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Abstract

:

Neuropeptide S (NPS) is a peptide neurotransmitter that in animal studies promotes wakefulness and arousal with simultaneous anxiety reduction, in some inconsistency with results in humans. We examined the effect of NPS on rat ultrasonic vocalizations (USV) as an index of affective state and on behaviour in novel environments in rats with persistent inter-individual differences in exploratory activity. Adult male Wistar rats were categorised as of high (HE) or low (LE) exploratory activity and NPS was administered intracerebroventricularly (i.c.v.) at a dose of 1.0 nmol/5 µL, after which USVs were recorded in the home-cage and a novel standard housing cage, and behaviour evaluated in exploration/anxiety tests. NPS induced a massive production of long and short 22 kHz USVs in the home cage that continued later in the novel environment; no effect on 50 kHz USVs were found. In LE-rats, the long 22 kHz calls were emitted at lower frequencies and were louder. The effects of NPS on behaviour appeared novelty- and test-dependent. NPS had an anxiolytic-like effect in LE-rats only in the elevated zero-maze, whereas in HE-rats, locomotor activity in the zero-maze and in a novel standard cage was increased. Thus NPS appears as a psychostimulant peptide but with a complex effect on dimensions of affect.
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1. Introduction


Neuropeptide S (NPS), a 20 amino acid peptide transmitter, has been at the forefront of neuropsychiatric peptide research since the endogenous ligand for G-protein coupled NPS receptor (NPSR), formerly known as an orphan receptor GPR154, was identified almost 20 years ago by Reinscheid and colleagues [1]. NPS and its receptors are found in several tissues, with the highest expression in the thyroid, salivary and mammary glands, and the brain [1]. In the brain, NPS is mainly expressed in a few pontine cell clusters, while NPSR is widely distributed, including regions of the hypothalamus, thalamus, cortex, and amygdala [1,2] that are implicated in the regulation of, e.g., homeostasis, sensory gating, and emotional processing. Accordingly, NPS modulates wakefulness, arousal, feeding, memory, and anxiety-like states in rodents. Intracerebroventricular (i.c.v.) administration of NPS elicits a unique behavioural profile of increased wakefulness and arousal along with anxiolytic-like effects at similar doses [1,3]. NPS has robustly increased locomotor activity in mice and rats both in novel and habituated surroundings and anti-anxiety effects have been reported in a variety of behavioural tests [3,4,5,6,7].



Research of NPS in humans revealed the significance of a functional polymorphism (rs324981 A > T) in the gene of the NPS receptor, NPSR1, to the potency of receptor-bound NPS [8]. The T-allele encoding receptor protein with higher signal transduction efficacy has been associated with heightened autonomic arousal and with panic disorder [9] and with an increased response of the amygdala to fearful stimuli [10]. This seems contradictory to the anxiolytic effects of NPS in animal studies. In contrast, studies in a representative birth cohort sample instead associated the A-allele of NPSR1 rs324981, responsible for the less efficient receptor, with higher anxiety, but the T-allele with higher impulsivity [11,12]. These findings suggest that the action of NPS may depend on individual differences and environmental contingencies. Indeed, the NPS system seems to have played a role in shaping the adaptive responses to the environment since the vertebrate water-to-land transition [13], and the less efficient A-allele of the NPSR1 rs324981 is thought to be derived from the ancestral more efficient T-allele [14]. NPS is endogenously released in response to acute stressors [15], and its administration activates the hypothalamo-pituitary-adrenal (HPA) stress axis [16,17]. NPS neurotransmission interacts with several neurochemical systems in modulating arousal and locomotion, including, among others, corticotropin-releasing factor (CRF) and dopamine (DA) systems [2,18,19,20].



While the readouts of many animal models of anxiety can be severely confounded by aspects of novelty and other factors shaping the approach-avoidance conflict [21], ultrasonic vocalization is a more direct window into the affective state of mammals [22]. Communication in the highly social Rattus norvegicus is carried out in the range of ultrasonic frequencies above 20 kHz, and ultrasonic vocalizations (USVs) emitted are thought to communicate emotional states to conspecifics in a variety of aversive and appetitive behavioural situations [23,24,25]. Two main types of adult rat USVs have been described: longer-lasting lower frequency 22 kHz calls which are emitted by rats subjected to negative/aversive conditions, such as exposure to acute stressors (foot-shock and air-puff), a predator, social defeat, negative drug experience, etc. [26,27,28,29]; and higher frequency 50 kHz calls of shorter duration, which are brought about in the context of positive/appetitive states, such as rough-and-tumble play, seeking for a reward, tickling, and administration of psychostimulants [30,31,32]. Furthermore, subtypes of both classes of USVs have been identified; the 22 kHz calls can further be divided into short (duration up to 300 ms) and long (over 300 ms calls) forms [33], both of which are associated with aversive states. Fifty kHz USVs comprise three biologically significant subtypes: flat, frequency-modulated, and trill calls (reviewed in [34]), all expressing positive emotional states.



Two separate brain systems are responsible for eliciting 22 kHz and 50 kHz vocalizations (for review, see [23]). The 22 kHz USV production is related to signalling in the ascending cholinergic fibers that originate from the laterodorsal tegmental nucleus [35], while 50 kHz USVs are dependent on the mesolimbic dopaminergic circuitry that comprises axon projections from the ventral tegmental area (VTA) to the nucleus accumbens (NAc) [32,36]. Twenty-two kHz calls can be pharmacologically induced by direct cholinergic stimulation of the brain [37] as well as by application of ligands with aversive effects, e.g., naloxone [27]; agents that potentiate mesolimbic dopaminergic neurotransmission concurrently also increase 50 kHz USVs [32,38,39].



Studying inter-individual differences in depressed and anxious phenotypes at behavioural, physiological, and genetic levels helps in revealing the substrates for vulnerability to depression and clarifying its pathogenetic mechanisms [40,41]. Two of the depressive features, namely reduced motivation (to explore) and heightened anxiety, can be jointly studied in terms of novelty-related, exploratory behaviour. Conflicting motivations —an exploratory drive (curiosity) and a fear evoked by novelty—are simultaneously shaping exploration, that in some conditions leads to non-Gaussian distribution of behaviour [42]. We have developed and pharmacologically characterised a test of spontaneous exploratory activity [43], the exploration box test, which combines features of both forced and free exploration and separates rats into clusters with persistently low motivation to explore/high anxiety, and high motivation to explore/low anxiety (low explorers—LE, and high explorers—HE, respectively). LE- and HE-rats display profoundly different adaptive strategies in this test, and it is predictive of their further novelty-, anxiety-, and depression-related behaviours [44].



As compared to the HE-rats, the behaviourally ‘depressive-like’ LE-rats also behave more anxiously in the elevated plus-maze, display more passive coping strategies in the forced swimming test and retain a more enduring association between neutral and stressful stimuli in the fear conditioning test [44]. Multiple neurochemical differences may underlie the behavioural variation observed in LE- and HE-rats, from differently expressed depression-related genes in raphe nuclei, hippocampus and frontal cortex [45] to neurochemical differences in all three major monoaminergic systems [46], especially in striatal dopaminergic neurotransmission [44,47]. Furthermore, LE-rats are less sensitive to the acute and chronic effects of antidepressants on amphetamine-stimulated striatal dopamine and serotonin release [48].



Thus, based on animal and human studies it can be hypothesised that NPS receptor stimulation has an effect on primary affective processes that may differ between more and less anxious individuals. Ultrasonic vocalizations at 22 kHz and 50 kHz offer the most direct indicator of affect in rodents, reflecting what is in humans interpreted as negative and positive emotion, respectively. With this background, the aim of the present study was to examine the effect of NPS on USVs and to find out whether the LE- and HE-rats would differ in their sensitivity to intracerebroventricular NPS treatment. We hypothesised that NPS would elicit 50 kHz USVs and increase activity in HE-rats, especially in novel environments, but in LE-rats 50 kHz would be produced only in more familiar contexts and that distress vocalizations may be induced, especially in novel surroundings. We further explored whether NPS would alter the acoustic features of USVs, and whether it would be dependent on the exploratory phenotype of the rats.




2. Results


2.1. Effect of Intracerebroventricular Administration of NPS on Ultrasonic Vocalizations


Ultrasonic vocalizations were recorded for 30 min in the home-cage after i.c.v. NPS or vehicle administration (Figure 1).



The overall number of 50 kHz calls was most abundant during the first five minutes (Figure 2) and diminished over the 30 min period (repeated measures effect of Time F(5,160) = 23.4, p < 0.0001). Administration of NPS did not affect the level of expression of 50 kHz calls either in LE- or HE-rats (Figure 2A). However, central NPS administration elicited a massive production of long and short 22 kHz USVs, and also calls with both 22/50 kHz components (effect of NPS F(1,32) = 39.2, p < 0.0001; F(1,32) = 14.0, p < 0.001; F(1,32) = 11.3, p < 0.01, respectively; Figure 2B–D, respectively). Only the NPS-treated animals elicited long 22 kHz calls (all of the NPS-treated rats; LE = 9 and HE = 10). These started on average 170 s after administration and did not differ in amount between HE- and LE-rats. The number of long and short 22 kHz calls varied during the 30 min measurement period, peaking at 10–20 min after NPS administration (Time effect F(5,160) = 6.9, p < 0.0001; F(5,160) = 5.0, p < 0.001; interaction of Time × NPS F(5,160) = 6.9, p < 0.0001 and F(5,160) = 5.7, p < 0.0001, respectively). NPS also reduced the onsets to the first short 22 kHz call (NPS F(1,28) = 5.5, p < 0.05) and combined 22/50 kHz call (NPS F(1,16) = 12.1, p < 0.01) but did not modify the beginning of 50 kHz calls (data not shown).




2.2. Acoustic Characteristics of the NPS-Elicited 22 kHz Calls in HE- and LE-Rats


In order to analyse whether the acoustic characteristics [39,49] of NPS-induced long and short 22 kHz USVs would differ in HE- and LE-rats during the 30 min period studied, duration, average peak frequency, and average peak amplitude of the USVs were each modelled as predicted by the exploratory phenotype and time-point using two modelling frameworks: linear mixed-effects models (LMM) and generalised additive models (GAM). In both modelling frameworks, random effects were used to account for each animal’s behaviour in addition to the group membership. This was necessary because the number of USVs differed between rats and repeated USVs of the same animal were correlated. In LMM, the effect of time on USV parameters was modelled parametrically as the sum of the linear, quadratic (parabolic), and cubic (hyperbolic) effects. This approach allowed us to test whether changes in the USV properties over time follow a particular well-defined geometric curve. In contrast, the GAM approach modelled the effect of time by a single nonparametric spline. It can be considered as a nonparametric ANOVA approach and is, therefore, more permissive in identifying the time-dependent effect of phenotype on USVs.



2.2.1. Duration of Calls


Figure 3 presents how model-based predictions fit the obtained data on duration of calls. Generally, the longest 22 kHz calls were emitted during the first five minutes after i.c.v. NPS (Figure 3A,C), after which the duration of the long 22 kHz calls gradually decreased. No difference between LE- and HE-rats was found for both short and long 22 kHz USVs by linear mixed-effects models. In contrast, modelling the time-dependent change in the duration of USVs by cubic splines found the difference between phenotypes to be significant both for short (p < 0.05) and long 22 kHz USVs (p < 0.001). However, combining the results from the two modelling frameworks, the duration of 22 kHz calls did not differ between the LE- and HE-phenotypes.




2.2.2. Average Peak Frequency


For short 22 kHz USVs, the LMM modelling framework identified no difference between LE- and HE-rats on average peak frequency of calls (Figure 4B). However, for long 22 kHz USVs a significant difference was found between parabolic shapes of time-dependent curves in the two phenotypes (p < 0.05; Figure 4A). Furthermore, when using the GAM approach, modelling the time-dependent curves by cubic splines indicated the difference between phenotypes to be highly significant for both types of 22 kHz USVs (p < 0.001, Figure 4C,D). Taken together, during the first 15 min after the i.c.v. injection of NPS, the long 22 kHz USVs emitted by the LE-rats were at significantly lower frequencies than those emitted by the HE-rats.




2.2.3. Average Peak Amplitude


As with average peak frequencies, the LMM-approach found no difference in average peak amplitude between LE- and HE-rats for short USVs and a significant difference was found for long 22 kHz USVs between parabolic shapes of time-dependent curves in the two phenotypes (p < 0.05, Figure 5A,B). The GAM approach identified the difference between phenotypes to be highly significant for both types of 22 kHz USVs (p < 0.001). All in all, long 22 kHz USVs of the LE-rats were louder than in the HE-rats, especially so during the first 15 min after NPS administration.



The results from the LMM and GAM modelling show that the time-dependent changes in USV properties were non-linear. For average peak frequencies and amplitudes in long calls, the effect of the phenotype could be approximated by the parabolic curve, but for short USVs and call durations, the effect of the phenotype was both non-linear and nonparametric. The fit of model-derived predictions to the actual observations was tighter in the GAM approach.





2.3. Behavioural Tests


2.3.1. Exploration Box Test


The overall higher activity of the HE-rats in the exploration box, observed in the selection test day, was also apparent on the seventh day after the surgery, about 40 min after the central NPS/vehicle treatment (Figure 6). HE-rats entered the open area faster and more often (Activity effect on latency (F(1,32) = 280 and entries (F(1,32) = 27.1, both p < 0.0001; Figure 6B,C), and spent more time in it (F(1,32) = 56.3, p < 0.0001; Figure 6D). HE-rats moved around more and explored the objects in the open area more intensively (Activity effect on line crossings (Figure 6E), rearings, objects, and the sum of exploratory activity (Figure 6F): (F(1,32) = 35.6, F(1, 32) = 25.8, F(1, 32) = 41.7, F(1,32) = 38.1, with all p < 0.0001, respectively)).



NPS modified two parameters differently in HE and LE animals in the exploration box test. First, NPS shortened the time that HE-rats spent in the open area exploring (interaction of Activity × NPS for time (F(1,32) = 5.1, p < 0.05) while not significantly reducing their locomotor activity or objects explored. LE-rats treated with NPS also made more stretch-attend postures (SAP) towards the open arena (Activity effect on number of SAPs (F(1,32) = 6.6, p < 0.05; Figure 6A) as compared to vehicle treated controls and HE-rats, but did not enter the open area to explore more than their controls.




2.3.2. Elevated Zero-Maze Test


Similarly to the exploration box test, the HE-rats were more active in the open parts of the zero-maze (Figure 7). HE-rats entered the open quadrants faster and more often (Activity effect on latency (F(1,32) = 5.1, p < 0.05; Figure 7B) and entries (F(1,32) = 20.2, p < 0.0001; Figure 7C), and spent more time in the open quadrants (F(1,32) = 11,6, p < 0.01; Figure 7D) moving around more than the LE-rats (Activity effect on line crossings F(1,32) = 25.3, p < 0.0001; Figure 7E).



Central administration of NPS reduced the latency to enter the open quadrant (NPS effect F(1,32) = 4.7, p < 0.05), increased the number of entries into the open quadrants (F(1,32) = 10.9, p < 0.01), time spent in the open quadrants (F(1,32) = 10.5, p < 0.01), and the number of line crossings (F(1,32) = 11.5, p < 0.01). Post hoc testing revealed that while NPS significantly increased the number of entries and line crossings both in HE- and LE-rats, the latency to enter an open quadrant was significantly decreased, and time spent in the open parts of the maze was significantly increased only in LE-rats.




2.3.3. Light-Dark Box Test


As in the exploration box and elevated zero-maze tests, the HE-rats were more active in the light part of the light-dark box (Figure 8). HE-rats entered the light part faster and more often (Activity effect on latency (F(1,32) = 14.8, p < 0.001, Figure 8B) and entries (F(1,32) = 24.5, p < 0.0001; Figure 8C), and spent more time in the light part (F(1,32) = 12.0, p < 0.01, Figure 8D) while also moving around more than the LE-rats (Activity effect on line crossings F(1,32) = 22.2, p < 0.0001 and rearings F(1,32) = 16.9, p < 0.001; Figure 8E,F). LE-rats made more SAPs towards the light compartment (Activity effect on SAPs F(1,32) = 6.5, p < 0.05; Figure 8A).



NPS failed to modify behavior in the light-dark box test, although it tended to increase the number of entries into the light compartment (NPS (F(1,32) = 3.3, p = 0.078).




2.3.4. Novel Large Rat Housing Cage


In the last behavioural test conducted approximately 1 h after the i.c.v. injection, the rats were placed in an unfamiliar standard housing cage where their locomotion and USVs were recorded and later scored for 15 min.



Locomotor Activity


In the novel standard rat housing cage, the HE- and LE-rats did not differ in their locomotion. NPS increased both line crossings and rearings during the testing period (effect of NPS (F(1,31) = 5.8, p < 0.05 and (F(1,31) = 4.9, p < 0.05, respectively; Figure 9A and 9B, respectively). However, post hoc tests failed to show the difference between NPS and vehicle-treated HE and LE groups.



When the data were analysed in three bins of 5 min of duration each, the repeated measures ANOVA showed that rats of all groups were most active during the first five minutes and their locomotion decreased throughout the trial (Time effect F(2,62) = 87.4 and F(2,62) = 82.8, p < 0.0001 on line crossings and rearings, respectively). Furthermore, it became apparent that the effect of NPS on locomotion was dependent on time bin as well as the exploratory phenotype, as Time × Activity (F(2,62) = 4.0, p < 0.05) and Time × NPS interactions (F(2,62) = 4.8, p < 0.05) were found to be significant for line crossings and Time × Activity interaction (F(2,62) = 4.9, p < 0.05) for rearings. Post hoc tests clarified that these interactions were primarily due to a significantly higher number of line crossings and rearings in the HE/NPS group during the first 5 min of the trial.




Number of USVs


As with locomotor activity, 50 kHz calls and short 22 kHz calls were most abundant during the first 5 min of the trial and then reduced in number (repeated measures Time effect F(2,64) = 23.2, p < 0.0001 and F(2,64) = 5.9, p < 0.01, respectively; Figure 10A,D).



Long 22 kHz calls were emitted only by seven NPS rats, three of which were LE and four were HE-rats (NPS effect F(1,32) = 4.5, p < 0.05; Figure 10C). NPS administration also brought about more combined 22/50 kHz calls (NPS F(1,32) = 5.0, p < 0.05; Figure 10B).




Correlation of Locomotor Activity and USVs


The more the rats moved around in the standard housing cage, the more 50 kHz calls were emitted during the 15 min period (correlation with line crossings and rearings (n = 35), r = 0.44 and 0.46, p < 0.01, respectively). This was largely dependent on controls as their 50 kHz vocalizations correlated with line crossings and rearings (n = 16, r = 0.53 and 0.50, p < 0.05) while in NPS-treated rats, only a negative correlation between long 22 kHz calls and locomotor activity was found (n = 19, line crossings r = −0.55 and rearings r = −0.48, p < 0.05, respectively). Thus, the more of the long 22 kHz vocalizations the NPS-treated rats elicited, the less they moved around.







3. Discussion


The present study demonstrated that in Wistar rats, administration of i.c.v. NPS elicits long and short 22 kHz ultrasonic vocalizations that are thought to signal a negative affective state, and that the effect of NPS on behaviour may depend on the exploratory phenotype/anxiety levels of the animal tested. To the best of our knowledge, this is the first description of an abundant production of long and short 22 kHz calls, as well as mixed USVs with both 22 and 50 kHz components, after i.c.v. NPS administration. All findings of this study are summarised in Table 1.



USVs can be used to assess both acute and conditioned drug effects, and the 22 kHz USVs provide the best index of the aversive effects of a drug [27]. As NPS was reported to provide an anxiety-relieving profile in rodents, the emergence of 22 kHz USVs, thought to signal anxiety and negative emotional state, is surprising, as was the inability of NPS treatment to modify the 50 kHz USVs that were elicited, as expected, by change of environment. Nevertheless, NPS was demonstrated to stimulate the HPA-axis, causing an increase in plasma adrenocorticotropic hormone (ACTH) levels 10 min after i.c.v. injection and plasma corticosterone 40 min after i.c.v. injection [16]. In another study, 10 nmol of NPS i.c.v. increased plasma corticosterone levels in wild-type but not in NPSR1-KO mice 40 min after administration [51]. I.c.v. injection of NPS also increased the peripheral blood concentration of adrenaline (approx. 3-fold at 15 min) and corticosterone [5]. Thus, NPS receptor stimulation potently activates the stress axis. On the other hand, administration of corticosterone alone has been shown not to elicit the emission of 22 kHz USVs or to modify the number of 50 kHz USVs produced [52], so the effect of NPS should be directly on the anxiety circuits.



NPS stimulates the release of CRF and arginine vasopressin (AVP) from hypothalamic explants, thus NPS stimulates the HPA-axis via the release of CRF and AVP [16]. Many of the NPS-positive neurons in the lateral parabrachial nucleus also co-express CRF [2]. CRF-system has been shown to mediate the locomotion activating effect of NPS, as pharmacological inhibition or genetic deletion of CRF1 receptors block the effect of NPS on locomotion [18]. The 22 kHz USV eliciting effect of NPS may thus be related to the activation of the central CRF-system. Indeed, CRF seems to facilitate 22 kHz USV production in somewhat stressful conditions [53]. For example, in adult rats, pretreatment with CRF1 antagonist NBI 35965 administered into the dorsal raphe nucleus selectively attenuated the 22 kHz USVs induced by foot-shock stressor [54], and in chronically foot-shocked rats, CRF treatment increased conditioned vocalization, thus suggesting a modulatory role for CRF in 22 kHz USV’s [55]. However, i.c.v. CRF was shown not to modify the number of 22 kHz calls on its own [55].



The long 22 kHz type of vocalizations can be pharmacologically induced by direct cholinergic stimulation of the brain at multiple sites [34,56,57]. There is evidence of co-localisation of NPS with acetylcholine [58], so further studies should address the possible cholinergic mediation of NPS-elicited alarm calls. The behavioural role of short 22 kHz vocalizations as compared to long calls is not entirely clear, but it has been suggested that short versus long 22 kHz USVs express different states: negative emotional states associated with an “internal” discontent (i.e., without an external danger or threat) could be expressed in short USVs, while the external danger is expressed by long USVs [34]. Further studies employing NPS, CRF1 and acetylcholine receptor antagonists are needed to specify the mechanism behind the production of different types of 22 kHz USVs.



Acute NPS treatment elicited similar number of 22 kHz USVs in HE- and LE-rats. Nevertheless, when the 22 kHz USVs were analysed with regard to their duration, average peak frequency, and loudness, some remarkable differences between HE- and LE-rats were revealed. In LE-rats the long 22 kHz USVs were emitted at significantly lower average peak frequencies and were louder during the first 15 min after i.c.v. administration of NPS as if indicative of a more pronounced emotional state. Previously, dose-dependent effects of carbachol, a muscarinic agonist, on acoustic characteristics of 22 kHz USVs have been demonstrated, while the loudness of the 22 kHz USVs was increased with the increasing dosage of carbachol [57].



It has been suggested that i.c.v. injections of NPS may have rewarding effect, can facilitate seeking behaviour, and elicit reinforcement, although these effects seem not robust. In addition, unlike drugs of abuse, NPS appears to lack the ability to sensitise seeking-related behavior [59]. NPS has been shown to promote dopaminergic activity in the brain, which in turn is known to induce 50 kHz vocalizations, but in this experiment, NPS neither induced 50 kHz calls nor attenuated the novelty-associated USVs. Previously, the compounds that have induced 22 kHz calls have also attenuated the 50 kHz USVs. For example, naloxone increased the emission of 22 kHz USVs and concurrently decreased the emission of 50 kHz calls [27]. Thus, the USV profile after NPS is unique. Interestingly, among NPS-induced 22 kHz USVs some had the 50 kHz component. The conditions of production of such mixed calls require further examination.



Our previous studies have shown that the HE/LE phenotypes show differential resiliency to a variety of interventions [44,46,60]. In the present study and in agreement with our previous results, the HE-rats were more active in the battery of behavioural tests after the i.c.v. procedure, independent of NPS/vehicle treatment. In LE-rats, NPS promoted risk-assessment behaviour in terms of increased stretch-attend postures towards the open area in the exploration box test and had an anxiolytic effect in the elevated zero-maze. In contrast, NPS elicited mainly locomotor activation in the HE-rats. In the elevated zero-maze, NPS facilitated entries into the open quadrants and promoted line-crossings there in the HE-rats, and this locomotion-activating effect was also seen during the first 5 min in the novel housing cage.



NPS did not modify behavior in the light-dark test in either HE- or LE-rats. The light-dark box test was carried out as the third test (approx. 55 min after the i.c.v. injection) and the light compartment was lit brighter than in the other tests, thus the test environment was novel and probably more anxiogenic to the rats. The effect of NPS could be worn off by this time; however, NPS was able to stimulate locomotion in the HE-rats (both line crossing and rearings) in the subsequent (last) behavioural test (the large rat housing cage), as well as to bring about increased number of long 22 kHz and mixed-type calls there.



Thus it seems that NPS had an anxiolytic effect in LE-rats in a novel and low-aversive environment and mainly increased mobility in HE-rats. Previously, some indications about inter-individual variability in response to NPS have been made. The reduction in anxiety-related behaviour in the plus-maze after i.c.v. NPS was particularly pronounced in Flinders Sensitive Line and Sprague–Dawley male rats as compared to the Flinders Resistant Line [61]. Similarly, NPS was reported to increase the proportion of time spent by anxious HAB-rats in the open arms of the elevated plus-maze, and also to promote their locomotor activity, while in non-selectively bred Wistars rats this activity-enhancing effect was absent [62]. Of course, certain limitations of the present study prevent excessive generalisation: First, the same battery of behavioural tests carried out in the same order was applied to every rat, thus we cannot rule out carry-over effects. Second, NPS was administered at a single dose.



Conclusively, neuropeptide S was found to elicit a massive burst of 22 kHz ultrasonic vocalizations that suggests that the stimulant effect of NPS has an aversive component, previously not reported for this behaviourally activating neuropeptide. The anxiolytic-like and activating effects of NPS were not accompanied by 50 kHz USVs, the indication of positive affect, but varied due to persistent inter-individual differences, a finding well in line with the above discussed genetic studies in humans. Higher anxiety levels of the low exploratory phenotype were also revealed in the USV profile under stimulation by NPS. Thus, NPS appears to be a potent regulator of affective states that vary by individual adaptive strategies.




4. Materials and Methods


4.1. Animals


Male Wistar rats (Harlan Laboratories, Venray, The Netherlands) weighing 240–340 g at the start of the experiment were used. The rats were group-housed by four in standard transparent polypropylene cages with wood-chip bedding in a colony room maintained at 21 ± 1 °C on a 12 h light/dark cycle (lights on at 08:00 h). Tap water and chow pellets (diet R70, Lactamin AB, Kimstad, Sweden) were available ad libitum. The surgery and behavioural experiments were performed in separate rooms within the animal house between 11:00 and 18:00 h. The experimental protocol was approved by the Animal Experimentation Committee at the Estonian Ministry of Agriculture (18 August 2014, no. 38).




4.2. General Procedure


Rats with the highest (HE: high exploring rats) and lowest exploratory (LE: low exploring rats) activity were drawn from a larger pool of rats (n = 100) based on the sum of the exploratory events on the second exposure to the exploration box test [44] (see Section 4.6.1); Male rats had a strongly bimodal distribution in this test. The average sum of exploratory events (line crossing, rearing, object investigation) was 230 ± 5 and 4.9 ± 1.7 for HE and LE animals, respectively (F(1,46) = 1818, p < 0.001)). Based on observation of about two thousand animals, we categorise as LE those rats that have <50 events and as HE, those with >100. The lowest individual value for HE was 186 and the highest for LE was 30 in this study.



Next, rats were implanted with the i.c.v. guide cannula. Postoperatively, the rats were weighed and handled daily for 6 days, and the dummy cannula was removed twice during this period in order to habituate the animals to the procedure of intracerebral injection, thereby minimizing the stress reaction on the day of behavioural experiments.



On the experiment day (7 days from surgery), immediately after the i.c.v. injection of NPS/Vehicle, the rats were returned to their individual home cage in the dimly lit experiment room, where their ultrasonic vocalizations were registered for 30 min. After that, the behavioural tests were carried out in a fixed order as follows: elevated zero maze (5 min), exploration box test (15 min), light-dark box (5 min). Finally, approx. 1 h after the i.c.v. infusion, the rats were placed into a novel standard housing cage, and their USVs and locomotor activity was recorded for 15 min. At the end of the experiment day, the rats were given an i.c.v injection of 5 µL of methyl green solution (AppliChem GmbH, Darmstadt, Germany) to verify the injection placement and decapitated; the brains were removed, immediately frozen on dry ice, and kept at −80 °C. The brains were sectioned on a cryostatic microtome (Microm GmbH, Walldorf, Germany), and intracerebroventricular colouring was estimated. Only rats with extensive green intracerebroventricular colouring were used for the analysis (n=36).




4.3. Drugs


Rat NPS (Ser-Phe-Arg-Asn-Gly-Val-Gly-Ser-Gly-Val-Lys-Lys-Thr-Ser-Phe-Arg-Arg-Ala-Lys-Gln) (Sigma-Aldrich Co, St. Louis, MO, USA) was diluted with Ringer’s solution (140 mM NaCl, 4 mM KCl, 1.2 mM CaCl2, 1.0 mM MgCl2, 1.0 mM Na2HPO4, 0.2 mM NaH2PO4; pH 7.2) to a final concentration of 1.0 nmol/5 µL [61]. Vehicle animals received a 5 µL infusion of Ringer’s solution. The aliquots of NPS were stored at −80 °C. All drugs were kept on ice during the experimental procedures.




4.4. Stereotaxic Surgery


Prior to surgery the rats were weighed, housed individually and anaesthetised with combined solution of ketamine (Bioketan; Vetoquinol Biowet Sp.z.o.o., Gorzów Wielkopolski, Poland) and medetomidine (Domitor, Orion Corporation, Espoo, Finland) (45 mg/kg and 0.2 mg/kg i.p., respectively). The anaesthetised animal was mounted in a stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA) and kept on a heating pad. A 13 mm long 22-gauge i.c.v. guide cannula was aimed at the right lateral ventricle (AP +0.6, ML −1.3, DV −4.0, according to the brain atlas of Paxinos and Watson [63]), and was fixed on the skull with two stainless steel screws and dental cement. A dummy was inserted into the guide cannula. Following surgery, the animals were injected with ampicillin (100 mg/kg s.c., Alfasan International BV, JA Woerden, The Netherlands), butorfanol (Butomidor, 2 mg/kg s.c., Richter Pharma AG, Wels, Austria), carprofen (Rimadyl 0.2 mg/kg s.c., Pfizer Animal Health Ma Eeig, Sandwich, UK) and 2.5 mL sterile saline i.p. and returned to their home cage for recovery.




4.5. I.c.v. Procedure


For the infusion, a 14 mm-long 27 gauge cannula was inserted into a 2 cm polyamine tubing (0.38 mm inner diameter, 1.09 mm outer diameter) connected to 8 cm long flexible FEP-tubing (0.12 mm inner diameter, 0.68 mm outer diameter, AgnTho’s AB, Lindigö, Sweden), which in turn was attached to a 10 µL Hamilton syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland). The infusion system was filled with either 5 µL NPS or vehicle, which was then injected over a period of 1 min and left in place for 30 s to allow diffusion. Immediately after the injection, the rats were returned to their home cage.




4.6. Behavioural Experiments


4.6.1. Exploration Box Test


The exploration box [43] was made of metal and comprised a 50 cm × 100 cm open area (height of side walls 40 cm) and a 20 cm × 20 cm × 20 cm small compartment attached to one of the shorter sides of the open area. The open area was divided into eight squares of equal size, and four objects, three novel (a glass jar, a cardboard box, and a wooden handle) and one familiar (a food pellet) were placed in certain squares so that the locations of the objects remained the same throughout the experiment (Figure 11). The floor of the small compartment was covered with wood shavings. The open area was directly accessible from the small chamber through an opening (20 cm × 20 cm). The exploration test was initiated by placing the rat into the small compartment, which was then covered with a lid for the duration of the test. The following parameters were registered by an observer: (1) stretch-attend postures (SAP) toward the open area (forepaws in the open arena, elongated body posture, intensive sniffing, but the rat retreats into the enclosed area), (2) latency to enter the open area with all four paws (s), (3) entries into the open area, (4) time spent exploring on the open area (s), (5) line crossings, (6) rearings (rat on two hind paws, at an angle of at least 45°), and (7) number of investigations of the three unfamiliar objects. To provide an index of exploration considering the elements of both inquisitive and inspective exploration, the scores of line crossings, rearings and object investigations were summed for each animal and thus, (8) the sum of exploratory activity was obtained. After each animal, the open area was wiped clean with a wet tissue. A single test session lasted 15 min and was carried out under dim light conditions (4–5 lux in the open area).



During pre-selection, all animals were exposed to the exploration box on two consecutive days. The classification of rats into groups of high or low explorers (HE and LE, respecitively) was based on the sum of the exploratory events on the second exposure to the exploration box test [44]. The third exploration box test was carried out 40 min after the i.c.v. infusion.




4.6.2. Elevated Zero-Maze Test


The elevated zero-maze test [64,65] was conducted as previously described [60]. An elevated annular platform (outer Ø 105 cm, width 10 cm, 72 cm above the floor) was equally divided into two opposing enclosed quadrants (height of the walls 28 cm) that were connected by open quadrants (height of the edge 1 cm, 5–11 lux in the open part). The open quadrants were also divided into three equidistant parts to quantify the locomotor activity. Test rat was placed at the outset of one of the closed quadrants and was observed at a distance for 5 min. (1) SAPs toward the open quadrants, (2) latency to enter the open quadrant with all four paws (s), (3) entries into the open quadrants, (4) time spent (s), and (5) line-crossings in the open quadrants were scored. The apparatus was cleaned with moist tissue after every rat.




4.6.3. Light-Dark Box Test


The light-dark box test was modified from Henninger et al. [66]. A metal box measuring 30 cm × 60 cm × 40 cm was divided into two equal-sized compartments (30 cm × 30 cm). The dark compartment had a removable cover; the light compartment was open at the top and lighted from above (on average 110 lux). The floor of the light compartment was divided into four 15 cm × 15 cm squares. An opening of 10 cm × 10 cm in the partition wall enabled the rat to alternate between the compartments. The rat was placed at the opening facing the dark compartment, and for the next 5 min, the following measures were registered in the light compartment: (1) SAPs toward the light compartment, (2) latency to enter with all four paws (s), (3) entries into, (4) time (s), (5) line crossings, and (6) rearings. The apparatus was wiped clean after every rat.




4.6.4. Locomotor Activity in a Novel Large Rat Housing Cage


Under dim conditions (5 lux), a standard group-housing cage that was novel to the rat was used. The cage floor (55 cm × 33 cm) was covered with wood chips, and the cage (height 19 cm) was covered with a flat wire-mesh lid. The rat was initially placed to a corner of the cage and its activity was recorded by a digital video camera. Simultaneously, the USVs emitted were recorded.



Both vertical (rearings) and horizontal locomotor activity (line crossings) were scored from the digital video recordings by an observer blind to the experimental conditions in 3 × 5 min time bins. In order to estimate horizontal locomotor activity, the floor of the housing cage was divided into 6 equal-sized squares, and line crossings with all four paws were counted.





4.7. Recording and Scoring of USVs


An ultrasound microphone (Avisoft Ultra Sound Gate 116–200, Avisoft Bioacoustics, Berlin, Germany) was located about 30 cm from the floor of the cage, recording USVs with a sampling rate of 300 kHz in 16-bit format on a computer hard drive [67]. The files were later analysed with Avisoft SASLab Pro (Avisoft Bioacoustics, Berlin, Germany) software. Spectrograms were created using the Fast Fourier Transform algorithm (1024 FFT length, 75% frame, Hamming window, and 75% time window overlap). USVs were manually marked and saved on the spectrogram by an observer blind to experimental conditions. The number and duration (offset of the signal minus the onset, in ms) of the USVs were measured automatically using SASLab Pro and average peak frequency (the average frequency at the onset and offset of the call, in Hz) and average peak amplitude (the average frequency at the onset and offset of the call, intensity in decibels (dB)) were calculated for each of the USVs.



The following categories of USVs were distinguished: 50 kHz (USVs with frequencies over 35 kHz, including flat, frequency-modulated and trill calls); short 22 kHz (<300 ms; <35 kHz) and long 22 kHz (≥300 ms [33], <35 kHz), and combined 22/50 kHz vocalizations where both components were present.




4.8. Statistical Analysis


Statistical analysis was performed using StatView 5.0. (SAS Institute Inc., Cary, NC, USA), Statistica 8.0. (StatSoft Inc., Tulsa, OK, USA) and R 4.0.2 (R Foundation for Statistical Computing, Vienna, Austria) software. Data from the behavioural tests and the number of ultrasonic vocalizations were analysed using two-factor ANOVA, with Activity (HE vs. LE) and NPS (vehicle vs. NPS) as independent variables, and repeated measures factor Time was added where appropriate. Group differences after significant ANOVAs were measured by post hoc Fisher’s Protected Least Significant Difference (PLSD) test. For correlations, Pearson’s correlation coefficient was used.



In order to analyse whether the features of NPS-induced long and short 22 kHz USVs would be different in HE- and LE-rats during the 30-min period studied, duration, average peak frequency, and average peak amplitude of the USVs were each modelled as predicted by the exploratory phenotype and time-point using two modelling frameworks: linear mixed-effects models (LMM) were fitted with “nlme” (version 3.1-148), generalised additive models (GAM) were fitted with “mgcv” package (version 1.8-31). The data were complex, as USVs were nested within time bins which were further nested within rats. The non-linear interaction of time with the phenotype was evident from exploratory graphs. Therefore flexible models were chosen where the effect of time by phenotype interaction was modelled by either a third-order (cubic) orthogonal polynomial (LMM) [68] or by a cubic spline (GAM) [69] with fixed effects of phenotype (HE vs. LE) on all time points in both approaches. The hierarchical structure of the data was modelled as time-dependent random effects to account for the correlated structure of the data collected from the same rat. Likelihood ratio tests and Akaike information criterion (AIC) were used to select the best fitting model within each model category. In the case of LMMs, the data were fitted using restricted maximum likelihood (REML) for parameter estimation or using maximum likelihood (ML) estimation for nested model comparisons. First-order autoregressive structure was specified for the residuals for each rat to account for the temporal dependence of measurements. In the case of GAMs, the time-dependent trajectory was modelled by a cubic regression spline with 6 knots. The effect of exploratory phenotype was calculated as a difference spline with regard to the reference spline calculated on HE-rats. The random effects were specified similarly to linear mixed models, but instead of orthogonal polynomials, they were represented by cubic splines. The functional form of the outcome variable was modelled by either Gaussian or Gamma distribution, whichever fit best based on AIC score and diagnostic plots. Final models were fitted using REML.
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Figure 1. The general timeline of experimental procedures. I.c.v.: intracerebroventricular; NPS: neuropeptide S; SAPs: stretch-attend postures; USVs: ultrasonic vocalizations. 
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Figure 2. Number of ultrasonic vocalizations emitted in the rat’s home-cage after administration of vehicle/NPS (1 nmol, i.c.v.): 50 kHz (A), combined 22/50 kHz (B), long 22 kHz (C) and short 22 kHz (D) calls (data shown as mean ± SEM). &, &&, &&&: p < 0.05, 0.01, 0.001 vs. HE vehicle, respectively; ¤, ¤¤, ¤¤¤, ¤¤¤¤: p < 0.05, 0.01, 0.001, 0.0001 vs. LE vehicle, respectively; +: p < 0.05 vs. LE NPS. Red colour denotes difference from respective vehicle group. HE: high exploring rats; LE: low exploring rats; NPS: neuropeptide S. HE vehicle (n = 7); HE NPS (n = 9); LE vehicle (n = 10); LE NPS (n = 10). 
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Figure 3. Duration of NPS-induced (1 nmol, i.c.v.) 22 kHz calls. Symbols: Observed time-binned mean durations of long (A,C) and short (B,D) 22 kHz USVs (error bars indicate 95% confidence limits for the population mean obtained by nonparametric bootstrap). Lines: Model-based predictions from linear mixed-effects models (LMM) (A,B) and generalised additive models (GAM) (C,D; difference in splines added). HE: high exploring rats; LE: low exploring rats; NPS: neuropeptide S. HE NPS (n = 9); LE NPS (n = 10). 
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Figure 4. Average peak frequency of NPS-induced (1 nmol, i.c.v.) 22 kHz calls. Symbols: Observed time-binned average peak frequencies of long (A,C) and short (B,D) 22 kHz USVs (error bars indicate 95% confidence limits for the population mean obtained by nonparametric bootstrap). Lines: Model-based predictions from LMM (A,B) and GAM (C,D; difference in splines added). HE: high exploring rats; LE: low exploring rats; NPS: neuropeptide S. HE NPS (n = 9); LE NPS (n = 10). 
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Figure 5. Average peak amplitude of NPS-induced (1 nmol, i.c.v.) 22 kHz calls. Symbols: Observed time-binned average peak amplitudes of long (A,C) and short (B,D) 22 kHz USVs (error bars indicate 95% confidence limits for the population mean obtained by nonparametric bootstrap). Lines: Model-based predictions from LMM (A,B) and GAM (C,D; difference in splines added). HE: high exploring rats; LE: low exploring rats; NPS: neuropeptide S. HE NPS (n = 9); LE NPS (n = 10). Please note that average peak amplitude (acoustic intensity measured in decibels (dB)) is a negative value, and a less negative value reflects a louder vocalization [50]. 
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Figure 6. Behaviour in the exploration box test (EBT) approximately 40 min after vehicle/NPS (1 nmol, i.c.v.) administration: strech-attend postures (A), latency to enter (B), entries into (C), time spent, (D), line crossings (E), and sum of exploratory activity (F) in the open part of the EBT apparatus (data shown as mean ± SEM). &&: p < 0.01 vs. HE vehicle; ¤, ¤¤, ¤¤¤, ¤¤¤¤: p < 0.05, 0.01, 0.001, 0.0001 vs. LE vehicle, respectively; %%: p < 0.01 vs. HE NPS; +++, ++++: p < 0.001, 0.0001 vs. LE NPS, respectively. Red colour denotes difference from respective vehicle group. HE: high exploring rats; LE: low exploring rats; NPS: neuropeptide S. HE vehicle (n = 7); HE NPS (n = 9); LE vehicle (n = 10); LE NPS (n = 10). 
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Figure 7. Behaviour in the elevated zero-maze approximately 35 min after vehicle/NPS (1 nmol, i.c.v.) administration: strech-attend postures (A), latency to enter (B), entries into (C), time spent, (D), and line crossings (E) in the open quadrants of the apparatus (data shown as mean ± SEM). &, &&: p < 0.05, 0.01 vs. HE vehicle, respectively; ¤, ¤¤¤: p < 0.05, 0.001 vs. LE vehicle, respectively; %%: p < 0.01 vs. HE NPS. Red colour denotes difference from respective vehicle group. HE: high exploring rats; LE: low exploring rats; NPS: neuropeptide S. HE vehicle (n = 7); HE NPS (n = 9); LE vehicle (n = 10); LE NPS (n = 10). 
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Figure 8. Behaviour in the light-dark box approximately 55 min after vehicle/NPS (1 nmol, i.c.v.) administration: strech-attend postures (A), latency to enter (B), entries into (C), time spent, (D), line crossings (E), and rearings in the light part of the apparatus (data shown as mean ± SEM). (F) ¤, ¤¤: p < 0.05, 0.01 vs. LE vehicle, respectively; +, ++, +++: p < 0.05, 0.01, 0.001 vs. LE NPS, respectively. HE: high exploring rats; LE: low exploring rats; NPS: neuropeptide S. HE vehicle (n = 7); HE NPS (n = 9); LE vehicle (n = 10); LE NPS (n = 10). 
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Figure 9. Locomotor activity in a novel large rat cage approximately 1 h after vehicle /NPS (1 nmol, i.c.v.) administration: line crossings (A) and rearings (B) (data shown as mean ± SEM). &, &&: p < 0.05, 0.01 vs. HE vehicle, respectively; ++, +++: p < 0.01, 0.001 vs. LE NPS, respectively. Red colour denotes difference from respective vehicle group. HE: high exploring rats; LE: low exploring rats; NPS: neuropeptide S. HE vehicle (n = 7); HE NPS (n = 9); LE R vehicle (n = 10); LE NPS (n = 10). 
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Figure 10. Number of ultrasonic vocalizations emitted in a novel large animal cage approximately 1 h after vehicle /NPS (1 nmol, i.c.v.) administration: 50 kHz (A), combined 22/50 kHz (B), long 22 kHz (C) and short 22 kHz (D) calls (data shown as mean ± SEM). &: p < 0.05 vs. HE vehicle; ¤: p < 0.05 vs. LE vehicle; +: p < 0.05 LE NPS. Red colour denotes difference from respective vehicle group. HE: high exploring rats; LE: low exploring rats; NPS: neuropeptide S. HE vehicle (n = 7); HE NPS (n = 9); LE vehicle (n = 10); LE NPS (n = 10). 
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Figure 11. Schematic layout of the exploration box test. Objects from upper left quadrant clockwise: a glass jar, a cardboard box, a food pellet, a wooden handle. In control, untreated conditions, the novel objects are investigated to a rather equal extent, while the food pellet is ignored. 
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Table 1. Overview of the effects of NPS (1 nmol, i.c.v.) on ultrasonic vocalizations and behaviour depending on the exploration phenotype.
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	Measure
	LE
	HE





	USVs
	
	



	Home-cage
	↑ short and long 22 kHz USVs
	↑ short and long 22 kHz USVs



	
	↑ 22/50 kHz USVs
	↑ 22/50 kHz USVs



	
	--- 50 kHz USVs
	--- 50 kHz USVs



	
	↓ average peak frequency in long 22 kHz USVs *
	



	
	↑ average peak amplitude in long 22 kHz USVs *
	



	Novel large rat cage
	↑ long 22 kHz USVs
	↑ long 22 kHz USVs



	
	↑ 22/50 kHz USVs
	↑ 22/50 kHz USVs



	
	--- 50 kHz, short 22 kHz USVs
	--- 50 kHz, short 22 kHz USVs



	Behavioural tests
	
	



	Exploration box
	↑ stretch-attend postures
	↓ time in the open area while no change in exploratory activity



	Elevated 0-maze
	↓ latency to enter
	



	
	↑ time in the open quadrants
	



	
	↑ entries
	↑ entries



	
	↑ line crossings
	↑ line crossings



	Light-dark box
	---
	---



	Novel large rat cage
	---
	↑ rearings and line crossings during first 5 min







↑ denotes increase; ↓ denotes decrease; --- denotes no effect; *: as compared to HE-rats. LE: low exploring rats; HE: high exploring rats; USVs: ultrasonic vocalizations.
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