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in adolescents compared with adults. Adolescent vulnerability is also based on evidence that stress dur-
ing this developmental period affects development, so that enduring changes are found in adult animals
that experienced stress during adolescence. The purpose of the present review is to discuss experimental
research in rodent models that investigated the impact of long-term exposure to stressful events dur-
Psychological stress ing adolescence on cardiovascular function. The development of cardiovascular function and autonomic
Ontogeny activity in rodents is initially reviewed. Then, a discussion of an adolescent vulnerability to cardiovascu-
Adolescence lar effects of chronic stress is presented. From the reviewed literature, perspective for future research is
Cardiovascular function proposed to better elucidate adolescent vulnerability to cardiovascular complications evoked by chronic
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1. Introduction

Convergent clinical and preclinical evidence has shown an

- important role of psychosocial factors (e.g., environmental and
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Roest et al., 2010; Rosenman et al., 1975; Rozanski et al., 1999;
Rugulies, 2002; Sgoifo et al., 2014; Smith et al., 2004). Among sev-
eral psychosocial factors, emotional stress has been recognized as
a modifiable risk factor for cardiovascular diseases (Inoue, 2014;
Steptoe and Kivimaki, 2012; von Kanel, 2012). Indeed, epidemio-
logical results and experimental data on humans and animals have
demonstrated the influence of psychosocial stress on cardiovascu-
lar health (Grippo and Johnson, 2009; Jarczok et al., 2013; Kivimaki
et al., 2006; Rosengren et al., 2004; Sgoifo et al., 2014; Steptoe and
Kivimaki, 2012). The association between stress and cardiovascular
diseases has been shown to be independent of traditional cardio-
vascular risk factors such as age, sex, smoking, diabetes mellitus,
and obesity (Kivimaki et al., 2006; Rosengren et al., 2004; Steptoe
and Kivimaki, 2012); and is observed in individuals with or without
cardiovascular diseases (Rosengren et al., 2004).

The impact of stress on physiological and psychological pro-
cesses is determined by individual characteristics. Indeed, it has
been proposed that some phases of development may be peri-
ods of vulnerability to stress (Eiland and Romeo, 2013; McCormick
etal., 2010; Spear, 2000). In this regard, results obtained in rodents
have indicated adolescence as a developmental period of vul-
nerability to the effects of stress (Andersen and Teicher, 2008;
Cruz et al., 2016; Dahl, 2004; Doremus-Fitzwater et al., 2009;
Duarte et al., 2015a; Jankord et al., 2011; Stone and Quartermain,
1997). For instance, reduction in body weight gain, adrenal hyper-
trophy, and thymic involution induced by chronic stressors are
more frequently observed in adolescent than in adult animals
(Doremus-Fitzwater et al.,, 2009; Duarte et al., 2015a; Jankord
et al.,, 2011; Stone and Quartermain, 1997). The impact of stress
in the hypothalamus-pituitary—-adrenal (HPA) axis has also sup-
ported the idea of an adolescent vulnerability. Studies directly
comparing adult and adolescent animals demonstrated that only
the latter presented increased basal concentrations of plasma cor-
ticosterone following exposure to chronic stressors (Duarte et al.,
2015a; Jankord et al., 2011). In addition, the habituation process of
the corticosterone response that is normally observed in adult ani-
mals upon repeated exposure to the same stressor (i.e., homotypic
stressor) is reduced during adolescence (Doremus-Fitzwater et al.,
2009; Lui et al.,, 2012; Romeo et al., 2006a), which may indicate
reduced coping strategies during this developmental period.

The enduring effects in adulthood of stress that occurred dur-
ing adolescence are also currently a matter of debate. For instance,
chronic stress experience during adolescence increased anxiety-
like behaviors in adulthood (Ilin and Richter-Levin, 2009; Maslova
et al., 2010; Maslova et al., 2002b; Pohl et al., 2007; Schmidt et al.,
2007; Sterlemann et al., 2008; Tsoory et al., 2007; Vidal et al.,
2007; Wright et al., 2008). Evidence of depressive behavior in adult
animals that were subjected to chronic stress in adolescence is
less consistent (Maslova et al., 2010; Mathews et al., 2008; Pohl
et al., 2007). Although controversial (Ariza Traslavina et al., 2014;
Maslova et al., 2010; Mathews et al., 2008; McCormick et al., 2008),
an increased basal and stress-induced plasma corticosterone con-
centration has also been observed in adult animals subjected to
chronic stress during adolescence (Duarte et al., 2015a; Ilin and
Richter-Levin, 2009; Pohl et al., 2007; Schmidt et al., 2007; Uys
et al., 2006).

The purpose of the present review is to discuss experimental
research in animal models that investigated adolescent vulnera-
bility to cardiovascular changes evoked by long-term exposure to
emotional stressful events (i.e., chronic emotional stress). The first
and second sections discuss the definition of adolescent period
in rodents and the development of cardiovascular function and
autonomic activity in rodents, respectively. The third section then
focuses on providing a review of the impact of long-term exposure
to stressful events during adolescence on cardiovascular func-
tion. Differences between adolescents and adults in the immediate

effects of chronic stress as well as the enduring cardiovascular
effects in adulthood of stress that occurred during adolescence
are discussed. The last section discusses a perspective for future
research regarding the influence of development in cardiovascular
complications evoked by chronic emotional stress.

2. Adolescent period in rodents

Similar with humans, adolescence in rodents is a transitional
period from the dependent phase in childhood to the indepen-
dent period in adulthood (McCormick et al., 2010; Spear, 2000).
“Infancy” in both rats and mice has been proposed as the period of
parental care from birth until weaning, which generally occurs at
postnatal day (PND) 21 in the lab (Eiland and Romeo, 2013; Tirelli
et al., 2003). This period is often referred to as the neonatal or pre-
weaning phase (Eiland and Romeo, 2013), although some authors
use “neonatal” to refer to the first postnatal week (Tirelli et al.,
2003).

Adolescence has been proposed in both rats and mice to cover
the period between the weaning and PND59 (McCormick et al.,
2010; Tirelli et al., 2003). Some authors have considered the period
between PND21 and PND30 as a “prepubertal phase”, so that ado-
lescence would comprise the period between PND30 and PND59
(Eiland and Romeo, 2013). More conservative classification consid-
ered adolescence as the ontogenic period from PND28 to PND42
(Spear, 2000; Spear and Brake, 1983). Nevertheless, by convention,
rats and mice are considered adults at PND60, when they achieve
physical and sexual maturity (Eiland and Romeo, 2013; McCormick
et al,, 2010; Tirelli et al., 2003).

It is beyond the scope of the present review to describe all
characteristics of the rodents during adolescence. Several excellent
reviews have discussed in detail the behavioral/neurobiological
and physiological characteristics of rodents during this develop-
mental period (Andersen, 2003; Casey et al., 2008; Eiland and
Romeo, 2013; McCormicketal.,2010; Spear, 2000; Spear and Brake,
1983; Tirelli et al., 2003). Relevant to the present review is evi-
dence of differences in stress-evoked physiological responses in
adolescent versus adult animals. For instance, extended adreno-
corticotrophic hormone (ACTH) and corticosterone responses
have been documented in adolescent rodents relative to adults
(Goldman et al., 1973; Romeo et al., 2006b, 2004a,b; Vazquez and
Akil, 1993), and an adult-like pattern develops between PND30-
PNDG60 (Foilb et al., 2011). Additionally, Fig. 1 shows similar arterial
pressure and heart rate (HR) increases during an acute session of
stress in 49-, 70-, and 80-days-old rats, indicating that cardiovas-
cular responsivity to stress is also completely developed before 60
days of age.

As discussed below, the pattern of autonomic activity and
cardiovascular function during adolescence is relevant to the
evaluation of vulnerability to cardiovascular effects of chronic emo-
tional stress during this developmental period. Therefore, before
discussing the impact of chronic stress during adolescence on car-
diovascular function, a detailed description of the ontogeny of
cardiovascular function and autonomic activity is provided.

3. Development of cardiovascular function

Developmental characteristics of some biological systems in
animal models of adolescence are relatively well described
in the literature. Regarding stress systems, numerous reports
have described developmental differences during adolescence
in hypothalamic-pituitary-adrenal (HPA) axis responsiveness to
stress (Foilb et al., 2011; Romeo et al., 2006a, 2007) as well as the
ongoing development of limbic regions in the brain involved in the
integration of stress responses (Andersen and Teicher, 2004; Giedd
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Fig. 1. Time course of changes in mean arterial pressure (AMAP) and heart rate
(AHR) induced by an acute session of 30 min of restraint stress in male Wistar rats
at PND49, PND70, and PND80. Twenty-four hours before assessment of restraint-
evoked cardiovascular changes, animals were subjected to surgical preparation
under anesthesia with tribromoethanol (250 mg/kg, i.p.) forimplantation of catheter
into the abdominal aorta through the femoral artery for cardiovascular recording. In
the trial day, cardiovascular recording began at least 30 min before the onset of the
restraint, and was performed throughout the session of restraint. Shaded area indi-
cates the period of restraint. Circles represent the mean and bars the SEM. Note that
cardiovascular responses to restraint stress were not significantly different during
adolescence (PND49) and adulthood (PND70 and PND80).

et al,, 1999; Gogtay et al., 2004; Isgor et al., 2004; Meyer et al.,
1978; Romeo and Sisk, 2001). The development of cardiovascular
function has also been extensively evaluated. As stated above and
discussed in details below, the pattern of autonomic activity and
cardiovascular function during adolescence is relevant to the eval-
uation of vulnerability to cardiovascular effects of stress during this
developmental period. Therefore, before discussing the cardiovas-
cular responses to chronic stress in adolescence, discussion of the
development of cardiovascular function and autonomic activity in
rodents is provided. The primary focus is to discuss the develop-
ment during the adolescence. However, a complete description of
the development of cardiovascular function in rodents from birth
until adulthood is provided in order to provide a better under-
standing of the development pattern during adolescence in relation
to complete ontogeny. A schematic representation sketching the
complete development of HR, arterial pressure, sympathetic and
parasympathetic activity, and baroreflex activity from birth until
adulthood is presented in Fig. 2.

3.1. Sympathetic and parasympathetic activity

In the second postnatal day, a functional sympathetic control of
the heart is identified (Kirby and McCarty, 1987; Lau and Slotkin,
1981) and the HR is already under the tonic influence of sympa-
thetic activity (Tucker, 1985; Tucker and Domino, 1988). A decrease
in sympathetic neural control of HR has been reported from PND8-
PND10 to PND20-PND24 (Kasparov and Paton, 1997; Tucker, 1985;
Tucker and Domino, 1988). However, adrenal gland and sympa-
thetic innervation of the heart are immature in this developmental
period (Bareis and Slotkin, 1980; Slotkin, 1973; Yamada et al.,
1980). Therefore, decrease of sympathetic neural control of cardiac

activity during the preweaning period seems to be mediated mainly
by changes in the sensitivity of cardiac tissue to catecholamine. In
fact, the density of cardiac 31-adrenoceptor peaks at the third day
after the birth and then declines to adult levels (Chen et al., 1979).
Consistent with this result, during the first days following birth,
a fast increase in maximal HR response to electrical stimulation
of the sympathetic nerve and isoproterenol treatment is observed
(Adolph, 1967).

Recent studies demonstrated that adolescent rats presented
augmented sympathetic tone of the heart (Duarte et al., 2015a,b).
In addition to providing evidence of a role of increased sympathetic
activity in elevated baseline HR during adolescence, this result indi-
cates that the decrease in sympathetic control of cardiac function
observed during the pre-weaning period continues during adoles-
cence.

Less information is available regarding the development of
sympathetic control of arterial pressure. Results of the arterial pres-
sure response to tyramine, an indirectly acting sympathomimetic
amine, and the a-adrenoceptor agonist methoxamine have evi-
denced a progressive increase of the pressor response to these
agents from birth until the PND40 (Smith et al., 1984). Consider-
ing that the tyramine response reflects the presence of vascular
sympathetic nerve terminals containing sufficient noradrenaline
to activate a-adrenoceptor in vascular smooth muscle, whereas
methoxamine directly activates postsynaptic a-adrenoceptor,
these results suggest that the development of sympathetic nerve
terminals innervating the vascular smooth muscle develop parallel
to postsynaptic receptors until PND40. However, it was demon-
strated that by PND10-PND12 sympathetic post-ganglionic nerve
activity was comparable to that of adults (Smith etal., 1982). There-
fore, it is possible that vascular sympathetic innervation matures
early, and progressive increases in pressor response to tyramine
and methoxamine reflect the slower development of post-synaptic
a-adrenoceptors. Indeed, a progressive increase in the number of
a-adrenoceptor in peripheral tissues (e.g., lung, kidney, and liver)
is observed during pre-weaning period, reaching adult values by
PND30 to PND50 (McCaughran et al., 1986; Slotkin et al., 1986).
These findings are consistent with the data discussed in the next
section demonstrating that arterial pressure increases during the
pre-weaning period (Bartolome et al., 1980; Kasparov and Paton,
1997), but values are adult-like by PND25 (Canese et al., 2009; Cruz
et al,, 2016; Duarte et al., 2015a,b; Kasparov and Paton, 1997). In
fact, recently, we reported similar sympathetic vasomotor modu-
lation at PND38 and PND70 (Duarte et al., 2015b). Additionally, the
pressor response to a selective o1 -adrenoceptor agonist was simi-
lar in adolescent and adult animals (Cruz et al., 2016; Duarte et al.,
2015a).

Tonic parasympathetic control of HR first appears between
PND10 and PND20 (Adolph, 1967; Kasparov and Paton, 1997;
Tuckerand Johnson, 1984). As stated above, cardiac activity is under
tonic control of sympathetic activity in the first days following birth
(Adolph, 1967; Tucker, 1985; Tucker and Domino, 1988). Therefore,
during the first postnatal week, HR seems to be controlled primarily
by the sympathetic nervous system (Adolph, 1967; Tucker, 1985;
Tucker and Domino, 1988).

Although a cardiac parasympathetic tone is identified only at the
second postnatal week, a decrease in HR following electrical stimu-
lation of the peripheral end of the vagus nerve is already observed
at the first day after birth (Mills, 1978). Furthermore, muscarinic
cholinergic receptors were identified in the atrium and ventricle
of 5-days-old rat hearts (McCaughran et al., 1987). These results
indicate the presence of a functional parasympathetic innervation
to the heart despite the absence of basal cardiac parasympathetic
tone. Supporting this idea, Kasparov and Paton (1997) demon-
strated that vagally-mediated reflex bradycardia is functional in
the first week after birth. Recent studies did not report differences
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Fig. 2. Schematic representation illustrating the development of mean arterial pressure, heart rate, pacemaker activity of the sinoatrial node (intrinsic HR), cardiac vagal and
sympathetic tone, vasomotor sympathetic tone, and baroreflex function from birth until adulthood. Representation is relative to values in adulthood, which is indicated by

the dashed red line. For details, see text of Section 3.

between adolescent and adult animals in cardiac parasympathetic
activity (Duarte et al., 2015a; Duarte et al., 2015b), indicating that
the vagal tone of the heart seems to be adult-like by weanling.

3.2. Heart rate and arterial pressure

Basal values of HR increase non-linearly during the pre-weaning
period (Adolph, 1967; Kasparov and Paton, 1997; Mills, 1978;
Wekstein, 1965) until between PND25 and PND40 (Adolph, 1967;
Porter et al., 2004). However, studies have demonstrated that dur-

ing adolescence animals exhibit greater HR than in adulthood
(PND >60) (Canese et al., 2009; Duarte et al., 2015a,b; Ristuccia
and Spear, 2008a,b), indicating that values reach a peak during
adolescence before completing development (see Fig. 2). Elevated
HR values were observed in studies using adolescent animals with
age ranging from 28 to 43 days (Canese et al., 2009; Duarte et al.,
2015a,b; Ristuccia and Spear, 2008a,b).

The pacemaker activity of the sinoatrial node, referred to as the
intrinsic HR, also increases during the pre-weaning period (Adolph,
1967; Kasparov and Paton, 1997; Tucker and Domino, 1988).
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Similar with basal HR, adolescent rats exhibit greater values of
intrinsic HR than adults (Duarte et al., 2015a), indicating that car-
diac pacemaker activity also reaches a peak during adolescence
(Fig. 2). Therefore, the development of sinoatrial node pacemaker
activity seems to parallel the development of basal HR. In fact,
the increase in intrinsic HR seems to be the main mechanism
involved in the development of baseline HR during the pre-weaning
period once cardiac sympathetic activity decreases and parasympa-
thetic tone to the heart increases during this developmental period
(Fig. 2) (for details, see Section 3.1). Additionally, recent results
demonstrated that increased intrinsic HR, together with a higher
sympathetic tone of the heart, contributes to elevated HR values
during adolescence (Duarte et al., 2015a).

Regarding the development of arterial pressure, studies have
indicated a progressive increase in arterial pressure values from
PND6 to PND8 until between PND20 and PND25 (Bartolome et al.,
1980; Kasparov and Paton, 1997). Nevertheless, contrary to HR,
arterial pressure evaluated in adolescent animals did not differ from
those identified in adulthood (Canese et al., 2009; Cruz et al., 2016;
Duarte et al., 2015a,b), thus suggesting that this cardiovascular
parameter is completely developed by the weanling.

3.3. Baroreflex function

The baroreflex function is an important mechanism for the reg-
ulation of arterial pressure. This cardiovascular reflex mechanism
is also involved in tonic maintenance of autonomic activity (Grassi
et al., 2004). Little information is available regarding the develop-
ment of the baroreflex activity. The limited information indicates
that reflex HR responses to either increases or decreases in arterial
pressure are present at PND6 (Kasparov and Paton, 1997). How-
ever, baroreflex function underwent attenuation between PND10
and PND20 (Kasparov and Paton, 1997). Adult-like values of barore-
flex function were detected at PND25 (Kasparov and Paton, 1997).
A study reported that reflex HR responses to hypotension were
observed only after the second postnatal week (Bartolome et al.,
1980). However, in this study the evaluation of baroreflex func-
tion began at PNDS8, a period during which the baroreflex activity
is likely to be reduced (Kasparov and Paton, 1997).

Cardiac baroreflex function does not change during adoles-
cence. For instance, recent results demonstrated similar reflex HR
responses to arterial pressure at PND38, PND49, PND60, PND70,
and PND81 (Cruz et al., 2016; Duarte et al., 2015a). Analysis of
spontaneous baroreflex sensitivity (i.e., evaluation of the barore-
flex function over the physiological range of fluctuations in arterial
pressure without any pharmacological manipulations) also did
not indicate differences in baroreflex function during adolescence
(Duarte et al., 2015b).

All studies investigating the development of the baroreflex func-
tion evaluated the reflex control of HR. However, reflex responses of
HR and sympathetic nerve activity to arterial pressure changes may
be modulated differently (Grippo et al., 2008; Miki and Yoshimoto,
2013). Furthermore, the existence of discrete subgroups of neu-
ronal networks within the baroreflex pathway has been proposed;
these allow differential modification of baroreflex control of
selected sympathetic nerve outputs (Miki and Yoshimoto, 2013).
Therefore, further studies are necessary to elucidate the develop-
ment of reflex sympathetic nerve activity responses.

4. Cardiovascular responses to chronic stress in
adolescence

There has been less investigation of chronic stress and car-
diovascular function during adolescence compared with evidence
of the impact in behavioral responses, somatic parameters, and

HPA axis function. Evidence of stress effects on cardiovascular
function of adolescent animals was initially obtained in studies
using animal models of chronic social bond disruptions. Indeed,
the effect of stress during adolescence on cardiovascular func-
tion was first described by Hallback (1975), who observed that
spontaneous hypertensive rats (SHR, a genetic model of hyper-
tension) that were reared in isolation after weaning presented
reduced development of hypertension, although the blood pres-
sure of normotensive animals was not affected by chronic social
isolation (Hallback, 1975). This finding contrasts with data pub-
lished later, which consistently demonstrated that social isolation
during adolescence increased basal values of arterial pressure in
normotensive animals (Cruz et al., 2016; Maslova et al., 2010; Shen
and Ingenito, 1999). This effect was observed after either 7 (Shen
and Ingenito, 1999), 21 (Cruz et al., 2016), or 42 days (Maslova etal.,
2010) of social isolation, thus indicating that mild hypertension
evoked by chronic social isolation is independent of the length of
the protocol. Cruz et al. (2016) reported recently that the increase
on arterial pressure evoked by social isolation in adolescent ani-
mals was followed by an increase in both baroreflex sensitivity and
vascular reactivity to vasodilator agents. Impairment of baroreflex
function and vascular responsivity to vasodilator agents has been
proposed as important physiopathological mechanisms of hyper-
tension (Grassi et al., 2006; Honzikova and Fiser, 2009; Tang and
Vanhoutte, 2010). Therefore, alterations in vascular reactivity to
vasodilator agents and baroreflex function may constitute impor-
tant adaptive responses that oppose other alterations contributing
to arterial pressure elevation, thus reducing the impact of chronic
social isolation on arterial pressure.

Cardiovascular function changes have also been documented in
animal models following exposure to psychological stress during
adolescence. For instance, recent findings from our group demon-
strated that exposure to a chronic variable stress (CVS) protocol
(i.e., chronic heterotypic stressor in which animals are exposed
to a variety of stressors in an unpredictable schedule in order to
reduce habituation) for 10 days increased arterial pressure and
HR, decreased parasympathetic and increased sympathetic tones
of the heart, increased vascular reactivity to vasoconstrictor agents,
and caused baroreflex changes in Wistar adolescent rats (Duarte
et al.,, 2015a,b). These findings contrast with results reported by
Maslova et al. (2002a), who did not identify changes on arterial
pressure in Wistar adolescent rats and inherited stress-induced
arterial hypertension (ISIAH, a rat strain with stress-dependent
arterial hypertension) adolescent rats following 12 days of expo-
sure to a CVS protocol. The discrepancy could be the result of
methodological differences. For example, chronic stress was real-
ized before the weaning in Maslova et al. (2002a), indicating that
mother care may have buffered the cardiovascular effects of stress.
Moreover, contrary to cardiovascular recording in conscious ani-
mals using a direct method in our studies, Maslova et al. (2002a)
measured arterial pressure in animals under anesthesia using a tail-
cuff method (indirect). The method used to assess arterial pressure
has been proposed as an important factor affecting the evaluation
of hypertension induced by chronic emotional stress (Nalivaiko,
2011). However, after extensive literature review, Nalivaiko (2011)
concluded that hypertension was mainly observed in studies that
measured arterial pressure using tail-cuff method. An influence
of anesthesia has never been considered in stress-evoked car-
diovascular changes. Nevertheless, since anesthesia may affect
cardiovascular function and autonomic activity (Fluckiger et al.,
1985; Shimokawa et al., 1998), discrepancy is probably related
to condition in which experiment was conducted (anesthetized
versus unanesthetized) rather than the method used to measure
arterial pressure.

Cardiovascular changes were also observed after exposure to
psychological homotypic stressors (i.e., repeated exposure to the
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same stressor). Despite the absence of changes on basal values
of either arterial pressure or HR, exposure to homotypic stress-
ors during adolescence decreased the intrinsic HR and cardiac
parasympathetic activity (that in turn shifted the cardiac sympa-
thovagal balance toward sympathetic predominance), increased
the vascular response to vasoconstrictor agents, and decreased vas-
cular reactivity to vasodilator substances (Duarte et al., 2015a,b).
These responses were followed by facilitation of the baroreflex
bradycardiac response (Duarte et al., 2015a; Porter et al., 2004).
As stated above, impairment in baroreflex function has been
implicated in hypertension physiopathology (Grassi et al., 2006;
Honzikova and Fiser, 2009). Therefore, improvement in baroreflex
function may constitute a compensatory mechanism counteracting
the other alterations that contribute to an arterial pressure eleva-
tion, thus avoiding the emergence and development of an increase
in arterial pressure.

4.1. Studies directly comparing adolescent and adult animals

The results discussed above clearly demonstrate the impact
on cardiovascular function of chronic stress during adolescence.
However, most studies that were discussed above evaluated the
cardiovascular effects of chronic stress only in adolescent animals.
Indeed, a possible vulnerability during adolescence evidenced by
directly comparing cardiovascular changes in adolescent and adult
animals was addressed only recently. Table 1 summarizes the find-
ings documented by studies that directly compared cardiovascular
responses to chronic stressors in adolescent and adult animals
(Cruz et al., 2016; Duarte et al., 2015a). A review of these studies
indicates that a possible adolescent vulnerability to the cardiovas-
cular changes evoked by chronic stress seems to be dependent on
the chronic stress paradigm. For instance, a study evaluating the
impact of chronic homotypic (repeated restraint stress-RRS) and
heterotypic (CVS) psychological stressors found that the homotypic
stressor shifted the sympathovagal balance toward sympathetic
predominance while both stressors increased vascular reactiv-
ity to a vasoconstrictor agent selectively in adolescent animals
(Duarte et al., 2015a). Additionally, despite the higher sympathetic
activity and elevated basal HR during adolescence (see Section 3
for details), CVS caused a further increase in HR of adolescents
via a reduction of vagal activity (Duarte et al., 2015a). However,
apart from some age-specific changes, both chronic psychological
stressors also evoked significant cardiovascular changes in adult
animals (e.g., mild hypertension, resting tachycardia, increase in
sympathetic activity, baroreflex changes, and alterations in vas-
cular reactivity to vasodilator agents) (Duarte et al., 2015a), thus
refuting the idea of adolescent vulnerability.

Adolescent vulnerability to cardiovascular effects of chronic
stress was more clearly evidenced in a study that used the ani-
mal model of chronic disruption of social bonds (Cruz et al., 2016)
(see Table 1). This study reported that 3 weeks of social isolation
evoked cardiovascular and autonomic changes more frequently in
adolescent compared with adult rats. The only changes identified
in adult animals were an increase in diastolic arterial pressure and
a reduction in systolic arterial pressure, which in turn reduced the
pulse pressure (Cruz et al., 2016). However, chronic social isola-
tion increased the mean arterial pressure in adolescent but not
adult animals (Cruzetal.,2016). Furthermore, changes in baroreflex
function and vascular reactivity to vasoactive agents were identi-
fied selectively in adolescent animals, thus supporting the idea of
an adolescent vulnerability. These results are consistent with previ-
ous results demonstrating that behavioral changes associated with
chronicsocial isolation are fully observed only if disruption of social
bonds is realized during adolescence (Ferdman et al., 2007; Schenk
et al., 1990; Wilkinson et al., 1994). Adolescence is a period of high
social contact that in turn contributes to development (Buwalda

et al., 2011; Spear, 2000), which can explain the vulnerability to
effects of social isolation during this developmental period.

The studies reviewed provide initial evidence that adolescent
vulnerability to cardiovascular effects of stress is rather observed
in animal models of social stress than psychological stress. How-
ever, reduction in body weight gain, adrenal hypertrophy, and
thymic involution induced by chronic psychological stressors
(either homotypic or heterotypic) were more frequently observed
in adolescents than adults (Doremus-Fitzwater et al., 2009; Duarte
etal., 2015a; Jankord et al.,2011; Stone and Quartermain, 1997). An
increase in basal levels of plasma corticosterone was also observed
selectively in adolescent animals following exposure to chronic
psychological stressors (Duarte et al., 2015a; Jankord et al., 2011).
In addition, the habituation process of the corticosterone response
upon repeated exposure to restraint stress (psychological stressor)
is reduced during adolescence (Doremus-Fitzwater et al., 2009; Lui
et al.,, 2012; Romeo et al., 2006a). These results indicate an adoles-
cent vulnerability to somatic and some neuroendocrine effects of
psychological stressors. Taken together with studies that evaluated
the cardiovascular effects, these works indicate that a developmen-
tal vulnerability is a characteristic specific for some physiological
systems rather than a general body response. Regardless, as dis-
cussed in the next section, more studies are necessary before a
conclusive characterization of adolescent vulnerability to cardio-
vascular effects resulting from social versus psychological stressors.

4.2. Enduring cardiovascular effects of stress during adolescence

The idea of an adolescent vulnerability has also been based
in evidence that stress during this developmental period affects
development, so that enduring behavioral and neuroendocrine
changes and neuroplasticity are found in adult animals that expe-
rienced stress during adolescence (Duarte et al., 2015a; Ilin and
Richter-Levin, 2009; Maslova et al., 2010, 2002b; Pohl et al., 2007;
Schmidt et al., 2007; Sterlemann et al., 2008; Tsoory et al., 2007;
Uys et al., 2006; Vidal et al., 2007; Wright et al., 2008). Maslova
et al. (2010) was the first to report enduring cardiovascular effects
in adulthood of chronic stress exposure during adolescence. They
found an increase in arterial pressure measured under anesthesia
by the tail-cuff method in adult animals (133-days-old) that experi-
enced either social isolation or social instability (constant rotation
of partners) from PND21 to PND63 (6 weeks) (Maslova et al., 2010).
This finding is in contrast with a recent study reporting absence of
changes in baseline arterial pressure and HR measured by a direct
method in unanesthetized adult animals (69-days-old) that were
subjected to social isolation from PND28 to PND48 (3 weeks) (Cruz
et al., 2016). The discrepancy may be the result of methodological
differences, such as the duration of the social isolation protocol (3
weeks versus 6 weeks), method of arterial pressure measurement
(direct versus indirect) (see discussion in Section 4 for details), and
age of evaluation of cardiovascular function (69- versus 133-day-
old).

Despite the absence of changes in basal values of arterial pres-
sure and HR, Cruz et al. (2016) identified an increase in the reflex
bradycardiac response evoked by a blood pressure increase in adult
animals subjected to chronic social isolation during adolescence.
Considering the involvement of the impairment of baroreflex sen-
sitivity in the pathogenesis of hypertension (Grassi et al., 2006;
Honzikova and Fiser, 2009), facilitation of reflex bradycardia may
be an important mechanism avoiding an arterial pressure elevation
in adult animals subjected to social isolation during adolescence.

The possible influence of chronic psychological stressors dur-
ing adolescence in cardiovascular function in adulthood was
also reported. However, analysis of arterial pressure, HR, cardiac
autonomic activity, baroreflex function, and vascular reactivity
to vasoactive agents did not reveal an influence in adulthood
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Table 1
Summary of the findings in studies directly comparing cardiovascular responses to chronic emotional stress in adolescent and adult animals.
Adolescent Adult
RRS? cvs? Isolation® RRS? cvs? isolation®
Cardiovascular baseline
Mean arterial pressure - 4 4 1 1 -
HR® - A _ 4 _
Autonomic activity
Cardiac sympathetic activity® - - Not reported - Not reported
Cardiac vagal activity 5 J Not reported - Not reported
Intrinsic HR® 1 - Not reported - - Not reported
Baroreflex bradycardia 1 1 4 - ) -
Baroreflex tachycardia - J 1 4 1 -
Vascular function
Pressor response to phenylephrine 1 1 - - -
Depressor effect of acetylcholine - 1 - -
Depressor effect of Sodium nitroprusside - - 1 - -

RRS—repeated restraint stress (psychological homotypic stressor), CVS—chronic variable stress (psychological heterotypic stressor), isolation—chronic social isolation (social

stressor).

Up or down arrows indicate significant increase or decrease, respectively.
a Duarte et al. (2015a).
b Cruzetal. (2016).

¢ Age difference in control groups (for details, see session “Ontogeny of cardiovascular function”).

of the exposure to either homotypic or heterotypic stressors
during adolescence (Duarte et al., 2015a,b). Power spectral anal-
ysis of the pulse interval indicated an augmentation in power
of oscillatory component at low (sympathetic-related) and high
(parasympathetic-related) frequencies, but the cardiac sympatho-
vagal balance (LF/HF ratio) and basal HR were not affected (Duarte
et al., 2015b). These findings are consistent with the results of
Maslova et al. (2002a), who reported that the arterial pressure of
adult animals (210-days-old) measured by the tail-cuff method was
not affected by exposure to either CVS or repeated handling from
PND21 to PND32.

Taken together, the studies that were discussed above provide
evidence of minimal cardiovascular consequences in adulthood
of chronic stress during adolescence, with some studies even
demonstrating compensatory cardiovascular changes that avoid
the emergence and development of hypertension. These results
contradict the idea of adolescent vulnerability. However, inves-
tigation of enduring cardiovascular effects in adulthood of stress
during adolescence is only beginning to be investigated. Therefore,
as discussed in the next session, a possible adolescent vulnera-
bility evidenced by enduring cardiovascular effects in adulthood
deserves further investigation before more conclusive observa-
tions.

5. Perspective for future research

Studies directly comparing adolescent and adult animals pro-
vided evidence that an adolescent vulnerability to cardiovascular
effects of chronic stress was more clearly observed following expo-
sure to chronic social isolation when compared with animal models
of chronic psychological stress such as RRS and CVS (Cruz et al.,
2016; Duarte et al., 2015a). However, a remaining question is
whether adolescent vulnerability is restrict to social isolation or
is observed following exposure to other animal models of chronic
social stress. In this way, further studies directly comparing the
impact of other chronic social stressors (e.g., social defeat) on the
cardiovascular function of adolescent and adult animals will help to
address the initial idea that an adolescent vulnerability to cardio-
vascular effects of chronic stress is more evident in animal models
of social versus psychological stress.

The studies that were reviewed above indicate minimal car-
diovascular consequences in adulthood of chronic stress during

adolescence. However, an important unanswered question is the
possible impact of chronic emotional stress during adulthood in
animals that experienced stress during adolescence. In this regard,
important neuroplasticity has been reported in the limbic systems
of adult animals that were stressed during adolescence (Leussis
et al., 2008; Toth et al., 2008; Uys et al., 2008, 2006; Watt et al.,
2009), which can affect the ability to cope with stress in adulthood.
Indeed, studies have reported that stressful events in adulthood
evoked greater behavioral changes in animals with a history of
stress during adolescence (Avital and Richter-Levin, 2005; Tsoory
et al., 2007). Therefore, an investigation of the impact of chronic
stress on cardiovascular function of adult animals that were sub-
jected to chronic stress during adolescence is necessary for a
complete evaluation of a possible adolescent vulnerability evi-
denced by enduring cardiovascular effects in adulthood.

As discussed above, increased sympathetic tone to the heart is
observed in adolescent animals relative to adult animals (Duarte
et al.,, 2015a,b). Several sympathetic-related cardiac complications
have been reported in adult animals following exposure to chronic
stressors, including changes in the electrical conduction system
of the heart, left and right ventricular hypertrophy, arrhythmias,
and cardiac contractile dysfunctions (Bruder-Nascimento et al.,
2012; Carnevali et al., 2012, 2013b; Costoli et al., 2004; Duarte
et al.,, 2015a; Grippo et al., 2006; Nagaraja and Jeganathan, 1999;
Xie et al., 2012; Zhao et al., 2007). Increases in both susceptibil-
ity to cardiac arrhythmias (Grippo et al., 2012, 2004, 2010) and
severity of myocardial ischemia (Mercanoglu et al., 2008; Scheuer
and Mifflin, 1998) have also been reported after repeated expo-
sure to stressful events. Thus, an increased sympathetic tone to
the heart during adolescence may provide vulnerability to chronic
stress-evoked cardiac complications. Therefore, comparisons in
adolescent and adult animals of cardiac complications following
exposure to chronic stress are relevant unvalued aspect in the
determination of adolescent vulnerability.

6. Conclusions

The last years have brought a significant increase in research
using animal models on the impact of long-term stress expo-
sure during adolescence in cardiovascular function and autonomic
activity. However, investigation of adolescent vulnerability to
cardiovascular effects of chronic stress is only beginning to be
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investigated, and a number of issues need to be addressed before
more conclusive analysis. For instance, reviewed literature indi-
cates that an adolescent vulnerability seems to be dependent on the
chronic stress paradigm, being apparently more evident in models
of social versus psychological stress. However, this idea is sup-
ported by evidence obtained in only one model of social stress
(i.e., chronic social isolation). Additionally, only a limited num-
ber of studies directly compared adolescent and adult animals. In
addition, despite the evidence of increased sympathetic tone to the
heart in adolescent animals, the emergence of sympathetic-related
cardiac complications following exposure to chronic stressors was
never evaluated in adolescent animals. A review of the studies
that evaluated the enduring cardiovascular changes in adulthood
of chronic stress during adolescence does not support the idea of
adolescent vulnerability. However, an important remaining issue
is the possibility that stress during adolescence affects the abil-
ity to cope with stress during adulthood, thus resulting in greater
cardiovascular complications.
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