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The beat-by-beat fluctuation (dynamics) of heart rate (HR) depends on centrally mediated control of the autonomic nervous
system (ANS) reflecting the physiological state of an organism. 5-HT;4 receptors are implicated in affective disorders,associated
with ANS dysregulation which increases cardiac risk but their role in autonomic HR regulation under physiological conditions

is insufficiently characterized.

EXPERIMENTAL APPROACH

The effects of subcutaneously administered 5-HT4 receptor ligands on HR dynamics were investigated in C57BL/6 mice
during stress-free conditions and emotional challenge (recall of fear conditioned to an auditory stimulus and novelty

exposure) using time domain and non-linear HR analyses.

KEY RESULTS

Pre-training treatment with of 8-OH-DPAT (0.5 mg-kg™', s.c.) prevented conditioned tachycardia in the retention test
indicating impaired fear memory. Pretest 5-HT;4 receptor activation by 8-OH-DPAT (0.5 but not 0.1 and 0.02 mg-kg™") caused
bradycardia and increased HR variability. 8-OH-DPAT (0.5 mg-kg™") lowered the unconditioned and conditioned tachycardia
from ~750 to ~550 bpm, without changing the conditioned HR response to the sound. 8-OH-DPAT induced profound QT
prolongation and bradyarrhythmic episodes. Non-linear analysis indicated a pathological state of HR dynamics after
8-OH-DPAT (0.5 mg-kg™") with ANS hyperactivation impairing HR adaptability. The 5-HT;, receptor antagonist WAY-100635

(0.03 mg-kg™) blocked these effects of 8-OH-DPAT.
CONCLUSIONS AND IMPLICATIONS

Pre-training 5-HT;4 receptor activation by 8-OH-DPAT (0.5 mg-kg™") impaired memory of conditioned auditory fear based on
an attenuated HR increase, whereas pretest administration did not prevent the fear-conditioned HR increase but induced
pathological HR dynamics through central ANS dysregulation with cardiac effects similar to acute SSRI overdose.

Abbreviations

ANS, autonomic nervous system; CS, conditioned stimulus; HR, heart rate; US, unconditioned stimulus
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Introduction

Serotonin (5-hydroxytryptamine; 5-HT) signalling via its 14
receptor subtypes (Hoyer et al., 2002; receptor nomenclature
follows Alexander et al., 2011) is implicated in a wide range of
physiological functions (Barnes and Sharp, 1999) from car-
diovascular regulation (see Ramage, 2001; Cote et al., 2004;
Villalén and Centurién, 2007; Ramage and Villal6n, 2008) to
cognition (see Buhot, 1997). Affective disorders including
depression and anxiety (Ressler and Nemeroff, 2000) have
been linked to disturbances in 5-HT transmission. The 5-HT;4
receptor, for which 5-HT has a high affinity, is of particular
interest in affective disorders because the mechanisms of
current antidepressants, for example the selective serotonin
reuptake inhibitors (SSRIs), involves actions at both pre- and
postsynaptic 5-HT;, receptors (Artigas, 2013). Moreover, PET
studies have shown reductions in pre- and postsynaptic
5-HT; receptor binding in depressed patients (see Savitz
et al., 2009).

Patients with anxiety or anxiety co-morbid to depression
show an increased risk for cardiovascular disease (Vogelzangs
et al., 2010). Substantially increased cardiac risk exists espe-
cially during severe emotional challenge as indicated by epi-
demiological studies (Bhattacharyya and Steptoe, 2007).
Emotional challenges alter autonomic nervous system (ANS)
responses, generally by increasing sympathetic tone while
decreasing parasympathetic tone (Nalivaiko and Sgoifo,
2009), and enhance thrombogenesis through increased plate-
let formation (Cote et al., 2004). These two conditions can
contribute to elevated risk of cardiac mortality ranging from
congestive heart failure to sudden cardiac death.

Previous investigations using pharmacological interven-
tions (see Ramage, 2001; Cobte etal., 2004; Ramage and
Villalén, 2008) have shown that several 5-HT receptor
subtypes are involved in central ANS regulation. These
studies were performed wunder different experimental
conditions mainly in anaesthetized rats and cats with exter-
nally placed ECG electrodes. The effects of the 5-HT;,/5-HT;
receptor agonist 8-OH-DPAT (100 pg-kg™) on autonomic
responses were investigated in rats subjected to severe behav-
ioural stress (see Nalivaiko and Sgoifo, 2009). Injection of
8-OH-DPAT inhibited the stressor-induced increase of
sympathetic tone in rats without changing baseline values
(Ngampramuan et al., 2008). Based on these findings, 5-HT;a
receptor activation was suggested to exert beneficial effects on
ANS responses by attenuating sympathetic drive during aver-
sive challenges (Nalivaiko, 2006; Ngampramuan et al., 2008;
Nalivaiko and Sgoifo, 2009). However, 5-HT;, receptor acti-
vation is also associated with enhanced parasympathetic
drive in rats and cats (see Ramage, 2001; Ramage and
Villalén, 2008). As information on brain area-selective
involvement of 5-HT, receptors in central ANS regulation is
limited, it is notable that overexpression of 5-HT;, receptors
in the raphe complex of mice and increased autoinhibition
leads to spontaneous death, which has been linked to sudden
infant death syndrome (Audero et al., 2008).

Initially, the effects of subcutaneous pre-training injection
of 8-OH-DPAT (0.5 mg-kg™) were determined by two learning
procedures, auditory delay and trace conditioning, as the
latter but not the former procedure involves dorsal hip-
pocampal function (Misane et al., 2005). Subcutaneous 8-OH-
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DPAT given at higher doses (=0.3 mg-kg') before training
impaired fear learning as show by the reduction in freezing
response to both the context and, to a lesser degree, a tone
previously paired to a shock (Stiedl et al., 2000a; Youn et al.,
2009) and reducing transfer latencies in passive avoidance
retention tests (Madjid et al., 2006). However, the conse-
quences for aversively conditioned heart rate (HR) responses
have not been investigated.

Experiments in mice based on the 0.5 mg-kg' dose of
subcutaneously administered 8-OH-DPAT (Stiedl et al., 2009)
indicate adverse effects of 5-HT;, receptor activation on ANS
function. This dose also impairs emotional learning and
memory (Stiedl et al., 2000a; Ogren et al., 2008; Youn et al.,
2009). The aim of the present study was to investigate the
contribution of 5-HT;, receptors to HR dynamics under
physiological conditions in freely moving mice using radio-
telemetry with a spectrum of tests, autonomic measures and
5-HT;, receptor ligands. Low and higher doses 8-OH-DPAT
were used to address the involvement of pre- versus postsy-
naptic 5-HT, receptors respectively (reviewed by Ogren et al.,
2008). Autonomic effects were determined with respect to
baseline HR and its adjustment in response to exposure to an
auditory cue serving as conditioned fear stimulus (see Tovote
et al., 2004; 2005). Therefore, 8-OH-DPAT was injected before
the memory test to examine the effects on the expression
of cued fear. In addition, HR effects were analysed during
novelty exposure serving as unconditioned emotional chal-
lenge (Stiedl et al., 2004; Tovote et al., 2005) and under low
stress conditions in the home cage. Effects of drug treatment
on subintervals of the ECG were quantified because changes
of electric propagation across the heart through altered ANS
control may indicate cardiac risk states. Furthermore, 5-HT;a
receptor-mediated effects on HR dynamics were analysed by
non-linear methods because of their superior sensitivity of
functional assessment with regard to physiological or patho-
logical state of HR dynamics (Ivanov et al., 1996; Meyer and
Stiedl, 2003; Stiedl et al., 2009).

Methods

Animals

All animal care and experimental procedures were approved
by local animal research committees and performed in
accordance with the European Council Directive (86/609/
EEC). All studies involving animals are reported in accord-
ance with the ARRIVE guidelines (Kilkenny et al., 2010;
McGrath et al., 2010). A total of 105 male C57BL/6NCrIBR
(6N) and C57BL/6]Ico (6]) mice aged 11-15 weeks were used
in this study. These two C57BL/6 substrains show similar
behavioural and autonomic responses (Stiedl et al., 1999).
Mice (Charles River, Germany and Netherlands) were
obtained at 8 weeks of age and individually housed in stand-
ard cages (Macrolon type II, Tecnilab BMI, Someren, The
Netherlands) with free access to food and water. They were
kept at constant ambient temperature (21 £ 1°C) and relative
humidity (55 £ 10%) under a 12-h dark-light cycle with lights
turned on at 0700 h. The experiments were performed during
the light phase (low activity of nocturnal mice) to minimize
the contribution of elevated physical activity to autonomic
effects during the retention test.



ECG radiotelemetry

ECG recordings were obtained from intraperitoneally
implanted ECG radio transmitters (TA10EA-F20, Data Sci-
ences, St. Paul, MN, USA) with the two ECG electrodes
placed subcutaneously in lead II position as previously
described (Stiedl and Spiess, 1997). Surgery was performed in
8-week-old male mice, followed by analgesia with buprenor-
phine (0.1 mg-kg™) and 2-3 weeks of recovery. ECG measure-
ments by radiotelemetry allowed remote determination of
HR dynamics in the home cage of mice (see Supporting
Information).

Drugs and drug administration

The sources of the drugs used were as follows: 8-OH-
DPAT (8-hydroxy-2-(di-N-propylamino)tetralin), ~WAY-
100635 (N-(2-(1-(4-(2-methoxyphenyl)-1piperazinyl)ethyl)-
N-2-pyridinylcyclohexanecarboamide; both from Sigma-
Aldrich, Taufkirchen, Germany) and NAD-299 ((R)-3-N,N-
dicyclobutylamino-8-fluoro-3,4-dihydro-2H-1-benzopyran-5-
carboxamide hydrogen (2R,3R)-tartrate monohydrate;
robalzotan; AZD-7371; AstraZeneca R&D, Sodertidlje,
Sweden).. All compounds were freshly dissolved in sterile
saline. Solutions were injected subcutaneously into the scruff
of the neck in a volume of 8 mL-kg™'. For single injections,
the drugs were given 15 min before the retention test or
training and, for double injections, 30 and 15 min before the
retention test. Injections occurred during a brief isoflurane
anaesthesia period lasting maximally for 90 s as used before
(e.g. Stiedl efal., 2000a; b; see Supporting Information).
Drugs were given subcutaneously for comparison with previ-
ous studies in mice (e.g. Madjid et al., 2006; Youn et al., 2009;
Eriksson et al., 2012) and because subcutaneous injection of
8-OH-DPAT results in improved pharmacokinetic properties
due to reduced first-pass metabolism compared to intraperi-
toneal administration (see Stiedl et al., 2000a).

Fear conditioning
Fear conditioning experiments were carried out as previously
described (e.g. Stiedl etal., 2000a,b) using a computer-
controlled fear conditioning system (TSE-Systems, Bad
Homburg, Germany). During training (acquisition) mice were
subjected to a single paired (delay) presentation of a 30s
auditory cue (conditioned stimulus: CS; 10 kHz, pulsed 5 Hz,
75 dB sound pressure level) and, at sound offset, a shock
(unconditioned stimulus: US; 2's, 0.7 mA, constant current)
delivered through a stainless steel floor grid in the fear con-
ditioning box. Mice were returned to their home cage from
the fear conditioning box 30 s after US termination. Addi-
tionally, training was performed by 30 s trace conditioning,
that is separation of CS and US by a 30 s interval, repeated
twice with a 60 s interval. This training sequence requires
dorsohippocampal function for cued associative learning
(Misane et al., 2005). Delay and 30 s trace conditioning were
used to assess the effect of pre-training drug administration
on conditioned HR responses 24 h after training.

Training occurred in a Plexiglas cage (36 cm x 21 cm X
20 cm; length x width x height) inside a constantly illumi-
nated (120-500 1x) conditioning box made of dark grey
acrylic plastic. A loudspeaker provided constant auditory
background noise (white noise; 68 dB sound pressure level).

5-HTha receptor-mediated heart rate dynamics

The Plexiglas cage was thoroughly cleaned with 70% ethanol
before each experiment and continuously ventilated by a fan
during the experiments. Conditioned HR responses were
measured in the home cage 24 h after training by recording
ECG for 180 s without sound presentation (pre-CS phase)
followed by 180 s sound presentation (CS phase) and a 30 s
post-CS phase as previously described (Stiedl and Spiess,
1997; Stiedl et al., 1999; 2009).

Novelty exposure

Unconditioned fear responses were assessed 15 min after drug
injection by the exposure of mice to a novel Plexiglas box
(36 cm x 21 cm x 20 cm, length x width x height). This box
had a plain floor and was cleaned with 1% acetic acid before
the placement of mice. ECG of mice was recorded continu-
ously for 34 min as previously described and used to deter-
mine beat-by-beat HR in 2-min intervals (e.g, Tovote et al.,
2005).

Behavioural observations

Behaviour of mice was observed in their home cages to evalu-
ate the effects of serotonergic drug treatment, such as the
5-HT syndrome (Blanchard et al., 1997; Stiedl et al., 2000a;
Youn et al., 2009). The 5-HT syndrome in mice is character-
ized by unstable, ataxic gate and impaired coordination, hind
limb abduction, flattening of the back, eye narrowing, Straub
tail, reduced locomotion and rearing. Additionally, changes
in physical activity, that is generally low in the home cage,
were recorded. The 5-HT syndrome, which substantially
reduces locomotor activity (Stiedl et al., 2000; Youn et al.,
2009), prevented the evaluation of the acute effects of 8-OH-
DPAT (0.5 mg-kg™) on the expression of conditioned freezing
responses.

HR analyses

HR was calculated from RR intervals of the ECG signal.
Instantaneous HR (beat-by-beat HR) analyses were performed
offline (LabChart 7.1, ADInstruments, Spechbach, Germany)
with manual editing, that is removal of artifacts and addition
of unrecognized beats using a software extension (HRV 1.4 for
LabChart, ADInstruments) as described before (e.g. Stiedl
et al., 2005). Ectopic beats were treated as described by Meyer
and Stiedl (2006). HR variability was determined on the basis
of the RMSSD (root-mean square of successive RR interval
differences) value.

First-order variability analysis was performed to quantify
HR variability based on changes of three consecutive heart-
beat intervals (Stiedl and Meyer, 2003). Non-linear analysis of
HR dynamics was included because non-stationarity and
interdependence of HR intervals in their temporal sequence
formally prohibit the use of linear analyses, unless the mag-
nitude of difference is such that no statistical analysis is
necessary to assess their (statistical) difference (see Meyer and
Stiedl, 2003; Stiedl et al., 2009). Non-linear fractal dimension-
less measures were determined to assess the complex dynam-
ics of the cardiac time series because the irregular sequence of
instantaneous HR intervals displays an intrinsic structure that
cannot be captured by linear methods. These non-linear
methods yield important novel information on complex
regulatory processes such as autonomic control determining
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HR dynamics (Meyer and Stiedl, 2003). The dynamic proper-
ties provide for a highly sensitive qualitative assessment of
physiological versus pathological states of autonomic control
in man (Meyer and Stiedl, 2003; Stiedl et al., 2009) with the
ability to predict cardiovascular risks in the absence of appar-
ent cardiovascular disease (Meyer, 2002). An in-depth discus-
sion of the significance of the used non-linear measures is
provided elsewhere (Meyer and Stiedl, 2003; 2006).

Higher-order variability analysis determines the regularity
as a function of increasing consecutive RR intervals (order).
The average strength of cardiac acceleration and deceleration,
defined as the mean incremental difference per beat (in ms)
during acceleration and deceleration, is obtained from the
first order variability data. Multiscale embedding-space
decomposition determines the dynamic ‘complexity’ of the
cardiac time series, where the number of available system
states, Q,, is calculated for aggregated samples (aggregation
level, 1) of the original time series, hence accounting for
multiple time scales inherent in the dynamics. The singular-
ity spectrum of the multi-exponent multifractal analysis pre-
sents a statistical description of the set of singularities present
in the time series and is characterized by the spectrum of the
Holder singularity exponents o, and probabilities of occur-
rence, f (o). It quantifies the dynamic complexity to identify
pathological changes on a multifractal level (Ivanov et al.,
1999). The singularity spectrum is ‘broad’ and implies multi-
fractality, and when ‘narrowed’ and displaced to lower
a-values, indicates reduced multifractality. The mode of the
distribution is the global Hurst exponent h. Further explana-
tions are provided in the Supporting Information. The math-
ematical bases for all non-linear analyses have been described
elsewhere (see Meyer and Stiedl, 2006).

Subintervals of the ECG (PQ, QRS and QT duration) were
analysed to determine potential drug-induced changes of
autonomic control affecting electric propagation across the
heart and ectopic beats/arrhythmias characterized according
to Bennett (2006).

Statistical analyses

Overall effects of treatment were examined by one-way or
two-way ANOVA and ANovA for repeated measures (StatView
5.0.1, SAS Institute, Cary, NC, USA) and the Greenhouse-
Geisser correction was used whenever appropriate (SPSS 20,
IBM, Armonk, NY, USA). HR differences over the time course
of pre-CS and CS phase were analysed with linear contrast
(General Linear Model: Within Subjects Contrast). Post hoc
comparisons were performed by Tukey HSD or Dunnett’s T3
when the Levene’s test was significant. An error probability of
P < 0.05 was accepted as statistically significant in all tests.

Results

Behavioural effects of 8-OH-DPAT

All mice injected subcutaneously with 8-OH-DPAT at
0.5 mg-kg™' showed the typical signs of the 5-HT syndrome
(see Behavioural observations above). Pre-injection of WAY-
100635 (0.03 mg-kg™") or NAD-299 (0.3 mg-kg") prevented
the 5-HT syndrome caused by 8-OH-DPAT.
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Effects of pre-training 8-OH-DPAT on HR
responses during expression of cued fear
Because the effect of pre-training 8-OH-DPAT (0.5 mg-kg™) on
conditioned HR responses had not been investigated, experi-
ments were performed with injections 15 min before training
and testing 24 h later. Two-way ANOvA with factors of training
sequence and drug treatment indicated a significant effect
of training sequence (Fi, = 4.74; P < 0.05), drug treatment
(F120 = 38.32; P < 0.0001) and a significant training sequence
x drug treatment interaction (Fi» = 5.34; P < 0.05) for the
sound-induced HR increase in the first 60 s of CS presentation
indicative of conditioned fear. The same effect was observed
for the whole (180 s) CS period training sequence (Fyz = 6.91;
P < 0.05), drug treatment (Fi, = 42.09; P < 0.0001) and
training sequence x drug treatment interaction (Fi . = 6.50;
P < 0.05). Under both experimental conditions, pre-training
injection of 8-OH-DPAT (0.5 mg-kg™"') prevented the condi-
tioned tachycardia to the auditory CS that was observed in
saline-injected controls (Figure 1). The HR increase elicited by
the auditory CS reached maximum physiological levels [~-800
beats per min (bpm)] in saline-injected mice starting from
pre-CS (baseline) HR (583 * 15 bpm) that did not differ sig-
nificantly between drug-treated groups (data not shown). In
addition, 24 h after 8-OH-DPAT administration, none of the
HR effects that are described below, were observed after
pretest injection of 8-OH-DPAT.

Effects of 5-HT14 receptor ligands on HR

responses during expression of cued fear
Baseline HR and its fear-induced adjustment was measured
24 h after training in the home cage during exposure to the
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Figure 1

Effects of 8-OH-DPAT (0.5 mg-kg™) injected subcutaneously 15 min
before training on fear-conditioned heart rate changes (AHR). Mice
were subjected to either paired CS/US or CS separated from US by a
30 s trace interval during training. Heart rate was determined during
the retention test in the home cage 24 h after training. AHR denotes
changes from baseline values [180 s pre-CS phase; mean HR (0 bpm)
= 583 £ 15bpm]. CS;: the first 60 s of CS presentation; CS.:
throughout the 180 s CS presentation; values represent means *
SEM; n = 6 per group; *P < 0.05; ***P < 0.001 versus saline control.
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Figure 2

Effects of 5-HT;a receptor ligands on heart rate responses during
expression of conditioned fear to the auditory cue. Typical instanta-
neous heart rate responses of mice injected subcutaneously with
saline and 8-OH-DPAT (A), and mean heart rate responses in 30 s
bins (B) after injection of mice with either saline, 8-OH-DPAT or
NAD-299 at the given dose 15 min before the cue-dependent
memory test. CS: conditioned stimulus (sound); values represent
means + SEM; n = 12 (saline), n = 7 (8-OH-DPAT 0.5 mg-kg™';
NAD-299 1 mg-kg™), n = 5 (8-OH-DPAT 0.1 mg-kg™) and n = 3
(8-OH-DPAT 0.02 mg-kg™).

sound serving as the conditioned fear stimulus. Typical HR
responses of a saline- and an 8-OH-DPAT-injected mouse
show substantial differences (Figure 2A). aNova for repeated
measures indicated significant HR differences as a function of
drug treatment (Fs20 = 17.95, P < 0.0001; Figure 2B). In addi-
tion, there was a significant effect of time on HR (F4 1, = 34.75,
P < 0.0001). There was no significant interaction between
time and drug treatment (Fsy4s = 1.17, P = 0.325). The post hoc
test showed a significant difference between 0.5 mg-kg™!
8-OH-DPT and the saline control group (P < 0.002).
Significant HR differences as a function of drug treatment
were observed in the pre-CS phase (baseline HR) before sound

5-HTha receptor-mediated heart rate dynamics

presentation (F42 = 11.90, P < 0.0001). Post hoc analysis indi-
cated that 8-OH-DPAT at 0.5 mg-kg™' significantly decreased
baseline HR (P < 0.0001). Both, NAD-299 at 1 mg-kg"' and
8-OH-DPAT at 0.02 mg-kg™ did not alter the baseline HR
(P > 0.45; Figure 2B), compared with that of saline-injected
controls. There was no significant interaction between drug
treatment and time interval.

Difference contrast analysis was used following the
repeated measures ANOVA to determine whether the relative
HR changes were different between pre-CS and different 30 s
CS phases in the different drug treatment group (see Support-
ing Information). Since there were no significant differences,
this indicated a parallel HR shift from baseline irrespective of
drug treatment. However, repeated contrasts indicated a sig-
nificant difference from the first 30 s CS phase to the second
30 s CS phase that was reconfirmed by comparison of HR
responses of mice treated with saline versus 8-OH-DPAT
(0.5 mg-kg™) due to the rise of HR in saline but fall in HR in
mice in the second versus the first CS phase.

Effects of 5-HT 4 receptor ligands on HR
responses during novelty exposure

To determine whether the observed HR effects also occur in
response to unconditioned emotional challenge, experiments
were performed with novelty exposure that normally elevates
HR to maximum physiological levels of close to 800 bpm
(Stiedl et al., 2004; Tovote et al., 2005).

Drug treatment (8-OH-DPAT and NAD-299 compared
with saline control) had a significant effect on HR values
(Fons = 121.38, P < 0.0001; Figure 3A,B). Saline-injected
control mice exhibited a maximum HR of ~750 bpm in the
first 2 min of novelty exposure and HR remained elevated in
the two additional 2-min intervals analysed at 16-18 and
32-34 min (Figure 3B). The 5-HT;, receptor antagonist NAD-
299 (1 mg-kg') did not alter the HR response when compared
to saline-injected controls. 8-OH-DPAT (0.5 mg-kg™) signifi-
cantly lowered HR (P < 0.0001 versus saline and NAD-299) to
maximum values of ~600 bpm (Figure 3A) and mean values
of ~500 bpm throughout the 34-min test period (Figure 3B).
HR variability based on the RMSSD measure showed an
inverse pattern (F,:s = 36.57, P < 0.0001) with significantly
higher RMSSD values in 8-OH-DPAT-injected mice than in
NAD-299 and saline-injected controls (P < 0.0001) and no
difference between mice injected with saline and NAD-299
(Figure 3C). The 8-OH-DPAT-mediated effects exceeded the
34 min novelty test.

Effects of 5-HT14 receptor ligands on HR
dynamics in the home cage

Additional experiments were performed in the home cage
with 18-min ECG recording which started 15 min after sub-
cutaneous injection of either saline, 8-OH-DPAT (0.5 mg-kg™)
or WAY-100635 (0.03 mg-kg™"). Injections of WAY-100635
addressed the specificity of 5-HT;, receptor involvement.
Under these conditions, similar results were obtained as for
baseline HR (pre-CS HR) in fear conditioning experiments.
This 18-min recording period yielded a substantially
increased number of RR intervals (nn.x ~10%) that were used
for higher-order variability analysis and are essential to
perform non-linear analysis.
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The first-order variability diagram based on the interval
change of three successive heartbeat intervals indicated a
substantially increased variability in mice injected with
8-OH-DPAT (0.5 mg-kg™") in comparison to saline-injected
controls (Figure 4A,B). The regularity R(n) decreased in saline-
injected controls in a sigmoid fashion with increasing order,
the increasing number of successive RR intervals (Figure 4C).
In contrast, 0.5 mg-kg' 8-OH-DPAT resulted in an exponen-
tially declining regularity versus order reflecting weakened
intrinsic correlations in the time series. Higher-order variabil-
ity analysis revealed a reduced regularity of the HR pattern
(Figure 4C), an increased strength of acceleration and decel-
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Figure 3

Heart rate responses during novelty exposure. Instantaneous heart
rate patterns of a 1 min interval are shown for two mice injected
subcutaneously with saline or 8-OH-DPAT, respectively (A). Mean
heart rate responses (B) and heart rate variability based on the
RMSSD measure (C) were determined during three 2 min intervals
(0-2, 16-18 and 32-24 min) of the total 34 min novelty exposure as
a function of drug treatment. Values represent means £ SEM; n=6

per group.

Table 1

eration (Figure 4D), a decreased complexity (Figure 4E) and a
shift towards that of a random HR pattern (Figure 4F). For
mathematical details on these measures see Meyer and Stiedl
(2006). All these effects were observed only in 8-OH-DPAT-
treated but not saline-injected mice, and were blocked by
pre-injection of the 5-HT;, receptor antagonist WAY-100635
(0.03 mg-kg"), while WAY-100635 alone at this dose had no
significant effect on any of these measures.

Comparison of HR variability changes by
8-OH-DPAT versus sleep

To compare the effect of 0.5 mg-kg™' 8-OH-DPAT on HR vari-
ability with that of the physiological state at similar HR, ECG
was analysed from the same mice under undisturbed condi-
tions during sleep in their home cage. At similarly low HR
(~430 bpm), 8-OH-DPAT resulted in a significantly (Fi 26 =
4482, P < 0.0001) increased RMSSD value (~2-fold),
compared with untreated mice (Table 1), providing further
evidence for its deviation from the physiological state.

Effects of 5-HT14 receptor ligands on ECG
subintervals and arrhythmias

Analysis of ECG subintervals indicated a significant effect of
drug treatment on PQ (F;4s = 10.45, P < 0.0001), QRS (F345 =
5.17, P < 0.005) and QT intervals (Fss = 25.92, P < 0.0001;
Figure 5A-D). The duration of all intervals was significantly
prolonged (P < 0.0005) in mice injected with 8-OH-DPAT
(0.5 mg-kg™), compared with saline-injected controls. The
prolongation of all subintervals, except the QRS duration,
was significantly lowered by subcutaneous pre-injection of
WAY-100635 at 0.03 mg-kg™, a dose that was ineffective when
injected alone. Furthermore, 5-HT,, receptor activation by
8-OH-DPAT resulted in the occurrence of third-degree atrio-
ventricular conduction blocks with complete interruption of
transmission of atrial impulses and emergence of escape beats
generated in the subsidiary bundle of His. These effects
are the consequence of parasympathetic overactivation as
indicated by the loss of the normally observed stable tem-
poral relation between subsequent PP and RR intervals
(Figure SE,F). Consequently, the number of ectopic beats
(sinus arrhythmias and third-degree atrioventricular conduc-
tion blocks without escape beats) was quantified on a total of
~38* beats. While the number of ectopic beats was low (~1 per
10* beats) in saline-injected and naive mice, it was markedly
increased to ~34 per 10* beats by 8-OH-DPAT at 0.5 mg-kg".
This increase was completely prevented (~1 per 10* beats) by

Comparison of heart rate variability (RMSSD) at similar low heart rates

Treatment Mice [n] Count [n]* HR [bpm] RMSSD [ms]
Untreated (sleep) 8 64 434.8 + 3.1 10.5 £ 0.9
8-OH-DPAT (0.5 mg-kg™") 8 64 427.0 £ 6.1 23.4 £ 1.7%**

RMSSD, root-mean square of successive RR interval differences.
"*not significant. ***P < 0.0001 versus untreated (sleep).
?8 x 2 min bins per mouse.
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Figure 4

Heart rate dynamics based on successive interval changes and nonlinear analyses. First-order variability diagram based on the interval change of
three successive heartbeat intervals (X-axis) in mice injected with saline (A) and 8-OH-DPAT (0.5 mg-kg™'; (B). Increasing intervals, reflecting
cardiac deceleration, appear in quadrant |. Gradual shortening of intervals, reflecting cardiac acceleration, yields points appearing in quadrant Ill.
Short-long-short values of x fall into quadrant Il and long-short-long values of x appear in quadrant IV respectively. The residual values of 0.068
(Ziv = 0.932 for saline) and 0.013 (Z,,y = 0.987 for 8-OH-DPAT) denote the fraction of three successive heartbeat intervals without difference, that
is located on 0. The experimental cardiac time series shows a patchy clustering of points, and all four quadrants exhibit different fractional (related
to the total number of threesomes in the times series) densities of the populations of points of which the dissymmetry between I and Ill is the most
salient feature. Black squares of a width of 50 ms (+ 25 ms centred around 0) indicate the substantially increased variability of the cardiac rhythm
over three beats by 8-OH-DPAT. Higher-order variability analysis indicated a loss of complexity when the curve is shifted to the left (C). The
strength of acceleration and deceleration in ms-beat™ as a function of drug treatment is shown in the box plots (D). Multiscale embedding-space
decomposition, an entropy-based measure of system complexity to reveal structure on multiple time scales, indicated a loss of complexity by
8-OH-DPAT when the curve is shifted up towards random dynamics as shown for the surrogate (E). The singularity spectrum of the multi-exponent
multifractal analysis, an estimation of the multifractal properties of a given time series, is characterized by the range (the width of the
inverted-shaped curve) and the mode (the maximum of the curve). This analysis again indicates a shift of the spectrum of 8-OH-DPAT-treated mice
toward that of the surrogate with reduced complexity (F). The sequence-randomized surrogates, representing random dynamics (white noise) for
each experimental group, all superimpose at Qa(t) = 10 (E) and are shifted downwards (F). Note that the singularity spectra of mice treated with
WAY-100635 (WAY; 0.03 mg-kg™) alone or followed by 8-OH-DPAT (0.5 mg-kg™) largely overlap (F); WAY+DPAT). Drugs were injected
subcutaneously. Values represent means + SE; n = 8 per group.

pre-injection of the 5-HT;, receptor antagonists WAY-100635
(0.03 mg-kg") and NAD-299 (0.3 mg-kg'), which did not
induce ectopic beats on their own (data not shown).

mice. Pre-training injection of 8-OH-DPAT (0.5 mg-kg™)
resulted in impaired fear memory as shown by the absence
of sound-induced tachycardia, irrespective of hippocampal
involvement (Misane et al., 2005; Chowdhury et al., 2005).
This finding extends previous behavioural results (Stiedl

Discussion

This study investigated the effects of 5-HT,, receptor activa-
tion on fear learning and expression, as assessed by the HR in

et al., 2000a; Youn et al., 2009) to autonomic function. Pretest
injections indicated that 5-HT,, receptor activation by 8-OH-
DPAT (0.5 mg-kg™) elicited the 5-HT syndrome and lowered
HR with preserved auditory CS-induced HR increase but
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in ms. Drugs were injected subcutaneously at the following doses: 8-OH-DPAT (0.5 mg-kg™"), WAY-100635 (WAY: 0.03 mg-kg™); n=13 per group;

***P < 0.001 versus saline control.

reduced maximum HR during retention of conditioned audi-
tory fear in mice. Additionally, 8-OH-DPAT (0.5 mg-kg™)
reduced the unconditioned tachycardia during novelty expo-
sure. The reduced maximum HR values were the consequence
of a pathological state of HR dynamics caused by 8-OH-DPAT
(0.5 mg-kg™) that confounded the expression of physiologi-
cal HR responses with maximum HR normally close to
800 bpm. Analyses of the dynamics of the heartbeat interval
fluctuations by non-linear methods revealed a pathological
state of HR dynamics by 5-HT;4 receptor activation. This was
prevented by the selective 5-HT;, receptor antagonist WAY-
100635. The 0.5 mg-kg” dose of 8-OH-DPAT suggests the
involvement of postsynaptic 5-HT;, receptors (Ogren et al.,
2008; Youn et al., 2009). Taken together, the results indicated
that the effect of 5-HT;, receptor activation on fear learning
differed from that on fear expression, based on HR responses.

Specificity of 5-HTa receptor-mediated

HR effects

The 8-OH-DPAT-mediated HR effects were prevented by pre-
injection of the selective 5-HT,;, receptor antagonist WAY-
100635 (Fletcher et al., 1997; Martel et al., 2007) ruling out a
potential contribution of 5-HT; receptor activation by 8-OH-
DPAT (Bickmeyer et al., 2002). No evidence was provided for
the contribution of 5-HT; receptors in the expression of con-
ditioned fear elicited by the auditory CS on the basis of HR
adjustments (Eriksson et al., 2012).
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Several studies reported bradycardic effects of S-HTia
receptor agonists in anaesthetized rats and cats (see Ramage,
2001; Ramage and Villal6n, 2008). However, intraperitoneal
injection of 0.25 mg-kg' 8-OH-DPAT in rats did not affect
baseline HR and blood pressure effects but significantly
reduced HR and blood pressure increases to emotional (but
not cold) stress (Vianna and Carrive, 2009). This is attrib-
uted to sympathoinhibition via limbic and/or downstream
autonomic sites such as the rostral ventrolateral medulla,
the nucleus ambiguus and the dorsal motor nucleus of
the nervus vagus. The absence of baseline HR effect in rats
contrasts with the baseline bradycardia reported before
and here. Besides the use of a lower dose, species-specific
differences related to S5-HT,, receptor expression levels
cannot be ruled out. For a discussion on potential effects
of respiration and blood pressure see the Supporting
Information.

Effects of 5-HT14 receptor modulation on
conditioned and unconditioned HR responses
While the relative initial increase of HR (~150 bpm) elicited
by the auditory fear stimulus was preserved in mice injected
with 8-OH-DPAT, maximum HR did not exceed 600 bpm.
However, HR increases to maximum physiological level of
~800 bpm even from resting HR values of 400-450 bpm
(Stiedl et al., 2007). The preserved CS-induced HR increase
does not support an anxiolytic action as claimed for the



partial 5-HT,, receptor agonist buspirone (see Ogren et al.,
2008; see Supporting Information).

The tachycardia elicited by novelty exposure as uncondi-
tioned stressor with a mean HR in the range of ~750 bpm
was prevented by 8-OH-DPAT (0.5 mg-kg') implying an
anxiolytic-like action. However, the lack of novelty-induced
tachycardia was attributed to an altered autonomic state.
Novelty exposure and injection stress increase HR and body
temperature in 5-HT;, receptor-deficient mice compared to
wild-type controls (Pattij et al., 2002). The 5-HT,, receptor
agonist flesinoxan lowers the tachycardia elicited by the
injection procedure, as an aversive stimulus, in wild-type
mice without affecting baseline HR (Bouwknecht et al., 2000).
This effect of flesinoxan is absent in 5-HT;, receptor-deficient
mice (Pattij efal, 2002) indicating a 5-HT;, receptor-
mediated reduction of HR as observed here. Similarly, injec-
tion of 0.25 mg-kg"' 8-OH-DPAT caused a faster return to
baseline HR and higher HR variability in wild-type than in
5-HT;, receptor-deficient mice (Carnevali et al., 2012).

The attenuated tachycardia in response to an adverse
challenge after 5-HT;, receptor activation in rats is reported
to be beneficial (Nalivaiko and Sgoifo, 2009) because of
attenuated stress responsiveness and reduced stress-induced
arrhythmias. This conclusion is in contrast to the adverse
effects reported previously (Stiedl et al., 2009) and extended
by the present study in mice. The reduction of the magnitude
of HR adjustments is considered insufficient (maladaptive)
with respect to physiological needs (see Koolhaas et al., 2011).

ECG alterations, arrhythmias and similarity
with SSRI-mediated cardiovascular effects

ANS dysregulation affects the duration of ECG subintervals
through altered electric conduction in the heart. The
increased duration of ECG subintervals is used to identify
potential cardiovascular risks. The QT prolongation predis-
poses to the development of ventricular tachyarrhythmias
such as torsades des pointes and ventricular fibrillation that
are implicated in syncope, cardiac arrest and sudden cardiac
death (Zareba, 2007). Adverse effects of serotonergic antide-
pressants such as SSRIs include PQ and QT interval prolon-
gation and arrhythmias, especially after overdose (Pacher and
Kecskeméti, 2004). Notably, serum levels of the SSRI citalo-
pram correlate with QT interval prolongation after intoxica-
tion (Unterecker et al., 2012). These effects are mimicked by
5-HT;, receptor activation in mice suggesting the involve-
ment of this receptor in cardiac risk through ANS dysregula-
tion caused by SSRIs. Impairment of electric propagation
across the heart by 8-OH-DPAT is attributed to parasympa-
thetic overstimulation causing the increased sinus arrhyth-
mias and third-degree atrioventricular conduction blocks
(without escape beats) while bradyarrhythmias are low (-1
per 10* beats in control mice) under physiological conditions
in C57BL/6 mice, as reported before (Meyer and Stiedl, 2003).
These findings provide further evidence for negative conse-
quences of central 5-HT,, receptor overactivation for cardio-
vascular function mediated through the ANS. It remains to
be clarified whether these effects are also observed during
SSRI treatment which elevates endogenous 5-HT levels and
thereby activates multiple 5-HT receptor subtypes, in particu-
lar 5-HT,, receptors for which 5-HT has a high-affinity. The
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involvement of other 5-HT receptor subtypes in HR regula-
tion is discussed in the Supporting Information.

Central 5-HT 4 receptor involvement and the
brain areas implicated

5-HT;, receptors are found predominantly in the CNS (brain
and spinal cord) and parasympathetic control is exerted via
direct outputs from the brain stem. Peripheral 5-HT;, recep-
tors are unlikely to contribute to the HR effects reported here
(see Supporting Information). The baseline bradycardia is
probably mediated by postsynaptic 5-HT;, receptor activa-
tion tonically inhibiting GABA-ergic interneurons which
exert inhibitory control of preganglionic vagal cardiac
neurons of the parasympathetic system. These originate in
the nucleus ambiguus and the dorsal motor nucleus of the
nervus vagus (Jordan, 2005; Ramage and Villal6n, 2008). Dis-
inhibition of these neurons is expected to result in an
increased parasympathetic activity of the vagal outputs
leading to a HR decrease. In contrast, 5-HT,, receptor antago-
nists should attenuate parasympathetic tone and increase
HR. However, NAD-299 at 0.3 mg-kg™ did not affect HR in
mice (Madjid et al., 2006) consistent with the lack of effects
of WAY-100635 at the dose of 0.03 mg-kg™' reported here
(see Supporting Information). NAD-299, which has a
higher selectivity than WAY-100635 for the 5-HT;, receptor
(Johansson et al., 1997), failed to significantly increase base-
line HR (~660 bpm) even at 1 mg-kg™', presumably, because
parasympathetic inhibition by atropine, a muscarinic acetyl-
choline receptor antagonist that blocks the vagal control of
the heart, will increase HR in unstressed mice to ~670 bpm
(Stiedl et al., 2009).

The importance of the 5-HT;, receptor for HR changes was
recently demonstrated in 5-HT;x receptor-deficient mice.
Deletion of the 5-HT;, receptor increased the tachycardia to
an acute stressor and caused cardiac arrest during psychoso-
cial stress in 27% of tested mice (Carnevali et al., 2012). These
and the present results, in combination with the adverse
outcome of 5-HT;, autoreceptor overexpression shunting
postsynaptic 5-HTi4 release (Audero et al., 2008), suggest an
adverse role of both postsynaptic 5-HT;, receptor hypo- and
hyperactivation for cardiovascular function and increased
risk for cardiac morbidity. However, here we could not
provide evidence for an involvement of the 5-HT;, receptor
in HR regulation under these experimental conditions.

HR dynamics

Under physiological conditions (saline) the balanced
strength of HR acceleration and deceleration was generally
low. However, the strength of both acceleration and decelera-
tion was markedly enhanced in 8-OH-DPAT-treated mice,
with pronounced predominance of negative chronotropic
effects from vagal activation. The HR dynamics elicited by
8-OH-DPAT (0.5 mg-kg™") is similar, but even more pro-
nounced, to that following central activation of the
corticotropin-releasing factor CRF, receptors by intracer-
ebroventricular ovine CRF (Stiedl et al., 2005; Meyer and
Stiedl, 2006). Particularly, the increased acceleration/
deceleration strength elicited by 8-OH-DPAT indicates central
hyperactivation of both ANS branches. This is further sup-
ported by the twofold increased HR variability compared with
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physiological values during sleep. 5-HT;, receptor activation
elicited dynamic properties with a significant loss of intrinsic
structural complexity of cardiac control. Multifractal scaling
of HR dynamics suggests that the control mechanisms regu-
lating the heartbeat interact as part of a coupled cascade of
feedback loops for neuroautonomic regulation that is also
impaired in congestive heart failure (Ivanov et al., 1999). The
loss of complexity leads to a significant impairment of HR
adaptability in response to emotional challenge (Meyer and
Stiedl, 2006) as indicated by the reduced maximum HR elic-
ited by the unconditioned (novelty) and conditioned (audi-
tory) stressors. However, the conclusion of pathological HR
dynamics elicited by 8-OH-DPAT at 0.5 mg-kg™ can only be
drawn on the basis of the nonlinear results.

In conclusion, we provide evidence that 5-HT;, receptor
activation impaired the acquisition but not the expression of
the fear-conditioned HR response suggesting that the under-
lying neuronal circuits for fear learning differ from those for
fear expression. 5-HT;, receptor activation before fear expres-
sion decreased HR, increased HR variability and blunted the
HR adjustment in response emotional challenges because of
compromised dynamic range. Together with impaired HR
dynamics, prolongation of PQ intervals, atrioventricular con-
duction blocks and emergence of escape beats this identifies a
pathological state of ANS control of the heart by 5-HTis
receptor overactivation in mice. This demonstrates the
importance of a more extensive data analysis for the qualita-
tive interpretation of observed cardiovascular effects, beyond
mean HR. In view of the present findings, the elevation of the
endogenous 5-HT level by SSRIs may increase cardiovascular
risk via enhanced 5-HT,, receptor activation, at least during
the onset of treatment, in view of reported side effects. Taken
together, these results suggest the involvement of 5-HTis
receptor activation in emotional memory impairments and
elevated cardiac risk, associated with SSRI-based pharmaco-
therapy in affective disorders.
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