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Abstract

Urotensin II (U-II) is a cyclic undecapeptide that regulates cardiovascular function at central and 

peripheral sites. The functional role of U-II nucleus ambiguus, a key site controlling cardiac tone, 

has not been established, despite the identification of U-II and its receptor at this level. We report 

here that U-II produces an increase in cytosolic Ca2+ concentration in retrogradely labeled cardiac 

vagal neurons of nucleus ambiguus via two pathways: (i) Ca2+ release from the endoplasmic 

reticulum via inositol 1,4,5-trisphosphate receptor; and (ii) Ca2+ influx through P/Q-type Ca2+ 

channels. In addition, U-II depolarizes cultured cardiac parasympathetic neurons. Microinjection 

of increasing concentrations of U-II into nucleus ambiguus elicits dose-dependent bradycardia in 

conscious rats, indicating the in vivo activation of the cholinergic pathway controlling the heart 

rate. Both the in vitro and in vivo effects were abolished by the urotensin receptor antagonist, 

urantide. Our findings suggest that, in addition, to the previously reported increase in sympathetic 

outflow, U-II activates cardiac vagal neurons of nucleus ambiguus, which may contribute to 

cardioprotection.
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Introduction

Urotensin II (U-II) is an 11 amino acid cyclic peptide originally isolated from the 

neurosecretory system of fish and later characterized in mammalians (Vaudry et al. 2010, 
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Ross et al. 2010). Emerging data supports an important role of U-II in cardiovascular 

regulation. U-II controls cardiovascular function both peripherally and centrally, and it is 

generally accepted as a potent vasoconstrictor (Ross et al. 2010, Vaudry et al. 2010). 

Intracerebroventricular administration of U-II increases heart rate and blood pressure in rats 

and ewes (Watson et al. 2003, Watson et al. 2008, Lin et al. 2003). Tachycardia is also 

manifested upon U-II microinjection into the hypothalamic paraventricular and arcuate 

nuclei (Lu et al. 2002). Conversely, bradycardic responses are elicited by U-II in the 

noradrenergic neurons of medullary A1 region of the rat (Lu et al. 2002). As such, the 

central cardiomodulatory effects of U-II appear to be site-specific. Central U-II produces 

pressor and tachycardic effects via sympathetic activation and stimulation of hypothalamic-

pituitary-adrenal axis (Hood et al. 2005, Watson et al. 2008, Lin et al. 2003). However, U-II 

has been proposed as a cardioprotective peptide (Ross et al. 2010, Khan et al. 2007), 

suggesting the potential existence of additional mechanisms activated by U-II. While the 

nucleus ambiguus expresses both U-II (Dun et al. 2001) and its receptor (Jegou et al. 2006), 

the role of this peptide in vagal-mediated cardiac regulation has not been explored. The 

present study evaluates the effects of U-II on cardiac preganglionic neurons of nucleus 

ambiguus in vitro and in vivo.

Methods

Ethical approval

All animal protocols were reviewed and approved by the Institutional Animal Care and Use 

Committee. The present study followed the ARRIVE (Animal Research: Reporting In Vivo 

Experiments) guidelines.

Chemicals

All chemicals, including rat U-II, were from Sigma-Aldrich (St. Louis, MO) unless 

otherwise mentioned.

Animals

Neonatal Sprague-Dawley rats (1–2 days old) (Charles River Laboratories, Wilmington, 

MA) of either sex were used for retrograde tracing and neuronal culture. Adult male 

Sprague-Dawley rats (200–250 g) were used for in vivo studies. The total number of animals 

included in the present study was 65 (30 neonate rats from 3 litters and 35 adult male rats). 

Protocols were reviewed and approved by the Institutional Animal Care and Use Committee.

Neuronal labeling and culture

Preganglionic cardiac vagal neurons of nucleus ambiguus were retrogradely labeled by 

intrapericardial injection of rhodamine (X-TRITC, 40 μl, 0.01%, Invitrogen, Carlsbad, CA), 

as previously reported (Bouairi et al. 2006, Brailoiu et al. 2012, Brailoiu et al. 2013a). 

Medullary neurons were dissociated and cultured 24 h after rhodamine injection, as 

described (Brailoiu et al. 2012, Brailoiu et al. 2013a). For the neuronal culture, the brains 

were quickly removed and immersed in ice-cold Hanks’ balanced salt solution (HBSS) 

(Mediatech, Manassas, VA, USA). The ventral side of the medulla (containing nucleus 

ambiguus) was dissected, minced, and the cells were dissociated by enzymatic digestion 
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with papain, followed by mechanical trituration. After centrifugation at 500 g, fractions 

enriched in neurons were collected and resuspended in culture medium containing 

Neurobasal-A (Invitrogen), which promotes the survival of postnatal neurons, 1% GlutaMax 

(Invitrogen), 2% penicillin–streptomycin–amphotericin B solution (Mediatech), and 10% 

fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA). Cells were plated on 

round 25 mm glass coverslips previously coated with poly-D-lysine in six-well plates. 

Cultures were maintained at 37 °C in a humidified atmosphere with 5% CO2. The mitotic 

inhibitor cytosine β-arabino furanoside (1 μM) (Sigma-Aldrich) was added to the culture to 

inhibit glial cell proliferation (Schoniger et al. 2001).

Calcium imaging

Measurements of [Ca2+]i were performed as previously described (Brailoiu et al. 2012, 

Brailoiu et al. 2013a). Cells were incubated with 5 μM fura-2 AM (Invitrogen, Carlsbad, 

CA) in HBSS at room temperature for 45 min, in the dark, washed three times with dye-free 

HBSS, and then incubated for another 45 min to allow for complete de-esterification of the 

dye. Coverslips (25 mm diameter) were subsequently mounted in an open bath chamber 

(RP-40LP, Warner Instruments, Hamden, CT) on the stage of an inverted microscope Nikon 

Eclipse TiE (Nikon Inc., Melville, NY). The microscope is equipped with a Perfect Focus 

System and a Photometrics CoolSnap HQ2 CCD camera (Photometrics, Tucson, AZ). 

During the experiments the Perfect Focus System was activated. Fura-2 AM fluorescence 

(emission = 510 nm), following alternate excitation at 340 and 380 nm, was acquired at a 

frequency of 0.25 Hz. Images were acquired and analyzed using NIS-Elements software 

(Nikon Inc.). The ratio of the fluorescence signals (340/380 nm) was converted to Ca2+ 

concentrations (Grynkiewicz et al. 1985). In Ca2+-free experiments, CaCl2 was omitted.

Measurement of membrane potential

The relative changes in membrane potential of single neurons were evaluated using bis-(1,3-

dibutylbarbituric acid) trimethine oxonol, DiBAC4(3), a slow response voltage-sensitive 

dye, as previously described (Brailoiu et al. 2010). Upon membrane hyperpolarization, the 

dye concentrates in the cell membrane, leading to a decrease in fluorescence intensity, while 

depolarization induces the sequestration of the dye into the cytosol, resulting in an increase 

of the fluorescence intensity (Brauner et al. 1984). Cultured neurons were incubated for 30 

min in HBSS containing 0.5 mM DiBAC4(3) and fluorescence monitored at 0.17 Hz 

(excitation/emission 480nm/540nm). Calibration of DiBAC4(3) fluorescence following 

background subtraction was performed using the Na+-K+ ionophore gramicidin in Na+-free 

physiological solution and various concentrations of K+ (to alter membrane potential) and 

N-methylglucamine (to maintain osmolarity) (Brauner et al. 1984). Under these conditions 

the membrane potential is approximately equal to the K+ equilibrium potential determined 

by the Nernst equation. The intracellular K+ and Na+ concentration were assumed to be 130 

mM and 10 mM, respectively.

Surgical procedures

Male Sprague-Dawley rats (200–250 g) were anesthetized with an intraperitoneal injection 

of a mixture of ketamine hydrochloride (100–150 mg/kg) and acepromazine maleate (0.2 
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mg/kg). Animals were placed into a stereotaxic instrument; a guide C315G cannula 

(PlasticsOne, Roanoke, VA) was bilaterally inserted into the nucleus ambiguus and fixed in 

position with dental cement. The stereotaxic coordinates for identification of nucleus 

ambiguus were: 12.24 mm posterior to bregma, 2.1 mm from the midline and 8.2 mm 

ventral to the dura mater (Paxinos & Watson, 1998). A C315DC cannula dummy 

(PlasticsOne) of identical length was inserted into the guide cannula to prevent any 

contamination. For the implantation of transmitters, an incision 2 cm in length was made 

along the linea alba, and the underlying tissue was dissected and retracted. A calibrated 

transmitter (E-mitters, series 4000; Mini Mitter, Sunriver, OR) was inserted in the 

intraperitoneal space, as previously described (Benamar et al. 2010). After the transmitter 

was passed through the incision, the abdominal musculature and dermis were sutured 

independently, and the animals were returned to individual cages. The animals were 

observed daily to ensure health and recovery.

Microinjection into nucleus ambiguus

One week after surgery, either vehicle, or the compound tested was bilaterally microinjected 

into the nucleus ambiguus, using the C315I internal cannula (33 gauge, PlasticsOne), 

without handling the rats. At least two hours were allowed between two injections for 

recovery. Injection of L-glutamate (5 mM, 50 nL with Neuros Hamilton syringe, Model 

7000.5 KH SYR) was used for the functional identification of nucleus ambiguus 

(Chitravanshi et al. 2009; Brailoiu et al. 2013). At the end of the experiments, the 

microinjection sites were identified, and compared with a standard rat brain atlas (Paxinos & 

Watson, 1998) as previously described (Brailoiu et al. 2013a).

Telemetric heart rate monitoring

The signal generated by transmitters was collected via series 4000 receivers (Mini Mitter, 

Sunriver, OR) placed underneath the home cage. VitalView™ software (Mini Mitter, 

Sunriver, OR) was used for data acquisition. Each data point represents the average of heart 

rate per 30 s.

Non-invasive blood pressure measurement

In rats with cannula inserted into the nucleus ambiguus, blood pressure was non-invasively 

measured using a volume pressure recording sensor and an occlusion tail-cuff (CODA 

System, Kent Scientific, Torrington, CT), as described (Brailoiu et al. 2013c). One week 

after the insertion of the cannula, rats were exposed to handling and training every day for 1 

week. The maximum occlusion pressure was 200 mm Hg, minimum pressure 30 mm Hg and 

deflation time 10 s. Two measurements were done per 30 s (one cycle), and the average was 

used to calculate heart rate, systolic, diastolic and mean arterial blood pressure. Ten 

acclimatization cycles were done before starting the experiments. In telemetry studies and 

non-invasive blood pressure measurement studies, five animals per each experimental group 

were used. A total number of 35 adult male rats were necessary to gather the in vivo data.

Brailoiu et al. Page 4

J Neurochem. Author manuscript; available in PMC 2015 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistical analysis

Data were expressed as mean ± standard error of mean. One-way ANOVA followed by post 

hoc analysis using Bonferroni and Tukey tests was used to evaluate significant differences 

between groups; P < 0.05 was considered statistically significant.

Results

U-II elevates cytosolic Ca2+ of cardiac preganglionic ambiguus neurons

Treatment of rhodamine-labeled cardiac vagal neurons of nucleus ambiguus with U-II (10−7 

M) produced a fast and transitory increase in intracellular Ca2+ concentration, [Ca2+]i (Fig. 

1A). In presence of urantide (URT, 10−6 M), one of the most potent U-II receptor 

antagonists (Camarda et al. 2006, Camarda et al. 2004), the effect of U-II (10−7 M) was 

abolished (Fig. 1A). Application of increasing concentrations of U-II (10−9 M, 10−8 M, 10−7 

M, and 10−6 M) elevated [Ca2+]i of cardiac parasympathetic neurons by 73 ± 2.9 nM, 216 ± 

3.7 nM, 542 ± 4.9 nM, and 576 ± 5.2 nM (n = 6 neurons for each concentration tested; P < 

0.05, Fig. 1B). Urantide (10−6 M) abolished the effect of U-II (10−7 M) (Δ[Ca2+]i was 28 

±3.4 nM, n = 6, Fig. 1B) in the presence of the antagonist, as compared with 542 ± 4.9 nM, 

in the presence of U-II alone (n = 6, Fig. 1B).

U-II-induced Ca2+ response is subject to tachyphylaxis

Because U-II receptor is a G protein-coupled receptor, we tested whether acute 

desensitization occurs in response to consecutive applications of U-II (10−7 M) to 

rhodamine-labeled cardiac vagal neurons of nucleus ambiguus. A second administration of 

U-II resulted in a less of an increase in Fura 2 fluorescence ratio (340 nm/380 nm) as 

compared to the first response (Fig. 2A). This was translated in a significant difference 

between the mean amplitudes of the two consecutive U-II-mediated Ca2+ responses: 542 ± 

4.9 nM for the first response versus 214 ± 3.1 nM, for the second (n = 6 neurons, Fig. 2B, 

C).

U-II elicits P/Q-mediated Ca2+ entry in cardiac vagal neurons

In this series of experiments we tested the involvement of several Ca2+-permeable ion 

channels to U-II-induced Ca2+ elevation. In the presence of ω-conotoxin GVIA (100 nM, 20 

min pretreatment), an inhibitor of N-type Ca2+ channels, U-II (10−7 M) increased [Ca2+]i of 

cardiac preganglionic neurons with an amplitude of 534 ± 4.3 nM, while the area under 

curve was 1069 ± 16 (Fig. 3A, B). These responses were largely similar to those elicited by 

U-II alone (Δ[Ca2+]i of 542 ± 4.9 nM, area under curve of 1090 ± 14, Fig. 3B), excluding a 

contribution of these channels to U-II-mediated effect. Pretreatment of neurons with the 

P/Q-type Ca2+ channel blocker ω-conotoxin MVIIC (100 nM, 20 min) resulted in a blunted 

and shorter-duration response to U-II (Fig. 3A), which measured 372 ± 4.1 nM in amplitude 

and had an area under curve of 201 ± 4 (Fig. 3B). Because transient receptor potential 

vanilloid type 2 (TRPV2) are Ca2+-permeable nonselective cation channels highly expressed 

in the nucleus ambiguus (Lewinter et al. 2008), we also tested the effect of the TRPV2 

inhibitor tranilast (Nie et al. 1998, Nie et al. 1997). In the presence of tranilast (100 μM, 20 

min), the neuronal Ca2+ response to U-II application measured 528 ± 5.6 nM in amplitude 
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and had an area under curve of 1041 ± 15, largely similar to that of U-II alone (Fig. 3A, B). 

Six cells were examined for each treatment conditions.

U-II produces inositol 1,4,5-trisphosphate receptor (IP3R)-mediated Ca2+ increase

In Ca2+-free saline, treatment of cardiac vagal neurons with U-II, produced a fast and 

transient increase increase in [Ca2+]i, with an amplitude of 311 ± 3.4 nM (n = 6) at the peak 

of the response (Fig. 4A, B). Lysosomal disruption with bafilomycin A1 (Bowman et al. 

1988) (1 μM, 1h incubation) did not significantly affect the U-II-mediated Ca2+ rise 

(Δ[Ca2+]i was 304 ± 3.7 nM, n = 6, Fig. 4A, B). In presence of thapsigargin (1 μM), an 

inhibitor of the sarco-/endoplasmic reticulum Ca2+ ATPase, the effect of U-II was basically 

abolished (Δ[Ca2+]i = 7 ± 2.8 nM, n = 6, Fig 4A, B). Likewise, blocking phospholipase C 

with U-73122 (1 μM, 20 min), prevented the effect of U-II (Δ[Ca2+]i = 14 ± 3.4 nM, n = 6, 

Fig. 4A, B). IP3R inhibition with xestospongin C (10 μM, 15 min), but not ryanodine 

receptor blockade with ryanodine (10 μM, 1h) abrogated the U-II-induced Ca2+ elevation 

(Δ[Ca2+]i were 19 ± 2.6 nM, n = 6; and 304 ± 3.7, n = 6, respectively; Fig 4A, B).

U-II depolarizes cardiac vagal neurons of nucleus ambiguus

Treatment of rhodamine-labeled cardiac vagal neurons of nucleus ambiguus with U-II (10−7 

M) produced a fast membrane depolarization, which gradually returned to baseline within 5 

min (Fig. 5A). Pretreatment with urantide (10−6 M, 20 min), abolished the depolarization 

induced by U-II (Fig. 5A). Increasing concentrations of U-II (10−9 M, 10−8 M, 10−7 M and 

10−6 M) depolarized cardiac vagal neurons of nucleus ambiguus by 0.31 ± 0.09 mV, 1.63 ± 

0.21 mV (P < 0.05), 5.94 ± 0.36 mV (P < 0.05) and 6.27 ± 0.48 mV (P < 0.05) (n = 6 

neurons for each concentration tested; Fig. 5B), while in the presence of urantide, U-II (10−7 

M)-induced depolarization was drastically reduced, measuring only 0.39 ± 0.14 mV (Fig. 

5B).

U-II microinjection into the nucleus ambiguus decreases heart rate of conscious rats

In conscious, freely moving rats, bearing cannula implanted into the nucleus ambiguus, 

microinjection of control saline (50 nL) produced negligible effects on heart rate, monitored 

telemetrically. Microinjection of L-glutamate (5 mM, 50 nL) decreased the heart rate, but 

had no effect on blood pressure (Fig. 6A), indicating the correct placement of the cannula 

into the nucleus ambiguus (Marchenko & Sapru 2003; Chitravanshi et al. 2012; Brailoiu et 

al. 2013a, Brailoiu et al. 2013b).

Two hours after L-glutamate administration, microinjection of U-II (50 nL of either 10−9 M, 

10−8 M, 10−7 M or 10−6 M) reduced the heart rate by 3 ± 1.9 beats per minute (bpm), 19 ± 

2.3 bpm (P < 0.05), 51 ± 2.7 bpm (P < 0.05) and 54 ± 3.8 bpm (P < 0.05) (n = 5 rats per 

each concentration of U-II tested), respectively (Fig. 6B). Microinjection into the nucleus 

ambiguus of urantide (10−6 M) alone resulted in a small, but significant increase in heart rate 

of 14 ± 2.4 bpm (n = 5 rats, Fig. 6B). Co-administration of urantide (10−6 M) and U-II (10−7 

M) largely abolished the bradycardic effect of the latter (6 ± 2.1 bpm, n = 5, Fig. 6B).

When using the tail cuff method of cardiovascular monitoring, we noted a similar decrease 

in heart rate upon microinjection of U-II into the nucleus ambiguus, and absence of any 

Brailoiu et al. Page 6

J Neurochem. Author manuscript; available in PMC 2015 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



effect on blood pressure (Fig. 7A). The telemetric and tail cuff methods appeared to be well 

correlated: L-glutamate decreased the heart rate by 86 ± 3.6 bpm (telemetry) and by 84 ± 3.3 

bpm (tail cuff), while the bradycardic responses to U-II measured 51 ± 2.7 bpm and 49 ± 3.1 

bpm, respectively (Fig. 7B).

Discussion

U-II-dependent cardiovascular modulation is a complex process, occurring both at central 

and peripheral levels (Russell 2008, Ross et al. 2010). Whereas U-II immunoreactivity is 

expressed in several brain areas controlling cardiovascular function, only the role of few of 

them has been investigated (Hunt et al. 2010). The present study was designed to explore a 

functional role for U-II in the nucleus ambiguus, where immunoreactivity for both this 

peptide and its receptor has been identified (Dun et al. 2001, Jegou et al. 2006).

We and others have previously reported that U-II elicits an increase in cytosolic Ca2+ 

concentration in neurons and other cell types (Filipeanu et al. 2002, Brailoiu et al. 2008, 

Watanabe et al. 2006, Kawaguchi et al. 2009). Thus, in a first series of experiments, we 

tested the effect of U-II on [Ca2+]i of cultured cardiac-projecting nucleus ambiguus neurons 

retrogradely labeled with rhodamine. U-II produced a dose-dependent increase in [Ca2+]i. 

Consecutive applications of the peptide, triggered desensitization of the urotensin receptor in 

these neurons; we have previously reported likewise U-II-induced tachyphylaxis upon 

repeated administrations to endothelial cells (Brailoiu et al. 2008). Desensitization of 

urotensin receptor is a common phenomenon, which has been previously reported in other 

cellular paradigms (Proulx et al. 2008).

In Ca2+-free saline, the amplitude of the urotensin II-induced increase in [Ca2+]i was 

reduced, but not abolished, indicating mobilization of Ca2+ from both extracellular and 

intracellular pools. U-II produced Ca2+ influx via the P/Q-type of voltage activated Ca2+ 

channels, which is the dominant type in cardiac projecting parasympathetic neurons of 

nucleus ambiguus (Irnaten et al. 2003). We have previously identified a similar P/Q-

dependent Ca2+ entry mechanism elicited by urocortin 3 (Brailoiu et al. 2012), nesfatin-1 

(Brailoiu et al. 2013c) or aldosterone (Brailoiu et al. 2013b) in this type of neurons. In 

contrast, in spinal cord neurons, U-II triggers Ca2+ influx via N-type Ca2+ channels 

(Filipeanu et al. 2002).

With respect to the intracellular Ca2+ stores mobilized by U-II in retrogradely labeled 

cardiac vagal neurons of nucleus ambiguus, our data indicate a major involvement of 

endoplasmic reticulum, via IP3Rs. The urotensin receptor is largely accepted to couple to Gq 

protein (Watanabe et al. 2006, Ross et al. 2010, Proulx et al. 2008) and trigger 

phospholipase C activation and IP3R-dependent pathways (Jarry et al. 2010, Gao et al. 

2010). Accordingly, we report here the involvement of phospholipase C in U-II-induced 

Ca2+ elevation in nucleus ambiguus neurons.

Moreover, U-II produced a concentration-dependent, U-II receptor-mediated depolarization 

of cultured cardiac preganglionic neurons. The concentrations of U-II examined here are 

similar to those examined in other in vitro studies (e.g. Rodriguez-Moyano et al. 2013, 
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Porras-Gonzalez et al. 2013, Park et al. 2013). Significant differences in the plasma levels of 

urotensin II, with a range of three or more orders of magnitude (from picomolar to 

nanomolar) have been reported across human studies in the literature, depending on the 

location of sampling and detection method (Ross et al 2010). As a result, U-II is thought to 

act in an autocrine and paracrine fashion rather than as a hormone (Yoshimoto et al 2004).

Activation of cardiac-projecting vagal neurons leads to acetylcholine release to the heart and 

consequent decrease of heart rate (Ciriello & Calaresu 1982, Mendelowitz 1999). Indeed, 

microinjection of the U-II into the nucleus ambiguus of conscious rats resulted in dose-

dependent bradycardic response. Interestingly, the bradycardic response was not 

accompanied by a change in blood pressure, even if the heart rate is a major determinant of 

blood pressure. Similarly, several studies indicate that the microinjection of glutamate or 

other agonists into the nucleus ambiguus or in the dorsal motor nucleus of the vagus elicits a 

bradycardic response with minimal or no change in blood pressure (Marchenko & Sapru 

2003, Chitravanshi et al. 2012, Brailoiu et al. 2013a, 2013b, 2013c). A possible explanation 

for these results is the consequent sympathetic activation induced by bradycardia, as 

reported during the diving reflex (Panneton et al. 2010; Shamsuzzaman et al. 2013). While 

the sympathetic activation may increase the peripheral vascular resistance, the vagal 

stimulation, in addition to the decrease in heart rate, produces also a decrease in cardiac 

contractility (Lewis et al. 2001), and a subsequent decrease in stroke volume. These 

compensatory autonomic cardiovascular effects may lead to a lack of a significant change in 

blood pressure.

The bradycardic effect induced by microinjection of urotensin II was sensitive to urantide, a 

potent U-II antagonist (Patacchini et al. 2003). Moreover, blocking U-II receptor by 

microinjection of urantide into the nucleus ambiguus produced a slight, but significant 

increase in the heart rate of conscious rats, indicating a role of endogenous U-II in 

controlling cardiac vagal outflow.

The U-II-induced depolarization may trigger activation of the P/Q-type Ca2+ channels, 

providing a correlation between the findings of this study. In addition, it is interesting to 

note that urocortin 3, a peptide inducing vagal-mediated bradycardia in the nucleus 

ambiguus (Chitravanshi et al. 2012), similarly increases Ca2+ via P/Q channels and IP3R in 

retrogradely labeled nucleus ambiguus neurons (Brailoiu et al. 2012). Likewise, we have 

found IP3R and P/Q-type Ca2+ channels in cardiac parasympathetic neurons to be activated 

in response to aldosterone, which also decreased the heart rate upon microinjection into the 

nucleus ambiguus of conscious rats (Brailoiu et al. 2013b).

In summary, the present study unravels U-II as a modulator of the parasympathetic cardiac 

tone, in the nucleus ambiguus. Activation of cardiac vagal neurons by U-II may provide a 

counteracting mechanism to the sympathoexcitatory properties of U-II (Hood et al. 2005, 

Lin et al. 2003). An increase in cardiac vagal tone has proven beneficial in experimental 

animal models and human cardiovascular diseases (Myers et al. 1974, Zuanetti et al, 1978; 

Schwartz 2011, Schwartz 2013). Moreover, our results support an additional mechanism for 

the previously reported cardioprotective role of U-II (Khan et al. 2007, Ross et al. 2010, Gao 

et al. 2012, Zoccali et al. 2008). In addition, cardiac protection in response to U-II may be 
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particularly relevant for pathological situations such as ischemia/reperfusion injury (Prosser 

et al. 2008; Gao et al. 2012). Some of the mechanisms involved in the cardioprotective 

effect of U-II include increasing coronary flow, reducing contractility and subsequent 

myocardial energy demand, as well as inhibiting reperfusion-induced myocardial damage 

(Prosser et al. 2008), stimulation of cardiac antioxidant enzymes and caspase inhibition, and 

decrease in infarct size (Gao et al. 2012). The enhancement of vagal cardiac outflow, 

supported by our results, may be particularly relevant during myocardial ischemia/

reperfusion injury, since vagal stimulation has been shown to prevent ventricular 

tachycardia and fibrillation associated with this pathological condition (Zuanetti et al. 1987). 

Also, the role of U-II in parasympathetic cardiac control may complement its direct 

beneficial role on the overloaded heart (Esposito et al. 2011).
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Figure 1. Concentration-dependent increases in [Ca2+]i produced by U-II administration to 
cardiac vagal neurons of nucleus ambiguus
A, Representative recordings of the Ca2+ responses produced by U-II (10−7 M) in the 

absence and presence of U-II receptor antagonist urantide (URT, 10−6 M). B, Comparison of 

the mean amplitudes of the Ca2+ responses produced by increasing concentrations of U-II 

(10−9 – 10−6 M) and by U-II (10−7 M) in presence of urantide (10−6 M); P < 0.05 as 

compared to basal [Ca2+]i (*), to the response to U-II (10−7 M) (#), or to the response to the 

other concentrations of U-II (**); the responses induced by U-II 10−7 M and 10−6 M, were 

not statistically different from each other (P > 0.05).
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Figure 2. Ca2+ responses of cardiac preganglionic neurons to consecutive applications of U-II 
(10−7 M)
A, Illustration of typical changes in Fura-2 AM fluorescence ratio (F340/F380) before 

(basal) and during the first and second U-II application to a rhodamine-labeled cardiac 

parasympathetic neuron of nucleus ambiguus; the F340/F380 ratio after washing of the first-

applied U-II solution is also indicated. Representative tracings (B) and comparison of the 

mean amplitudes (C) of the [Ca2+]i increases induced by the first and second administration 

of U-II; *P < 0.05 compared to the first U-II administration.

Brailoiu et al. Page 14

J Neurochem. Author manuscript; available in PMC 2015 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. U-II induces Ca2+ influx via P/Q-type Ca2+ channels
A, Representative Ca2+ responses produced by U-II (10−7 M) in the presence of blockers of 

N-type Ca2+ channels (ω-conotoxin GVIA), P/Q-type Ca2+ channels (ω-conotoxin MVIIC) 

and TRPV2 (tranilast). B, Comparison of the mean amplitudes (top) and of the areas under 

curve (bottom) of the [Ca2+]i increases triggered by U-II, in the absence and presence of the 

indicated blockers; *P < 0.05 compared to U-II alone.
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Figure 4. U-II mobilizes Ca2+ from IP3-sensitive Ca2+ stores
A, Representative recordings of U-II-mediated Ca2+ responses in Ca2+-free saline, in the 

absence and presence of lysosomal disruptor bafilomycin A1 (BAF), sarco-/endoplasmic 

reticulum Ca2+ ATPase inhibitor thapsigargin (TG), phospholipase C blocker U-73122, 

IP3R blocker xestospongin C (XeC) or ryanodine receptor blocker ryanodine (Ry). B, 
Comparison of the mean amplitudes of the [Ca2+]i increases produced by the indicated 

treatments; *P < 0.05 compared to U-II (10−7 M in Ca2+-free saline).
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Figure 5. U-II induced cardiac vagal neuron depolarization
A, Characteristic recordings indicating changes in neuronal membrane potential upon 

administration of U-II (10−7 M) in the absence and presence of U-II receptor blocker 

urantide (URT, 10−6 M). B, Concentration-dependent depolarizations produced by U-II 

(10−9 – 10−6 M) and antagonism of U-II (10−7 M)-mediated depolarizing effect by urantide; 

P < 0.05 compared to the resting membrane potential (*) or with the effect of U-II (10−7 M) 

(#), or to the response to the other concentrations of U-II (**); the responses induced by U-II 

10−7 M and 10−6 M, were not statistically different from each other (P > 0.05).
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Figure 6. Telemetric monitoring of bradycardic responses elicited by microinjection of U-II into 
nucleus ambiguus in awake rats
A, Characteristic heart rate recordings after microinjection of saline, L-glutamate (L-Glu, 5 

mM, 50 nL) and either U-II (10−7 M, 50 nL), urantide (URT, 10−6 M), or a combination of 

U-II (10−7 M) and urantide (URT, 10−6 M), obtained using the telemetric method. B, 
Comparison of the changes in heart rate elicited by microinjection of U-II (10−9 – 10−6 M), 

by urantide (URT, 10−6 M), or by U-II (10−7 M) and urantide (URT, 10−6 M); P < 0.05 

compared to basal heart rate (*,#) or to the effect of U-II (10−7 M) (+), or to the effect of 

other concentrations of U-II (**P < 0.05); the responses induced by U-II 10−7 M and 10−6 

M, were not statistically different from each other (P > 0.05). C, Illustration of 

microinjection sites (dark spots) in coronal medullary sections. Abbreviations: AP, area 

postrema; Amb, nucleus ambiguus; NTS, nucleus tractus solitarius; 4V, fourth ventricle.
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Figure 7. Monitoring of the bradycardic effects of U-II microinjection into the nucleus ambiguus 
of conscious rats via tail-cuff methods
A, Representative heart rate and blood pressure recordings after microinjection of saline, L-

glutamate (L-Glu, 5 mM, 50 nL) and U-II (10−7 M, 50 nL). B, Consistency of heart rate 

monitoring using invasive (telemetry) or non-invasive (tail-cuff) methods is indicated by the 

similarity of the responses induced by either L-Glu or U II in the two paradigms.
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