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Abstract
Cacna1a encodes the pore-forming a1A subunit of CaV2.1 voltage-dependent calcium channels, which regulate neuronal excitability and synaptic transmission. Purkinje cells in the cortex of cerebellum abundantly express these CaV2.1 channels. Here, we
show that homozygous tottering (tg) mice, which carry a loss-of-function Cacna1a mutation, exhibit severely impaired learning in
Pavlovian eyeblink conditioning, which is a cerebellar-dependent learning task. Performance of reﬂexive eyeblinks is unaffected
in tg mice. Transient seizure activity in tg mice further corrupted the amplitude of eyeblink conditioned responses. Our results
indicate that normal calcium homeostasis is imperative for cerebellar learning and that the oscillatory state of the brain can affect
the expression thereof.
NEW & NOTEWORTHY In this study, we conﬁrm the importance of normal calcium homeostasis in neurons for learning and
memory formation. In a mouse model with a mutation in an essential calcium channel that is abundantly expressed in the cerebellum, we found severely impaired learning in eyeblink conditioning. Eyeblink conditioning is a cerebellar-dependent learning
task. During brief periods of brain-wide oscillatory activity, as a result of the mutation, the expression of conditioned eyeblinks
was even further disrupted.
CaV2.1 VDCC; cerebellar learning; eyeblink conditioning; tottering

INTRODUCTION
Calcium (Ca2 þ ) is an essential regulator of many cellular
processes in neurons. For instance, it plays a critical role in
neurotransmitter release, synaptic plasticity, and neural development (1). Intracellular Ca2 þ levels are regulated by voltage-dependent Ca2 þ channels (VDCCs, Fig. 1A). One of the
most abundantly expressed VDCC subtypes in the mammalian brain, is the CaV2.1 (P/Q-type) VDCC (2–6). The role of
these CaV2.1 VDCCs has been extensively studied by investigating the electrophysiological and behavioral effects of different mutations in the Cacna1a gene, which encodes the
pore-forming a1A subunit of the CaV2.1 VDCC (7). Cacna1a
mutations lead to generalized spike-wave discharges (GSWDs)
in the cerebral hemispheres and primary generalized seizures,
which are characterized by a short and sudden arrest of
behavior, therefore called absence seizures (8, 9). In addition,
Cacna1a mutations in both humans and mice lead to a strong

cerebellar phenotype, since Purkinje neurons in the cerebellar
cortex have a highly abundant expression of CaV2.1 VDCCs
(10). This cerebellar phenotype includes alterations in cerebellar morphology and activity leading to ataxia, dystonia,
tremor, and episodic dyskinesia (11–14).
A widely used test for cerebellar functioning is Pavlovian
eyeblink conditioning, which has a strong reputation as a behavioral test to study the neural mechanisms underlying
associative and motor learning (15–17). During eyeblink conditioning, an auditory or visual stimulus (conditional stimulus, CS) is presented, followed several hundred milliseconds
later by an air puff applied to the eye (unconditional stimulus, US). As a result of repeated CS-US pairings, subjects will
eventually learn to close their eyelid in response to the CS,
which is called the conditioned response (CR) (18, 19).
Purkinje cells in well-deﬁned microzones of the cerebellar
cortex play an essential role in the memory formation during
eyeblink conditioning (20–25) (Fig. 1C). These Purkinje cells
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Figure 1. Cacna1a mutation, eyeblink conditioning apparatus, eyeblink conditioning neural circuits, general spike-and-wave discharge (GSWD) activity,
and reﬂexive and spontaneous blinks. A: the structure of the a1A pore-forming subunit of the CaV2.1 voltage-gated Ca2 þ channels, consisting of four
repeated transmembrane domains with each six segments (1–6) and a P loop in between segments 5 and 6. Spontaneous mutations in Cacna1a are
associated with various neurological disorders, including FHM1 (familial hemiplegic migraine type 1, light blue), EA2 (episodic ataxia type 2, black), and
SCA6 [spinocerebellar ataxia type 6 (CAGn)]. Orange dots indicate locations of mouse mutations that show various degrees of episodic and progressive
ataxia with absence epilepsy: tottering (P601L), rocker (T1310K), and leaner (aberrant splicing). B: mouse eyeblink-conditioning apparatus. Conditional
stimulus (CS) is a green LED light and unconditional stimulus (US) is a mild air puff applied to the eye. Eyelid movements are measured using MDMT and
high-speed video (HSV) recordings (350 fps). During the experiment, the animal is head-ﬁxed, but able to move freely on a foam treadmill. Cortical activity is measured over M1 and S1 using bilateral ECoG implants. C: neural circuits involved in eyeblink conditioning and cortical-pontine-cerebellar and cortical-olivo-cerebellar loops. D: representation of an electrocorticogram (ECoG) in which an accumulated signal of bilateral M1 and S1 show periods of
general spike-and-wave discharges (GSWDs, ictal periods, in brown) in between normal brain activity (interictal periods, black). E: daily average spontaneous seizure duration (2 s) in tg mice remains relatively stable during the course of the 10 days of eyeblink conditioning. Latency to onset (F), latency
to peak (G), response probability (H), and amplitude of reﬂexive blinks (URs) (I) were identical between groups. No difference was found between ictal
and interictal periods in tg mice. J: probability of spontaneous blinks (number of spontaneous blinks per 5 s) was signiﬁcantly lower in tg mice during ictal
periods. P < 0.05; for complete statistics we refer to Supplemental Table S1. AIN, anterior interposed nucleus; cf, climbing ﬁber; CR, conditioned
response; FEC, fraction eyelid closure; GC, granule cells; IO, inferior olive; mc, motor command; MDMT, magnetic distance magnetic technique; mf,
mossy ﬁber; MLI, molecular layer interneurons; MN, motor neurons; M1, primary motor cortex; PC, Purkinje cell; PN, pontine nuclei; S1, primary somatosensory cortex; tg, tottering; UR, unconditioned response; wt, wild type.
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receive converging inputs from the pontocerebellar and olivocerebellar systems transmitting the CS and US, respectively. Although the exact cellular mechanisms are still
unclear, it has been shown that synaptic (long-term depression/long-term potentiation) (26, 27), cell-intrinsic (28, 29),
and structural plasticity mechanisms (30–32) are all involved
in the establishment of a “memory trace” in cerebellar cortex. Since many of these plasticity mechanisms are Ca2 þ dependent, and since Purkinje neurons abundantly express
CaV2.1 VDCCs, one would expect that a Cacna1a mutation
will result in strong phenotype in eyeblink conditioning. To
test this hypothesis, we performed delay eyeblink conditioning (33) in tottering mice (tg), which carry a proline to leucine
(P601L) point mutation in the Cacna1a gene that codes for
the a1A subunit of CaV2.1 VDCCs, resulting in a 40%–60%
decrease in the channel currents (34). Since tg mice also
have a high occurrence of absence seizures (8, 35), we also
investigated the inﬂuence of seizure activity on spontaneous
and conditioned eye blinks.

METHODS
All experiments were performed in accordance with the
European Communities Council Directive. Protocols were
reviewed and approved by the Erasmus Laboratory Animal
Science Center (work protocol nr. 15–273-09; project license
nr. AVD101002015273).

Animals
We performed Pavlovian eyeblink conditioning experiments while measuring seizure activity using electrocorticography (ECoG) recordings (Fig. 1, B and D). We used 9- to
30-wk-old homozygous tg mice (male n = 10; female n = 5)
and wild-type (WT) controls (male n = 8; female n = 6). Male
and female tg and wild-type littermates were bred using heterozygous parents. The colony (originally obtained from
Jackson Laboratory, Bar Harbor, ME) was maintained in
C57BL/6NHsd purchased from Harlan Laboratories (Horst,
the Netherlands). Conﬁrmation of the presence of the tg
mutation in the Cacna1a gene was obtained by polymerase
chain reaction using 5 0 -TTCTGGGTACCAGATACAGG-3 0 (forward) and 5 0 - AAGTGTCGAAGTTGGTGCGC-3 0 (reverse) primers (Eurogentech, Seraing, Belgium) and subsequent
digestion using restriction enzyme NsbI at the age of postnatal day P9 to P12.

recorded using the magnetic distance measurement technique (MDMT) and/or high-speed video recordings (300 fps)
with a Basler camera (Basler ace 750-30gm). The ECoG signal
was preampliﬁed using a RA16PA 16 Channel Medusa
PreAmp (Tucker-Davis Technologies, Alachua, FL). The CS
was a 280-ms duration light ﬂash, delivered by a small LED
positioned 5 cm in front of the animal. The US consisted
of a 30-ms duration mild corneal air puff (30–40 psi),
which was controlled by an API MPPI-3 pressure injector,
and delivered via a 27.5-mm gauge needle that was perpendicularly positioned at 10 mm from the center of the
left cornea. We used an interstimulus interval of 250 ms
and an intertrial interval of 8–12 s. All stimuli and measurement devices were controlled by a RZ5 BioAmp
Processor (Tucker-Davis Technologies).

Eyeblink Conditioning Training Paradigm
Mice were trained for 10 consecutive daily sessions, which
were preceded by three daily sessions of habituation to the
setup. Eyelid movements (MDMT/Video) and cortical activity (ECoG) were measured continuously for the entire
duration of the session, which enabled us to monitor spontaneous or natural seizure activity. Each session, mice ﬁrst
received 100 paired CS-US trials randomly intermingled
with 10 CS-only trials (total duration ±30 min) whereby all
trials were presented irrespectively of seizure activity to
maintain identical training duration for every animal. Then,
immediately after the training session, tg mice were subjected to a probe phase (±30–60 min) during which CS-only
trials were delivered on purpose during ongoing seizure activity, which we compared with the interictal CS-only trials
obtained during the preceding training session (protocols
visualized in Supplemental Fig. S1A; see https://doi.org/
10.6084/m9.ﬁgshare.13026809.v1). For this, we used a
closed-loop system programmed in LabVIEW (National
Instruments, Austin, TX) that delivered CS-only trials based
on ECoG signal. In this closed-loop system, brain activity
was analyzed and ﬁltered for seizure activity, which was
deﬁned as general spike-and-wave discharges (GSWDs):
spikes that deviated more than a tenth of a percentile of the
average, had a frequency between 5 and 12 Hz (permitted
that 1 spike could be missed), and appeared in both primary
motor cortex (M1) and primary somatosensory cortex (S1). To
prevent extinction, a paired CS-US trial was presented every
30 ± 2 s. All experiments were performed daily at approximately the same time of the day by the same executor.

Surgical Procedures
During a stereotactic surgery that took about an hour, a
small connector was placed on the skull to enable head ﬁxation during eyeblink conditioning (procedures previously
described in Ref. 26) followed by the implantation of ﬁve
200-mm Teﬂon-coated silver ball tip electrodes for ECoG
recordings on the surface of motor and sensory cortex (previously described in Ref. 35). After surgery, mice recovered for
at least 5 days.

Experimental Setup
For eyeblink conditioning, mice were placed head-ﬁxed
on top of a cylindrical treadmill on which they were allowed
to walk freely (similar to 22, 26). Eyelid movements were
400

Analysis of Eyeblink Conditioning Data
Individual eyeblink traces were analyzed with custom
computer software (MATLAB, MathWorks, Natick, MA) as
previously described in Ref. 26. For all analysis, we only
looked at CS-only trials, since they allowed us to study the
full kinetic proﬁle of the eyelid responses. Data from CS-only
trials were compared with data from paired CS-US trials to
make sure that the observed patterns were similar. For each
trial, we determined 1) the maximum fraction eyelid closure
(= FEC) in the CS-US interval, 2) the presence of a CR based
on eyelid movements deviating at least 5% from the baseline
(eyes fully open) to a full blink (eyes fully closed), 3) the latency to CR onset between 25 and 225 ms, and 4) latency to
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CR peak between 50 and 250 ms after CS onset (visualized in
Supplemental Fig. S1B). For tg mice, data were subdivided
into trials wherein there was a seizure ongoing during CS
delivery (ictal trials) and trials wherein no seizure occurred
during CS delivery (interictal trials). Statistical analysis was
done using multilevel linear mixed-effects models (LME) in
R Studio (code available upon request). LMEs have several
major advantages over standard parametric and nonparametric tests (36, 37): 1) LMEs are very robust to violations of
normality assumptions, which is often the case in biological
data samples; 2) LMEs do not require homoscedasticity; 3)
LMEs, like no other test, take into account the nested structure of the data (in our current data set: trial nested within
session, session nested within animal, animal nested within
group), taking into account all trial data and their intraclass
correlation; and 4) LMEs are much better in handling missing data points than repeated-measures ANOVAs. In our
LME, we used group, seizure activity, and session and their
interactions as ﬁxed effect and mouse as a random effect.
Goodness of ﬁt was determined by log likelihood ratio,
Bayesian information criterion (BIC), and Akaike information criterion (AIC) scores. The distribution of residuals was
inspected using plotting the quantiles of standard normal
versus standardized residuals (Q-Q plots). Data were considered as statistically signiﬁcant if the P value was
smaller than 0.05 after correcting, where necessary, for
multiple comparison using the Bonferroni–Holm method.

Spontaneous Blinks Analysis
Spontaneous blinks were quantiﬁed for all animals in the
intertrial intervals during which no stimuli were presented.
We calculated the number of spontaneous blinks in the 5 s
before CS. For tg, the data were further subdivided in spontaneous blinks occurring during ictal and interictal periods.

ECoG Analysis
Seizures were detected and analyzed using custom written
computer software (LabVIEW; National Instruments, Austin,
TX) and MATLAB (MathWorks, Natick, MA). GSWD detection
and deﬁnition is as described previously (35). Additionally,
since GSWDs can have pauses of a few milliseconds up to 1 or
2 s while still being considered one seizure, only eyeblink conditioning trials where the seizure is uninterrupted from 1 s
before and ongoing at the exact moment of CS onset are
included.

RESULTS
To ensure that there were no major changes in seizure activity during the period of eyeblink training, we ﬁrst measured the natural progression of the spontaneous episodes of
GSWDs in tg mice. We found that tg mice had on average 10–
20 seizures per hour with an average duration of 2 s (Fig. 1E).
Although slightly trending downwards, no statistically signiﬁcant effect of session was found [F(1,134) = 2.88, P = 0.09,
ANOVA on LME]. No single seizure was detected in control
mice (data not shown). Thus, spontaneous seizure activity did
not change during the eyeblink conditioning training period.
To exclude the possibility that any phenotype found in
the tg mice was due to motor performance deﬁcit, i.e., an
inability or impairment in closing the eyelid, we next tested

the kinetics of reﬂexive blinks to the air puff US (i.e., the
unconditioned response, UR) during ictal and interictal periods. We found that the latency to UR onset, latency to UR
peak, percentage of URs, and UR amplitude in tg mice were
indistinguishable from those of littermate controls (Fig. 1, F–
I, statistics in Supplemental Table S1; see https://doi.org/
10.6084/m9.ﬁgshare.13305614.v1). In addition, we quantiﬁed
the number of spontaneous blinks during interictal and ictal
periods for tg mice and compared these with the number of
spontaneous blinks in wild-types. No signiﬁcant difference
was found between wild-type and tg mice during seizurefree periods [main effect: F(2,32) = 27.672, P < 0.0001 ANOVA
on LME; post hoc Bonferroni–Holm corrected for multiple
comparisons: WT vs. tg-interictal P = 0.7947; Fig. 1K,
Supplemental Table S1]. However, tg mice showed signiﬁcantly less spontaneous blinks during ictal periods (P <
0.0001). Thus, GSWDs prevented tg mice from blinking
spontaneously, but GSWDs had no effect on the kinetics of
the reﬂexive blink triggered by the air puff US.
Next, we compared the learning behavior during eyeblink
conditioning between tg mice and their controls. Although
control mice showed a gradual increase in their eyelid
response amplitude (fraction eyelid closure, FEC) over the 10
consecutive training days, tg mice showed very little
response to the task. Even after 10 days of training, the averaged eyeblink trace of all CS-only trials was virtually a ﬂat
line for all tg mice combined, both during ictal and interictal
periods (Fig. 2A). The CR percentage calculated over all CSonly trials, or CR probability, for controls and tg interictal
showed that there was a statistically signiﬁcant effect of both
group and group  session (all P < 0.0001, ANOVA on LME,
Fig. 2B, for full statistics see Supplemental Table S2; see
https://doi.org/10.6084/m9.ﬁgshare.13305752.v1). No statistically signiﬁcant effect was found for CR percentage between
ictal and interictal periods for tg mice (Fig. 2B), not even after pooling all 10 sessions (Fig. 2C). For FEC calculated over
all CS-only trials, we found the same pattern as for CR percentage (all P < 0.0001, ANOVA on LME, Fig. 2, D and E;
Supplemental Table S2), except that there was a statistically
signiﬁcant effect of group for sessions 8, 9 and 10 between
ictal and interictal periods for tg mice, whereby the FEC in tg
mice was lower during ictal periods [Fig. 2, D and E;
F(2,25714) = 37.9, P < 0.0001; post hoc: interictal vs. ictal S8,
P = 0.0046; S9, P = 0.0013; S10, P = 0.0421; all ANOVA on
LME, post hoc tests Bonferroni–Holm corrected for multiple
comparisons].
Since 2–3 tg mice were showing CRs in 30% of the trials
at the end of training during interictal periods (see individual learning curves in Supplemental Fig. S2, A and B; see
https://doi.org/10.6084/m9.ﬁgshare.13026848.v1), and other
tg mice were randomly showing a few CRs during each training session, we decided to study the characteristics of these
CRs in more detail by comparing their kinetic proﬁle with
those of wild-type controls. Speciﬁcally, we looked at the
timing of the eyeblink CRs, i.e., the latency to CR onset and
latency to CR peak, in traces wherein a CR was present (CRpositive traces). For wild-type controls, 572 out of 882 traces
contained an eyeblink CR, in contrast to 90 out of 870 traces
in tg interictal, and only 44 out of 882 traces for tg ictal.
Examining normalized group-session averaged traces, we
found that controls showed CRs that peak around the
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Figure 2. CR probability (percentage CR per session) and amplitude of conditioned eyelid closure (fraction eyelid closure, FEC) calculated across
all CS-only trials for control and tg mice during ictal and interictal periods. A: averaged eyeblink traces in CS-only trials in wild-type (wt) mice (blue,
n = 14) and tg mice (orange, n = 15). CS-only trials in tg mice have been subdivided into interictal trials (dark orange) and ictal trials (light orange).
Green dashed line indicates CS-onset, red dashed lines indicate the onset of the expected US (US omitted in CS-only trials); light green and light
red shadings indicate CS and US duration, respectively. B and D: learning curves showing the average (±SE) CR percentage (B) and the amplitude
of conditioned eyelid closure (FEC) (D) over the 10 consecutive training sessions. Left: tg mice perform signiﬁcantly worse than wild-type controls
for both CR percentage and FEC. Right: amplitude of conditioned eyelid responses is decreased during seizure activity, which becomes apparent
in sessions 8–10, wherein a subset tg mice starts to show CRs. C and E: grand average CR percentage and amplitude of conditioned eyelid closure
(FEC). Both CR percentage and FEC are signiﬁcantly lower in tg mice compared with wild-types. E: FEC is signiﬁcantly lower in tg mice during ictal
periods. P < 0.05; P < 0.01; P < 0.0001; for complete statistics we refer to Supplemental Table S2. CR, conditioned response; CS, conditional stimulus; tg, tottering; US, unconditional stimulus.

moment where they would receive the US, which means that
they had learned to protect their eye with great precision
against the aversive US. When looking at the timing of all
valid CR-positive traces, 52% of those of controls were within
the range of 200–300 ms after CS onset (Fig. 3E), which we
considered as “perfectly timed CRs,” since the US was always
402

delivered at 250 ms after CS onset. Tg mice, in contrast,
showed a different pattern: the latency to the CR peak was
randomly distributed over the CS-US interval: 17% (interictal) and 25% (ictal) of the eyelid responses fell in the category
perfectly timed CR [F(2,148) = 14.8, P < 0.0001; post hoc: WT
vs. tg-interictal, P = 0.0005; WT vs. tg-ictal, P = 0.0018,
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Figure 3. Amplitude of eyelid closure (fraction eyelid closure, FEC) and timing of conditioned eyeblinks calculated across only the CR-positive trials for control and tg mice during ictal and interictal periods. A: averaged eyeblink traces in CR-positive CS-only trials for wild-type (wt) mice (blue, n = 14) and tg mice
(orange, n = 15). CS-only trials in tg mice have been subdivided into interictal trials (dark orange) and ictal trials (light orange). Green dashed line indicates
CS-onset, red dashed lines indicate the onset of the expected US (US omitted in CS-only trials); light green and light red shadings indicate CS and US duration, respectively. Circle diagrams show the number of trials without (light gray) and with (colored) a CR. B: distribution of latency to CR onset (dark ﬁlled
bars) and latency to CR peak time (light ﬁlled bars) relative to CS-onset in all (day 1 to 10). Wild-type mice (blue) show a clear clustering of CR peaks around
the onset of the expected US. CRs in tg mice do not show this tendency. CRs with a latency to peak between 200 and 300 ms after CS onset (expected US
at 250 ms after CS onset) were considered as “perfectly timed CR” (thin black dashed lines). Average latency to CR onset (C) and latency to CR peak (D) do
not signiﬁcantly differ between groups. E: for wild-type mice, more than half of the CRs have a latency to peak in the perfect-timing range (200–300 ms after
CS onset). Tg mice do not show this pattern, neither during interictal nor ictal periods. F: although trending upward, there was no statistically signiﬁcant difference between groups in the standard deviation of the latency to CR peak. P < 0.001; for complete statistics we refer to Supplemental Table S2. CR,
conditioned response; CS, conditional stimulus; tg, tottering; US, unconditional stimulus.

ANOVA on LME, post hoc tests Bonferroni–Holm corrected
for multiple comparisons, Fig. 3E]. In addition, the latency to
CR peak seemed more variable in tg mice, especially during
ictal periods. We therefore looked at the standard deviation

of the latency to CR peak for the different groups. Although
we found a main effect for group, this appeared to be not statistically signiﬁcant after correcting for multiple comparison
in the post hoc testing [F(2,68.6) = 3.27, P = 0.044; post hoc
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without correction for multiple comparison P = 0.0197, post
hoc with Bonferroni–Holm correction P = 0.059, Fig. 3F].
Finally, we examined the effect of the age of the tg animals
on eyeblink conditioning rate. For this, we calculated for each
mouse, the averaged values across all sessions for CR percentage, eyelid closure (FEC) over all trials, and eyelid closure
(FEC) in CR-positive trials, and then, we plotted these values
as a function of age. We found statistically signiﬁcant effects
in the CR percentage (Supplemental Fig. S3A; see https://doi.
org/10.6084/m9.ﬁgshare.13305191.v1, Spearman’s correlation
rs = 0.7084, P = 0.0031) and FEC calculated over all trials (CR
and non-CR trials) (Supplemental Fig. S3B, Spearman’s correlation rs = 0.5235, P = 0.0452). No effect was found when only
looking at FEC calculated over only the trials wherein a CR
was present (Supplemental Fig. S3C, Spearman’s correlation
rs = 0.01698, P = 0.5618). It should be noted though, that the
average CR percentage of the youngest (9-wk-old mice) was
still very low: 14% versus a median of 70% in wild-type mice
(Fig. 2C). The same holds for FEC amplitude: 0.1 for the youngest tg mice versus 0.3 for the wild-type controls (Fig. 2E).

DISCUSSION
Here, we show that tg mice have severely impaired learning in a cerebellar-dependent learning task, Pavlovian eyeblink conditioning. Tg mice barely learn the task and the few
CRs that they show at the end of training are poorly timed,
i.e., the CR does not peak around the expected eye puff.
Seizure activity (GSWDs) during the presentation of the CS
even further disrupts the amplitude of eyelid CRs. We could
not ﬁnd a performance deﬁcit in reﬂexive eyelid closures.
Even reﬂexive blinks during GSWDs appear to have normal
kinetics. In contrast, GSWDs prevent tg mice from blinking
spontaneously. Thus, GSWD seem to have the same effect on
spontaneous blinks and CRs, but appear to have no effect on
reﬂexive eyelid closures to the US, probably since the pathways involved in the UR are not very affected by the GSWD
(brainstem nuclei: trigeminal and facial nucleus).
Our ﬁnding that cerebellar learning is affected in tg is
in line with previous work showing severe cerebellar
learning impairments in vestibulo-ocular reﬂex adaptation (12, 13, 38–41). In addition, it supports the previous
ﬁndings of our laboratory that Cacna1a patients have
severely impaired eyeblink conditioning, but also show
impairments in other cerebellar tasks like prism adaptation and the pegboard task (42, 43).
We found that younger tg mice (9-wk-old) learned slightly
better than older mice (25 þ wk) in eyeblink conditioning.
This ﬁnding is consistent with the age-related decrease in
parallel ﬁber to Purkinje cell synaptic transmission and
increased severity in oculomotor performance with age in
mice with loss-of-function mutations in CaV2.1 (12, 38, 44).
To our knowledge, there is one other study reporting on
Pavlovian eyeblink conditioning in tg mice (45). Interestingly,
this study reports normal and even enhanced CR percentages
in tg mice compared to controls (group difference, P = 0.13;
learning rate, P = 0.019) (see Fig. 5A in Ref. 45). We have three
possible explanations for the discrepancy between our ﬁndings and the Qiao study. First, there is a substantial difference
in group sizes between our work and the Qiao study. Given
that there can be substantial variability in learning speed
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between mice, the Qiao study with only four mice is rather
underpowered. Second, the CS and US modalities used in the
Qiao study are different from ours. Qiao et al. (45) used an auditory CS, whereas we were using a visual CS. Vision is unaffected in tg mice (12). Generally speaking, a visual CS is more
suited as a CS in mice, since tones can easily elicit auditory
startle responses or fear short-latency responses (SLRs) in
mice (22, 46, 47). These SLRs can sometimes resemble CRs,
especially when using electromyography (EMG) and were often misinterpreted as cerebellar CRs in early work on mouse
eyeblink conditioning. Unfortunately, the Qiao paper does
not provide any information on the timing of eyeblink
responses that they consider as cerebellar CRs. As a US, the
Qiao study used a periorbital electric shock, whereas we used
a mild corneal air puff. Together, the Qiao protocol is likely to
recruit brain regions other than cerebellum that are more
involved in rapid fear learning. The high CR percentage on
the second training day (40%–50%) is indeed suggestive that
this is the case (46). One of these regions could include the
amygdala, which is likely to be less affected by the CaV2.1
mutation. Third, with the introduction of a treadmill/
walking cylinder, high-speed video cameras, and better
animal handling, the overall eyeblink procedures in mice
have improved signiﬁcantly over the past ﬁve years, leading to much better and more reliable conditioning (22, 48).
The impairments we found in tg mouse eyeblink conditioning belong to the worst we have ever observed in mice.
Generally speaking, disruptions in synaptic (26, 49) or intrinsic (28, 29) plasticity in Purkinje cells only cause a partial
learning deﬁcit; mice still do learn the task, but their learning rate is slower, i.e., after a given number of training days
the amplitude of the eyeblink CR and as a result the CR% are
lower. In addition, few mouse models also show impairments in CR timing (e.g., Fragile X mouse models, PP2B, autism mouse models), which is also conﬁrmed in human
eyeblink experiments (50–53). Tg mice show both severely
impaired learning speed (Fig. 2, B and D) and disrupted timing (Fig. 3, B–E) of their eyeblink CRs.
The severe learning phenotype in eyeblink conditioning
in tg mice could be caused by a variety of mechanisms. The
deﬁcit cannot be attributed to a single abnormal physiological process because disruption of calcium homeostasis has
widespread effects. First, tg mice have cerebellar-wide disruptions in their Purkinje cell simple spike ﬁring, showing a
more irregular and bursty ﬁring pattern and higher simple
spike ﬁring frequency, yet surprisingly normal complex
spike ﬁring frequency (39, 44, 54, 55). Thus, tg mice lack precise Purkinje cell activity, which is essential for encoding of
synaptic information and for cerebellar function (56–60).
Second, the 40%–60% reduction in CaV2.1 channel conductivity alters intracellular Ca2 þ homeostasis (34, 61–63). Ca2 þ
acts as an essential regulator of many cellular mechanisms,
including synaptic plasticity (64–66) and intrinsic plasticity
(26, 28, 29, 67). Since both Ca2 þ -dependent synaptic and
intrinsic plasticities are crucially involved in memory formation during eyeblink conditioning (26, 30), a disruption in
the Purkinje cell’s Ca2 þ signaling will inevitably result in
impaired cerebellar memory formation. Third, the CaV2.1
channel is found in Purkinje cells as well as in cerebellar
interneurons (68) and in granule cells (69, 70), while all of
these play an essential role in eyeblink conditioning (26).
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And in addition, CaV2.1 VDCCs are widely expressed throughout the brain, spinal cord, and neuromuscular system (71).
Since we know that extracerebellar Ca2 þ -dependent structures, like the amygdala (46, 72, 73) and medial prefrontal cortex (74), also contribute to eyeblink conditioning, these
extracerebellar disruptions could contribute to the disrupted
learning in tg mice. It is important to emphasize that we did
not ﬁnd a deﬁcit in UR abilities, which implicates no functional impairments in the brain stem nuclei involved in
reﬂexive blinking (i.e., spinal trigeminal nucleus, facial motor
nucleus) nor the eyelid innovation pathway (75, 76). Fourth,
the Cacna1a mutation could potentially also have an impact
on the development of the olivo- and pontocerebellar systems
(77). In previous work, the ultrastructure of the Purkinje cell
dendritic spines in the cerebellar molecular layer of the tg
mice were observed to be already irregular when juvenile (20–
25 days) (78, 79). And ﬁfth, spontaneous seizure activity during eyeblink conditioning training could have had an impact
on learning. Although it is unlikely that these spontaneous
seizures are the main reason for the learning impairment,
since 94% of all paired CS-US trials were presented during
interictal periods, GSWDs do likely cause disruptions in the
expression of learned behavior, resulting in lower CR%.
The small differences we found in FEC amplitude at the
end of training between interictal and ictal periods could be
explained by the disruptive effects of cortical GSWDs on cerebellar inputs, like pontine nuclei and inferior olive, and/or
cerebellar outputs, like the brainstem motor neurons
involved in eyeblink conditioning (N.III, N.VI, N.VII). A CS
presented during a seizure will probably not “overrule” the
ongoing GSWD in the pontine nuclei. Similarly, a CR signal
coming from the cerebellum will not be strong enough to
overrule the ongoing GSWDs in brainstem motor neurons.
Although the frequency of GSWDs is constant, it starts to
show its effect on expression when tg mice start to learn.
In conclusion, we showed that eyeblink conditioning in tg
mice is severely affected, showing low probability of CRs
with impaired timing after 10 days of training. Our work
adds to the notion that CaV2.1 VDCC, which are abundantly
expressed in Purkinje cells in the cerebellar cortex, are crucial for normal cerebellar functioning.
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