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The epidemics of obesity and metabolic disorders have well-recognized health and economic burdens. Phar-
macologic treatments for these diseases remain unsatisfactory with respect to both efficacy and side-effect
profiles. Here, we have identified a potential central role for T-type calcium channels in regulating body
weight maintenance and sleep. Previously, it was shown that mice lacking Cay3.1 T-type calcium channels
have altered sleep/wake activity. We found that these mice were also resistant to high-fat diet-induced weight
gain, without changes in food intake or sensitivity to high-fat diet-induced disruptions of diurnal rhythm.
Administration of a potent and selective antagonist of T-type calcium channels, TTA-A2, to normal-weight
animals prior to the inactive phase acutely increased sleep, decreased body core temperature, and prevented
high-fat diet-induced weight gain. Administration of TTA-A2 to obese rodents reduced body weight and fat
mass while concurrently increasing lean muscle mass. These effects likely result from better alignment of
diurnal feeding patterns with daily changes in circadian physiology and potentially an increased metabolic
rate during the active phase. Together, these studies reveal what we believe to be a previously unknown role
for T-type calcium channels in the regulation of sleep and weight maintenance and suggest the potential for

a novel therapeutic approach to treating obesity.

Introduction

While the individual consequences of metabolic syndrome and
sleep disorders are widely recognized, the interplay between sleep
and metabolism is only recently gaining widespread attention
(1-9). Preclinical and clinical studies support a bidirectional regu-
lation between sleep and weight control, with some studies sug-
gesting that diet affects sleep (10-13) and others indicating that
sleep disruption may increase the risk for pathologic weight gain
(8, 14-24). Elegant work by Van Cauter and others has linked sleep
restriction in healthy human subjects to altered leptin and ghre-
lin hormone levels as well as appetite and food preference (16, 17,
19, 20, 23, 25). Decreased insulin sensitivity and glucose tolerance
have also been shown to be affected after selective suppression of
slow wave sleep in healthy young adults (22). This suggests that
a strategic approach may be devised to address the treatment of
metabolic syndrome and obesity through pharmacological treat-
ment that alters sleep.

Vigilance state, as assessed by EEG recording of cortical neuron
firing patterns, is associated with the activity of thalamocortical
recurrent neuronal networks. T-type voltage-gated calcium chan-
nels are expressed in the thalamus, in the reticular nucleus, and in
cortical regions (26) and provide the ability to switch neuronal fir-
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ing patterns. The unique electrophysiological properties of T-type
channels has provided an important regulatory role in translating
resting membrane potential into thalamocortical firing patterns
and controlling vigilance state (26-30). Recent genetic studies
have confirmed that T-type calcium channels play a role in regu-
lating vigilance. Mice with constitutive deletion of Cay3.1 T-type
calcium channels (referred to herein as Cacnalg KO mice) display
altered sleep/wake patterns, including fragmented sleep and a lack
of thalamocortical burst firing, which is associated with reduced
slow wave sleep (31-34).

Based on the demonstrated role of T-type calcium channels in
thalamic regulation of vigilance, we hypothesized that these chan-
nels play a role in linking the central regulation of vigilance and
body weight. We provide data from animals lacking Cay3.1 sug-
gesting a role for these channels in maintaining body weight and
data from pharmacological studies demonstrating that potent and
selective T-type calcium channel antagonists reduced wakefulness,
reduced diet-induced weight gain, and improved body composi-
tion, suggesting this ion channel class may provide a novel thera-
peutic target for the treatment of obesity.

Results

In humans, sleep restriction and reduced slow wave sleep have been
linked to acute changes in circulating levels of metabolic hormones
(20, 22). To investigate potential links between sleep and obesity
in a constitutive genetic model of fragmented sleep, we studied
the susceptibility of Cacnalg KO mice to diet-induced weight gain.
Male KO animals and their WT littermates were placed on a high-
fat diet (HFD) for 11 days. Body weights were comparable between
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Figure 1

Cacnalg KO mice resist HFD-induced weight gain. (A and B) Percent change in body weight relative to
the start of HFD (A) and HFD consumption (B), measured every 24 or 12 hours as described in Results,
for WT (filled squares, n = 8) and KO (open squares, n = 7) male litermates. #P < 0.05, *P < 0.01,
§P < 0.001, WT versus KO; 2-way ANOVA and Bonferroni post-test. (C and D) Average individual activity,
as assessed by telemetry transmitter movements summed over 30-minute intervals (C), and average core
temperature (D) of WT (filled symbols) and KO (open symbols) animals. Average values for animals fed
normal chow (triangles) and HFD (squares) are plotted on a 24-hour Zeitgeiber time scale, with lights-off
periods indicated by black bars along the x axis. Gray bars above denote significant 30-minute time points
(P < 0.05, mixed linear effects model for repeated measures). Data are mean + SEM.

WT and KO animals fed normal lab chow prior to starting the
HFD, suggestive of normal baseline growth rates for KO animals
compared with WT littermates. However, the KO animals gained
significantly less weight than did their WT counterparts when fed
the HFD (Fy,15 = 15.02; P = 0.0019, 2-way ANOVA; Figure 1A).

Body composition was assessed by quantitative nuclear mag-
netic resonance imaging (QNMR) at the end of the study. WT
animals had a significantly greater amount of fat than did their
KO littermates (12.8 + 1.0 g vs. 7.7 + 1.0 g; P = 0.009, paired
2-tailed Student’s ¢ test). Likewise, the percent fat was also greater
in the WT animals (33.7% + 1.2% vs. 23.8% + 2.3%; P = 0.007, paired
2-tailed Student’s ¢ test).

Weight gain is the result of greater caloric intake than caloric
expenditure. HFD intake was monitored to address whether the
reduced rate of weight gain could result from a decrease in food
intake. For the first week, food intake was monitored every 24
hours, and then every 12 hours for the final 4 days. Food intake in
the KO animals was lower overall for the study duration, with only

data suggest that KO animals do
not have increased gross locomo-
tor activity that would underlie
the observed resistance to body
weight gain in the presence of
a HFD over an 11-day period.
Although locomotor activity and
total energy expenditure are not
equivalent, these data do not sup-
port the hypothesis that changes
in locomotor activity could
explain the observed differences in body mass.

To approximate an assessment of metabolic rate (35) and evalu-
ate the HFD-induced disruption of circadian rhythm recently dem-
onstrated (10), core body temperature was monitored in WT and
KO animals fed both normal chow and HFD. The diurnal temper-
ature rhythms of both WT and KO animals were similar prior to
and after HFD feeding (Figure 1D). Furthermore, the WT and KO
animals showed similar HFD-induced reduction in the amplitude
of the rhythm. This suggests that the resistance to HFD-induced
weight gain observed in these KO animals is not caused by reduced
food intake, increased locomotor activity, or increased metabolic
rate. Feed efficiency, calculated as mg body weight gain per kcal
food intake, is another way to assess metabolic rate (36). When fed
normal chow, WT and KO animals did not show significant dif-
ferences in feed efficiency (4.6 + 8.5 mg/kcal vs. 11.9 + 9.5 mg/kcal;
P =0.58, unpaired 2-tailed Student’s ¢ test). However, when fed
HFD, WT animals had significantly higher feed efficiency than
did their KO littermates (28.1 + 2.9 mg/kcal vs. 8.8 + 3.3 mg/kcal;

o F
Figure 2 \Aﬁ
TTA-A2 structure, FLIPR potency, and rodent pharmacokinet- W »
ics. (A) Potency in hyperpolarized (open triangles) and depo- B
larized (open squares) functional Ca?* flux assays was deter- 100 1 N = 10 1
mined as described previously (37). Potency is shown as the ~ 80 1 o %
inflection point from a 4-parameter sigmoidal fit to the data. < 60 | : 7.
Data are mean = SD (n = 7-8 replicates). P < 0.01 between _5 5
groups, unpaired 2-tailed Student’s t test. Inset shows the :}j 40 1 g
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for which 1 of 3 animals had detectable levels of TTA-A2). Concentration (nM) Time (h)
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Figure 3

TTA-A2 effects on Cay3.1 currents. Representative whole-cell current
traces were recorded from cells heterologously expressing Cay3.1 under
control conditions and at steady state in the presence of increasing con-
centrations of TTA-A2. Currents were evoked by 0.1-Hz depolarizations
(30 ms) to —20 mV from holding potentials of —100 or —80 mV.

P <0.001, unpaired 2-tailed Student’s ¢ test), which suggests that
the Cacnalg deletion affects metabolic rate in a manner that is not
reflected in core body temperature changes.

To our knowledge, no selective and potent T-type calcium channel
antagonists previously existed to explore these findings pharmaco-
logically. Therefore, we initiated a medicinal chemistry effort to dis-
tinguish potent, selective and pharmacokinetically favorable T-type
calcium channel antagonists and identified T-type antagonist-A2
(TTA-A2). TTA-A2 is a selective, potent, and state-dependent T-type
calcium channel antagonist, for which functional cell-based fluo-
rescence assays (37) showed a potency of 9.4 + 44 nM (n = 7) in the
depolarized (inactivated) state and a potency of 384 + 266 nM (n = 8)
in hyperpolarized (closed) state (Figure 2A). Functional potency was
confirmed in voltage clamp assays with -80-mV and -100-mV hold-
ing membrane potentials in HEK 293 cells heterologously express-
ing human Cay3.1, with ICso of 89 and 4,100 nM, respectively (Fig-
ure 3). Selectivity for T-type calcium channels was assessed in 170
functional and binding assays, with results demonstrating no sig-

Table 1
Selectivity of TTA-A2

Source
Wistar rat brain frontal lobe
Wistar rat brain

Assay target
N-type calcium channel
L-type calcium channel

L-type calcium channel
L-type calcium channel
GABA-A

GABA-B

Glutamate, AMPA
Glutamate, kainate
Glutamate, NMDA
Glycine

K channel, Karp

K channel, Ka

K channel, SKc,

K channel, herg

Wistar rat cerebral cortex
Wistar rat brain
Wistar rat brain (minus cerebellum)
Wistar rat brain
Wistar rat cerebral cortex
Wistar rat brain (minus cerebellum)
Wistar rat cerebral cortex
Wistar rat spinal cord
Syrian hamster pancreatic (3 cells HIT-T15
Wistar rat cerebral cortex
Wistar rat brain
Human recombinant HEK-293 cells

AValues denote percent inhibition at 10 uM.
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nificant activities identified with an ICs less than 10 uM (Table 1).
Functional assessment of the selectivity of T-type compared with
that of L-, N-, P/Q-, and R-type calcium channels showed ICsq great-
er than 10 uM for Cay1.2 (L-type), Cay2.1 (P/Q-type), and Cay2.2
(N-type) and 5.4 uM for Cay2.3 (R-type).

Evaluation of pharmacokinetic properties in rodents showed
that TTA-A2 was rapidly absorbed after dosing by oral gavage and
demonstrated a small volume of distribution (0.8 I/kg), low clear-
ance (6.4 ml/min/kg), high protein binding (>99%), and a short ¢,
(1.5 h). TTA-A2 showed reasonable brain penetration in rats, yield-
ing a brain/plasma concentration ratio of 0.27 and a CSF/plasma
ratio of 0.005, which is consistent with the free fraction of 0.006 in
rat plasma. The mean concentrations of TTA-A2 in plasma, brain,
and CSF at 1 hour after dosing were 20.3 + 3.7 uM, 5.2 + 0.9 uM, and
0.1£0.01 uM, respectively. These data confirm central exposure well
in excess of the 9-nM potency determined by the depolarized state
fluorometric imaging plate reader (FLIPR) assay. Additional pharma-
cokinetic data are summarized in Figure 2B and Tables 2 and 3.

To determine whether pharmacological treatment with a T-type
antagonist would mimic the fragmented vigilance state effects pre-
viously observed in KO animals (31-34), TTA-A2 was administered
at 3,10, and 30 mg/kg to rats by oral gavage during the wake phase.
Animals appeared asleep, and active wake was concomitantly
decreased, in a dose-dependent manner (Figure 4), consistent
with altering thalamocortical neuronal activity and promoting
sedation. Because 30 mg/kg TTA-A2 suppressed active wake in a
manner similar to the 10-mg/kg dose, the latter dose was chosen
for subsequent studies to decrease the opportunity for accumula-
tion and off-target activities. To minimize the effect of reducing
food intake by reducing wake, TTA-A2 was dosed prior to the sleep
phase in all subsequent studies.

Because the effects of chronic deletion of Cacnalg alone have
uncertain predictive value for transient pharmacological inhibi-
tion of all 3 T-type calcium channels, an extended dosing regi-
men was used to determine the pharmacological effects of dosing
TTA-A2 prior to the sleep phase on body weight gain. A 13-week
study was initiated in WT C57BL/6NTac mice, in which com-
pound treatment and HFD were initiated simultaneously. Another
cohort was maintained on normal chow and likewise separated

Radioligand Ligand K;  TTA-A2 inhibition?

10 pM 125|-conotoxin 51 pM —4%
2 nM 3H-diltiazem 16 nM 28%
100 pM 3H-nitrendipine 180 pM 6%
0.4 nM 3H-desmethoxyverapamil 14 nM 13%
1 nM 3H-muscimol 3.8nM 1%
0.6 nM 3H-CGP-54626 2.3 nM 4%
5 nM 3H-AMPA 18 nM -1%
5 nM ®H-kainic acid 12 nM 14%
4 nM 3H-TCP 8.4 nM —6%
10 nM 3H-strychnine 13 nM 8%
5 nM 3H-glibenclamide 0.64 nM 9%
10 pM 125]-dendrotoxin 35 pM 10%
5 pM 125]-apamin 140 pM 5%
50 pM 3S-MK-499 1nM 10%
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Table 2
Pharmacokinetic parameters of i.v. administered TTA-A2 and
TTA-A7 in rats

Compound CL (ml/min/kg) ty2 (h) Viss (1/kg)
TTA-A2 6.4 1.5 0.8
TTA-A7 29 0.8 1.3

TTA-A2 and TTA-A7 were administered i.v. in DMSO at 2 mg/kg. Plasma
clearance (CL), t2, and volume of distribution at steady state (V4ss) Were
determined as described in Methods. Values denote mean of 2 rats.

into treatment groups. TTA-A2-treated animals fed HFD gained
significantly less weight (Fy14 = 29.02; P < 0.0001, 2-way ANOVA)
and had significantly lower body weight after 4 weeks of treatment
(Figure SA). The rate of weight gain was half that of vehicle-treated
animals (vehicle, 1.25 g/wk; TTA-A2, 0.59 g/wk). When fed normal
chow, body weight did not differ significantly between vehicle and
TTA-A2-treated animals.

The pharmacokinetics of TTA-A2 in lean mice indicated circulat-
ing compound levels would be undetectable in lean animals dur-
ing the wake phase. Therefore, the change in body weights would
not be expected to result from a direct effect of compound on food
intake during the active period, where the majority of food intake
occurs. In HFD-fed animals, weekly food intake was significantly
reduced with TTA-A2 treatment compared with vehicle (Fy 14 = 9.72;
P=0.001, 2-way ANOVA,; Figure 5B), although differences were sig-
nificant at only 2 individual time points. In contrast, animals fed
normal chow did not show treatment-related differences in food
intake. No signs of changes in health or survival of animals was
observed after 13 weeks of sustained dosing, suggesting that changes
in weight gain were not caused by unexpected toxicities.

To determine the nature of the differences in body weight, body
composition was assessed by gqNMR at weeks 0, 8, and 13. As shown
in Figure S, C and D, animals were comparable prior to the study.
TTA-A2-treated animals fed normal chow had lower percent fat
(F1,15 = 4.98; P = 0.044, 2-way ANOVA) and higher percent lean mass
(Fi13 = 5.42; P=0.037, 2-way ANOVA) relative to total body weight
compared with vehicle treatment. In HFD-fed animals, percent fat
mass was significantly lower (Fy14 = 16.87; P = 0.001, 2-way ANOVA),
and percent lean mass significantly higher (Fy 14 = 10.48; P = 0.006,
2-way ANOVA), in animals receiving TTA-A2 treatment compared
with vehicle. These data show that a selective T-type antagonist
improved body composition in animals fed a normal diet and impeded
HFD-induced weight gain and body composition changes.

Previous work has shown that HFD disrupts diurnal behavior
patterns primarily during the inactive period, in which both feed-
ing and activity is abnormally increased (10). To better understand
the effect of T-type antagonism on HFD-induced sleep phase feed-
ing and locomotor activity, 10 mg/kg TTA-A2 was administered
30 minutes prior to lights on in animals that had been fed HFD
for 2 weeks. Not only did TTA-A2 treatment at this time reverse
weight gain, but it also decreased inactive phase feeding, locomo-
tor activity, and core body temperature (Figure 6). Animals treated
with TTA-A2 weighed less than their vehicle-treated counterparts
(F1,13=6.8; P < 0.0001, 2-way ANOVA), and in fact exhibited weight
loss under these conditions (Figure 6A).

These effects on body weight were associated with a general
improvement in body composition, as determined by gNMR anal-
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ysis. TTA-A2 treatment was associated with decreased fat mass
(vehicle, 9.6 + 0.7 g; TTA-A2,5.8 + 0.6 g; P = 0.009, paired 2-tailed
Student’s ¢ test) and percent fat composition (vehicle, 29.9% + 1.6%;
TTA-A2,21.4% + 1.8%; P = 0.009, paired 2-tailed Student’s ¢ test).

Food intake, which was monitored at the end of the light and
dark periods, indicated that TTA-A2 treatment primarily affected
inactive phase feeding. HFD consumption was significantly lower
overall in animals treated with TTA-A2 (Fy1, = 24.0; P < 0.0001,
2-way ANOVA), and differences reached significance at 3 individual
time points. The bulk of this difference occurred during the inac-
tive period, during which consumption was always lower, whereas
active phase feeding was comparable between groups (Figure 6B).

TTA-A2 treatment was associated with reduced core temperature
and locomotor activity during the inactive phase (Figure 6, C and
D) and significant increases in active phase levels that were main-
tained until the subsequent dose of compound, illustrating a gen-
eral reversal of diurnal behavioral disruptions induced by HFD. As
anticipated by the observed reduction in body weight, treatment
with TTA-A2 significantly reduced feed efficiency compared with
vehicle-treated animals (-19.4 + 2.5 mg/kcal vs. 11.0 + 3.1 mg/kcal;
P <0.0001, unpaired 2-tailed Student’s ¢ test).

To evaluate the therapeutic potential of T-type antagonists as
a treatment for preexisting obesity, diet-induced obese mice were
divided into vehicle treatment and 10-mg/kg TTA-A2 treatment
groups (n = 8 each). TTA-A2-treated animals showed a gradual
weight reduction, achieving a 4.6% decrease by day 14, significantly
different from vehicle-treated animals, which gradually gained
body weight to a 5.1% increase at day 14 (Fy,14 = 19.46, P = 0.0006,
2-way ANOVA; Figure 7A).

TTA-A2-mediated effects on active wakefulness and locomotor
activity were monitored by tracking infrared beam breaks over the
final 8 days of the study. A circadian pattern of activity was clearly
present for both groups, with increased activity at lights off (Figure
7C). Although overall locomotor patterns were not significantly
different between the groups (Fy14 = 0.11; P = 0.74, 2-way ANOVA),
Bonferroni post-hoc analyses revealed time-dependent significant
differences. The vehicle-treated group showed increased activity
in response to handling and treatment, while the TTA-A2-treated
group showed an acute decrease in activity, which fell below the level
of activity during the entire light phase of vehicle-treated animals.
This reduced level of activity in dosed animals dissipated with time,
becoming indistinguishable from that of vehicle-treated animals at
the end of the sleep phase. All animals responded to lights off with
an abrupt increase in locomotor activity, indicating no impairment

Table 3
Pharmacokinetic parameters of orally administered TTA-A2 and
TTA-A7 in rats and mice

Compound  Species Crmax (UM)  Tmax (h)  AUCp-gn (uM<h)
TTA-A2 Rat 75+14 03+06 30+5.4
TTA-A7 Rat 35+£16 0.5 59+20
TTA-A2 Lean mouse 12+47 1.0 37+13
TTA-A7 Obese mouse 96+05 2.0 46 1.7

TTA-A2 and TTA-A7 were administered orally at 10 mg/kg in 0.5% or
1% methylcellulose, as described in Methods. Area under the plasma
concentration—versus—time curve (AUC) was determined as described
in Methods. Cmax, maximum observed plasma concentration; Tmax, time
after dosing at which Cmax Was observed. Values denote mean + SD of 3
animals or mean of 2 animals per species.
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of the wake process in TTA-A2-treated animals. Within 4 hours of
waking, beam break activity of vehicle-treated animals decreased
to 15%-30% of that observed at wake. In contrast, TTA-A2-treated
animals maintained a level of activity roughly 65% of that observed
at wake until the next administration of compound.

Although locomotor activity has previously been correlated with
EEG-based sleep/wake scoring in mice (38), this is an indirect mea-
sure of vigilance state. TTA-A2-induced effects on wake state were
therefore confirmed in a second species, the Sprague-Dawley rat.
Administration of TTA-A2 within 1 hour prior to the sleep phase
decreased active wake acutely and increased wakefulness late in
the active phase (Figure 7D), consistent with the locomotor effects
seen in obese mice.

To explore whether the weight loss effect was the result of a mol-
ecule-specific off-target activity, a related T-type antagonist with
comparable potency, selectivity, and physical and pharmacokinetic
properties (Tables 2 and 3) was evaluated in diet-induced obese rats
with comparable body composition (Figure 8A). TTA-A7 induced
a dose-dependent early decrease in body weight that was followed
by an increase that paralleled the control group (Figure 8B). In con-

Figure 5

TTA-A2 slows diet-induced weight gain. (A) WT C57BL/6NTac mice
were acclimated to reverse lighting and handling, divided into 4 cohorts,
and weighed weekly. The mice were treated with vehicle (filled symbols)
or 10 mg/kg TTA-A2 (open symbols) and fed either normal chow (trian-
gles) or HFD (squares). Lines are linear regression fits to the data from
weeks 1-13 (r2 = 0.99 for each HFD fit). (B) Food intake was measured
by weighing food weekly. (C and D) Body composition was measured
by gNMR at 0, 8, and 13 weeks of treatment with vehicle or 10 mg/kg
TTA-A2. Black bars, vehicle-treated normal chow group; white bars,
TTA-A2-treated normal chow group; dark gray bars, vehicle-treated
HFD group; light gray bars, TTA-A2-treated HFD group. #P < 0.05,
*P < 0.01, 5P <0.001, TTA-A2 versus vehicle; 2-way ANOVA and Bon-
ferroni post-test. Data are mean + SEM (n = 78 per group).
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Figure 4

Effects of TTA-A2 on active wake duration when dosed during the
active phase. Sprague-Dawley rats (n = 8) were implanted with telem-
etry monitors and recorded in a 7-day crossover dosing paradigm and
scored for sleep stage. TTA-A2 (open squares) or vehicle (0.5% meth-
ylcellulose, filled squares) was administered orally 5 hours after lights
off. The results for all 8 animals were averaged by treatment over 7
administration nights, plotted on a 24-hour Zeitgeiber time scale, with
lights-off periods indicated by black bars along the x axis, and com-
pared by mixed ANOVA statistical analysis as described in Methods.
Gray bars above denote significant differences (P < 0.05). Solid bars
represent lights-off periods. Data are mean + SEM.

trast, the positive control fenfluramine induced acute weight loss
that was maintained throughout the study (Figure 8B). Although
both treatments showed a comparable change in total body compo-
sition, including lean and fat mass, relative to vehicle (Figure 8C),
a closer look at the changes in body composition components dif-
ferentiated these treatments (Figure 8D). Both fenfluramine and
TTA-A7 at 10 and 30 mg/kg resulted in similar percent reductions
of fat mass relative to vehicle. Remarkably, however, TTA-A7 treat-
ment resulted in a dose-dependent increase in lean mass, while
changes caused by fenfluramine were no different from vehicle,
which suggests that T-type antagonism has the capacity to improve
body composition beyond that of the positive control.

Discussion

Obesity and metabolic syndrome have become global problems
with far reaching health and economic impacts. While an increas-
ing effort to better understand the biology of these diseases and
identify new therapeutic opportunities has been productive
(39-41), few effective pharmacological treatments exist. Previ-
ously reported data from humans that strongly suggest that sleep
and metabolic activity share central regulatory networks and may
modulate each other (1-5, 7-9, 14-25) provided the foundation
for the therapeutic strategy described herein, which we believe to
be novel. We demonstrated that dosing a T-type calcium channel
antagonist prior to the sleep phase not only had the potential to
prevent and even reverse HFD-induced weight gain, but also to
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Figure 6

TTA-A2 decreases inactive phase food intake and accentuates diurnal rhythms in
core temperature and activity during HFD. C57BL/6NTac mice fed HFD for 2 weeks
with vehicle treatment were subsequently treated orally with either 10 mg/kg TTA-
A2 (open symbols, n = 8) or vehicle (filled symbols, n = 8) 30 minutes prior to lights
off. (A and B) Percent body weight change relative to day 0 of TTA-A2 treatment
(A) and HFD consumption (B) were assessed every 12 hours at dark-to-light and
light-to-dark transitions. #P < 0.05, *P < 0.01, P < 0.001, TTA-A2 versus vehicle;
2-way ANOVA and Bonferroni post-test. (C and D) Continuous radio telemetry core
temperature from individual animals was averaged (C), and beam break—derived
locomotor activity was summed over 30-minute intervals (D). Core temperature and
activity measures for all 7 days were averaged and plotted on a 24-hour Zeitgeiber
time scale, with lights-off periods indicated by black bars along the x axis. Gray bars
above denote significant 30-minute time points (P < 0.05, mixed linear effects model

same increase in wake was observed in animals dosed
just prior to the sleep phase, further suggesting an
enhancement to the restorative quality of the induced
sleep. It is also noteworthy that animals dosed with
10 mg/kg TTA-A2 awoke appropriately at the onset
of the subsequent dark period regardless of whether
they were treated during the wake phase or just prior
to the sleep phase. This occurred despite a greater
increase in cumulative sleep duration when animals
were dosed during the wake phase. This finding sug-
gests that the ability to transition to the wake state
in response to the circadian cue of a change in light
conditions is not impaired by T-type calcium channel
antagonism. The effects on locomotor activity after
dosing prior to the sleep phase closely correlated
with compound-induced changes in wake, consistent
with previous reports that suggest locomotor activ-
ity can be a surrogate marker for sleep/wake states
(38). Similarly, the effects on core body temperature
were also consistent with acute increases in sleep and
decreases in locomotion followed by increased activ-
ity throughout the active phase.

Substantial weight loss and improved body com-
position under HFD feeding conditions by acute
T-type channel antagonism is also the likely result of
realignment of diurnal activity and feeding patterns
with circadian-controlled energy utilization mecha-
nisms. Mice fed the HFD exhibited disrupted diur-
nal behavioral patterns characterized by increased
feeding, activity, and core temperature measures

for repeated measures). Data are mean + SEM.

improve body composition beyond that of a widely used appetite
suppressant. These effects were likely the result of better align-
ment of diurnal feeding patterns with daily changes in circadian
physiology and potentially an increase in the metabolic rate dur-
ing the active phase.

A compound screening and optimization program resulted in
a potent and selective T-type calcium channel antagonist that
promoted sleep when dosed to rodents either during the wake
period or prior to the sleep phase. This induction of sleep with
pharmacological antagonism of T-type calcium channels was
inconsistent with the anticipated results based on genetic dele-
tion of Cacnalg, which resulted in increased wake (31-33). These
differences between pharmacological antagonism and genetic KO
may be caused by the antagonist inhibiting all subtypes of T-type
channels, which have distinct distribution patterns in the CNS
(26), differences in transient inhibition versus chronic deletion, or
effects on neural network activity resulting from a persistent lack
of channel function throughout development.

Interestingly, when the compound was dosed in the wake peri-
od, there was both a dose-dependent decrease in wake and a dose-
dependent change in the wake-onset time, such that animals dosed
with 3 mg/kg TTA-A2 showed increased wake in advance of lights
off, while those dosed with 30 mg/kg showed minor changes in
wake prior to lights off. In all cases where compound was dosed in
the active phase, the following active phase showed increased wake
until the next dose was received, suggesting saturation of sleep
debt followed by a rebound increase in wake. Importantly, the
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during what would normally be the animals’ inactive

phase (Figure 1 and ref. 10). Inappropriate energy

intake during resting periods is thought to be a
major contributor to metabolic syndrome and obesity; geneti-
cally obese animals are resistant to weight gain when feeding is
restricted to the active phase (42), and Clock mutant animals,
which also exhibit increased inactive phase feeding, are prone
to significant weight gain and metabolic syndrome (43). These
effects are thought to result from misalignment of feeding pat-
terns with circadian oscillations in cholesterol and lipid metabo-
lism, glycolysis, and gluconeogenesis (44). Indeed, night eating is
thought to represent an independent risk for metabolic disease
in humans (45). In our studies, TTA-A2 treatment just prior to
the inactive phase essentially reversed HFD-induced behavioral
alterations, including both a decrease in inactive phase activity,
core body temperature, and feeding and, remarkably, an increase
in active phase activity and temperature. Our results showing an
improvement in body composition, even over that of a widely
used appetite suppressant, further suggest that acute T-type
antagonism is effective in realigning sleep/wake patterns toward
optimally timed metabolic processes.

Not all the effects of T-type channel antagonism on HFD-
induced weight gain can be attributed to the acute effects of the
compound on sleep-phase activity and feeding. We also demon-
strated that animals harboring a constitutive Cacnalg deletion
were resistant to weight gain and exhibited improved body com-
position with HFD feeding, despite reports of sleep fragmentation
effects and reduction of slow wave sleep (31-34). Cacnalg KO mice
remained sensitive to HFD-induced changes in diurnal rhythm
and food intake and were not hyperactive relative to their WT
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siblings. However, feed efficiency was clearly altered, which sug-
gests that there were changes in energy utilization not detected
by changes in core temperature. Although positive data indicat-
ing a clear mechanism for these changes has yet to be discovered,
the present results suggest that TTAs can affect body weight and
composition through acute effects on the sleep/wake cycle and a
general effect on metabolism. In this regard, T-type antagonism
may provide a unique weight loss mechanism.

The present work demonstrated TTA-dependent improvement
in body composition in both mouse and rat models. This observa-
tion held for both growing and established diet-induced obesity
conditions, where actual weight loss was observed in animals after
HFD feeding for as little as 2 weeks. This improvement in
body weight and composition is an important factor to
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Figure 7

Effects of TTA-A2 on body weight, activity, and active wake. (A) Diet-
induced obese mice were weighed prior to daily dosing with vehicle
(filled squares) or 10 mg/kg TTA-A2 (open squares). #*P < 0.05,
SP < 0.001 versus vehicle, 2-way ANOVA. (B) Starting and ending
body weights from A. *P < 0.01, TTA-A2 versus vehicle; unpaired
2-tailed Student’s t test. (C) Locomotor activity of animals dosed with
vehicle (filled squares) or 10 mg/kg TTA-A2 (open squares) in 30-min-
ute epochs. Data are averaged such that each point represents the
mean of 8 days from 8 animals (64 data points). Gray bars above
denote significant differences (P < 0.05, Bonferroni post-hoc analysis).
(D) Sprague-Dawley rats (n = 8) were implanted with telemetry moni-
tors, recorded in a 7-day crossover dosing paradigm, and scored for
sleep stage. Gray bars above denote significant differences (P < 0.05,
mixed ANOVA analysis). Gray inverted triangles indicate time of dos-
ing; solid bars represent lights-off periods. Data are mean + SEM.

increased lean mass to levels significantly different from those
observed with fenfluramine. Body composition improvements
may also be more relevant to the disease process than net weight
reduction, including whether visceral or subcutaneous fat is selec-
tively altered (46-50). Future efforts will be required to explore
these changes in more detail.

The effects resulting from T-type antagonism during sleep on
body weight and composition are particularly exciting because
they suggest that sleep or circadian treatment approaches may
benefit those who have difficulty losing weight or maintaining
weight loss due to poor diet.

Methods
All animal procedures were approved by, and conducted according to the
standards of, the Merck IACUC.

KO mice. Cacnalg KO mice were obtained from Deltagen on a mixed
C57B6/Sv129 background and bred in a heterozygous x heterozygous
manner at Taconic. Male Cacnalg KO mice and WT littermates were
placed on a HFD (D12492; Research Diets Inc.) for 11 days. Body weight
was monitored weekly.

Core body temperature and ambulatory activity was monitored con-
tinuously in adult Cacnalg homozygote KO animals, WT littermates,

consider when evaluating compound efficacy. The positive A 600 4 B
control fenfluramine reduced total body weight to a greater 500 1 T 41
extent, but resulted in similar changes in fat mass. In con- S 400 | ° 5]
trast, treatment with a T-type antagonist dose-dependently § 300 | g #

= S 01

200 1 z
Figure 8 100 2 -2 §
Sleep-phase dosing of TTA-A7 reduces body weight and R
improves body composition in diet-induced obese rats. (A) Total, 0- Total Lean Fat 0 2 4 6 8 10 12 14
lean, and fat mass, assessed by DexaScan, of dosing groups Day
14 days prior to dosing. Black bars, vehicle; white bars, 10 mg/ C D 5. t 0 -
kg TTA-A7; dark gray bars, 30 mg/kg TTA-A7; light gray bars, 82 1 24 1 .
3 mg/kg fenfluramine. (B) Time course of body weight changes in = 80 2 16 1 -5 1
obese rats administered vehicle (10% Tween80, black squares), 5 22 1 o 14 1 10 -
10 mg/kg TTA-A7 (white squares), 30 mg/kg TTA-A7 (gray %' 78 1 %12 1
squares), or 3 mg/kg fenfluramine (diamonds). For clarity, sig- 2 76 1 20 1 5 -15 1
nificance is only indicated for the final day. (C) Body composition e 74 | @ 10 - 20 **
after 14 days of dosing. (D) Change in lean and fat mass, rela- & 18 1 g 8 -
tive to 14 days prior to dosing. Data are mean + SEM. #P < 0.05, = 721 16 -25 s
*P <0.01,8P <0.001, TTA-A2 versus vehicle; TP < 0.05, TTA-A2 70 61 30 4
versus fenfluramine; Bonferroni post-hoc analysis. Lean Fat Lean Fat
The Journal of Clinical Investigation  http://www.jci.org  Volume 119  Number6  June 2009 1665



research article

and C57BL/6 mice through radio telemetry transmitters (TA10TA-F20;
Data Sciences International) implanted peritoneally. Temperatures for
individual subjects were averaged over a 30-minute interval, while activ-
ity, expressed as animal movements in the xy plane over the home cage
radio receiver, was calculated as the sum of active movements over the
30-minute epoch. Plotted values for each group are averages of these
30-minute measures.

Compound identification and selectivity assessment. The potency of TTA-A2
[2-(4-Cyclopropylphenyl)-N-((1R)-1-{5-[(2,2,2-trifluoroethyl)oxo] pyridin-
2-ylfethyl)acetamide] in depolarized and hyperpolarized FLIPR assay con-
ditions was evaluated as described previously (37). We further tested TTA-
A2 for functional potency against CACNA1C (Cay1.2, L-type), CACNA1A
(Cay2.1, P/Q-type), CACNA1B (Cay2.2, N-type), and CACNAIE (Cay2.3,
R-type) calcium channels as described previously (51). Finally, an array of
170 additional targets was screened in functional and binding assays at
MDS Pharma Services according to standard protocols.

Electrophysiological verification. Whole-cell patch-clamp recordings on
HEK-293 cells expressing human Cay3.1 were performed at room tempera-
ture. Currents were recorded using either a HEKA EPC-9 or an Axopatch
200B patch-clamp amplifier. Data were stored on a personal computer
equipped with acquisition software HEKA Pulse version 8.5 and analyzed
using Pulsefit (HEKA), Igor Pro version 4.0, and GraphPad Prism version 4
(for EPC-9 amplifier) or using Clampex 9, Clampfit (Axon Instruments),
and Origin 7.0 (for 200B amplifier). Patch pipettes were made from borosil-
icate glass tubing (Warner Instruments) and fire polished, and had a resis-
tance of 1-5 MQ. Series resistance was compensated, and the capacitance
artifact was canceled using the amplifier’s built-in circuitry. Leak current
was corrected with a P/4 protocol.

Patch pipettes contained 125 mM CsCl, 10 mM TEA-CI, 10 mM HEPES,
8 mM NaCl, 0.06 mM CaCl,, 0.6 mM EGTA, 4 mM Mg-ATP, and 0.3 mM
GTP, and pH was adjusted to 7.2 with CsOH. Extracellular solution was
based on Tyrode solution and contained 130 mM NaCl, 4 mM KCl, 30
mM glucose, 20 mM HEPES, 1 mM MgCl,, and 2 mM CaCl,, and pH was
adjusted to 7.4 with NaOH. Baseline T-type calcium currents were elicited
by depolarizing to -20 mV for 70 milliseconds, cycling every 10 seconds
from a holding potential of -100 mV and every 20 seconds from a holding
potential of -80 mV.

Pharmacokinetics. Male Sprague-Dawley rats underwent in-house jugular
vein cannulation for sample collection. Rats received TTA-A2 and TTA-A7
at doses of 2 mg/kg in DMSO i.v. (n = 2) and 10 mg/kg in 1% methylcellu-
lose by oral gavage (n = 3). Lean and obese male C57BL/6 mice were dosed
by oral gavage with 10 mg/kg TTA-A2 in 0.5% methylcellulose (» = 3 per
group). All animals were fasted overnight (~18 hours) prior to dosing, and
feeding was resumed 4 hours after dosing. Blood was collected into tubes
containing EDTA at the selected time points. Blood from rats was cen-
trifuged to obtain plasma, while blood from mice was analyzed directly.
Samples were stored frozen at -20°C prior to analysis.

Samples were processed using a protein precipitation method and ana-
lyzed by LC-MS/MS for TTA-A2 and TTA-A7 under a validated analytical
protocol. Pharmacokinetic parameters were obtained by the following non-
compartmental methods using Watson LIMS (version 6.2.0.02; PPS Inc.).
The area under the plasma concentration-versus-time curve (AUC) was
calculated using a trapezoidal method. Plasma clearance was obtained by
dividing the dose by the AUC. Volume of distribution at steady state was
calculated by multiplying the area under the first-moment curve by the dose
and dividing by the squared AUC. The plasma t;/, was determined from the
slope of the terminal phase (k.) of the plasma concentration-time plot.

Central exposure of TTA-A2. TTA-A2 was administered to male Sprague-
Dawley rats (n = 3) by oral gavage at a dose of 10 mg/kg (10% Tween in 0.5%
methylcellulose). Blood, brain, and CSF samples were collected upon sac-

1666

The Journal of Clinical Investigation

htep://www.jci.org

rifice at 1 hour after dosing. The blood samples were collected into tubes
containing EDTA, and plasma was prepared by centrifugation. Brain sam-
ples were homogenized in water (25% w/w) with a SPEX Certiprep 2000
Geno/Grinder. CSF samples were collected into tubes containing aceto-
nitrile, and all samples were stored at -20°C until analysis. Samples were
prepared for analysis using a protein precipitation method and analyzed
by LC-MS/MS under a validated protocol.

Compound effects on active wake. Sprague-Dawley rats (n = 8) were implant-
ed with electrocorticogram (ECoG) and electromyogram (EMG) telemetry
monitors and recorded in a 7-day crossover dosing paradigm and scored
for sleep stage as previously described (52). At 5 hours after lights off, 3, 10,
or 30 mg/kg TTA-A2 or vehicle (0.5% methylcellulose) was administered by
oral gavage. The results for all 8 animals were averaged by treatment over
7 administration nights.

Growing diet-induced obesity. WT C57BL/6NTac mice (Taconic) were accli-
mated to reverse lighting, handling, and dosing; divided into 4 cohorts;
and weighed weekly. Animals received vehicle (10% Tween in 0.5% meth-
ylcellulose) or 10 mg/kg TTA-A2 and were fed either normal chow (7912;
Harlan Teklad) or the high-carbohydrate HFD (D12492; Research Diets
Inc.). Food intake was measured by weighing food weekly. Body composi-
tion was measured by QNMR at 0, 8, and 13 weeks of treatment. This study
was performed at Taconic (Germantown, NY).

For studies in which core temperature and activity were monitored
before and after the transition to HFD, body weight and food consump-
tion was measured at 12-hour intervals at the dark-to-light and light-to-
dark transitions. Chow spillage and hoarding was minimized by using food
jars, providing access to food through lids perforated with 1.5-cm open-
ings, and care was taken to include any displaced chow fragments in food
weight measurements.

Established diet-induced obesity. C57BL/6NTac diet-induced obese mice
(Taconic) were maintained on HFD and acclimated to single housing,
handling, and dosing prior to study initiation. Once body weights were
stable (2 weeks of acclimation), animals were dosed with either vehicle (10%
Tween in 0.5% methylcellulose) or 10 mg/kg TTA-A2 2 hours prior to lights
on for 2 weeks with daily monitoring of body weights.

Diet-induced obese rats were obtained from Charles River, maintained
on HFD, and acclimated to housing, handling, and dosing prior to study
initiation. Study started with 135-day-old rats weighing 607 + 7.6 g. Ani-
mals were dosed by oral gavage 1 hour prior to the sleep period with vehi-
cle or with 10 or 30 mg/kg TTA-A7 daily for 14 days (n = 8 per group). An
additional cohort of animals was dosed with 3 mg/kg fenfluramine as a
positive control in this study. Body composition was evaluated by Dexa-
Scan (QDR 4500A; Hologic) 14 days prior to dosing and again at the end
of the study.

Statistics. Data are expressed as mean + SD for in vitro and pharmacoki-
netic experiments and as mean + SEM for in vivo pharmacodynamic stud-
ies. Endpoint comparisons with 2 groups of equal size were compared with
a paired 2-tailed Student’s ¢ test (Excel 2003; Microsoft). Where the group
sizes differed, significant endpoint differences were determined using an
unpaired 2-tailed Student’s  test (Prism, version 5; GraphPad). For parallel
repeated-measures studies, 2-way ANOVA was used with Bonferroni post-
hoc evaluations to determine the significance for individual time points
(Prism; GraphPad). Active wake data were analyzed using linear mixed-
effect models to account for repeated measures (R for Windows, version
2.8.1; http://www.r-project.org). A P value less than 0.05 was considered
significant for all studies.
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