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Childhood absence epilepsy (CAE) is often comorbid with behavioral and cognitive symptoms, including im-
paired visual memory. Genetic Absence Epilepsy Rats from Strasbourg (GAERS) is an animal model closely re-
sembling CAE; however, cognition in GAERS is poorly understood. Crossmodal object recognition (CMOR) is a
recently developed memory task that examines not only purely visual and tactile memory, but also requires ro-
dents to integrate sensory information about objects gained from tactile exploration to enable visual recognition.
Both the visual and crossmodal variations of the CMOR task rely on the perirhinal cortex, an area with dense ex-
pression of T-type calcium channels. GAERS express a gain-in-function missense mutation in the Cav3.2 T-type
calcium channel gene. Therefore, we tested whether the T-type calcium channel blocker Z944 dose dependently
(1,3, 10 mg/kg; i.p.) altered CMOR memory in GAERS compared to the non-epileptic control (NEC) strain. GAERS
demonstrated recognition memory deficits in the visual and crossmodal variations of the CMOR task that were
reversed by the highest dose of Z944. Electroencephalogram recordings determined that deficits in CMOR mem-
ory in GAERS were not the result of seizures during task performance. In contrast, NEC showed a decrease in
CMOR memory following 7944 treatment. These findings suggest that T-type calcium channels mediate CMOR
in both the GAERS and NEC strains. Future research into the therapeutic potential of T-type calcium channel reg-
ulation may be particularly fruitful for the treatment of CAE and other disorders characterized by visual memory
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1. Introduction

Childhood absence epilepsy (CAE) accounts for approximately 8% of
all epilepsies in school-aged children and is characterized by a disrup-
tion in consciousness sometimes with mild clonic movements and au-
tomatisms (Pavone et al, 2001). Although CAE was originally
considered a benign disorder (Dieterich et al., 1985), recent research
has shown that children with absence epilepsy have co-morbid behav-
ioral (Caplan et al., 2009) and cognitive (Caplan et al., 2009; Henkin et
al., 2005; Killory et al., 2011; Loughman et al., 2014; Mandelbaum and
Burack, 1997; Pavone et al.,, 2001) symptoms. In particular, visual skill
and visual memory deficits are consistently observed in CAE (Nolan et
al., 2004; Pavone et al., 2001; Siren et al.,, 2007). Genetic Absence Epilep-
sy Rats from Strasbourg (GAERS) is an animal model closely resembling

Abbreviation: CAE, childhood absence epilepsy; CMOR, crossmodal object recognition;
DR, discrimination ratio; GAERS, Genetic Absence Epilepsy Rats from Strasbourg; NEC,
non-epileptic control; PRh, perirhinal cortex; SWD, spike-and-wave discharge.
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CAE. GAERS not only demonstrate recurrent non-convulsive seizures
with bilateral and synchronous spike-and-wave discharges (SWD)
characteristic of CAE (Marescaux et al., 1992) but also the anxiety and
psychiatric-like phenotypes associated with epilepsy (Bouilleret et al.,
2009; Dezsi et al., 2013; Jones et al., 2008, 2010; Marks et al., 2016;
Powell et al,, 2014; but see also Marques-Carneiro et al., 2014). Similar
to CAE, GAERS exhibit altered cognition with increased performance ob-
served in fear conditioning and two-way active avoidance tests (Getova
etal., 1997; Marks et al., 2016), performance deficits observed for latent
inhibition and extinction of conditioned fear (Marks et al., 2016), and
delayed acquisition of spatial reference and working memory in a Mor-
ris water maze (Marques-Carneiro et al., 2016). Although progress has
been made in characterizing cognitive alterations in GAERS, previous re-
search has observed behavioral alterations using aversive Pavlovian and
operant conditioning or stress-inducing tasks. Further, the mechanisms
mediating alterations in cognition and behavior in CAE models are poor-
ly understood.

Spontaneous object recognition tasks rely on the natural curiosity of
rodents to explore novelty and are advantageous in that they measure
learning and memory without prior training and are non-aversive
(Cazakoff et al., 2010; Dere et al., 2007; Winters et al., 2008).
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Crossmodal object recognition (CMOR) is a recently developed memory
task that examines not only purely visual and tactile memory, but also
requires rodents to integrate sensory information about objects gained
from tactile exploration to enable visual recognition (Ballendine et al.,
2015; Winters and Reid, 2010; Reid et al., 2014). Both visual learning
and memory deficits and sensory integration deficits are observed in
CAE and psychiatric disorders that are highly comorbid with epilepsy
(Heinrichs and Zakzanis, 1998; Stone et al., 2011; Williams et al.,
2010; Wood et al., 2002). Given the specific learning and memory defi-
cits observed in humans with epilepsy, examining CMOR performance
in GAERS will broaden our understanding of the cognitive alterations
associated with this absence epilepsy model.

In GAERS, a gain-of-function missense mutation in the Cav3.2 T-type
calcium channel gene contributes to seizure activity (Powell et al.,
2009). Further, administration of the pan-T-type calcium channel
blocker, Z944, attenuates absence seizures in GAERS (Tringham et al.,
2012). Previous research has shown that Cav3.2 T-type calcium channel
deficient mice are impaired on novel and spatial object recognition
tasks although working memory was unaffected (Gangarossa et al.,
2014). Lesions of the perirhinal cortex (PRh) and posterior parietal cor-
tex also disrupt CMOR with the PRh particularly relevant to visual rec-
ognition memory (Winters and Reid, 2010). Given that T-type calcium
channels are expressed throughout the cerebral cortex with particularly
dense expression in the PRh (Talley et al., 1999), investigating the role
of T-type channels in mediating crossmodal recognition memory per-
formance is warranted. We have recently demonstrated that Z944 ad-
ministration has a profound effect on prepulse inhibition, a cognitive
test that measures sensorimotor gating, in GAERS, NEC, and Wistar
rats (Marks et al., in press). Taking into consideration the robust effects
of Z944 on behavior, the objective of the present study was to examine
the dose-dependent effect of Z944 on CMOR performance in GAERS and
NEC rats. Experiments confirmed a deficit in both visual and crossmodal
memory performance in GAERS compared to NECs. As anticipated, visu-
al and crossmodal memory performance in GAERS was rescued through
blockade of T-type calcium channels by Z944.

2. Materials and methods
2.1. Animals

Male and female GAERS and NEC (University of Saskatchewan Lab
Animal Services Unit, Saskatoon, Canada) (Marks et al., 2016) were
used. All rats were group housed (2 or 3 per cage) in standard polypro-
pylene cages in a temperature controlled (21 °C) colony room on a 12/
12 h light/dark cycle. Experimental procedures were carried out during
the light phase (lights on at 07:00 h), and food (Purina Rat Chow) and
water were available ad libitum. This work was approved by the Univer-
sity of Saskatchewan's Animal Research Ethics Board and adhered to the
Canadian Council on Animal Care guidelines for humane animal use.

2.2. Electroencephalogram (EEG) recordings

To confirm the presence and absence of SWDs in adult GAERS and
NEC animals prior to, and during the sample and test phases of
crossmodal testing, EEG recordings were performed in freely moving
rats. Two month old, male NEC (n = 3) and GAERS (n = 4) were im-
planted with a recording electrode skull screw (bregma, lateral from
midline, depth from skull in mm) into the somatosensory cortex
(S1Cx; AP +0.5 mm, ML 4.0, DV —1.2) and a reference electrode skull
screw into the occipital cortex (— 6.0, 5.0, — 1.2) under isoflurane anes-
thesia. Electrodes were connected to a custom EEG interface fitted to the
head and used to analyze SWD activity in NEC and GAERS. Following a
surgical recovery period, freely-moving EEG recordings were performed
using a wireless headstage and receiver (Multichannel Systems) during
a 20 min habituation session prior to behavioral testing, a 3 min session
during the sample phase, and a 2 min session during the test phase of

the crossmodal test. SWDs were analyzed semi-automatically using a
custom Matlab script developed by Dr. Stuart Cain and Jeff LeDue at
the University of British Columbia.

2.3. Drug and drug preparation

The synthesis and initial characterization of Z944 is reported in
Tringham et al. (2012). Z944 is a small organic molecule derived from
the piperazine-based compound NP118809, a high affinity N-type
Ca?* channel blocker. In vitro assays indicate that Z944 inhibition of
hCav3.1, hCav3.2, and hCav3.3 T-type channels to be submicromolar
(ICsp values = 50 to 160 nM), 50-600 times higher than its affinity for
N- and L-type Ca® ™ channels, hERG potassium channel, and the cardiac
Nay1.5 sodium channel (Tringham et al,, 2012).

7944 was prepared fresh daily in a 0.2 mg/ml, 0.6 mg/ml, or 2 mg/ml
solution of 10% dimethyl sulfoxide (DMSO; Sigma Aldrich, St. Louis, MO)
and 90% sodium carboxymethyl cellulose (0.5% in saline, Sigma Al-
drich). Z944 was administered intraperitoneally at a volume of 5 ml/
kg to yield doses of 1 mg/kg, 3 mg/kg, or 10 mg/kg. Previous research
has demonstrated significant blockade of T-type calcium channels with-
out altering the state of alertness in the 10 mg/kg dose (Tringham et al.,
2012) which provided the basis for the highest dose of Z944 used. Z944
or vehicle was administered 15 min prior to the sample phase of the
crossmodal, visual, or tactile test.

24. Behavioral testing procedures

Rats were handled in small groups of 2 or 3 for 5 min/day at least 3
times before testing began. Testing equipment was cleaned with 70%
ethanol between all trials. Drug naive rats were initially run on the tac-
tile (12 GAERS, 12 NEC), visual (12 GAERS, 12 NEC), and CMOR tests (12
GAERS, 12 NEC). Following these initial experiments, tests with Z944
treatment during CMOR memory were carried out using 54 GAERS
(12 rats per dose, 18 vehicle injected rats) and 53 NECs (12 rats per
dose, 17 vehicle injected rats). All rats that received Z944 treatment
during the CMOR test also first received tactile and visual tests. An
extra set of rats (13 GAERS, 13 NEC) received a short delay (5 min vs.
1 h) version of the visual test. Additional rats were then used to assess
the effects of Z944 (10 mg/kg) on the tactile test (9 GAERS, 9 NEC)
and visual test (13 GAERS: 11 treated with drug, 2 treated with vehicle;
13 NEC: 12 treated with Z944, 1 treated with vehicle). Rats that received
7944 treatment during the tactile or visual tests did not receive the
other tests.

2.5. Visual, tactile, and crossmodal recognition memory

Recognition memory testing procedures were adapted from previ-
ously published protocols (Ballendine et al., 2015; Winters and Reid,
2010). The testing apparatus consisted of a Y-shaped box with one en-
trance arm and two object arms (10 x 27 cm) (Fig. 1). Object recogni-
tion testing included three distinct tests: the tactile, visual, and
crossmodal memory tests (Fig. 1A,B,C). Tactile exploration was con-
ducted in red light illumination that prevented the rats from seeing
the objects, but allowed recording of the rats' behavior via an overhead
video camera. During visual exploration, transparent plastic barriers
were inserted in front of the objects to prevent tactile exploration.
Three habituation sessions (10 min) occurred prior to testing. The first
two habituation sessions were paired whereas the last one occurred in-
dividually. White and red overhead illuminations were separately pre-
sented for half of each habituation session, with the order of
illumination counterbalanced.

Testing began one day after the last habituation session in the fol-
lowing order: tactile, then visual, with CMOR testing on the last day.
Each test included a 3 min sample phase and 2 min test phase with a
1 h delay between phases with the exception of the short delay visual
test where a 5 min delay occurred between the sample and test phases.



108 W.N. Marks et al. / Neurobiology of Disease 94 (2016) 106-115

A Visual memory

1h
-
Light Light
B Tactile memory
1h
=
Dark Dark

C Crossmodal memory

1h

Dark Light

Fig. 1. Schematic overhead view of the three distinct crossmodal object recognition tests,
visual test (A), tactile test (B), and crossmodal test (C).

During the sample phase, the maze contained two identical copies of an
object at the end of each of the exploration arms. Objects were con-
structed of glass, plastic, or porcelain and were all similar in size
(~10 cm in height and length). During the test phase, the maze
contained a third copy of the sample phase object with a novel object
in the opposing arm, and presentation of novel and familiar objects
was counterbalanced between arms of the maze. Between trials, the
maze and objects were wiped with 70% EtOH. Object exploration was
scored by a trained experimenter blind to the treatment status of the
rat and the designation of the object as either novel or familiar for a
given trial. Significantly greater tactile exploration of a novel object
when it was paired with a familiar object that had previously been
touched (but not seen) during a sample trial is referred to as tactile rec-
ognition memory (Fig. 1B). Significantly greater time spent looking at a
novel object when it was paired with a familiar object that had only
been seen (but not touched) during a sample trial is considered visual
recognition memory (Fig. 1A). CMOR memory refers to significantly
greater time looking at a novel object that was paired with an object
that had been touched, but not seen, in the opposing arm (Fig. 1C).

2.6. Data analysis

The data were analyzed using the Statistical Package for the Social
Sciences version 20 for Windows (IBM). Statistical significance for all
comparisons was set at p < 0.05. All results are reported as group
means + standard error of the mean (SEM). Corrections were made
for violations of homogeneity of variance (Levene's Test). All analyses

were initially run with Sex as a factor. However, the main effect of Sex
and all interactions of Sex with Strain or Treatment were non-signifi-
cant (all p > 0.10), therefore the sexes were combined for analyses. Uni-
variate analysis of variance (ANOVA) with Strain and Z944 treatment as
between-subjects factors were predominantly used for analysis. Where
appropriate, independent samples t-tests were used with Strain or
Treatment as the between-subjects factor. Post hoc analyses were per-
formed using Dunnett's test and Bonferroni corrections. One sample t-
tests comparing to a mean of 0 were used to determine whether novel
object exploration was significantly above chance levels. Tactile explo-
ration was scored when a rat actively explored an object with its nose
directed within 2 cm of the object and its head or vibrissae moving,
but not if the rat was standing on top of the object or not directing atten-
tion towards it. Visual exploration was scored when a rat gazed in the
direction of an object within 2 cm of the transparent plastic barrier
(Ballendine et al., 2015; Winters and Reid, 2010). Analyses of object ex-
ploration during the sample phase of each task were run on object ex-
ploration over the entire 3 min. Memory was quantified using a
discrimination ratio (DR), which was calculated as the time spent ex-
ploring (novel — familiar) / (novel + familiar) objects (Ballendine et
al., 2015; Cazakoff and Howland, 2011; Howland et al,, 2012). Separate
analyses were run for min 1 (DR1) and min 1 + 2 (DR1 + 2) of the test
phase as most object exploration occurs during the first minute of
testing.

3. Results
3.1. Characterization of absence seizures during crossmodal testing

GAERS and NECs were first assessed for SWDs with freely moving
EEG similar to previous studies (Marks et al., 2016; Powell et al,,
2014). During a 20 min habituation period in the Y-shaped box prior
to the crossmodal sample phase, GAERS displayed spontaneous SWDs
resembling those described previously (Marescaux et al., 1992; Marks
et al.,, 2016; Powell et al., 2009, 2014). NECs did not display absence sei-
zures or SWD activity (Fig. 2). SWD were observed during 15.2 + 2.3% of
the recording period in GAERS, occurring at 0.9 4 0.1 seizures per min-
ute, with a mean duration of 10.1 4 1.1 s. SWDs displayed a spike fre-
quency of 6.6 & 0.1 Hz. No SWDs were observed in GAERS or NECs
during either the sample or test phase of COMR testing.

3.2. Drug naive trials

Analysis of sample phase exploration times (Table 1) revealed signif-
icant differences between NEC and GAERS animals on the tactile
(t(22) = 3.99, p = 0.001) and CMOR (t(22) = 4.89, p < 0.001) tests.
For both of these tests, GAERS had significantly decreased exploration
times during tactile phases. A significant strain difference in test phase
exploration time (Table 1) was also found for the tactile test (t(22) =
5.40, p < 0.001) with GAERS exploring objects less than NECs.

Analysis of DR1 and DR1 + 2 of the tactile, visual, and CMOR mem-
ory tests (Fig. 3A,B) showed significant strain differences on both tactile
recognition memory, DR1 (£(13.31) = 3.23, p = 0.006), and CMOR
memory, DR1 (£(22) = 2.13, p = 0.045) and DR1 + 2 (t(22) = 2.51,
p = 0.020). Although GAERS showed significantly lower tactile recogni-
tion memory, further analyses using one sample t-tests comparing DRs
to a mean of 0 showed that both GAERS and NEC had significant mem-
ory above chance for both DR1 and DR1 + 2 (all p < 0.002). For CMOR
memory, only NECs showed significant novel object exploration for
both DR1 and DR1 + 2 in the CMOR test (both p <0.019). Although sig-
nificant strain differences were not found for visual recognition memo-
1y, GAERS only showed significant memory above chance levels for DR1
(t(11) = 2.21, p = 0.050). NECs showed significant visual recognition
memory above chance for both DR1 and DR1 + 2 (both p < 0.005).
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Fig. 2. EEG analysis of seizures during rest and crossmodal memory test. Freely-moving EEG analysis was performed on NEC (n = 3) and GAERS (n = 4) using wireless telemetry. (A, B)
Representative EEG traces are shown for recording sessions performed at rest (A) and also during the sample and test phases of the crossmodal memory test (B). A complete summary of

seizure data before and during the trials is presented in the Results section.

3.3. 7944 trials

3.3.1. Crossmodal recognition memory with Z944 treatment

Analysis of sample phase exploration (Table 2) revealed significant
main effects of Strain (F(1,99) = 30.14, p < 0.001) and Treatment
(F(3,99) = 50.07, p < 0.001), as well as a significant Strain by Treatment
interaction (F(3,99) = 4.90, p = 0.003) for the CMOR test. Post hoc anal-
ysis of the data revealed a significant decrease in exploration time in
GAERS relative to NECs during the sample phase, but only for the vehicle
(t(33) = 6.19, p < 0.001) and 10 mg/kg Z944 (t(22) = 5.50, p < 0.001)
treatment conditions. Post hoc tests further revealed that, relative to ve-
hicle treatment, all doses of Z944 decreased sample phase exploration
in the NEC strain (all p < 0.001); whereas, only the 3 mg/kg (p =
0.003) and 10 mg/kg (p < 0.001) doses significantly decreased sample
phase exploration time relative to vehicle treatment in GAERS. When
the test phase exploration time was considered (Table 2), a significant
main effect of Treatment was observed (F(3,99) = 7.78, p < 0.001).

Table 1

Post hoc analyses revealed that only the 10 mg/kg dose of Z944 pro-
duced significantly lower test phase exploration times in the CMOR
test in both GAERS and NEC (p < 0.001). The Strain by Treatment inter-
action for test phase object exploration time was not significant (DRs
shown in Fig. 4).

Analysis of DR1 and DR1 + 2 of the CMOR test phase exploration
with Z944 treatment (Fig. 4A,B) revealed non-significant main effects
of Strain and Treatment for both time intervals. However, a significant
Strain by Treatment interaction was found for DR1 (F(3,99) = 3.01,
p = 0.034). Planned a priori post hoc analyses of the vehicle treatment
condition revealed a significant strain difference in CMOR memory for
DR1 (£(33) = 2.40, p = 0.022), where NEC rats explored novel objects
significantly more than GAERS. Non-significant strain differences were
found for all other treatment conditions. Further post hoc analyses re-
vealed that CMOR memory was not significantly affected by the 1 and
3 mg/kg doses of Z944 in both the GAERS and NEC strains. Planned a
priori post hoc analyses comparing vehicle to 10 mg/kg Z944 treatment

Total exploration time of the objects (s 4+- SEM) during the sample and test phase of the tactile, visual, visual short delay, and crossmodal recognition memory tests. The total time for both
the sample and test phases are presented. GAERS showed significantly decreased exploration times for both the sample and test phase of the tactile memory test (*p < 0.05). Significantly
decreased exploration time was also observed in GAERS during the sample phase of the crossmodal memory test (*p < 0.05).

Strain Test phase Tactile Visual Visual short delay Crossmodal

NEC Sample 66.66 + 2.46 825+ 1.19 6.64 + 1.04 66.31 £ 4.05
Test 50.70 £ 3.38 551 +£1.13 7.48 +£1.97 5.03 £ 0.61

GAERS Sample 4293 4 5.41* 6.54 + 0.77 529 + 0.73 39.62 £ 3.67*
Test 27.64 + 2.61* 3.71 £0.37 4.06 £ 0.45 4.56 £+ 0.50
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Fig. 3. Tactile, visual, and crossmodal recognition memory discrimination ratios (DR) for minute 1 (DR1; A) and minute 1 plus 2 combined (DR1 + 2; B) for drug naive GAERS and NECs.
GAERS showed significantly reduced tactile (*p < 0.05; A) recognition memory for DR1. GAERS also demonstrated significantly reduced crossmodal recognition memory for DR1

(#p <0.05; A) and DR1 + 2 (*p < 0.05; B).

within strains revealed a significant treatment effect only in GAERS for
both DR1 (£(28) = —2.71,p = 0.011) and DR1 + 2 (£(28) = —2.13,
p = 0.043). Analyses using one sample t-tests comparing DR1 and
DR1 + 2 to a mean of 0 found that in the NEC strain, only animals in
the vehicle treatment condition showed significant memory compared
to chance, DR1 (t(16) = 2.65, p = 0.017), and DR1 + 2 (t(16) = 2.98,
p = 0.009). In the GAERS strain, rats treated with both 3 mg/kg 72944,
DR1 + 2 (t(11) = 228, p = 0.043), and 10 mg/kg 7944, DR1
(t(11) = 2.50, p = 0.030) and DR1 + 2 (t(11) = 2.70, p = 0.021),
showed significant memory when compared to chance performance.

All animals in the Z944 CMOR received drug naive tactile and visual
tests prior to the crossmodal trials (Fig. 4C,D). Analysis of these data re-
vealed some similar and some unique trends to the initial drug naive tri-
als. During the tactile sample phase (Table 3), GAERS showed reduced
object exploration (£(106) = 9.31, p < 0.001). In contrast to initial
drug naive trials, analysis of visual sample phase object exploration
times (Table 3) revealed a significant difference in exploration between
the GAERS and NEC strains (t(108) = 3.98, p < 0.001) with decreased
exploration observed in GAERS. These patterns of exploration continued
into the test phase for both the tactile (t(96.64) = 7.49, p < 0.001) and
visual (£(85.81) = 2.92, p = 0.004) tests with decreased exploration ob-
served in GAERS (Table 3). A strain difference in tactile recognition
memory (Fig. 4C,D) was observed for this group, DR1 (t(106) = 2.04,
p = 0.044). GAERS displayed significantly decreased tactile recognition
memory relative to NECs. Interestingly, a strain difference in visual rec-
ognition memory was also observed, DR1 (£(108) = 3.74, p < 0.001),
DR1 + 2 (t(108) = 3.32, p = 0.001), whereby GAERS showed a signif-
icant decrease in visual recognition memory. One sample t-tests re-
vealed significant tactile recognition memory above chance levels in
both the GAERS and NEC strains for DR1 and DR1 + 2 (all p £0.001). Sig-
nificant visual recognition memory above chance was only observed in
NECs, both DR1 and DR1 + 2 (p < 0.001).

In light of the significantly decreased memory performance ob-
served in GAERS for visually dependent CMOR and visual test phases,

Table 2

a short delay visual test was run to determine whether poor perfor-
mance was possibly the result of a visual sensory deficit in GAERS. Anal-
ysis of sample and test phase object exploration for the short delay
visual test (Table 3) revealed non-significant differences between the
GAERS and NEC strains. When DR1 and DR1 + 2 for the short delay vi-
sual object recognition test was analyzed, non-significant differences
between the GAERS and NEC strains were observed (Fig. 4C,D). When
performance was compared to chance levels, both NEC and GAERS
showed significant short delay visual recognition memory for both the
DR1 and DR1 + 2 time intervals (all p < 0.021).

3.3.2. Tactile recognition memory with Z944 treatment

As the 10 mg/kg dose of Z944 had the most profound effect for the
CMOR test, only this dose was used for further pharmacology experi-
ments. A significant main effect of Strain (F(1,122) = 23.58,
p <0.001), Treatment (F(1,122) = 72.39, p < 0.001), and a significant
Strain by Treatment interaction (F(1,122) = 6.74, p = 0.011) was
found for tactile sample phase exploration (Table 3). Further analysis
of the data revealed significantly lower exploration times in GAERS
rats for both no drug (t(106) = 9.31, p < 0.001) and 10 mg/kg Z944
(t(16) = 2.73, p = 0.015) treatment conditions. Post hoc tests also re-
vealed that within both the NEC and GAERS strains, Z944 treated rats
had significantly decreased tactile sample phase exploration times,
(t(60) = 8.87, p<0.001) and (£(33.79) = 7.18, p < 0.001) respectively.
When test phase exploration was considered, a significant main effect of
Strain (F(1,122) = 18.20, p < 0.001) and Treatment (F(1,122) = 20.09,
p <0.001) was observed (Table 3). GAERS showed significantly reduced
object exploration, and 10 mg/kg Z944 also significantly reduced explo-
ration time. The Strain by Treatment interaction for test phase object ex-
ploration time was non-significant (Fig. 5A,B).

Exploration of tactile object recognition memory (Fig. 5A,B) revealed
a significant main effect of Treatment (F(1,122) = 7.16, p = 0.008) for
the DR1 + 2 time interval. Rats administered 10 mg/kg 72944 showed in-
creased tactile recognition memory relative to non-treated rats. All

Total exploration time of the objects (s 4+ SEM) during the sample and test phases of the crossmodal recognition memory test with Z944 treatment (vehicle, 1 mg/kg, 3 mg/kg, and 10 mg/
kg). The total time for both the sample and test phases are presented. A significant decrease in sample phase exploration was found for GAERS, but only for the vehicle and 10 mg/kg dose of
7944 (*p < 0.05). All doses of Z944 decreased sample phase exploration in NEC relative to vehicle treated NECs (#p < 0.05). However, only GAERS treated with the 3 and 10 mg/kg dose of
7944 showed decreased sample phase exploration relative to vehicle treated GAERS (&p < 0.05). In both strains, 10 mg/kg Z944 significantly reduced object exploration during the test

phase (**p < 0.05).
Strain Test phase Vehicle 1 mg/kg 72944 3 mg/kg 7944 10 mg/kg 2944
NEC Sample 63.72 £ 2.2 41.88 + 3.29# 38.73 + 4.10# 28.77 + 2.06#
Test 6.43 £ 0.51 5.85 + 0.70 5.53 £ 0.59 3.69 + 0.29"*
GAERS Sample 4333 4+ 241* 40.75 4+ 341 31.18 £ 2.27& 1497 + 143*&
Test 5.12 + 0.54 6.62 + 0.57 5.00 + 0.46 3.76 + 0.42**
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Fig. 4. Crossmodal recognition memory discrimination ratios (DR) for minute 1 (DR1; A) and minute 1 plus 2 combined (DR1 + 2; B) for vehicle and Z944 treated (1, 3, and 10 mg/kg)
GAERS and NECs. GAERS show significantly reduced crossmodal recognition memory in vehicle treated rats for DR1 (*p < 0.05; A). GAERS treated with 10 mg/kg Z944 show significantly
increased crossmodal recognition memory compared to vehicle treated rats for DR1 (#p < 0.05; A) and DR1 + 2 (*p < 0.05; B). Tactile, visual and visual short delay (SD) DR1 (C) and
DR1 + 2 (D) for drug naive trials prior to crossmodal testing for GAERS and NECs. GAERS showed significantly reduced tactile recognition memory for DR1 (*p < 0.05; C). GAERS
showed significantly reduced visual recognition memory for both DR1 (#p < 0.05; C) and DR1 + 2 (*p < 0.05; D).

other main effects and interactions were non-significant. Analyses com-
paring tactile exploration DR1 and DR1 + 2 to chance levels revealed
that all rats showed significant tactile exploration of the objects (all
p £0.001), with the exception of GAERS treated with 10 mg/kg Z944
for DR1 only.

Table 3

Total exploration time of the objects (s &= SEM) during the sample and test phases of the
tactile and visual memory test with 10 mg/kg Z944 treatment. The total time for both the
sample and test phases are presented. In the tactile memory test, GAERS showed signifi-
cantly lower exploration time during the sample phase (*p < 0.05). Z944 treatment signif-
icantly reduced sample phase exploration time across both the NEC and GAERS strains (#p
< 0.05). Overall GAERS showed significantly reduced exploration during the tactile test
phase relative to NECs (&p < 0.05). Z944 treatment significantly reduced tactile test phase
exploration in both strains (**p < 0.05). For the visual memory test, sample phase explora-
tion was significantly reduced by Z944 treatment in both strains (*p < 0.05). In the no drug
treatment group, GAERS showed decreased exploration during the sample phase relative
to NECs (*p < 0.05). GAERS and NECs treated with Z944 showed decreased exploration
during visual test phase exploration ($p < 0.05).

Strain Group Tactile Visual
NEC No drug
Sample 7321 £ 1.84 10.13 4+ 0.60
Test 42.85 4+ 1.62 6.5 + 0.52
10 mg/kg 2944
Sample 32.56 £ 2.29# 2.98 + 0.56"
Test 27.25 + 3.08** 4.15 4+ 0.57%
GAERS No drug
Sample 4593 4+ 2.27* 7.11 + 046"
Test 27.80 £ 1.20& 4.77 £ 030
10 mg/kg 7944
Sample 24.29 4+ 1.99*# 3.53 + 1.13»
Test 20.58 + 0.98&™* 422 4 0.82%

3.3.3. Visual recognition memory with 2944 treatment

Analysis of visual sample phase exploration (Table 3) revealed a sig-
nificant main effect of Treatment (F(1,129) = 37.20, p < 0.001) and a
significant Strain by Treatment interaction (F(1,129) = 4.13,p =
0.044) on exploration time; whereas the main effect of Strain was
non-significant. Similar to the crossmodal and tactile tests, post hoc
tests revealed visual sample phase object exploration time was signifi-
cantly decreased by 10 mg/kg Z944 treatment across both strains (all
p £0.012). Post hoc tests also revealed significantly reduced sample
phase exploration in drug naive GAERS relative to drug naive NEC ani-
mals (t(108) = 3.98, p <0.001). A significant main effect of Treatment
was found for test phase exploration (F(1,129) = 4.47, p = 0.036)
where 10 mg/kg 72944 treatment also produced decreased exploration
across both strains. All Strain and Strain by Treatment interactions
were non-significant (Fig. 5C,D).

Significant Strain by Treatment interactions were observed for both
DR1 (F(1,129) = 12.25,p = 0.001) and DR1 + 2 (F(1,129) = 5.58,p =
0.020) of the visual object recognition memory test (Fig. 5C,D). Post hoc
analyses revealed that GAERS showed significant decreases in object
recognition memory only in the no drug treatment condition, DR1
(t(108) = 3.32,p = 0.001), and DR1 + 2 (t(108) = 3.98, p < 0.001).
Post hoc tests also revealed that GAERS treated with 10 mg/kg 2944
showed a significant increase in visual test phase object exploration
during the first minute relative to non-treated rats' DRI1
(t(65) = —2.59, p = 0.012). One sample t-test analyses revealed that
NECs show significant memory over chance performance for the visual
test at all DR time intervals (both p <0.001); whereas NECs treated with
10 mg/kg 2944 did not show significant memory over chance. For the
GAERS strain, significant object exploration above chance was observed
for rats treated with 10 mg/kg 2944, DR1 (t(10) = 2.63, p = 0.025.
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Fig. 5. Tactile (A,B) and visual (C,D) recognition memory discrimination ratios (DR) for minute 1 (DR1) and minute 1 plus 2 combined (DR1 + 2) for treatment naive (no drug) and 10 mg/
kg 7944 treated GAERS and NECs. For tactile recognition memory, rats treated with 10 mg/kg Z944 showed significantly increased memory relative to drug naive rats for DR1 + 2
(*p < 0.05; B). Treatment naive GAERS show significantly decreased visual recognition memory for both DR1 (*p < 0.05; C) and DR1 + 2 (*p < 0.05; D). GAERS treated with 10 mg/kg
7944 show significantly increased visual recognition memory relative to treatment naive GAERS for DR1 (#p < 0.05; C).

However, GAERS in the no drug treatment condition did not show visual
recognition memory.

4. Discussion

In a series of experiments, we characterized the effects of acute sys-
temic treatment with the T-type calcium channel blocker, Z944, on
CMOR memory performance in GAERS and NEC rats. Recognition mem-
ory deficits in the tactile, visual and CMOR tests were observed in drug
naive GAERS relative to NECs, although the deficit in tactile recognition
memory was less pronounced (Figs. 3, 4). In GAERS, Z944 had a robust
dose-dependent effect on crossmodal test performance with a signifi-
cant reversal of recognition memory deficits at the 10 mg/kg dose
(Fig. 4). Of further note, the 10 mg/kg dose of Z944 also completely re-
versed the visual recognition memory deficits observed in GAERS (Fig.
5). 2944 also decreased both crossmodal and visual recognition memo-
ry performance in the NEC strain such that NECs no longer performed
above chance levels (Figs. 4, 5).

4.1. CMOR memory deficits in drug naive GAERS

The present study shows that GAERS are impaired in cognitive tasks
that do not involve aversive stimuli. Of particular relevance, interpreta-
tion of the results from the present study are less confounded by the en-
hanced anxiety in GAERS produced by aversive tasks (see Marks et al.,
2016; Marques-Carneiro et al., 2016), and therefore provide an impor-
tant contribution to the characterization of the behavioral phenotype
associated with the GAERS model of CAE. Overall, tactile and visual rec-
ognition memory deficits were not as consistent and robust as the

deficits observed for the CMOR test. The CMOR test is likely the most
challenging as the NEC animals showed the lowest DRs for this task, a
pattern observed previously in our laboratory when testing rats on
these tests (Ballendine et al.,, 2015). Thus, CMOR may be more sensitive
for detecting recognition memory deficits in GAERS. It is also possible
that GAERS are more impaired on tasks that depend on the PRh as the
crossmodal and visual tests are PRh dependent (Winters and Reid,
2010) and GAERS have altered PRh functioning (Akman et al., 2010).
Previous studies have shown that the thalamus may act as a critical
relay between the PRh and other areas such as the frontal lobes to con-
trol visual object recognition memory (Warburton and Brown, 2015).
Indeed, in monkeys, mediodorsal thalamic lesions produced severe def-
icits in visual object recognition memory (Parker and Gaffan, 1998),
thus highlighting the importance of thalamic regions in these tasks.
GAERS have documented alterations in thalamic protein expression, as
well as heightened excitability and enhanced glucose metabolism in
thalamic regions (Danis et al., 2011; Dufour et al., 2003; Toth et al.,
2007). Future research should focus on examining the network systems
responsible for object recognition deficits in GAERS.

Although not always statistically significant, GAERS displayed a con-
sistent decrease in object exploration during the sample and test phases
of all tasks that was especially pronounced during tactile exploration
(Tables 1, 2, 3). These results mirror previous findings where GAERS
showed significantly decreased distance travelled in an open field
(Bouilleret et al., 2009; Dezsi et al., 2013; Jones et al., 2008; Marks et
al., 2016; Powell et al., 2014). Overall, these data suggest that GAERS
generally display reduced locomotor activity relative to NECs. It is im-
portant to note that reduced object exploration does not necessarily
translate to a reduction in recognition memory in GAERS. Despite
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displaying a significant reduction in object exploration relative to NECs
in the tactile sample phase, GAERS still displayed significant memory
during the test phase. It is also important to note that the reduction of
object exploration observed in GAERS during the sample and test
phases are not the result of seizure activity during task performance
as EEG recordings revealed that GAERS did not display SWDs while
performing the task. A possible explanation for the reduction in activity
observed in GAERS is that they were more anxious during task perfor-
mance and thus displayed less overall movement. Indeed, our lab and
others have demonstrated that GAERS display an anxiety-like pheno-
type in the elevated plus maze (Jones et al., 2008; Marks et al., 2016;
Powell et al., 2014) open field (Bouilleret et al., 2009; Dezsi et al.,
2013; Jones et al., 2008; Powell et al., 2014), and in response to startling
acoustic stimuli (Marks et al., in press; Jones et al., 2010) compared to
NEC.

4.2. 7944 rescues visual and CMOR memory deficits in GAERS

To the best of our knowledge, the present report is the first to dem-
onstrate a robust reversal of memory deficits with a T-type calcium
channel blocker. This effect was observed for both the visual and
crossmodal tests in which GAERS demonstrated the most severe and
consistent deficits. Our results extend on previous research demonstrat-
ing that the anticonvulsant and T-type calcium channel blocker,
ethosuximide (MacDonald and Kelly, 1995), ameliorates behaviors con-
sistent with a psychiatric phenotype in GAERS. It was shown that chron-
ic ethosuximide treatment increased both exploration and the number
of entries into the inner area of an open field in GAERS; however,
acute treatment was ineffective (Dezsi et al., 2013). It is possible that
we observed a behavioral improvement with an acute dose as a result
of the significantly increased potency and selectivity of Z944 as a T-
type calcium channel blocker (Tringham et al., 2012).

Previous research suggests that the PRh and posterior parietal cortex
are critically involved in cross-modal object recognition with the PRh
particularly relevant to visual recognition memory (Winters and Reid,
2010). As GAERS express a mutation in Cav3.2 T-type calcium channels
(Powell et al., 2009) and the PRh is particularly abundant in T-type cal-
cium channel expression (Talley et al., 1999), cognitive tasks dependent
upon the PRh may be selectively impaired in GAERS. Indeed, we ob-
served enhanced in object recognition memory in GAERS in the visual
and crossmodal tests following Z944 treatment. Importantly, tactile rec-
ognition memory was only mildly increased in both strains during
DR1 + 2 indicating that the effects of Z944 are most robust in tasks de-
pendent on the PRh. Interestingly, blockade of glutamatergic activity in
the PRh impairs object recognition memory in rodents and primates
(Malkova et al., 2015; Winters and Bussey, 2005). Recent evidence sug-
gests that Cay3.2 channels play a direct role in the regulation of synaptic
NMDA receptor transmission. Specifically, expression of a childhood ab-
sence epilepsy-linked mutant Cay3.2 channel, hCay3.2 (C456S), results
in enhanced glutamatergic transmission at synapses (Wang et al.,
2015). Thus, Z944 may alter object recognition memory through effects
on glutamatergic signalling in the PRh. Alternatively, T-type calcium
channel blockade in the thalamus may also account for the memory en-
hancement observed in GAERS with Z944 treatment. Indeed, increased
T-type calcium channel mRNA expression, currents, and expression of
a Cacnalh mutation-sensitive splice variant have previously been dem-
onstrated in the thalamus of GAERS (Powell et al., 2009; Talley et al.,
2000; Tsakiridou et al., 1995).

Acute 7944 treatment significantly reduced object exploration for
the GAERS and NEC strains during both the sample and test phases of
all the CMOR tests. A potential explanation for this observed effect is
that Z944 affects alertness. T-type channels have a well documented
role in the generation of electroencephalogram waves observed during
sleep (Crunelli et al., 2014). These waves are thought to be produced by
a network of activity involving the corticothalamic loop (Crunelli et al.,
2014), areas all densely populated with T-type calcium channels (Talley

et al., 1999). Another structurally distinct T-type calcium channel
blocker, TTA-A2, has been shown to suppress active wakefulness and
has been recognized as potential therapeutic targets for sleep disorders
(Kraus et al.,, 2010). Contrastingly, previous research has demonstrated
that an acute systemic 10 mg/kg dose of Z944 did not produce the delta
brainwaves observed during drowsiness (Tringham et al., 2012). Also,
the 10 mg/kg dose of Z944 was not significantly different from vehicle
treatment on behavioral measures of sedation (Tringham et al., 2012).
An alternative explanation for the decrease in exploratory activity ob-
served is that Z944 affects motor performance in GAERS and NECs. Pre-
vious research has demonstrated motor impairments in Cav3.1 KO
mice. In elevated beam, rotarod and pole tests, Cav3.1 KO mice took
more time to complete the tasks (Ly et al., 2013), a behavioral pheno-
type consistent with the Z944 treated rats in this study. Thus, behaviors
dependent on cerebellar functioning may be similarly affected by T-type
calcium channel blockers in both GAERS and NEC animals. Future re-
search should focus on determining whether Z944 does indeed alter
cerebellar physiology. Another potential explanation for the observed
decrease in object exploration is that Z944 increased anxiety-like be-
havior in both the GAERS and NEC strains and thus reduced overall
levels of locomotion. Although the effect of Z944 on anxiety-like behav-
ior in rodents is not known, Cav3.2 deficient mice have demonstrated an
anxiety-like phenotype in the elevated plus maze and light/dark conflict
test (Gangarossa et al., 2014).

4.3. T-type calcium channels mediate object recognition memory in NECs

Although blockade of T-type calcium channels in GAERS improved
recognition memory, similar treatment in NECs may be deleterious.
7944 produced a pronounced dose-dependent decrease on object rec-
ognition memory in NECs for both the visual and crossmodal tests. In-
terestingly, the recently developed drug, ST101, which activates T-
type calcium channels, was shown to improve recognition memory in
olfactory bulbectomized and scopolamine treated mice (Moriguchi et
al., 2012; Yamamoto et al., 2013). Further, a significant decrease in T-
type calcium channels, as observed in Cav3.2 deficient mice, impaired
performance on novel object and spatial object recognition tasks
(Gangarossa et al., 2014). Thus, previous research and the results from
this study suggest that there may be an optimal level of T-type calcium
channel activity required for object recognition memory.

T-type calcium channels also mediate cognition in tasks other than
recognition memory. Recently, we have shown that Z944 significantly
decreased prepulse inhibition (Marks et al., in press), a measure of sen-
sorimotor gating dependent on a network of limbic, cortical, striatal,
pallidal, and pontine brain activity (Swerdlow et al., 2000). Cav3.2 KO
mice are impaired in the hippocampal dependent context-cued trace
fear conditioning and step-down and step-through passive avoidance
tasks (Chen et al., 2012). Given the breadth of cognitive networks affect-
ed by T-type calcium channel expression, further research into the func-
tion of these channels in cognition and behavior is warranted.

5. Conclusion

In a series of experiments, we demonstrated visual and CMOR mem-
ory deficits in drug naive GAERS relative to NECs. Z944 rescued visual
and CMOR deficits in GAERS, whereas, NEC animals showed impaired
visual and CMOR performance in response to Z944 treatment. Tactile
recognition memory was moderately increased by Z944 treatment in
both strains. In general, object recognition memory specifically depen-
dent on visual processing was robustly affected by Z944 treatment in
both the GAERS and NEC strains. Overall, the current study demon-
strates that Z944 does not have a global effect on recognition memory.
Rather, its effects depend on both genetic variability between animal
strains as well as the specific task considered. These findings are impor-
tant in that they demonstrate that T-type calcium channel blockers are
effective not only as anticonvulsants (Casillas-Espinosa et al., 2015;
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Tringham et al., 2012) and for the reduction of pain (LeBlanc et al., 2016;
M'Dahoma et al., 2016), but also as cognitive enhancers in the GAERS
model of CAE. This highlights the likely critical role T-type calcium chan-
nels have in mediating cognitive deficits associated with psychiatric ill-
ness and neurological disorders, symptoms that are known to be
difficult to treat. Future research should focus on the effects of longer-
term Z944 treatment on memory performance and potential side effects
specifically related to locomotor activity, alertness, and sleep function-
ing which may pose a problem for treatment in humans. Continued re-
search into the therapeutic potential of T-type calcium channel
regulation may be particularly fruitful for the treatment of neurological
disorders and psychiatric illnesses characterized by visual memory def-
icits, such as CAE and schizophrenia.

Funding and disclosure

This research was supported by a Brain Canada Multi-Investigator
Research Initiative Grant with matching support from Genome British
Columbia, the Michael Smith Foundation for Health Research, and the
Koerner Foundation (PI: TPS). Work in the laboratory of TPS is support-
ed by an operating grant from the Canadian Institutes for Health Re-
search (CIHR; #10677) and a Canada Research Chair in Biotechnology
and Genomics-Neurobiology. Work in the laboratory of JGH is support-
ed by an operating grant from CIHR (#125984) and matching funds for
these experiments from the Saskatchewan Health Research Foundation
and the University of Saskatchewan. WNM is supported by funding
from the College of Medicine at the University of Saskatchewan. SMC
is supported by a research grant from the B.C. Epilepsy Society.

Acknowledgements

We wish to thank Mr. Jeff LeDue for assistance in developing EEG sei-
zure analysis software and Mr. Brendan G. Murray and Ms. Nadine
Zabder for assistance with video scoring.

References

Akman, 0., Karson, A., Aker, R.G., Ates, N., Onat, E.Y., 2010. Perirhinal cortical kindling in
rats with genetic absence epilepsy. Neurosci. Lett. 479 (1), 74-78. http://dx.doi.org/
10.1016/j.neulet.2010.05.034 [doi];S0304-3940(10)00609-9 [pii]. Retrieved from
PM:20560164.

Ballendine, S.A., Greba, Q., Dawicki, W., Zhang, X., Gordon, J.R., Howland, J.G., 2015. Behav-
ioral alterations in rat offspring following maternal immune activation and ELR-CXC
chemokine receptor antagonism during pregnancy: implications for
neurodevelopmental psychiatric disorders. Prog. Neuropsychopharmacol. Biol. Psy-
chiatry 57, 155-165. http://dx.doi.org/10.1016/j.pnpbp.2014.11.002 [doi]; S0278-
5846(14)00218-8 [pii]. Retrieved from PM:25445065.

Bouilleret, V., Hogan, R.E., Velakoulis, D., Salzberg, M.R., Wang, L., Egan, G.F,, et al., 2009.
Morphometric abnormalities and hyperanxiety in genetically epileptic rats: a
model of psychiatric comorbidity? Neuroimage 45 (2), 267-274. http://dx.doi.org/
10.1016/j.neuroimage.2008.12.019 [doi]; S1053-8119(08)01273-1 [pii]. Retrieved
from PM:19167503.

Caplan, R, Levitt, J,, Siddarth, P., Wu, K.N., Gurbani, S., Sankar, R., et al., 2009. Frontal and
temporal volumes in Childhood Absence Epilepsy. Epilepsia 50 (11), 2466-2472.
http://dx.doi.org/10.1111/j.1528-1167.2009.02198.x [doi]. EPI2198 [pii]. Retrieved
from PM:19624714.

Casillas-Espinosa, P.M., Hicks, A., Jeffreys, A., Snutch, T.P., O'Brien, T.J., Powell, K.L., 2015.
7944, a novel selective T-type calcium channel antagonist delays the progression of
seizures in the amygdala kindling model. PLoS One 10 (8), e0130012. http://dx.doi.
org/10.1371/journal.pone.0130012 [doi];PONE-D-14-29119 [pii]. Retrieved from
PM:26274319.

Cazakoff, B.N., Howland, J.G., 2011. AMPA receptor endocytosis in rat perirhinal cortex un-
derlies retrieval of object memory. Learn. Mem. 18 (11), 688-692. http://dx.doi.org/
10.1101/Im.2312711 [doi] 18/11/688 [pii]. Retrieved from PM:22005749.

Cazakoff, B.N., Johnson, KJ., Howland, J.G., 2010. Converging effects of acute stress on spa-
tial and recognition memory in rodents: a review of recent behavioural and pharma-
cological findings. Prog. Neuropsychopharmacol. Biol. Psychiatry 34 (5), 733-741.
http://dx.doi.org/10.1016/j.pnpbp.2010.04.002 [doi] S0278-5846(10)00131-4 [pii].
Retrieved from PM:20394792.

Chen, C.C, Shen, JW., Chung, N.C, Min, M.Y., Cheng, SJ., Liu, LY., 2012. Retrieval of con-
text-associated memory is dependent on the Ca(v)3.2 T-type calcium channel. PLoS
One 7 (1), e29384. http://dx.doi.org/10.1371/journal.pone.0029384 [doi];PONE-D-
11-13492 [pii]. Retrieved from PM:22235292.

Crunelli, V., David, F., Leresche, N., Lambert, R.C., 2014. Role for T-type Ca>™ channels in
sleep waves. Pflugers Arch. 466 (4), 735-745. http://dx.doi.org/10.1007/s00424-
014-1477-3 [doi]. Retrieved from PM:24578015.

Danis, O., Demir, S., Gunel, A., Aker, R.G., Gulcebi, M., Onat, F., et al., 2011. Changes in in-
tracellular protein expression in cortex, thalamus and hippocampus in a genetic rat
model of absence epilepsy. Brain Res. Bull. 84 (6), 381-388. http://dx.doi.org/10.
1016/j.brainresbull.2011.02.002 [doi] S0361-9230(11)00033-5 [pii]. Retrieved from
PM:21310218.

Dere, E., Huston, ].P., De Souza Silva, M.A., 2007. The pharmacology, neuroanatomy and
neurogenetics of one-trial object recognition in rodents. Neurosci. Biobehav. Rev. 31
(5), 673-704. http://dx.doi.org/10.1016/j.neubiorev.2007.01.005 [doi] S0149-
7634(07)00011-5 [pii]. Retrieved from PM:17368764.

Dezsi, G., Ozturk, E., Stanic, D., Powell, K.L., Blumenfeld, H., O'Brien, T,J., et al., 2013.
Ethosuximide reduces epileptogenesis and behavioral comorbidity in the GAERS
model of genetic generalized epilepsy. Epilepsia 54 (4), 635-643. http://dx.doi.org/
10.1111/epi.12118 [doi]. Retrieved from PM:23464801.

Dieterich, E., Doose, H., Baier, W.K,, Fichsel, H., 1985. Longterm follow-up of childhood ep-
ilepsy with absences. II. Absence-epilepsy with initial grand mal. Neuropediatrics 16
(3), 155-158. http://dx.doi.org/10.1055/s-2008-1059531 [doi]. Retrieved from PM:
3930989.

Dufour, F., Koning, E., Nehlig, A, 2003. Basal levels of metabolic activity are elevated in Ge-
netic Absence Epilepsy Rats from Strasbourg (GAERS): measurement of regional ac-
tivity of cytochrome oxidase and lactate dehydrogenase by histochemistry. Exp.
Neurol. 182 (2), 346-352 d0i:S0014488603000529 |[pii]. Retrieved from PM:
12895445,

Gangarossa, G., Laffray, S., Bourinet, E., Valjent, E., 2014. T-type calcium channel Cav3.2
deficient mice show elevated anxiety, impaired memory and reduced sensitivity to
psychostimulants. Front. Behav. Neurosci. 8, 92. http://dx.doi.org/10.3389/fnbeh.
2014.00092 [doi]. Retrieved from PM:24672455.

Getova, D., Bowery, N.G., Spassov, V., 1997. Effects of GABAB receptor antagonists on
learning and memory retention in a rat model of absence epilepsy. Eur.
J. Pharmacol. 320 (1), 9-13 doi:S0014-2999(96)00877-1 [pii]. Retrieved from PM:
9049596.

Heinrichs, RW., Zakzanis, K.K., 1998. Neurocognitive deficit in schizophrenia: a quantita-
tive review of the evidence. Neuropsychology 12 (3), 426-445 Retrieved from PM:
9673998.

Henkin, Y., Sadeh, M., Kivity, S., Shabtai, E., Kishon-Rabin, L., Gadoth, N., 2005. Cognitive
function in idiopathic generalized epilepsy of childhood. Dev. Med. Child Neurol. 47
(2), 126-132 Retrieved from PM:15707236.

Howland, J.G., Cazakoff, B.N., Zhang, Y., 2012. Altered object-in-place recognition memory,
prepulse inhibition, and locomotor activity in the offspring of rats exposed to a viral
mimetic during pregnancy. Neuroscience 201, 184-198. http://dx.doi.org/10.1016/j.
neuroscience.2011.11.011 [doi] S0306-4522(11)01278-4 [pii]. Retrieved from PM:
22119062.

Jones, N.C., Martin, S., Megatia, I, Hakami, T., Salzberg, M.R,, Pinault, D,, et al., 2010. A ge-
netic epilepsy rat model displays endophenotypes of psychosis. Neurobiol. Dis. 39
(1), 116-125. http://dx.doi.org/10.1016/.nbd.2010.02.001 [doi] S0969-
9961(10)00039-2 [pii]. Retrieved from PM:20153428.

Jones, N.C,, Salzberg, M.R., Kumar, G., Couper, A., Morris, M., O'Brien, T.J., 2008. Elevated
anxiety and depressive-like behavior in a rat model of genetic generalized epilepsy
suggesting common causation. Exp. Neurol. 209 (1), 254-260. http://dx.doi.org/10.
1016/j.expneurol.2007.09.026 [doi] S0014-4886(07)00371-8 [pii]. Retrieved from
PM:18022621.

Killory, B.D., Bai, X., Negishi, M., Vega, C., Spann, M.N., Vestal, M., et al., 2011. Impaired at-
tention and network connectivity in childhood absence epilepsy. Neuroimage 56 (4),
2209-2217. http://dx.doi.org/10.1016/j.neuroimage.2011.03.036 [doi] S1053-
8119(11)00314-4 [pii]. Retrieved from PM:21421063.

Kraus, R.L, Li, Y., Gregan, Y., Gotter, A.L., Uebele, V.N., Fox, S.V., et al., 2010. In vitro
characterization of T-type calcium channel antagonist TTA-A2 and in vivo effects
on arousal in mice. J. Pharmacol. Exp. Ther. 335 (2), 409-417. http://dx.doi.org/
10.1124/jpet.110.171058 [doi] jpet.110.171058 [pii]. Retrieved from PM:
20682849.

LeBlanc, B.W., Lii, T.R., Huang, ].J., Chao, Y.C., Bowary, P.M., Cross, B.S,, et al., 2016. T-type
calcium channel blocker Z944 restores cortical synchrony and thalamocortical con-
nectivity in a rat model of neuropathic pain. Pain 157 (1), 255-263. http://dx.doi.
org/10.1097/j.pain.0000000000000362 [doi];00006396-201601000-00026 [pii]. Re-
trieved from PM:26683108.

Loughman, A., Bowden, S.C,, D'Souza, W., 2014. Cognitive functioning in idiopathic gener-
alised epilepsies: a systematic review and meta-analysis. Neurosci. Biobehav. Rev. 43,
20-34.  http://dx.doi.org/10.1016/j.neubiorev.2014.02.012  [doi] = S0149-
7634(14)00039-6 [pii]. Retrieved from PM:24631851.

Ly, R, Bouvier, G., Schonewille, M., Arabo, A., Rondi-Reig, L., Lena, C, et al.,, 2013. T-type
channel blockade impairs long-term potentiation at the parallel fiber-Purkinje cell
synapse and cerebellar learning. Proc. Natl. Acad. Sci. U. S. A. 110 (50),
20302-20307. http://dx.doi.org/10.1073/pnas. 1311686110 [doi] 1311686110 [pii].
Retrieved from PM:24277825.

M'Dahoma, S., Gadotti, V.M., Zhang, F.X,, Park, B., Nam, ].H., Onnis, V., et al., 2016. Effect of
the T-type channel blocker KYS-05090S in mouse models of acute and neuropathic
pain. Pflugers Arch. 468 (2), 193-199. http://dx.doi.org/10.1007/s00424-015-1733-
1 [doi];10.1007/s00424-015-1733-1 [pii]. Retrieved from PM:26354962.

MacDonald, R.L., Kelly, KM., 1995. Antiepileptic drug mechanisms of action. Epilepsia 36
(Suppl. 2), S2-12 Retrieved from PM:8784210.

Malkova, L., Forcelli, P.A., Wellman, LL, Dybdal, D., Dubach, M.F,, Gale, K., 2015. Blockade
of glutamatergic transmission in perirhinal cortex impairs object recognition memo-
ry in macaques. J. Neurosci. 35 (12), 5043-5050. http://dx.doi.org/10.1523/
JNEUROSC1.4307-14.2015 [doi] 35/12/5043 [pii]. Retrieved from PM:25810533.


http://dx.doi.org/10.1016/j.neulet.2010.05.034
http://dx.doi.org/10.1016/j.pnpbp.2014.11.002
http://dx.doi.org/10.1016/j.neuroimage.2008.12.019
http://dx.doi.org/10.1111/j.1528-1167.2009.02198.x
http://dx.doi.org/10.1371/journal.pone.0130012
http://dx.doi.org/10.1101/lm.2312711
http://dx.doi.org/10.1016/j.pnpbp.2010.04.002
http://dx.doi.org/10.1371/journal.pone.0029384
http://dx.doi.org/10.1007/s00424�014�1477-3
http://dx.doi.org/10.1007/s00424�014�1477-3
http://dx.doi.org/10.1016/j.brainresbull.2011.02.002
http://dx.doi.org/10.1016/j.brainresbull.2011.02.002
http://dx.doi.org/10.1016/j.neubiorev.2007.01.005
http://dx.doi.org/10.1111/epi.12118
http://dx.doi.org/10.1055/s-2008-1059531
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0070
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0070
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0070
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0070
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0070
http://dx.doi.org/10.3389/fnbeh.2014.00092
http://dx.doi.org/10.3389/fnbeh.2014.00092
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0080
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0080
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0080
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0080
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0085
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0085
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0085
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0090
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0090
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0090
http://dx.doi.org/10.1016/j.neuroscience.2011.11.011
http://dx.doi.org/10.1016/j.neuroscience.2011.11.011
http://dx.doi.org/10.1016/j.nbd.2010.02.001
http://dx.doi.org/10.1016/j.expneurol.2007.09.026
http://dx.doi.org/10.1016/j.expneurol.2007.09.026
http://dx.doi.org/10.1016/j.neuroimage.2011.03.036
http://dx.doi.org/10.1124/jpet.110.171058
http://dx.doi.org/10.1097/j.pain.0000000000000362
http://dx.doi.org/10.1016/j.neubiorev.2014.02.012
http://dx.doi.org/10.1073/pnas.1311686110
http://dx.doi.org/10.1007/s00424�015�1733-1
http://dx.doi.org/10.1007/s00424�015�1733-1
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0140
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0140
http://dx.doi.org/10.1523/JNEUROSCI.4307�14.2015
http://dx.doi.org/10.1523/JNEUROSCI.4307�14.2015

W.N. Marks et al. / Neurobiology of Disease 94 (2016) 106-115 115

Mandelbaum, D.E., Burack, G.D., 1997. The effect of seizure type and medication on cog-
nitive and behavioral functioning in children with idiopathic epilepsy. Dev. Med.
Child Neurol. 39 (11), 731-735 Retrieved from PM:9393886.

Marescaux, C., Vergnes, M., Depaulis, A., 1992. Genetic absence epilepsy in rats from
Strasbourg—a review. J. Neural Transm. Suppl. 35, 37-69 Retrieved from PM:
1512594,

Marks, W.N., Cavanagh, M.E., Greba, Q., Cain, S.M., Snutch, T.P., Howland, J.G., 2016. The
GAERS model of absence epilepsy exhibits alterations in fear conditioning and latent
inhibition consistent with psychiatric comorbidities in humans. Eur. J. Neurosci. 43
(1), 25-40. http://dx.doi.org/10.1111/ejn.13110 [doi]. Retrieved from PM:26490879.

Marks, W.N., Greba, Q., Cain, S.M., Snutch, T.P., Howland, ].G., 2016. The T-type calcium
channel antagonist Z944 disrupts prepulse inhibition in both epileptic and non-epi-
leptic rats. Neuroscience (in press).

Marques-Carneiro, J.E., Faure, ].B., Barbelivien, A., Nehlig, A., Cassel, ].C., 2016. Subtle alter-
ations in memory systems and normal visual attention in the GAERS model of ab-
sence epilepsy. Neuroscience 316, 389-401. http://dx.doi.org/10.1016/j.
neuroscience.2015.12.048 [doi] S0306-4522(15)01141-0 [pii]. Retrieved from PM:
26742792.

Marques-Carneiro, J.E., Faure, ].B., Cosquer, B., Koning, E., Ferrandon, A., de Vasconcelos,
AP, etal, 2014. Anxiety and locomotion in Genetic Absence Epilepsy Rats from Stras-
bourg (GAERS): inclusion of Wistar rats as a second control. Epilepsia 55 (9),
1460-1468. http://dx.doi.org/10.1111/epi.12738 [doi]. Retrieved from PM:25059093.

Moriguchi, S., Shioda, N., Yamamoto, Y., Tagashira, H., Fukunaga, K., 2012. The T-type volt-
age-gated calcium channel as a molecular target of the novel cognitive enhancer
ST101: enhancement of long-term potentiation and CaMKII autophosphorylation in
rat cortical slices. J. Neurochem. 121 (1), 44-53. http://dx.doi.org/10.1111/j.1471-
4159.2012.07667.x [doi]. Retrieved from PM:22251222.

Nolan, M.A., Redoblado, M.A,, Lah, S., Sabaz, M., Lawson, J.A., Cunningham, A.M.,, et al.,
2004. Memory function in childhood epilepsy syndromes. J. Paediatr. Child Health
40 (1-2), 20-27 doi:284 [pii]. Retrieved from PM:14717999.

Parker, A., Gaffan, D., 1998. Interaction of frontal and perirhinal cortices in visual object
recognition memory in monkeys. Eur. J. Neurosci. 10 (10), 3044-3057 Retrieved
from PM:9786199.

Pavone, P., Bianchini, R,, Trifiletti, RR., Incorpora, G., Pavone, A., Parano, E., 2001. Neuro-
psychological assessment in children with absence epilepsy. Neurology 56 (8),
1047-1051 Retrieved from PM:11320177.

Powell, K.L., Cain, S.M.,, Ng, C,, Sirdesai, S., David, L.S., Kyi, M., et al,, 2009. A Cav3.2 T-type
calcium channel point mutation has splice-variant-specific effects on function and
segregates with seizure expression in a polygenic rat model of absence epilepsy.
J. Neurosci. 29 (2), 371-380. http://dx.doi.org/10.1523/JNEUROSCI.5295-08.2009
[doi] 29/2/371 [pii]. Retrieved from PM:19144837.

Powell, K.L, Tang, H., Ng, C., Guillemain, I, Dieuset, G., Dezsi, G., et al., 2014. Seizure ex-
pression, behavior, and brain morphology differences in colonies of Genetic Absence
Epilepsy Rats from Strasbourg. Epilepsia 55 (12), 1959-1968. http://dx.doi.org/10.
1111/epi.12840 [doi]. Retrieved from PM:25377760.

Reid, J.M,, Jacklin, D.L.,, Winters, B.D., 2014. Delineating prefrontal cortex region contribu-
tions to crossmodal object recognition in rats. Cerebral Cortex 24 (8),2108-2119 Re-
trieved from PM: 23505287.

Siren, A, Kylliainen, A., Tenhunen, M., Hirvonen, K, Riita, T., Koivikko, M., 2007. Beneficial
effects of antiepileptic medication on absence seizures and cognitive functioning in
children. Epilepsy Behav. 11 (1), 85-91. http://dx.doi.org/10.1016/j.yebeh.2007.04.
009 [doi] S1525-5050(07)00135-7 [pii]. Retrieved from PM:17531542.

Stone, D.B., Urrea, LJ., Aine, CJ., Bustillo, ].R,, Clark, V.P., Stephen, ].M., 2011. Unisensory
processing and multisensory integration in schizophrenia: a high-density electrical
mapping study. Neuropsychologia 49 (12), 3178-3187. http://dx.doi.org/10.1016/j.

neuropsychologia.2011.07.017 [doi] S0028-3932(11)00341-1 [pii]. Retrieved from
PM:21807011.

Swerdlow, N.R,, Braff, D.L., Geyer, M.A., 2000. Animal models of deficient sensorimotor
gating: what we know, what we think we know, and what we hope to know soon.
Behav. Pharmacol. 11 (3-4), 185-204 Retrieved from PM:11103873.

Talley, E.M,, Cribbs, L.L., Lee, JH., Daud, A., Perez-Reyes, E., Bayliss, D.A., 1999. Differential
distribution of three members of a gene family encoding low voltage-activated (T-
type) calcium channels. J. Neurosci. 19 (6), 1895-1911 Retrieved from PM:10066243.

Talley, E.M,, Solorzano, G., Depaulis, A., Perez-Reyes, E., Bayliss, D.A., 2000. Low-voltage-
activated calcium channel subunit expression in a genetic model of absence epilepsy
in the rat. Brain Res. Mol. Brain Res. 75 (1), 159-165 doi:S0169328X99003071 [pii].
Retrieved from PM:10648900.

Toth, T.I, Bessaih, T., Leresche, N., Crunelli, V., 2007. The properties of reticular thalamic
neuron GABA(A) IPSCs of absence epilepsy rats lead to enhanced network excitabil-
ity. Eur. J. Neurosci. 26 (7), 1832-1844. http://dx.doi.org/10.1111/j.1460-9568.2007.
05800.x [doi] EIN5800 [pii]. Retrieved from PM:17883416.

Tringham, E., Powell, K.L., Cain, S.M., Kuplast, K., Mezeyova, ]., Weerapura, M,, et al., 2012.
T-type calcium channel blockers that attenuate thalamic burst firing and suppress ab-
sence seizures. Sci. Transl. Med. 4 (121). http://dx.doi.org/10.1126/scitranslmed.
3003120 121ra19 [doi] 4/121/121ra19 [pii]. Retrieved from PM:22344687.

Tsakiridou, E., Bertollini, L., de, C.M., Avanzini, G., Pape, H.C,, 1995. Selective increase in T-
type calcium conductance of reticular thalamic neurons in a rat model of absence ep-
ilepsy. J. Neurosci. 15 (4), 3110-3117 Retrieved from PM:7722649.

Wang, G., Bochorishvili, G., Chen, Y., Salvati, K.A., Zhang, P., Dubel, SJ., et al,, 2015. CaV3.2
calcium channels control NMDA receptor-mediated transmission: a new mechanism
for absence epilepsy. Genes Dev. 29 (14), 1535-1551. http://dx.doi.org/10.1101/gad.
260869.115 [doi] 29/14/1535 [pii]. Retrieved from PM:26220996.

Warburton, E.C,, Brown, M.W., 2015. Neural circuitry for rat recognition memory. Behav.
Brain Res. 285, 131-139. http://dx.doi.org/10.1016/j.bbr.2014.09.050 [doi] SO166-
4328(14)00651-2 [pii]. Retrieved from PM:25315129.

Williams, LE., Light, G.A., Braff, D.L,, Ramachandran, V.S., 2010. Reduced multisensory in-
tegration in patients with schizophrenia on a target detection task. Neuropsychologia
48 (10), 3128-3136. http://dx.doi.org/10.1016/j.neuropsychologia.2010.06.028 [doi]
S0028-3932(10)00267-8 [pii]. Retrieved from PM:20600181.

Winters, B.D., Bussey, T.J., 2005. Glutamate receptors in perirhinal cortex mediate
encoding, retrieval, and consolidation of object recognition memory. J. Neurosci. 25
(17), 4243-4251. http://dx.doi.org/10.1523/J]NEUROSCI.0480-05.2005 [doi] 25/17/
4243 [pii]. Retrieved from PM:15858050.

Winters, B.D., Reid, ].M., 2010. A distributed cortical representation underlies crossmodal
object recognition in rats. J. Neurosci. 30 (18), 6253-6261. http://dx.doi.org/10.1523/
JNEUROSCL6073-09.2010 [doi] 30/18/6253 [pii]. Retrieved from PM:20445051.

Winters, B.D., Saksida, L.M., Bussey, T.J., 2008. Object recognition memory: neurobiologi-
cal mechanisms of encoding, consolidation and retrieval. Neurosci. Biobehav. Rev. 32
(5), 1055-1070. http://dx.doi.org/10.1016/j.neubiorev.2008.04.004 [doi] S0149-
7634(08)00055-9 [pii]. Retrieved from PM:18499253.

Wood, SJ., Proffitt, T., Mahony, K., Smith, D.J., Buchanan, J.A., Brewer, W., et al., 2002. Vi-
suospatial memory and learning in first-episode schizophreniform psychosis and
established schizophrenia: a functional correlate of hippocampal pathology? Psychol.
Med. 32 (3), 429-438 Retrieved from PM:11989988.

Yamamoto, Y., Shioda, N., Han, F., Moriguchi, S., Fukunaga, K., 2013. Novel cognitive en-
hancer ST101 enhances acetylcholine release in mouse dorsal hippocampus through
T-type voltage-gated calcium channel stimulation. J. Pharmacol. Sci. 121 (3), 212-226
doi:DN/JST.JSTAGE/jphs/12233FP [pii]. Retrieved from PM:23449490.


http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0150
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0150
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0150
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0155
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0155
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0155
http://dx.doi.org/10.1111/ejn.13110
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf6000
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf6000
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf6000
http://dx.doi.org/10.1016/j.neuroscience.2015.12.048
http://dx.doi.org/10.1016/j.neuroscience.2015.12.048
http://dx.doi.org/10.1111/epi.12738
http://dx.doi.org/10.1111/j.1471�4159.2012.07667.x
http://dx.doi.org/10.1111/j.1471�4159.2012.07667.x
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0180
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0180
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0185
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0185
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0185
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0190
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0190
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0190
http://dx.doi.org/10.1523/JNEUROSCI.5295�08.2009
http://dx.doi.org/10.1111/epi.12840
http://dx.doi.org/10.1111/epi.12840
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf5000
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf5000
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf5000
http://dx.doi.org/10.1016/j.yebeh.2007.04.009
http://dx.doi.org/10.1016/j.yebeh.2007.04.009
http://dx.doi.org/10.1016/j.neuropsychologia.2011.07.017
http://dx.doi.org/10.1016/j.neuropsychologia.2011.07.017
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0215
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0215
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0215
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0220
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0220
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0220
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0225
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0225
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0225
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0225
http://dx.doi.org/10.1111/j.1460�9568.2007.05800.x
http://dx.doi.org/10.1111/j.1460�9568.2007.05800.x
http://dx.doi.org/10.1126/scitranslmed.3003120
http://dx.doi.org/10.1126/scitranslmed.3003120
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0240
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0240
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0240
http://dx.doi.org/10.1101/gad.260869.115
http://dx.doi.org/10.1101/gad.260869.115
http://dx.doi.org/10.1016/j.bbr.2014.09.050
http://dx.doi.org/10.1016/j.neuropsychologia.2010.06.028
http://dx.doi.org/10.1523/JNEUROSCI.0480�05.2005
http://dx.doi.org/10.1523/JNEUROSCI.6073�09.2010
http://dx.doi.org/10.1523/JNEUROSCI.6073�09.2010
http://dx.doi.org/10.1016/j.neubiorev.2008.04.004
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0275
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0275
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0275
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0275
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0280
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0280
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0280
http://refhub.elsevier.com/S0969-9961(16)30134-6/rf0280

	The T-�type calcium channel antagonist Z944 rescues impairments in crossmodal and visual recognition memory in Genetic Abse...
	1. Introduction
	2. Materials and methods
	2.1. Animals
	2.2. Electroencephalogram (EEG) recordings
	2.3. Drug and drug preparation
	2.4. Behavioral testing procedures
	2.5. Visual, tactile, and crossmodal recognition memory
	2.6. Data analysis

	3. Results
	3.1. Characterization of absence seizures during crossmodal testing
	3.2. Drug naïve trials
	3.3. Z944 trials
	3.3.1. Crossmodal recognition memory with Z944 treatment
	3.3.2. Tactile recognition memory with Z944 treatment
	3.3.3. Visual recognition memory with Z944 treatment


	4. Discussion
	4.1. CMOR memory deficits in drug naïve GAERS
	4.2. Z944 rescues visual and CMOR memory deficits in GAERS
	4.3. T-type calcium channels mediate object recognition memory in NECs

	5. Conclusion
	Funding and disclosure
	Acknowledgements
	References


