly increased in the
spectral analysis of absolute power (Fig. S1 B, C, F, and G). The
percentage of delta band, which was calculated in reference to
the power of the entire EEG spectrum, also significantly increased
(Fig. S1 D and H). The robustly increased delta and the largely
decreased theta, alpha, beta, and gamma in the spectral distribution of relative power are independent of the agent used to trigger
unconsciousness (cf. Fig. S1 D and H).

proportion of delta band was also significantly lower in KO than
WT mice (Fig. 1C) in both FCx [one-way ANOVA F(1, 15) =
11.709 and P < 0.01] and PCx [one-way ANOVA F(1, 15) = 5.543
and P < 0.05]. In addition to the reduction in delta band oscillations, both in absolute and relative value of spectral power, a
fundamental difference was encountered in the EEG spectral
power between KO and WT. The absolute spectral power of highfrequency oscillations, such as beta and gamma band, was higher
in KO mice [Fig. 1B; β in FCx, one-way ANOVA, F(1, 15) =
5.178, P < 0.05; β in PCx, one-way ANOVA, F(1, 15) = 6.875, P <
0.05; γ in FCx, one-way ANOVA, F(1, 15) = 6.463, P < 0.05; γ in
PCx, one-way ANOVA F(1, 15) = 7.119 and P < 0.05]. The
percentage of beta band was also higher in KO than in WT in
both frontal and parietal cortex [Fig. 1C; FCx, Kruskal–Wallis
test, P < 0.01; PCx, one-way ANOVA, F(1, 15) = 9.022, P < 0.01].
Relative power of gamma band was higher in KO than WT mice
only in FCx (Fig. 1C; Kruskal–Wallis test, P < 0.01).
These results were compared with unconsciousness induced by
ethanol in KO and WT mice. Ethanol is classified as a GABAA
receptor-positive allosteric modulator. The alterations in EEG
profiles during ethanol-induced unconsciousness were similar to
those during ketamine-induced unconsciousness. However, the
changes in amplitude and frequency were significantly smaller
compared with those following ketamine administration (Fig. 1 A
and D; also note scale difference in Fig. 1 and Fig. S2). Compared with WT, the lowered delta oscillation of KO mice was
observed only in the frontal cortex during ethanol-induced unconsciousness (Fig. 1 D–F and Fig. S2B). The delta band in FCx
of KO was lowered both in absolute power (Fig. 1E; Kruskal–
Wallis test, P < 0.05) and in relative power [Fig. 1F; one-way
ANOVA, F(1, 15) = 13.515, P < 0.01]. The mean absolute
spectral power of gamma band was higher in KO mice [Fig. 1E; γ
in FCx, one-way ANOVA, F(1, 15) = 9.579, P < 0.01; γ in PCx,
one-way ANOVA, F(1, 15) = 6.561, P < 0.05]. Also, the contribution of activity in the high-frequency bands to total activity
was significantly higher in KO than in WT mice (Fig. 1F). This

Reduced Low-Frequency and Increased High-Frequency Oscillations
in CaV3.1 KO Mice During Unconsciousness. To assess the role of

CaV3.1 channels in the alteration of EEGs during unconsciousness, we examined the overall spectral profile of EEGs after
high-dose injection of ketamine (120 mg/kg) or ethanol (3.5 g/kg),
both of which are known to induce unconscious status. EEGs were
recorded from frontal (FCx) and parietal cortex (PCx) of WT mice
and KO mice using epidural electrodes. The effects of ketamine or
ethanol on the EEG were studied 5–15 min after injection of
ketamine or ethanol, a time window for anesthetic unconsciousness. The mean spectral power was calculated from 5-min epochs
for each animal. Administration of ketamine, an NMDA receptor
antagonist, increased low-frequency oscillatory activity over preadministration levels in both KO and WT mice (Fig. 1 A–C; see
Fig. S1 A–D for control). However, the increase in mean absolute
power (Fig. S2A) and the accumulated absolute power of delta
band (Fig. 1B) were less marked in KO than in WT mice, and this
was particularly true in FCx, when KO and WT mice were compared [one-way ANOVA F(1, 15) = 7.557 and P < 0.05]. The
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Fig. 1. Effect of unconsciousness induced by ketamine (A−C, 120 mg/kg, i.p.) or ethanol (D−F,
3.5 g/kg, i.p.) on EEG spectrum in CaV3.1 KO and
WT mice. Reduced low-frequency (delta) and increased high-frequency oscillations (beta and/or
gamma) were observed both in absolute and relative value of spectral power of KO, compared
with WT. (A and D) Representative EEG recordings
from FCx and PCx. (B and E ) Mean absolute power
of accumulated several frequency bands in EEG
recordings from FCx and PCx. (C and F ) Relative
power of spectral distribution. Frequency bands are
represented as follows: delta (δ), 1–4 Hz; theta (θ),
4–8 Hz; alpha (α), 8–12 Hz; beta (β), 12–25 Hz; and
gamma (γ), 25–50 Hz. Statistically significant differences marked as *P < 0.05, **P < 0.01, and ***P <
0.001, one-way ANOVA.
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LORR duration

160.8 ± 6.3
232.5 ± 12.9***

889.2 ± 86.1
581.7 ± 98.3**

76.0 ± 5.4
92.7 ± 3.8*

2670.0 ± 165.9
1481.8 ± 165.4**

Latency and duration of LORR as a behavioral measure of unconsciousness.
*P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA.

difference was most marked in the beta and gamma bands in both
FCx and PCx [Fig. 1F; β in FCx, one-way ANOVA, F(1, 15) =
12.329, P < 0.01; β in PCx, one-way ANOVA, F(1, 15) = 4.747,
P < 0.05; γ in FCx, Kruskal–Wallis test, P < 0.001; γ in PCx, oneway ANOVA F(1, 15) = 8.286 and P < 0.05].
Determining whether the frequency profiles shown in Fig. 1
were related to particular aspects of unconsciousness was addressed. Following ketamine administration, the time to induce
loss of the righting reflex (LORR; no recovery from supine posture during unconsciousness) was longer in KO than in WT mice
(Table 1) [one-way ANOVA, F(1, 22) = 25.002, P < 0.001]. The
total duration of LORR was shorter in KOs than in WT mice
(Kruskal–Wallis test, P < 0.01). These results demonstrate that
ketamine-induced unconsciousness was differentially affected, if
not prevented, by the deletion of CaV3.1 channels. Similarly, the
latency to LORR was longer and the total duration of LORR was
shorter in KO than in WT mice after ethanol injection (Table 1).
Taken together, these results indicate that electrophysiological
and behavioral characteristics of pharmacologically evoked unconsciousness were modified by the deletion of CaV3.1 channels.
CaV3.1-Mediated Rhythms Indicate Different Thalamocortical Involvement in Frontal and in Parietal Cortices During Unconsciousness.

CaV3.1 channels are mainly expressed in thalamus throughout
the nuclei of the dorsal thalamic region (17), which is significant
because their activation plays an important role in the generation
of rhythms in the cortex through reciprocal thalamocortical recurrent activation. Thus, a comparison of the differential contribution of the frontal and parietal cortices to cortical oscillation
during unconsciousness in WT mice can provide a clue to the role
of the thalamus in consciousness.
During ketamine-induced unconsciousness, the increase of
total power (normalized to baseline) was greater in FCx than in
PCx [total in Fig. 2A; one-way ANOVA F(1, 12) = 6.922 and P <
0.05]. This difference was also seen in the mean increase in the
accumulated absolute power in the delta frequency range [Fig.
2A; one-way ANOVA F(1, 12) = 6.367 and P < 0.05]. The mean
decrease in relative beta band power [one-way ANOVA F(1, 12) =
7.035 and P < 0.05] and gamma band power [one-way ANOVA
F(1, 12) = 8.753 and P < 0.05] was significantly larger in FCx than
in PCx (Fig. 2B). Similar results were observed during unconsciousness induced by ethanol. There was a larger increase in
total power, and in delta band power in FCx than in PCx (Fig. 2A;
Kruskal–Wallis test, P < 0.05). The decrease in the relative beta
and gamma band power was more marked in FCx than in PCx
[Fig. 2B; β, one-way ANOVA F(1, 14) = 6.063 and P < 0.05; γ,
one-way ANOVA F(1, 14) = 9.609 and P < 0.01].
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The Role of CaV3.1 in Mediodorsal Thalamic Control of Rhythmicity
During Unconsciousness. Given the strong interconnectivity be-

tween the mediodorsal (MD) thalamic nuclei and the frontal
cortex in mice (18), we examined the characteristics of local field
potentials (LFPs) in MD to determine whether rhythmicity
characteristics in FCx were related to alteration of rhythmicity in
MD during unconsciousness. LFPs were obtained from MD in
WT and KO mice after administration of a high dose of either
ketamine (Fig. 3 A and B, and Fig. S3 A and B) or ethanol (Fig. 3
Choi et al.

Thalamocortical Connectivity Between FCx and MD, via CaV3.1, During
Unconsciousness. To address the role of CaV3.1 channels in tha-

lamocortical dynamics, as related to the control of consciousness,
we assessed the functional connectivity between FCx and MD.
This connectivity was implemented by spectral coherence to
quantifying the extent of coupling between the same frequencies (Fig. 4), and bispectral coherence to quantify the extent
of coupling between different frequencies (Fig. 5). Unconsciousness in both WT and KO mice was accompanied by a
significant alternation in coherence (Fig. 4 B and D) and in the
spectral profile of several frequency bands (Fig. 4 A and C).
Thus, the FCx-MD spectral power coherence in KO mice was
compared with WT mice before and after ketamine (Fig. 4B) or
ethanol (Fig. 4D). Two-way ANOVA revealed significant differences between WT and KO mice in FCx-MD spectral coherence during unconsciousness. Notably, the FCx-MD delta
band coherence increased in WT after injection of ketamine (Fig.
4B, black asterisk; two-way ANOVA multiple comparison Tukey’s
post hoc analysis, P < 0.01) or ethanol (Fig. 4D, black asterisk;
two-way ANOVA multiple comparison Tukey’s post hoc analysis,
P < 0.05). By contrast, FCx-MD delta band coherence decreased
in KO mice after induction by ketamine (Fig. 4B, red asterisk;
two-way ANOVA multiple comparison Tukey’s post hoc analysis,
P < 0.05) or showed no changed in KO mice after induction by
ethanol (Fig. 4D). FCx-MD delta band coherence was lower in
KO than that of WT during unconsciousness induced by ketamine
[Fig. 4B, blue asterisk; F(1, 26) = 17.085, P < 0.001) or ethanol
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Fig. 2. Differential effect on FCx and PCx rhythmic activity during ketamine- or ethanol-induced unconsciousness. (A) Increase in total power and
delta power was smaller in PCx than in FCx during unconsciousness induced
by ketamine or ethanol. (B) Decrease in beta and gamma band was smaller
in PCx than in FCx. Statistically significant differences marked as *P < 0.05
and **P < 0.01 by one-way ANOVA.
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C and D and Fig. S3 C and D). Robust increases in low-frequency oscillations were clearly observed in LFPs from the MD
in WT mice (Fig. 3 and Fig. S3). Although high-amplitude lowfrequency oscillations were observed in the MD of KO mice, this
was significantly less common than in WT mice. The absolute
power of delta band was lower in KO mice than in WT during
ketamine-induced unconsciousness [Fig. 3A; one-way ANOVA,
F(1, 15) = 10.007, P < 0.01] and during ethanol-induced unconsciousness (Fig. 3C; Kruskal–Wallis test, P < 0.05). Analysis
of the spectral distribution of MD LFPs also revealed a lower
contribution of delta band to total activity in KO mice than that
in WT mice during unconsciousness induced by ketamine [Fig.
3B; one-way ANOVA, F(1, 18) = 13.460, P < 0.01] or by ethanol
[Fig. 3D; one-way ANOVA, F(1, 14) = 5.298, P < 0.05].
Concerning high-frequency band activity, the contribution of
beta and gamma band components was higher in KO than WT
mice during unconsciousness induced by ketamine [Fig. 3B; β,
one-way ANOVA, F(1, 18) = 13.244, P < 0.01; γ, one-way
ANOVA, F(1, 18) = 7.850, P < 0.05]. During unconsciousness
induced by ethanol, alpha and beta band were higher in the MD
of KO than in WT mice [Fig. 3D; α, Kruskal–Wallis test, P <
0.01; β, one-way ANOVA, F(1, 13) = 7.962, P < 0.05]. Because
the alteration of rhythmicity in MD was very similar to that seen
in FCx, functional interconnectivity between these regions during
unconsciousness is proposed.
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Similar characteristics for FCx-MD cross-bispectral coherence
were observed during unconsciousness induced by ethanol as
follows: (i) The main peak appeared in the low-frequency band
in both WT and KO mice (Fig. 5 C and D). (ii) A lower value of
peak bicoherence was seen in KO than WT mice (Fig. 5 C and D,
note scales). (iii) Other bicoherence peaks, in the heterogeneous
pairs of other frequency bands, were observed in KO mice (Fig.
5D), further supporting the role of CaV3.1 channels in thalamocortical resonant connectivity.
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Discussion
Our results demonstrate the essential role of CaV3.1 channels in
the genesis of low-frequency thalamocortical rhythms, in particular in the 1- to 4-Hz delta frequency band, confirming the
classical view regarding the role of T-type Ca2+ channels in the
thalamocortical loop. We also identified the CaV3.1 channel as
an important player in the molecular basis for consciousness.
Indeed, the results reported here indicate that thalamocortical
rhythms and their functional coupling, mediated by CaV3.1
channels, are largely, but not exclusively, responsible for unconscious brain function. Moreover, quite unexpectedly, during unconsciousness, high-frequency oscillations (known as characteristic
EEG spectral bands in the aroused state) were increased in mice
lacking CaV3.1 channels, compared with control mice. Taken together, CaV3.1 T-type Ca2+ channel is important for the low-frequency (e.g., delta) and high-frequency (e.g., beta and gamma)
rhythms that are related to conscious/unconscious status.
Thalamic burst firing, which is generated by a major contribution from CaV3.1-mediated LTS, is known to be involved in
the generation of low-frequency oscillations (8, 19). It is well known
that hyperpolarization, generated by NMDA receptor block, is
sufficient to deinactivate T-type Ca2+ channels, resulting in rhythmic thalamic bursting (20). By contrast, ethanol, known to elicit
thalamic extrasynaptic GABAA-mediated tonic inhibition, also
results in their burst firing via membrane hyperpolarization (21).
From the above, it follows that in CaV3.1 KO mice, the reduced
delta band activation during unconsciousness, elicited either through
a blockage of NMDA receptors (by ketamine administration) or
augmentation of GABAA receptor inhibition (by ethanol administration), can be ascribed to the absence of CaV3.1 channels and
the resulting dynamic consequences—namely, lack of LTS that is
consistent with the established role of CaV3.1 channels in lowfrequency thalamocortical oscillations.

5
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Fig. 3. LFPs and spectral profiles of MD thalamus in CaV3.1 KO, compared
with WT, during unconsciousness induced by ketamine (A and B) or ethanol
(C and D). (A and C) Mean absolute power of accumulated several frequency
bands in LFP recordings from MD. (B and D) Relative power of spectral distribution. Absolute and relative spectral distribution showed that during
unconsciousness, less low frequency (δ) was observed in MD of KO than WT
mice. Statistically significant differences marked as *P < 0.05 and **P < 0.01
by one-way ANOVA.

(Fig. 4D, blue asterisk; F(1, 26) = 13.468, P < 0.001]. After ketamine, theta and alpha coherence decreased in WT and KO
mice, whereas no significant changes were seen in the beta or
gamma range (Fig. 4B). Decreased theta and alpha coherence
reached significance only for the KO mice after ethanol, whereas
there was increased coherence for both groups in the gamma
range (Fig. 4D).
Further analysis was implemented in WT and KO mice by
calculating the cross bispectral coherence between FCx and MD,
which measures the extent of phase coupling between different
frequencies. During unconsciousness induced by ketamine, WT
mice exhibited strong bicoherence peaks at frequencies below
10 Hz, both from MD to FCx (Fig. 5A, WT) and from FCx to MD
(Fig. 5B, WT). Though the main peak, in the same low-frequency
range, was observed in KO mice, the value of peak coherence
was significantly lower than in WT mice (Fig. 5 A and B, KO,
note scales). Other bicoherence peaks were observed only in KO
mice. These concerned heterogeneous pairs of broad frequency
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Fig. 4. Spectral coherence of frontal cortex/medial
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and MD in WT and KO mice was calculated under
ketamine unconsciousness. (B) Plots of coherence
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Fig. 5. FCx-MD functional connectivity by cross-bispectral coherence. (A and
B) Averaged cross-bispectral coherence between MD and FCx during unconsciousness induced by ketamine. The value of bicoherence peak was
lower in KO than WT mice. Note that the heterogeneous pairs of biphasic
frequencies of broad frequency bands were observed only in KO mice,
particularly in the cross-bispectral coherence from MD to FCx (see the scattered pattern of peak bicoherence). (C and D) Same as in A and B under
ethanol-induced unconsciousness. The significantly lowered cross-bispectral
coherence in low-frequency band and the heterogeneous pairs of bicoherence in other frequency bands were also observed in KO mice.

Delta rhythm can arise either at thalamic or cortical level.
Thalamic delta rhythm generation and the specific neuronal
mechanism (ionic conductance by T-type calcium channel) are
described in this paper. By contrast, other forms of delta rhythm
have characteristics suggesting a purely cortical origin (22); as
such, although T-type dependent thalamic delta rhythm arising
from the thalamus is not present in CaV3.1 KO mice, these mice
have a certain level of cortically generated delta rhythm indicating thalamocortical resonance, not just thalamic drive.
Thus, in unconscious KO mice, local cortical circuits can generate delta rhythms. Because the control of consciousness is not
a simple phenomenon, and is crucial for survival, deletion of
a single molecular moiety might not be sufficient to eradicate
the entire consciousness/unconsciousness rhythmicity. The main
conclusion arising from this study is that thalamic CaV3.1 T-type
calcium channels are, most definitively, one of the key molecular
mechanisms, but not the only trigger of this fundamental process.
From a cortical perspective, it has been shown that the membrane potential of sparsely spiny inhibitory neurons in cortical layer IV support high-frequency oscillations at gamma band
frequencies via low-threshold sodium current activation followed
by a potassium conductance (23). The pace-making input of
these interneurons onto thalamic projecting pyramidal neurons
can result in high-frequency activation of the thalamocortical
loop. Considering the increased high-frequency activity in CaV3.1
Choi et al.

KO mice, it is likely that the absence of CaV3.1 channels may
also contribute to high-frequency activation, particularly because
CaV3.1 channels are also expressed in cortex (17). The following
should be considered concerning the synchronous firing of inhibitory fast-spiking neurons that impose gamma rhythm on other
cells in the network (24, 25). Lack of CaV3.1 channels in CaV3.1
KO will affect the firing of fast-spiking inhibitory cells at gamma
frequency. The altered interaction between excitatory and inhibitory cortical neurons, induced by ketamine or by ethanol, is
probably responsible for the increased beta/gamma cortical oscillation. Indeed, during delta wave sleep, neurons are globally
inhibited by GABA (26). By contrast, in unconscious CaV3.1 KO
mice, reduced inhibition of fast-spiking inhibitory interneurons
interconnected via GABAergic junctions is expected, and this can
be sufficient to generate spike synchronization, with the resulting
rhythmic inhibition producing neural ensemble high-frequency
oscillations.
Another plausible explanation for the increased high-frequency
band activity in CaV3.1 KO mice is the alteration of the intrinsic
electrophysiological properties of thalamic neurons. Indeed, highfrequency oscillations in thalamic neurons have been associated
with the generation of high-frequency oscillatory properties in
thalamocortical network supported by the activation of dendritic
P/Q-type Ca2+ channels (27). Previous studies have shown that
abnormally large T-type Ca2+ currents were encountered with genetic deletion or alteration of the P/Q-type calcium channel (12,
28). Thus, the converse situation, where increased P/Q-type Ca2+
channel mediated activities in the absence of T-type Ca2+ channels, could also be supported through the compensatory alterations in CaV3.1 KO mice. This possibility is particularly relevant
given that compensatory mechanisms at the cellular level can occur.
Thus, it is important to determine whether the Ca V3.1 KO mice
phenotypes simply reflect the first-order functionality or the complex outcome of compensatory mechanisms.
Further analysis of adaptive changes at the cellular, synaptic, and
circuit levels in CaV3.1 KO mice will also provide information on
the mechanism by which high-frequency thalamocortical oscillations may be increased in these mice. In addition, such studies can
shed light on the mechanism responsible for increased delta oscillations (14) and the persistence of spindles (16) in the absence
of thalamic CaV3.1 channels. Although further studies are required
regarding the unexpectedly augmented high-frequency oscillations,
the CaV3.1 KO mice represent a useful phenotype in which to investigate the role of high-frequency oscillations in the generation
of different consciousness states. Indeed, thalamocortical highfrequency oscillations are omnipresent both in consciousness and
unconsciousness states. The central issue here is the attention
mechanism that allows particular sensory inputs to be attended
to, to be remembered, or even fabricated, as happens in dreams
(1). Indeed, in dreaming (mostly REM sleep), high-frequency
oscillations are present but are not dependent on sensory input.
Thus, the study of phase-reset dynamics both at neuronal and
systemic levels in the thalamocortical loops of CaV3.1 KO mice
will be essential in investigating the functional role of high-frequency oscillations in diverse brain states.
In short, the present results indicate that CaV3.1 channels play
an essential role not only in the generation of thalamocortical
rhythms but also in its coherent coupling with sensory information known as the basis for sensory evoked conscious experience
(1). These findings also address the role of the CaV3.1 channels
in mediating thalamocortical coherence during delta sleep.
Concerning the spectral coherence between FCx and MD during
anesthetic unconsciousness, it is interesting to note that KO mice
exhibited the disrupted thalamocortical coherence of delta band
but that the thalamocortical coherence of high-frequency bands
were not significantly different from that of WT littermates (Figs.
4 and 5). The basic issue here concerns rhythmic coherence
between thalamus and cortex. The functional significance of
thalamocortical network coherence relates to the dynamic requirements CNS networks must have to support restful sleep.
Clearly, given the importance of such global brain function,
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assigning total network oscillations to single-channel activity
would be a grave mistake. Indeed, much information is now
available about the further sculpting of low-frequency coherence
by inhibitory interneuronal networks (24, 29–31).
Also interesting is the fact that CaV3.1 KO mice show attenuated LORR following ketamine (120 mg/kg, i.p.) or ethanol
(3.5 g/kg) administration (Table 1). Though findings appeared to
be in conflict with previous results showing no significant changes
of LORR following the use of several general anesthetics (32),
this discrepancy is most probably due to the difference of exposure or anesthetics dosages used to induce LORR. Although the
50% effective concentration for LORR in CaV3.1 KO mice was
not altered, the latencies to develop LORR of CaV3.1 KO mice
after exposure to anesthetics, such as isoflurane, halothane,
sevoflurane, and pentobarbital, were longer (32), which our results
have confirmed.
The main focus of our study has been to determine the
functional significance of CaV3.1 channels in generating the
thalamocortical delta rhythm, and its interaction with beta/
gamma rhythms during unconsciousness, as one of the key molecules to control vigilance states. Ultimately, these results are
all in good accordance with the view of the importance of
CaV3.1 T-type Ca2+ channel in the generation and maintenance
of unconsciousness.

In Vivo EEG/LFP Recordings. Differential EEG or EEG/LFP recordings were
performed in 11- to 13-wk-old mice. Details of survival surgery, EEG/LFP
conditions, and data acquisition are given in SI Materials and Methods.
Data Analysis. Mean spectral power was calculated in 0.5-Hz bins (fast Fourier
transform with Hamming window) using Clampfit software version 10.2
(Molecular Devices) from artifact-free 5-min EEG or LFP recordings made from
each animal. Coherence and bispectral analysis were done using MATLAB
(MathWorks, Inc.), and the squared normalized version was used for the
visualizations. For details, see SI Materials and Methods.
Loss of Righting Reflex. Either ketamine (120 mg/kg) or ethanol (3.5 g/kg) was
injected intraperitoneally, and individual mice were placed immediately in a
Plexiglas cage. For details, see SI Materials and Methods.
Statistical analysis. Differences were considered significant if at least P < 0.05.
Statistics were conducted with SigmaPlot-SigmaStat (version 12.0). All data
values in text and figures are presented as means ± SEM. For details, see SI
Materials and Methods.

Animals. CaV3.1 null KO mice and their littermate controls (WT) were generated by mating heterozygotes of CaV3.1 (C57BL/6) from RIKEN BioResource Center (32). Mice were housed with free access to food and water
under controlled temperature conditions. Animal care and experimental
procedures followed the guidelines of the Institutional Animal Care and Use
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