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Short Communication

The diamide insecticide chlorantraniliprole increases the single-channel
current activity of the mammalian skeletal muscle ryanodine receptor
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Abstract. Very recently, the diamide insecticide chlorantraniliprole was shown to induce Ca?*-release
from sarcoplasmic reticulum (SR) vesicles isolated from mammalian skeletal muscle through the
activation of the SR Ca®* channel ryanodine receptor. As this result raises severe concerns about the
safety of this chemical, we aimed to learn more about its action. To this end, single-channel analysis
was performed, which showed that chlorantraniliprole induced high-activity bursts of channel open-
ing that accounts for the Ca®*-releasing action described before.
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Abbreviations: CP, chlorantraniliprole; MHS, malignant hyperthermia susceptibility; P,, open
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Diamide insecticides kill Lepidoptera by inducing muscle
paralysis. They act by triggering Ca’*-release from the en-
doplasmic reticulum through the activation of ryanodine re-
ceptor Ca**-release ion channels (RyR). Although, diamides
were shown to be relatively selective to activate insect RyR
comparing to mammalian RyRs (approximately by two orders
of magnitude) (Sattelle et al. 2008), a recent study by Truong
and Pessah raises severe food safety concerns with this class
ofinsecticides. The authors argue that there are certain point
mutations in the RyR gene, rendering the channel oversensi-
tive to its agonists. These mutations are typically linked to
malignant hyperthermia susceptibility (MHS). In these pa-
tients, therapeutic (normally sub-threshold) concentrations
of volatile anesthetics (e.g. halothane, isoflurane, enflurane)
trigger uncontrolled Ca**-release, leading to muscle contrac-
tures, hyperthermia and death (Rosenberg et al. 2007; Truong
and Pessah 2018), unless appropriate and immediate medical
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treatment is given. This includes body-cooling and admin-
istration of the RyR inhibitor dantrolene (Riazi et al. 2018).

Truong and Pessah reported that the diamide insecti-
cide chlorantraniliprole (CP, chemical structure is shown
in Figure 1) evoked robust Ca*-release from mammalian
sarcoplasmic reticulum (SR) microsomes, and more impor-
tantly, that RyRs from MHS mice were extremely sensitive
to CP activation. As there are documented cases when MH
episodes were triggered by heat stress (Roux-Buisson et al.
2016), they also investigated whether diamide treatment
exacerbated heat stress intolerance in MHS-RyR knock-
in mice. Although, CP treatment did not shift the onset
temperature of MH crisis toward lower temperatures, these
results do not rule out the possibility that CP could act as
an MH-trigger agent in some MHS individuals, since a wide
variety (above 400) of MHS mutations have been identified
to date (Truong and Pessah 2018).

Unfortunately, little information is available about the CP
binding site, however competitive binding assays showed
that it is distinct from the binding site of ryanodine (the
natural ligand, originally used as a natural insecticide)
(Sattelle et al. 2008; Isaacs et al. 2012). Recently, molecular
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Figure 1. Chemical structure of chlorantraniliprole.

docking of various CP-derivatives on moths RyR predicted
the binding site to be located in the membrane-spanning
region the protein (Luo et al. 2014) (which is considered to
be one of the most evolutionally conserved domains), indi-
cating that CP promotes the channel’s gating by increasing
the mobility of the transmembrane helices.

Nevertheless, since diamides may have relevant toxico-
logical importance, we should learn more about the mo-
lecular mechanism of the action of these compounds. As
single channel analysis is essential to our understanding,
in the present paper we wish to add this important data
to Truong and Pessah's research. To this end, we purified

control

RyRs from rabbit skeletal muscle (RyR1) as described ear-
lier. Briefly, skeletal muscle from a rabbit was homogenized
and SR microsome fraction was separated by differential
centrifugation. Thereafter, RyR1 channels were solubilized
with the detergent CHAPS and purified by centrifugation
on a 10-28% linear sucrose gradient overnight. The RyR-
containing fraction was identified and aliquoted. RyR1 from
these samples were incorporated into planar lipid bilayers
and single channel currents were recorded under voltage-
clamp condition (Sarkozi et al. 2017). The lipid mixture
contained phosphatidylethanolamine, phosphatidylserine
and phosphatidylcholine (Avanti Polar Lipids, Alabaster,
AL) in aratio of 5:4:1 dissolved in n-decane in the final lipid
concentration of 20 mg/ml.

In Figure 2, such a single-channel current record is shown
under control conditions (in 96 nM cytoplasmic Ca?*) and
in the presence of 3 or 10 uM CP. These 2.5-5-minute-long
recordings show that highly active bursts of currents (labelled
with asterisks) appeared in the presence of CP, with higher
frequency at higher concentration CP (events were regarded
as “bursts” when the open probability of the channel sud-
denly increased >10 fold of normal activity and lasted longer
than 200 ms). This effect is qualitatively different from the
effect of ryanodine, which locks the channel in a character-
istic half-open state.

5l bt b s gt bt D vdb i il

320 340 360 380 400 420

3 uM CP

*

440 460

L | 4In AT, “‘.l. U;M.ILJI ] M ol i U L L
620 640 660 680 700 720

580 600

il g m‘mll.’m\l‘.[M‘..IH‘ Ll ‘.h‘“ e boatboli

*

u\‘ dl lh”l I I‘“"ml “ u m l l

720 740 760 780 800 820 840 860
10 uM CP
* * *

bt b B Lt 0kl

1520 1540 1560 1580 1600

* *

0L N TR TN WPL/ANY Y WA O e

1620

1640 Figure 2. Chlorantraniliprole (CP) in-
duces high-activity bursts of RyR1 activity.
2.5-minutes long current traces of a single
ryanodine receptor channel. Upward deflec-
tions correspond to single openings of the

1660 1680 1700 1720 1740 1760

Time (s)

1780 1800 channel. Bursts of active periods are labelled

with asterisks.



Chlorantraniliprole activates mammalian RyR1

185

Table 1. Evaluation of channel behavior under chlorantraniliprole (CP) treatment

control 3 uM CP 10 uM CP
inter burst P, 0.00617 + 0.00298 0.02762 + 0.02344 0.02502 + 0.01831
burst P, N/A 0.2019 + 0.0837 0.3651 + 0.1637
mean burst duration (s) N/A 3.93+£2.76 1.66 + 0.38
burst frequency (1/min) N/A 0.77 +0.43 1.74 £ 0.56

N/A, not available; P, open probability.

In order to take a closer look at the current records,
ashorter period of a current record is shown on an expanded
time scale in Figure 3A. First, the current was recorded in the
presence of 50 uM Ca?", allowing the estimation of maximal
open probability (P, = 0.63). Thereafter, [Ca®*] was lowered
on the cytoplasmic side of the channel close to the resting
[Ca®*] of muscle fibers (96 nM). Accordingly, P, decreased
significantly to 0.00028, as the channel barely opened. This
behavior indicates the physiological integrity of the protein.
Treating the same RyR with 3 uM CP increased P,, to 0.00036.
Raising CP concentration to 10 uM further activated the
channel resulting in a P, value of 0.00276. This P,-analysis
was performed by using at least 2-minute-long continuous
current records, where burst and inter-burst activities were
not distinguished. P, values of three CP-treated RyRs were
normalized to control values of the same RyR and expressed
as mean + SEM in Figure 3B. Apparently, this increase in P,
can mostly be attributed to the appearance of high-P, bursts
(marked by asterisks in the third and the forth traces). The
results of the quantitative analysis of bursts are summarized
in Table 1. Note that we have never observed burst-like
behavior in the absence of CP. The frequency of bursts was

A
control (50 uM Caz?*)

control (96 nM Caz?*)

markedly higher in 10 pM CP as compared to 3 pM, while
the inter-burst P, of all the investigated channels slightly
increased. These data suggest that CP binds to the open state
of the channel, which is a quite unique mode of action. It
is also noteworthy that these data are in accordance with
Truong and Pessah's results showing that the action of CP
was Ca?"-dependent.

Although, Truong and Pessah did not observe any obvi-
ous acute cardiotoxic effects of diamides in healthy mice,
one documented case of deliberate self-harm abuse attracts
attention to the cardiologic safety hazard of CP (Mishra et
al. 2016). As the otherwise healthy patient developed Mobitz
Type I atrioventricular block (which may indicate the involve-
ment of RyR2 in the toxicological process), the question
whether diamides actually affect the cardiac isoform of RyR
(RyR2) is a critical question to be answered. This question is
especially important since the open channel binding prefer-
ence of CP may be a particularly worrisome feature of the
poison under certain arrhythmogenic conditions, associated
with high diastolic activity of the RyR2 (e.g. catecholaminer-
gic ventricular tachycardia (CPVT) or chronic heart failure;
Betzenhauser and Marks 2010). Future experiments are re-
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quired to answer the question whether RyR2 is sensitive to CP
under pathological conditions. Until that extra care has to be
taken with widespread application of this type of insecticides.
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Short Communication

Chronic predator scent stress alters serotonin and dopamine levels
in the rat thalamus and hypothalamus, respectively
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Abstract. The aim of this study was to investigate the effect of chronic predator scent stress (PSS) on
monoamine levels in rat thalamus and hypothalamus. Rats were exposed to the PSS (sand containing
cat urine) for ten minutes daily for ten days. Control animals were exposed to the sand containing
clean water. Fifteen days later, rats’ behavior and thalamic and hypothalamic levels of monoamines
were analyzed. PSS rats had elevated anxiety, increased thalamic serotonin and decreased hypotha-
lamic dopamine concentrations. This decrease in hypothalamic dopamine may explain, at least in
part, lowered corticosterone levels observed in PSS animals in our previous studies.

Key words: Post-traumatic stress disorder — Predator scent stress — Serotonin — Norepinephrine

— Dopamine — HPLC

Repeated exposure of the rats to the predator scent stress
(PSS) has been used in our previous studies as an animal
model of post-traumatic stress disorder (PTSD). We had
previously reported that repeated PSS induce long-lasting
behavioral changes, such as increased anxiety index (AI),
observed as late as fourteen days after the last PSS exposure
(Lazuko et al. 2018; Manukhina et al. 2018). Repeated PSS
might be a more accurate model for PTSD than the acute
one, since it minimizes the effect of uncontrolled factors,
such as concentration of pheromones in each individual
dose of urine. Indeed, rats repeatedly exposed to the PSS
have showed some abnormalities which were not observed
after the acute exposure, such as decreased plasma corti-
costerone levels and adrenal hypotrophy (Manukhina et
al. 2018).
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Monoamine (serotonin or 5-HT, norepinephrine, and
dopamine) systems of the brain are fundamental in the
memory, cognition, and emotions (Stahl et al. 2014), the
functions which are impaired in PTSD (American Psychi-
atric Association. DSM-5 Task Force. 2013). Indeed, mono-
amine abnormalities in PTSD were reported (Feduccia and
Mithoefer 2018).

Majority of studies on neurophysiology and neurochem-
istry of PTSD are focusing in prefrontal cortex, hippocam-
pus, amygdala, nucleus accumbens, and related limbic brain
areas. The research on these brain areas has provided highly
relevant information on the etiology of PTSD. However, the
role of other brain areas, such as thalamus and hypothala-
mus, remained relatively under-investigated. Thalamus is
a hub for all sensory information entering the brain. Certain
thalamic nuclei, such as paraventricular nucleus, regulates
emotional response to the sensory stimuli (Hsu et al. 2014).
Since the inadequate emotional response to the certain
sensory stimuli is a key feature of PTSD, thalamus might
play a role in pathophysiology of this disorder. Indeed,
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recent studies showed that thalamic neural circuits are
involved in the response to the threatening sensory stimuli
(Dunkley et al. 2018) and in the fear extinction (Silva et al.
2018) in PTSD.

Hypothalamus is fundamental in the central regulation of
endocrine functions, including the stress hormone signaling.
Altered functioning of the hypothalamic-pituitary-adrenal
axis was detected in patients with PTSD (Cooper et al. 2017)
and in an animal model of this disorder (Boero et al. 2018).
Finally, thalamic-hypothalamic interconnections are impor-
tant in the choosing of the coping strategy to the predatory
threats in rodents (Cezario et al. 2008). In this study, we
aimed to investigate the role of thalamic and hypothalamic
monoamine transmission in PTSD, using our animal model
of this illness.

Adult male Wistar rats were used in all experiments.
Rats were housed in standard cages (4-5 animals/cage)
and received food and water ad libitum. The animals were
maintained at controlled temperature (22-25°C) and humid-
ity (55%). A 12:12 h light-dark cycle was maintained with
lights on between 7:00 and 19:00. All animal procedures were
performed in accordance with the U.S. National Research
Council Guide for the Care and Use of Laboratory Animals
(publication 85-23, revised 2011), and experimental proto-
cols were approved by the Animal Care and Use Committee
of the Institute of General Pathology and Pathophysiology,
Moscow, Russia.

The rats were randomly divided to two groups: control
(n=7)and PSS (n =9). The sand containing fresh cat urine
was collected daily from the litterbox of a domestic cat. This
sand was stored at the room temperature in the closed plastic
container for 3-5 h before the experiment. Twenty gram of
this sand was laid in a Petri dish covered with nylon tissue
and placed in the home cage of PSS rats for 15 min daily, be-
tween 13:00 and 14:00, during 10 consecutive days. Control
rats were exposed to the sand containing clean water. Control
and PSS rats were kept in different rooms with separate air
conditioning systems. After the last exposure, the rats were
left intake for 15 days. On the 15 day after the last exposure,
the rats’ level of anxiety was measured using the elevated plus
maze (EPM) test, as previously described Lazuko et al. (2018),
Manukhina et al. (2018). The AI was calculated using the
formula: AT =1 - [(time in open arms/total time on maze) +
(number of entries into open arms/number of all entries)]/2.

Twenty-four hours after the EPM test the rats were decapi-
tated and their brains were removed. The whole left and right
thalami (7-10 mm posterior from the frontal pole, 3-6 mm
dorsal from the ventral brain surface, and 0-3 mm lateral
from the midline) and hypothalami (7-10 mm posterior
from the frontal pole, 0-3 mm dorsal from the ventral brain
surface, and 0-2 mm lateral from the midline; Paxinos and
Watson 2014) were isolated and frozen in liquid nitrogen
for the subsequent neurochemical assessments, which were
performed within seven days after the tissue collection. For
the quantification of monoamines, brain tissue was homog-
enized in 0.1 M perchloric acid. After homogenization the
samples were centrifuged (7000 x g for 15 min at 4°C) and the
supernatants were filtered through a syringe filter (0.2-mi-
cron pore size; Whatman, USA) before the high performance
liquid chromatography (HPLC) analysis. The HPLC analy-
sis was performed on a Hypersil BDS C18 reversed-phase
column (250 x 4.6 mm, 5 um) under isocratic conditions,
with electrochemical detection. The mobile phase consisted
of a 75 mM phosphate buffer containing 2 mM citrate acid,
0.1 mM octanesulfonic acid, and 15% (v/v) acetonitrile (pH
4.6). Electrochemical detection was achieved by setting
a glassy carbon working electrode at +780 mV. The final
amount of monoamines in tissue sample was expressed as
pg/mg of tissue, using an external calibration curve.

PSS rats showed significant (p < 0.05, two-tailed Student’s
t-test) increase in time spent in closed arms and decrease
in time spent in open arms during the EPM, which results
in a higher AT (Table 1). The relatively small size of the PSS
group did not allow statistical distinguishing between PSS-
resistant and vulnerable animals as in our previous study
(Tseilikman et al. 2017); however, all but one PSS animals
showed the AI > 8. An exposure to the PSS increased tha-
lamic 5-HT (259.33 + 17.11 pg/mg of tissue versus 199.29 +
12.62 pg/mg of tissue in controls, p < 0.05, two-tailed Stu-
dent’s t-test, Fig. 1A) and decreased hypothalamic dopamine
concentrations (321.67 +49.22 pg/mg of tissue versus 472.67
+ 25.3333 pg/mg of tissue in controls, p < 0.05, two-tailed
Student’s t-test, Fig. 2C); norepinephrine levels were not
different between the groups (Fig. 1B and 2B).

The decrease in animals AT after chronic PSS, observed
two weeks after the last exposure to the stressor, is similar
to this reported in our previous studies (Lazuko et al. 2018;
Manukhina et al. 2018).

Table 1. Effect of chronic predator scent stress (PSS) on the rats’ behavior using the elevated plus maze (EPM) test

Group n N (Open) N (Closed) T (Open) T (Closed) Al
Control 7 7.43 £1.19 3.71 £0.81 70.00 +11.13 530.00 + 11.13 0.77 £0.02
PSS 9 7.44 £ 0.73 2.33+0.29 37.78 £7.03* 562.22 + 7.03* 0.85 + 0.02*

n, number of animals; N (Open), number of entrances open arms; N (Closed), number of entrances to closed arms; T (Open), time spent
in open arms; T (Closed), time spent in closed arms; Al anxiety index; * p < 0.05 vs. control, two-tailed Student’s ¢-test.



Effect of predator scent stress on forebrain monoamines

189

A 500

450
400
350
300
250
200 -
150
100
50

—— Control
mm PSS

*

Serotonin (5-HT; pg/mg of tissue)

500
450
400 + 1
350
300
250
200 -
150
100
50

Norepinephrine (pg/mg of tissue)

2000
1800
1600 -
1400 T
1200
1000
800
600
400
200
0

Dopamine (pg/mg of tissue)

Figure 1. Effect of chronic predator scent stress (PSS) on serotonin
(5-HT, A), norepinephrine (B), and dopamine (C) levels in rat
thalamus. * p < 0.05 vs. control, two-tailed Student’s t-test.

Our funding on the altered 5-HT transmission in the
thalamus is consistent with previous studies by other groups.
Thus, Nikolaus and colleagues (Nikolaus et al. 2010) reported
decreased 5-HT transporter (SERT) density in the mesen-
cephalon of patients with PTSD.

We found that PSS did not affect thalamic or hypothalam-
ic norepinephrine and decreased hypothalamic dopamine
levels. However, a previous study by Browne and colleagues
(Browne et al. 2014) reported a stress-induced decrease in
the hypothalamic catecholamines in mice with low fear-
sensitized acoustic startle reflex. These differences might be
explained by different types of stressors (PSS versus acute
swim test) and different animals (rats versus mice).

Previous clinical studies reported that the dopamine
agonist bromocriptine lowered adrenocorticotropic hor-
mone (ACTH) concentrations in patients with Cushing’s
and Nelson’s syndromes, and subsequent in vitro studies

conformed that dopamine decreased ACTH release from
cultured human corticotropic adenoma cells (Engler et al.
1999). It is therefore possible that the decreased corticos-
terone levels, observed in our previous studies with PSS
animals, are caused, at least partially, by abnormal hypo-
thalamic dopamine transmission.

To the authors best knowledge, this study was first to
examine the effect of PSS on monoamine transmission in
the thalamus and hypothalamus. Based on the results pro-
vided in this study, it can be suggested that the alterations
in thalamic 5-HT and hypothalamic dopamine might play
a role in pathophysiology of PTSD. As a pilot study, it did
not distinguish between different thalamic and hypotha-
lamic nuclei, as well as between intracellular and extracel-
lular monoamines. Intracellular and extracellular levels of
monoamines within the specific thalamic and hypothalamic
nuclei should be evaluated in the future studies, using more
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Figure 2. Effect of chronic predator scent stress (PSS) on serotonin
(5-HT; A), norepinephrine (B), and dopamine (C) levels in rat
hypothalamus; * p < 0.05 vs. control, two-tailed Student’s ¢-test.
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advanced research methodologies, such as combination of
brain imaging and microdialysis.
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