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Abstract
Rationale Currently available antipsychotics are unsatisfactory given their side effects and limited efficacy for the cognitive
symptoms of schizophrenia. Many currently available drugs, such as haloperidol, are T-type calcium channel antagonists in
addition to their well-established antagonism of dopamine D2 receptors. Thus, preclinical research into the effects of T-type
calcium channel antagonists/blockers in behavioral assays related to schizophrenia may inform novel therapeutic strategies.
Objectives We explored the effects of a recently developed highly selective T-type calcium channel antagonist, Z944 (2.5, 5.0,
10.0 mg/kg), on the MK-801 (0.15 mg/kg) model of acute psychosis.
Methods To examine the effects of Z944 on behaviors relevant to schizophrenia, we tested touchscreen-based paired
associates learning given its relevance to the cognitive symptoms of the disorder and locomotor activity given its
relevance to the positive symptoms.
Results Acute treatment with Z944 failed to reverse the visuospatial associative memory impairments caused by MK-801
in paired associates learning. The highest dose of drug (10.0 mg/kg) given alone produced subtle impairments on paired
associates learning. In contrast, Z944 (5.0 mg/kg) blocked the expected increase in locomotion following MK-801
treatment in a locomotor assay.
Conclusions These experiments provide support that Z944 may reduce behaviors relevant to positive symptoms of schizophre-
nia, although additional study of its effects on cognition is required. These findings and other research suggest T-type calcium
channel antagonists may be an alternative to currently available antipsychotics with less serious side effects.
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Introduction

Schizophrenia, a psychiatric illness that affects ~ 0.4% of the
population, is characterized by abnormal social behavior and
an array of positive, negative, and cognitive symptoms
(Nicholl et al. 2010). Current medications generally treat the

positive symptoms; however, these often produce complicat-
ing adverse effects, such as weight gain and extrapyramidal
effects, and may have limited therapeutic efficacy in certain
populations (Sendt et al. 2015; Stafford et al. 2015; Goff et al.
2017). In addition, current treatments fail to address cognitive
symptoms which correlate to patient outcome (Green 2006;
Moore et al. 2013). Combined, these factors likely contribute
to low compliance in outpatients (Lieberman et al. 2005;
Roberts and Velligan 2012) and emphasize the need for new
medications with fewer side effects or otherwise increase ad-
herence in order to improve patient care.

One approach to finding new medications is to identify
affected proteins which are already the target of approved
drugs (Lencz and Malhotra 2015). In the case of schizophre-
nia, recent analysis of the Psychiatric Genomics Consortium–
Schizophrenia Workgroup (PGC–SCZ) genome wide
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association study (GWAS) suggests that T-type calcium chan-
nels encoded by the CACNA1I gene are potential drug targets
that should be examined with urgency (Lencz and Malhotra
2015). Low-voltage-activated T-type calcium channels con-
tribute to neuronal excitability and burst firing and are
expressed in mesocorticolimbic brain areas implicated in
schizophrenia including the prefrontal cortex, nucleus accum-
bens (NA), thalamus, and ventral tegmental area (Talley et al.
1999). Interestingly, in addition to their role as D2 antagonists
(McCormick et al. 2010; Yilmaz et al. 2012), some antipsy-
chotics including haloperidol also act as T-type calcium chan-
nel blockers (Enyeart et al. 1992; Santi et al. 2002; Choi and
Rhim 2010). These studies raise the possibility that T-type
calcium channel antagonists may be effective in treating some
aspects of schizophrenia.

A limited number of studies have directly explored the ef-
fects of T-type calcium channel antagonists in rodent models
related to schizophrenia. One approach to modeling the disor-
der involves systemic administration of non-competitive
NMDA antagonists such as MK-801 (dizocilpine) to produce
an acute psychotic state resembling schizophrenia (Andiné
et al. 1999; Lins et al. 2015; Cadinu et al. 2018; Winship
et al. 2018). In Long-Evans rats, administration of an
NMDAR antagonist to slices led to an increase in T-type cur-
rents in the nucleus reticularis of the thalamus (nRT), an effect
blocked by D2 dopamine receptor antagonism (Zhang et al.
2009). In another rat study, three structurally distinct T-type
calcium channel antagonists, TTA-A2, TTA-P1, and TTA-
Q6, showed antipsychotic-like properties by blocking
stimulant-induced hyperlocomotion in assays predictive of an-
tipsychotic efficacy (Uslaner et al. 2012). Following acute ad-
ministration of either amphetamine orMK-801, T-type calcium
channel antagonists decreased locomotor activity in a dose-
dependent manner (Uslaner et al. 2012). Furthermore, in con-
trast to the typical antipsychotic haloperidol, T-type calcium
channel blockade did not produce catalepsy following acute
treatment, or exhibit desensitization following 20 days of
chronic administration (Uslaner et al. 2012). Together, these
studies suggest that T-type antagonists may have less severe
side effects compared with current antipsychotics and therefore
further investigation of their therapeutic potential is warranted.

Although preclinical data suggest that T-type calcium
channel antagonists may be effective for treating positive
symptoms, to the best of our knowledge, no studies have
evaluated whether these effects extend to treatment of
cognitive symptoms. Visuospatial paired associates learn-
ing (PAL) is used clinically to assess mild cognitive im-
pairment in humans in conditions such as schizophrenia
and Alzheimer’s disease (De Rover et al. 2011). A rodent
version has been used to assess the therapeutic potential
of currently available antipsychotics (Talpos et al. 2015)
and new putative therapeutics in the treatment of the
cognitive symptoms associated with schizophrenia (Lins

et al. 2015; Lins and Howland 2016). In PAL, visuospa-
tial associative memory is assessed through an animal’s
ability to learn object-in-place associations over many
sessions (Talpos et al. 2015; Lins et al. 2015; Roschlau
et al. 2016; Lins and Howland 2016; Roebuck et al.
2018). Previous work demonstrates the translational po-
tential of PAL within the context of schizophrenia
(Bussey et al. 2012; Nithianantharajah et al. 2013;
Talpos et al. 2014). Therefore, the task is valuable for
preclinical assessment of cognitive impairment, as well
as screening of novel drugs, in both humans and animal
models (Nithianantharajah et al. 2015).

A lack of selective T-type calcium channel antagonists
has previously limited research in this area. However, re-
cent development of the high affinity pan-T-type calcium
channel antagonist Z944 provides new opportunities for
preclinical research (Tringham et al. 2012). The present
study tested the potential effectiveness of Z944 in
blocking the effects of acute MK-801 treatment in two
experiments. PAL was initially used to assess the potential
of Z944 to alleviate cognitive impairment following acute
administration of MK-801. Subsequently, the role of Z944
on MK-801-induced locomotor activity was assessed in a
manner comparable to the preclinical work described pre-
viously (Uslaner et al. 2012).

Methods

Subjects

Seventy-two adult male Long-Evans rats were used in paired
associates learning (n = 24) and for locomotor testing (n = 48)
(Charles River Laboratories, Kingston, NY, USA). Upon ar-
rival at the facility, animals were pair housed and left for
1 week undisturbed with food and water ad libitum (Purina
Rat Chow). Following acclimatization, animals were single
housed and maintained at 90% of free feeding weight.
Animals were housed in ventilated plastic home cages in a
temperature-controlled vivarium. A 12:12-h lighting cycle
was used with lights on at 7:00 am. Animals were given en-
richment in the form of a plastic tube throughout the experi-
ment. All experiments were conducted in accordance with the
standards of the Canadian Council on Animal Care and the
University of Saskatchewan Research Ethics Board.

A subset of animals used for the locomotor activity exper-
iment (n = 32) were used in a separate experiment in which
they were trained similarly on PAL and subjected to either a
single s.c. injection of corticosterone suspended in vegetable
oil (3.0 mg/kg) or the vehicle treatment. Before locomotor
testing, animals were given a 2-week free feeding washout
period. Analysis of locomotor activity showed no effect of
PAL training on locomotor activity (data not shown).
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Training apparatus

Eight touchscreen-equipped operant conditioning cham-
bers (Lafayette Instruments, Lafayette, IN, USA) were
used for PAL (Fig. 1). Each chamber was contained with-
in its own sound-attenuating box, a fan provided back-
ground noise and air circulation. A live video feed of
animal activity was obtained through a camera mounted
within the box above the operant chamber. The chambers
were identical to those previously used in our lab (Lins
et al. 2015; Roebuck et al. 2018). An interchangeable
mask rested on the touchscreen, obscuring the screen en-
tirely except for areas exposed by the response windows.
In PAL, the mask had three equally sized rectangular re-
sponse windows arranged evenly across the mask. Each
response window was 15 × 6 cm and images were sized to
fit within these windows. The touchscreen windows for
PAL sat above a spring-loaded shelf, requiring animals to
stand when making a response.

Touchscreen habituation and pretraining

Habituation, pretraining, and training were conducted accord-
ing to instructions and protocols established by Lafayette and
previous experiments conducted in our lab (Lins et al. 2015;
Roebuck et al. 2018). Animals were free to advance through
training stages based on their individual performance and abil-
ity to fulfill intermediate criteria. Pretraining and training ses-
sions occurred once daily, 6 days a week.

Animals were handled for at least 5 days before
touchscreen habituation began. On the first day of habituation,
animals were brought from the vivarium to the touchscreen
room and left undisturbed in their home cage for 1 h. They
were given five reward pellets (Dustless Precision Pellets,
45 mg, Rodent Purified Diet; BioServ, NJ, USA) at the start
of the habituation period. During this period, all equipment
was on and the lights were dimmed. For all subsequent train-
ing days, rats were left undisturbed for 15–20 min following
transport to the touchscreen room.

Pretraining consisted of a number of progressive steps be-
ginning with two 30-min chamber habituation sessions in
which animals were left undisturbed in the operant chambers
and given five reward pellets in the food port. Criterion was
reached if all pellets were consumed within 30 min. Rats then
began initial touch training in which one of the response win-
dows was illuminated pseudorandomly. The window was il-
luminated for 30 s and three reward pellets were delivered if
the rat correctly touched the illuminated window during this
period. One pellet was delivered if the illuminated window
was not touched. A 20-s intertrial period followed each trial.
Criterion for initial touch was completion of 100 trials in 1 h.
Must touch training was administered similarly, with animals
receiving one reward pellet for correct touches only. The

criterion for must touch training was 100 trials in 1 h. Must
initiate training was conducted similarly with the inclusion
that the animal must nose poke the food port to initiate a trial.
Criterion for the must initiate phase was 100 trials in 1 h. The
final stage of pretraining was the punish incorrect stage. Rats
were required to initiate each trial by nose poking the food
port, which caused one of the response windows to illuminate
pseudorandomly. Correct touches to the illuminated window
were rewarded with one food pellet; incorrect touches were
punished with a 5-s time out and a correction trial. Correction
trials are identical to the previous presentation and repeat until
successfully completed. The criterion for punish incorrect was
100 trials in 1 h, with greater than 80% correct, with accuracy
calculated for the initial presentation only.

PAL required the animal to differentiate between two dif-
ferent stimuli presented simultaneously in two of the three
response windows pseudorandomly (Fig. 1). Each stimulus
was correct only when paired with its respective location.
Negative images of a flower, airplane, and spider were used
as stimuli. The flower was always correct in the left position,
the airplane in the center position, and the spider in the right
position. Correct responses were rewarded and punished in
the same manner as the pretraining stages. Animals were
trained until they could successfully complete 90 correct se-
lection trials in 1 h, with greater than 80% accuracy, for three
consecutive days. Selection trials were the initial trial or sub-
sequent trials following a correction trial. Correction trials
were not included in the number of selection trials completed.
Accuracy was calculated for the initial presentation only.

Locomotor activity testing

Locomotor testing occurred in a different room than paired
associates learning that was novel to all animals. Testing oc-
curred in 40 × 40 × 60 cm arenas constructed from white cor-
rugated plastic (Fig. 1). A ceiling mounted camera recorded
activity of individual animals run simultaneously in four sep-
arate arenas. Analysis was conducted using EthoVision soft-
ware (Noldus Information Technology, Wageningen,
The Netherlands). Animals were first recorded for 30 min to
establish a baseline level of spontaneous activity. Animals
were then randomly assigned to a group, treated, and returned
to the arena for 120 min. Analysis was conducted to determine
the total distance traveled in m.

Drug treatment

Preparation The characterization and synthesis of Z944 is
described in Tringham et al. (2012). For all treatments, Z944
was prepared daily in a solution of 10% dimethyl sulfoxide
(DMSO; Sigma-Aldrich, MO, USA) and 90% sodium
carboxymethyl cellulose (0.5% in saline; Sigma-Aldrich).
MK-801 (Sigma-Aldrich) was dissolved in saline and
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delivered i.p. at a dose of 0.15 mg/kg. This dose was deter-
mined from a previous dose-response curve generated in our
lab which found it to be the lowest dose to reliably impair
performance in PAL (Lins et al. 2015).

PAL Following completion of PAL training, animals were ran-
domly assigned to one of two experimental groups: the Z944
dose-response curve group (n = 10) or the Z944/MK-801

treatment group (n = 14). One animal was removed from the
Z944/MK-801 group due to a health concern.

To the best of our knowledge, no previous experiments
have used Z944 in PAL; therefore, a dose-response curve
was produced. A within-subjects design was used with three
different doses: 2.5 mg/kg, 5.0 mg/kg, 10.0 mg/kg, and a
vehicle treatment. Z944 was delivered i.p. 15 min before
PAL. These doses were based on previous behavioral

Fig. 1 Schematic of the paired associates learning (PAL) and locomotor
tests. a Timeline of treatment and events. b PAL. The first trial of PAL
begins with illumination of the food port and free delivery of a sucrose
pellet. A nose poke initiates the trial and two different stimuli are
displayed in the three response windows pseudorandomly with the third
window remaining blank. One image is paired to its correct location, in
this instance the flower, while the other image is not paired with its correct
location, in this instance the airplane. A correct screen touch, the flower, is
recorded as a completed selection trial and will result in the food reward

followed by a 20-s intertrial period, at the end of which the food port will
illuminate and the animal can nose poke to begin a new trial. An incorrect
screen touch, the airplane, will not yield a food reward, will cause the
house lights to illuminate for 5 s, and will also begin a correction trial. A
correction trial consists of the same stimulus pairing and is repeated until
the correct selection is made. c Schematic of the locomotor task.
Movement was measured during a habituation period (30 min) and fol-
lowing injection of MK-801 (0.15 mg/kg; 120 min)
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experiments in our lab (Marks et al. 2016a; 2018; Henbid
et al. 2017). The order of treatments was randomized such
that no two animals followed the same treatment order.
Each animal received treatments twice weekly, with 2 days
of PAL between treatments. Animals were trained 6 days/
week during this period. Two animals received an addition-
al treatment due to technical issues.

A within-subjects design with six different treatments was
used for the Z944/MK-801 experiment: vehicle + saline, ve-
hicle + 0.15 mg/kg MK-801, 2.5 mg/kg Z944 + saline,
5.0 mg/kg Z944 + saline, 2.5 mg/kg Z944 + 0.15 mg/kg
MK-801, and 5.0 mg/kg Z944 + 0.15 mg/kg MK-801.
Treatments on a given day always began with the Z944 or
vehicle followed immediately by the MK-801 or saline.
Both drugs were delivered i.p., and PAL began 15 min after
injection. The order of treatments was randomized such that
no more than two animals followed the same treatment order.
Each animal received treatments twice weekly, with 2 days of
training as normal between treatments. Animals were trained
6 days/week during this period. One animal received an addi-
tional treatment due to technical issues.

Locomotor activity Based on previous experiments conducted
in our lab and the dose-response curve generated for Z944 in
PAL, the 5.0 mg/kg dose of Z944 (Marks et al. 2016a; 2018;
Henbid et al. 2017) and the 0.15 mg/kg dose ofMK-801 (Lins
et al. 2015) were used for the locomotor experiment. Animals
were randomly assigned to one of four groups: Z944 +MK-
801 (n = 12), Z944 + vehicle (n = 12), vehicle +MK-801 (n =
12), vehicle + vehicle (n = 12). Injections were delivered i.p.
immediately following the baseline locomotor measurement.
One animal was removed from the MK-801 + vehicle group
as they were determined to be an outlier with locomotor ac-
tivity greater than two standard deviations from the mean.

Statistical analysis

All data were automatically collected and are presented as
group means plus or minus the standard error of the mean
(SEM). Several measures were used to asses PAL perfor-
mance. Animals were compared on the number of selection
trials completed, task accuracy, and number of correction trials
required. Latency was assessed through four separate mea-
sures. The correct response latency (CRL) was the time from
nose poke initiation to correct stimulus selection. The incor-
rect response latency (IRL) was the time from nose poke ini-
tiation to incorrect stimulus selection. The reward collection
latency (RCL) was the time from correct selection to reward
collection. Lastly, the total task time was used as measure of
overall activity. Statistics were calculated with SPSS version
21 for Windows. The dose-response effects of Z944 on PAL
were analyzed using within-subjects repeated measures
ANOVAs (Z944 dose as the factor). Mixed factors repeated

measures ANOVAs were used to analyze the effects of Z944
andMK-801 on PAL (Z944 dose andMK-801 as factors). The
locomotor data was analyzed using mixed factors repeated
measures ANOVAs (Z944, MK-801, and time bin as factors).
Greenhouse-Geisser corrections were made for violations of
sphericity (Mauchley’s test) for all repeated measures
ANOVAs. Post hoc analyses were performed using Tukey’s
test. The effect size was calculated with partial η2 which dem-
onstrates the total variability in each dependent variable that
can be attributed to the independent variables. Partial η2 values
of 0.01, 0.06, and 0.14 are considered to be small, medium,
and large effect sizes. Non-significant main effects and inter-
actions are not reported. Statistical significance was set at p ≤
0.05 unless stated otherwise.

Results

The effects of Z944 on PAL task performance are dose
dependent

We initially examined the dose-dependent effects of Z944
(2.5, 5.0, and 10.0 mg/kg) on PAL performance (Fig. 2).
Analyses revealed a significant main effect of Z944 on three
measures of PAL performance: accuracy (F(3,27) = 6.79, p =
0.001, partial η2 = 0.430; Fig. 2a), selection trials (F(3,27) =
3.69, p = 0.024, partial η2 = 0.291; Fig. 2c), and total time to
complete the task (F(3,27) = 12.28, p < 0.001, partial η2 =
0.577; Fig. 2h). Post hoc analyses determined that the highest
dose of Z944 significantly decreased PAL performance for
each measure. Rats treated with the 10.0 mg/kg dose of
Z944 had significantly decreased accuracy relative to vehicle
and 2.5 mg/kg Z944-treated rats (p < 0.05). Further, the
10.0 mg/kg dose of Z944 significantly decreased the number
of selection trials and increased the total time spent to com-
plete the task relative to all other treatment groups (p < 0.05).
Post hoc analyses further revealed that the 5.0 mg/kg dose of
Z944 significantly decreased accuracy relative to vehicle-
treated rats (p < 0.05).

Z944 failed to block MK-801-induced impairments
in the PAL task

As expected, MK-801 impaired PAL performance (Fig. 3) as
reflected through a significant decrease in accuracy
(F(1,12) = 22.12, p = 0.001, partial η2 = 0.648; Fig. 3a), in-
crease in correction trials (F(1,12) = 21.20, p = 0.001, partial
η2 = 0.639; Fig. 3b), decrease in selection trials (F(1,12) =
22.76, p < 0.001, partial η2 = 0.655; Fig. 3d), and increase in
total time to complete the task (F(1,12) = 20.25, p = 0.001,
partial η2 = 0.628; Fig. 3h). Although a significant main effect
of Z944 treatment was found for accuracy (F(2,24) = 7.21,
p = 0.004, partial η2 = 0.375), selection trials (F(2,24) = 7.03,
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p = 0.004, partial η2 = 0.369), total trials (F(2,24) = 6.35, p =
0.006, partial η2 = 0.346), and total time to complete the task
(F(2,24) = 8.03, p = 0.002, partial η2 = 0.401), Tukey’s post
hoc analyses did not reveal a significant effect of Z944 dose
on any of these measures (p > 0.05). No interactions between
MK-801 and Z944 were found to be significant for any mea-
sures taken (all p ≥ 0.05). While the combination of MK-801
and the higher dose of Z944 (5.0 mg/kg) increased response
latencies (Fig. 3e, f), we note that this effect was related to
dramatic changes in only 2 of 13 rats, and was not significant-
ly different than the other treatments administered.

Z944 decreases locomotor activity in MK-801-treated
rats

Statistical analyses revealed a significant within-subjects main
effect of time bin during the habituation phase indicating that
all rats similarly acclimatized to the testing arena (F(2,86) =
419.71, p < 0.001, partial η2 = 0.907; Fig. 4a, b). Analysis of
the locomotor data during the testing phase (Fig. 4c, d) revealed
a significant within-subjects main effect of time bin
(F(11,473) = 33.60, p < 0.001, partial η2 = 0.439) indicating that
the locomotor activity of all rats changed over time. A significant
within-subjects time bin by MK-801 by Z944 interaction
(F(5.83,250.92) = 2.27, p = 0.039, partial η2 = 0.050) was also
found. A significant between-subjects main effect of Z944
(F(1,43) = 26.38, p < 0.001, partial η2 = 0.380) driven by a sig-
nificant MK-801 by Z944 interaction (F(1,43) = 15.38,
p < 0.001, partial η2 = 0.263) was observed. Post hoc analyses
determined that rats treated with MK-801 + vehicle showed sig-
nificantly increased locomotor activity relative to all other treat-
ment groups (p < 0.05). Post hoc tests also showed that rats
treated with MK-801 + Z944 had significantly decreased loco-
motor activity relative to vehicle + vehicle-treated rats (p < 0.05).

Discussion

In the present study, two experiments assessed the effective-
ness of the T-type calcium channel antagonist Z944 in

preventing the effects of acute MK-801 on PAL and locomo-
tor activity. Z944 failed to reduce the cognitive impairment
caused by acute injection of MK-801 in PAL. However, Z944
significantly reduced the MK-801-induced increase in loco-
motor activity, an assay commonly used to assess the effec-
tiveness of novel compounds in treating the positive symp-
toms of schizophrenia. Together, these data support continued
research regarding the use of T-type calcium antagonists to
treat positive symptoms.

Z944 dose dependently impairs PAL and does not
block MK-801-induced impairment

This experiment revealed a dose-dependent effect of Z944 on
PAL performance (Fig. 2). The vehicle and low dose had no
effect on task performance, while accuracy was moderately
impaired at the medium dose, with a broader impairment iden-
tified at the highest dose (10.0 mg/kg). These results fit well
with previous behavioral studies which have found that higher
acute doses (> 5.0 mg/kg) of Z944 decrease activity during
behavioral tasks and impair cognitive performance (Marks
et al. 2016a, b; Henbid et al. 2017). Interestingly, Z944 did
not increase the number of correction trials, which has been
interpreted as a reflection of increased perseveration (Bussey
et al. 2012; Lins et al. 2015). Considering these data, the
cognitive impairment introduced by moderate doses of Z944
alone is mild, but may indicate decreased wakefulness, an
effect shown previously with some T-type antagonists
(Kraus et al. 2010; Tringham et al. 2012). Alternatively, pre-
vious studies have found that deleting the Cav3.2 T-type cal-
cium channel gene impaired hippocampal-dependent spatial
memory (Gangarossa et al. 2014), fear conditioning (Chen
et al. 2012), and passive avoidance tasks (Chen et al. 2012).
As PAL performance relies on hippocampal spatial memory
(Kim et al. 2015), blockade of T-type channels may impair this
task. However, whether impairment in PAL from Z944 repre-
sents decreased wakefulness or hippocampal disruption can-
not be determined from this experiment alone.

Consistent with previous studies (Lins et al. 2015; Lins and
Howland 2016; Talpos et al. 2015), we found that MK-801
significantly impaired several measures of PAL performance
(Fig. 3). Selection trials, accuracy, and total time to complete
the task were all decreased while correction trials were in-
creased. There were no significant effects in total trial com-
pletion or latency suggesting that while MK-801 decreased
performance on many measures, animals still continued to
respond when trials were presented. Following an incorrect
selection, animals are presented with the same stimulus-
location pairing until a successful trial is completed (i.e., a
correction trial); therefore, the number of correction trials are
unlimited. However, dramatic increases in correction trials
may represent more than a failure to remember the correct
stimuli, also indicating an increase in perseveration.

Fig. 2 Effects of Z944 (2.5, 5, and 10 mg/kg) on PAL (n = 12). a
Accuracy determined by the percentage of trials correct. Rats treated
with the 10 mg/kg dose of Z944 had significantly decreased accuracy
relative to vehicle and 2.5 mg/kg Z944-treated rats (*p < 0.05). The
5 mg/kg dose of Z944 significantly decreased accuracy relative to
vehicle-treated rats (#p < 0.05). b The number of correction trials. c The
number of selection trials completed by the rats. The 10 mg/kg dose
significantly decreased the number of selection trials relative to all other
Z944 doses (*p < 0.05). d Total trials completed (selection trials + cor-
rection trials). The response latency for correct trials (e), incorrect trials
(f), and reward collection (g). h The total time to complete the task. The
10 mg/kg dose of Z944 significantly increased the total time spent to
complete the task relative to all other treatment groups (*p < 0.05)

R
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Successive repeated errors and failure to adapt are of particular
interest as increased perseveration is seen in patients with
schizophrenia (Brown et al. 2009; Leeson et al. 2009).

Based on the dose-response profile for Z944 alone, both the
2.5 and 5.0mg/kg doseswere tested againstMK-801 in PAL. In
contrast to the data produced during the dose-response curve,
there was no impairment of PAL performance on any measure
followingZ944andvehicle for eitherdoseofZ944.Thisappears
to support our interpretation that low tomoderate doses of Z944
produce only mild cognitive impairment in PAL. However,

neither dose of Z944 reduced visuospatial deficits associated
with acute administration of MK-801. Furthermore, rats treated
with the 5.0mg/kg dose of Z944PALappeared further impaired
than those treated with MK-801 alone. This may indicate an
interaction between these two drugs. A substantial decrease in
selection trials, increase in total time, and near significant de-
crease in total trialsmayalso indicate acombinedsedativeeffect;
however, further work must carefully investigate this potential
interaction. This result, although disappointing, was not entirely
unexpected as previously tested antipsychotics including halo-
peridol and risperidone that are effective in treating the positive
symptoms also failed to reverse MK-801-induced impairments
in PAL (Lins et al. 2015; Talpos et al. 2015). It remains to be
determinedwhether other atypical antipsychotics, such as cloza-
pine,may improve theMK-801-induced impairments inPAL. In
addition, testing the potential benefit of Z944 on other cognitive
assays related to schizophrenia may provemore fruitful.

Fig. 4 Effects of MK-801 (0.15 mg/kg) and Z944 (5 mg/kg) on locomo-
tor activity (n = 12/group). a Distance traveled (m) during the 30-min
habituation period divided into 10min time bins. b Total distance traveled
(m) during the 30-min habituation period. c Distance traveled (m) during
the 2-h post-treatment period divided into 10 min time bins. Rats treated
with MK-801 alone showed significantly increased locomotor activity
relative to all other treatment groups (*p < 0.05). Rats treated with MK-

801 + Z944 showed significantly reduced locomotor activity relative to
vehicle alone treatment (#p < 0.05). d Total distance traveled (m) during
the 2-h post-treatment period. Rats treated with MK-801 alone showed
significantly increased locomotor activity relative to all other treatment
groups (*p < 0.05). Rats treated with MK-801 + Z944 showed signifi-
cantly reduced locomotor activity relative to vehicle treatment alone
(#p < 0.05)

Fig. 3 Effects of MK-801 (0.15 mg/kg) and Z944 (2.5 and 5 mg/kg) on
PAL (n = 13). MK-801 significantly impaired PAL performance as seen
by a reduced accuracy (*p < 0.05), b increased number of correction trials
(*p < 0.05), c reduced number of selection trials (*p < 0.05), and h in-
creased total time to complete the task (*p < 0.05). No significant effects
were noted for d total trials, e correct response latency, f incorrect re-
sponse latency, or g reward collection latency
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Z944 blocks the MK-801-induced increase
in locomotor activity

To assess whether Z944 may normalize behaviors which re-
late to positive symptoms of schizophrenia, locomotor activity
was tested in the presence and absence ofMK-801. As expect-
ed, MK-801 significantly increased locomotor activity as pre-
viously shown (Fig. 4; Howland et al. 2012; Uslaner et al.
2012). Z944 alone had no effect on locomotor activity.
When both drugs were given, locomotor activity was signifi-
cantly decreased relative to MK-801- and saline-treated ani-
mals. This effect is consistent with previous work demonstrat-
ing that T-type calcium channel antagonists reduce
hyperlocomotion associated psychostimulants such as am-
phetamine (Uslaner et al. 2012; Gangarossa et al. 2014), co-
caine (Bisagno et al. 2010; Gangarossa et al. 2014), and MK-
801 (Uslaner et al. 2012). Furthermore, hyperlocomotion and
increased sensitivity to stimulants are significantly reduced in
Cav3.2 knockout mice (Gangarossa et al. 2014).

As discussed above, one possible explanation for the ef-
fects of Z944 may be the demonstrated role of T-type channel
antagonists reducing wakefulness and arousal (Crunelli et al.
2014; Kraus et al. 2010). However, in the case of Z944, sys-
temic administration of 10.0 mg/kg did not produce delta
rhythms associated with drowsiness, nor produce behavioral
measures of sedation (Tringham et al. 2012). Although we did
not find a significant decrease in locomotor activity from
Z944 alone, some evidence to support this can be found in
the present study by examining the dose-response relationship
in PAL. At the highest dose (10.0 mg/kg), animals required
significantly more time to complete the task. However, this
effect is relatively mild, and may be due to increased sensitiv-
ity in PAL. The effect on total time was moderate, subject to
influence from decreased accuracy resulting in more correc-
tion trials, and not accompanied by significant increases on
measures of latency.

Together, these experiments suggest an interaction between
Z944 and MK-801 providing evidence that Z944 and T-type
calcium channel antagonists may be effective in treating the
positive symptoms. The mechanism by which this effect is
produced is not fully evident. Previous research demonstrates
that MK-801 increases glutamate efflux in the NA, an effect
blocked by systemic administration of the T-type antagonist
TTA-A2 (Uslaner et al. 2012). Glutamatergic efferents exist
from the thalamus to the NA (Robinson and Beart 1988) and
irregularities within the NA have been associated with schizo-
phrenia pathology (McCollum and Roberts 2015). This led to
a theory proposed by Uslaner et al. (2012) that NMDA recep-
tor blockade increases T-type currents in the thalamus leading
to excitation of the NA and subsequent hyperlocomotion. The
reduction of locomotor activity by Z944 and other structurally
distinct T-type antagonists (Uslaner et al. 2012) provide fur-
ther support for this theory. Notably however, synaptic Cav3.2

T-type channels have recently been shown to control the
strength of NMDA receptor-mediated transmission suggest-
ing that there exists a tight regulation between T-type channels
and NMDA receptors and thus the situation is likely more
complex than originally proposed (Wang et al. 2015). PAL
performance is impaired through disruption of the dorsal hip-
pocampus (Kim et al. 2015), and through administration of
MK-801 (Lins and Howland 2016). As PAL is thought to
involve concurrent hippocampal and prefrontal activation,
minimal cortical involvement in this proposed mechanism
may explain why there was less of an effect of Z944 on
PAL, but a more substantial effect in the locomotor task.

The theory proposed by Uslaner et al. (2012) was used to
inform a double-blinded clinical study in which the efficacy of
the T-type antagonist MK-8998 was evaluated in comparison
with a placebo and the atypical antipsychotic olanzapine over
a 4-week period in acutely psychotic inpatients with a diagno-
sis of schizophrenia (Egan et al. 2013). However, although
both active treatments were generally well tolerated, neither
MK-8998 nor olanzapine was more effective than placebo on
the Positive and Negative Syndrome Scale (PANSS) (Egan
et al. 2013). While these data did not support a role of T-
type calcium channel antagonists in the treatment of positive
symptoms, the failure of the active comparator in the trial
makes interpretation of these results difficult. Importantly, at
doses used preclinically (Uslaner et al. 2012, Marks et al.
2016a; 2018) and in human clinical trials (Egan et al. 2013,
Lee 2014), T-type antagonists do not appear to produce extra-
pyramidal side effects often associated with current antipsy-
chotics. In one human trial, MK-8998 was generally well tol-
erated with a comparable number of incidents to the control
drug, olanzapine. The primary complaint of MK-8998 was
insomnia, with no serious adverse events reported within the
4-week period (Egan et al. 2013). In a phase I trial, Z944 was
reported as safe and well tolerated with mild to moderate side
effects following oral doses of 20, 40, and 80 mg (Lee 2014).
Together, these studies suggest T-type antagonists are relative-
ly well tolerated at therapeutic levels, suggesting they may be
alternatives to current antipsychotics.

Conclusion

While little research to date has directly explored the role of
T-type calcium channels in schizophrenia, there is consid-
erable interest in this area (Choi 2013; Lencz and Malhotra
2015 Siegrist et al. 2016; Zamponi 2016; Joksimovic et al.
2017). T-type calcium channel antagonists may have simi-
lar therapeutic efficacy when compared to clinical antipsy-
chotics, but the potential for reduced side effects makes
them an appealing target for future research. In agreement
with previous work using other T-type calcium channel an-
tagonists, we found that Z944 reduced hyperlocomotion

3348 Psychopharmacology (2018) 235:3339–3350



associated with acute administration of MK-801 in rats but
not the disruptive effects of MK-801 on PAL. Considering
these findings and the functional roles and distribution of T-
type calcium channels in the brain, continued research in
this area may lead to the development of novel therapeutics
for schizophrenia and related disorders.
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