Regulation of the stress response by social stimuli - A review across species

Introduction
	Stress has been studied in a variety of conditions by different authors, given its relevance in psychological, immune, neurological, endocrinological and social aspects, among others (e.g., Lazarus & Folkman, 1984; Levine & Ursin, 1991; Ursin, 1991. For a historical account of the concept, see Von Holst, 1998). One definition commonly used is any “real or interpreted threat to the physiological or psychological integrity of an individual that results in physiological and/or behavioral responses” (McEwen, 2000, p. 508, cited in Hostinar et al. , 2014). Physiologically, it is associated with the activity of the hypothalamo-pituitary-adrenocortical (HPA) axis, composed by the hypothalamus, the pituitary gland, the adrenal glands, and the interactions among them (for a detailed description of the anatomy and function of the HPA axis, see Herman & Cullinan, 1997). Briefly, the paraventricular nucleus of the hypothalamus contains neuroendocrine neurons that synthesize corticotropin-releasing hormone (CRH), which regulate the anterior lobe of the pituitary gland. Particularly, CRH stimulates adrenocorticotropic hormone (ACTH) secretion, which in turn stimulates the adrenal cortex to produce glucocorticoid hormones (mainly cortisol in primates and corticosterone in rodents). These hormones suppress CRH and ACTH production in a negative feedback cycle (Herman & Cullinan, 1997).
	Part of the interest in stress research stems from the fact that prolonged HPA axis activation has proven to be detrimental to health. This is called chronic stress (in contrast with acute stress, which occurs in response to an acute threat), and has been shown to produce both structural and functional changes in the nervous system (Duval at al., 2010). For example, chronic stress has been linked to depression (Dinan, 1994; Gold et al., 2015; Redinbaugh et al., 1995), immunological deficiencies (Arnetz, 1987; Kiecolt-Glaser et al., 1991), cardiovascular alterations (Cohen et al., 2015) and inflammatory diseases (LeResche & Dworkin, 2002). Furthermore, stress has also been proven to produce social (Veenit et al., 2014) and cognitive (McEwen & Sapolsky, 1995; Pechtel & Pizzagalli, 2011) alterations. Even though stress responses are generally associated with negative consequences, there is evidence that exposure to stressors in previous phases or in early ontogeny, depending on the nature and intensity of the stressor, predisposes to an increase in resistance to stress in later stages. For example, the effect of partial reinforcement on extinction, exposure to partial reinforcement(which means being exposed to stress by omission of a reinforceron repeated occasions) significantly increase resistance to extinction, which reflects that the persistence of a response undergoing extinction is greater when training consisted of partial reinforcement (not all trials are reinforced after executing a response) as compared to continuous reinforcement (all trials are reinforced; Amsel, 1967). 
	Taking this into consideration, a vast effort has been made to find means to prevent negative effects of stress. For example, it has been well-established that mindfulness meditation (Grossman et al., 2004) and the capacity to control the stressful stimuli (Hanson et al., 1976) can prevent the elevation in glucocorticoids associated with HPA axis activity. Another variable that has consistently been shown to attenuate the negative effects of stress is social support, which can be defined as any informational cue suggesting that one is appreciated/loved by other people, which together form a network of mutual obligations (Cobb, 1976). More generally, social stimuli are capable of exerting a beneficialeffect under stressful situations, as we will see in the next section.

The social buffering effect
	Activity of the HPA axis has been shown to be regulated by a wide range of social stimuli. Specifically, the release of stress-related hormones (cortisol and corticosterone) has proven to be attenuated by the presence of conspecifics. The term social buffering has been coined to refer to this phenomenon (Gunnar & Hostinar, 2015; Hennesy et al., 2009; Hostinar et al., 2014), which has been theoretically developed for over four decades (Cohen & McKay, 1984; Cohen & Wills, 1985; Dean & Lin, 1977).
	This effect has been observed in a wide variety of species, including humans (e.g., Ditzen et al., 2007; Kirschbaum, Klauer, Filipp and Hellhammer, 1995), squirrel monkeys (e.g., Hennessy, 1984), rats (e.g., Stanton et al., 1987) and guinea pigs (e.g., Hennessy et al., 2006) under different situations such as mild everyday stressors (Albers et al., 2008), maternal separation (Coe et al., 1978) and public speech (Kirschbaum et al., 1993). Neurophysiological correlates of the effect have also been investigated (Einsenberger et al., 2007; Taylor et al., 2008). In this section some of the most representative experiments regarding this effect are reviewed. All of these works were carried out under situations of acute stress (some works regarding chronic stress are reviewed in a later section). Research with humans, non-human primates and rodents are presented separately. 

Social buffering in humans
The ability of different individuals to buffer the stress response has been shown to depend on the stage of development of the subjects. A widely tool used in stress-related human research is the Trier Social Stress Test (TSST; Kirschbaum et al., 1993), which consists of a 10 minute anticipation period followed by a 10 minute test period (during which subjects are instructed to perform a task such as a free speech in front of an audience). The TSST has been shown to produce a significant increase in cortisol levels (Abelson et al., 2014; Childs et al., 2006; Kelly et al., 2008). Parents proved to be successful in reducing the stress response in children under the TSST when compared to a stranger, while no difference was found in adolescents (Hostinar et al., 2015).These results suggest that the effectiveness of the buffer depends on the stage of development.
	Interestingly, the physical presence of the person providing support is not essential for social buffering to occur. Seltzer, Ziegler, and Pollak (2010) studied the recovery from the TSST in 7-12-year-old girls. Three conditions were considered: (1) recovery, after the task, in the presence of their mother, (2) recovery with an experimenter and the possibility of speaking to their mother, and (3) recovery with the experimenter. Even though condition (1) was found to be the most effective in reducing the cortisol level produced by the task, condition (2) also proved to be effective when compared to condition (3). This effect is not observed, however, when only written mother-child exchanges are available; in this case, children allowed to type and receive instant messages with their mother show no difference in cortisol levels with respect to children with no contact at all (Seltzerv et al., 2012). These results suggest that specific types of stimulation may be necessary for social buffering to occur. In accord with this - as will be discussed in a later section - the evidence in studies with rats show that the odors present in the context of stress appear to be fundamental for social buffering to occur.However, qualitative aspects of the relationship established with the potential buffer have proved to be important in determining whether or not inhibition of the stress response would occur. For example, Albers et al. (2008) found that maternal quality (as measured from videotapes) predicted whether or not the stress response to a mild stressor would be inhibited in infants. Similarly, Nachmias, Gunnar, Mangelsdorf, Parritz, and Buss (1996) found higher cortisol levels in toddlers exposed to novel situations when the attachment with the mother was judged to be insecure rather than secure. 
	Using the TSST protocol, Kirschbaum et al. (1995) found sex-specific effects of social support in older humans. In this study, adult subjects were assigned to one of three groups; no support, support from a stranger, or support from the boyfriend/girlfriend (partner). In the latter two conditions, supporters were instructed to provide social support during the anticipation period. While partner-supported men showed lower cortisol levels with respect to the other two conditions, the authors found that partner-supported women exhibited higher cortisol levels compared to the stranger condition.These results seem to indicate that women are less susceptible to social buffering by verbal social support than men are. Further evidence of this comes from an experiment carried out by Ditzen et al. (2007). These authors assigned adult women to one of three groups for the anticipation phase; (1) ten minutes of physical interaction with their partner (neck and shoulder massage), (2) ten minutes of verbal interaction with their partner or (3) no interaction with their partner. As in the previous study, no difference was found among conditions (2) and (3). However, subjects in group (1) showed lower levels of cortisol relative to the other two, indicating that women can benefit from social support from their partner, as long as physical contact is involved.
Gender-specific effects were also reported by Glynn, Christenfeld, and Gerin (1999). These authors conducted an experiment in which male and female adults were instructed to give a speech, and received either supportive or unsupportive feedback from a male or female observer. Results from this experiment showed that positive feedback from a female observer was effective in reducing stress responses when compared to negative feedback in both men and women. This difference was not observed when the observer was male; in this case both groups of subjects showed similar levels of stress responsiveness. This study also shows that people other than partners can modulate the stress response in humans. Indeed, Heinrichs, Baumgartner, Kirschbaum, and Ehlert (2003) showed that close friends function as sources of social buffering in adult men. In this experiment, participants were instructed either to bring their best friend (support condition) or to go alone (no support condition) to a TSST task. In the former condition, the friends were instructed to be as helpful as possible to the participants during the speech preparation (anticipation period) and to provide instrumental as well as emotional support. As expected, lower cortisol levels were found among subjects in the support condition. Similarly, Adams, Santos, and Bukowski, (2011) found that children undergoing daily situations experienced as negative in the presence of their best friend had a lower cortisol increase when compared to children who were not accompanied by their friend in such circumstances.
This topic was studied with animal models, using several species. The following section presents research that provides evidence about the reduction of cortisol in a stress situation, in the presence of social stimuli.

Social buffering in non-human animals
Primates. Initial research with non-human subjects employed infant squirrel monkeys. A typical procedure involves separating the monkeys from their mother followed either by a reunion with her or placement in a familiar social environment, which results in a quick return to baseline cortisol levels (Hostinar et al., 2014).
Coe et al. (1978) found that a previous relation with the buffer is a necessary condition for this effect to occur. These authors measured cortisol levels in mother and infant subjects across four conditions: (1) basal levels, (2) momentary separation followed by reunion of mother and infant, (3) infant removal from the group, and (4) mother removal from the group. They found that separation resulted in elevated cortisol levels in both mother and infant, although this was prevented if the separation was followed by immediate reunion. More importantly, this rise in cortisol levels in the infants was not prevented by the presence of another female adult, indicating that the relationship previously established with the mother plays a crucial role in the social buffering effect. A possible explanation for these results is that the mother’s odor plays a role in buffering the stress response, similarly to what occurs in rodents.
However, a relationship with the mother may not be necessary for partners to become sources of social buffering. In this sense, Hennessy (1984) reared squirrel monkeys on inanimate maternal surrogates in individual cages. After one year, each subject was paired with a conspecific similarly raised for four weeks. The author found elevated cortisol levels when these monkeys were exposed to a novel environment alone, but not when they were tested in pairs. Nonetheless, the effect appears to be less reliable when a social partner different from the mother is involved. For example, Hennessy (1986) exposed adult female squirrel monkeys to a novel environment either alone or with a familiar partner. Depending on the condition, the partner was either familiar and judged to be affiliative with the subject, familiar and not judged to be affiliative, or unfamiliar. The author did not found a social buffering effect across any of the conditions.However, the methodology used for the formation of groups in this research seems to be confusingregarding the consideration of subjects as affiliative or non-affiliative.
Another procedure employed with squirrel monkeys consists of exposing the subjects to a predator before allowing them to be reunited with their partners. For example, Vogt, Coe, and Levine (1981) presented adult squirrel monkeys toa live boa constrictor snake, either in individual or group conditions. In the first condition, the subject was removed from the home cage and placed in a separate cage with the stimulus box on top. The group condition, on the other hand, involved placing the stimulus box on top of the home cage. In different conditions, the stimulus box could either be empty or contain the snake. Even though the authors did not find an elevation in cortisol levels produced by the presence of the snake, they did find such an elevation product of individual testing when compared with group testing, probably by mere exposure to the novel environment. These results suggest that presence of social partners (among other factors) may function as sources of social buffering.
In a follow-up study, Coe, Franklin, Smith, and Levine (1982) measured cortisol levels in males during four experimental conditions: (1) after pair formation, (2) after exposure to a novel environment, (3) after exposure to a predator, and (4) after ACTH administration. During conditions (2) and (3), animals were tested either alone or with their partner. Of interest here are the results of these two conditions. Interestingly, during condition (2), the authors found similar increments in cortisol levels when subjects were tested alone or in pairs, with half the subjects showing higher levels when tested with a partner. The same pattern was observed during condition (3). This led the authors to conclude that the presence of conspecifics alone may not be enough to produce social buffering, and that other factors may play a role (e.g., novelty of the setting in which the stressful situation occurs, number of conspecifics present and magnitude of the stressor).
Primate species other than squirrel monkey have also been studied. For example, Smith, McGreer-Whitworth, and French (1998) found that heterosexual partners serve as social buffers in adult marmosets. These authors isolated the subjects for two days either while accompanied by the partner or alone. Cortisol elevations were found only in the latter case. Furthermore, these elevations were not a consequence of partner-separation, since a second experiment showed that removing the partner from the home cage did not produce changes in cortisol levels. The authors concluded from this that the elevations were the result of novelty exposition, and that the partners were successful in buffering the stress response.
Stimuli other than the presence of a conspecific have also been studied in this species. Rukstalis and French (2005) performed an experiment in which adult marmosets were isolated from their pair mate and tested under either one of three conditions: (1) presentation of vocalizations from their mate, (2) presentation of vocalization from an unfamiliar conspecific of the opposite sex, or (3) absence of auditory stimuli. Cortisol levels were lower in subjects from condition (1) compared with subjects from conditions (2) or (3). The authors coined the term “vocal buffering” to refer to this particular example of social buffering.
Rodents. Social buffering research in rodents has revealed important age constraints as to which conspecifics can attenuate the stress response. For example, Hennessy et al., (2006) conducted an experiment in which male guinea pigs were exposed to a novel environment at four different stages of development (preweaning, periadolescent, sexually but not socially mature (i.e., they are not yet able to achieve the social status needed for reliable breeding success) and sexually and socially mature, and under three different conditions: (1) alone, (2) with an unfamiliar adult female, or (3) with the preferred adult female depending on the stage (based on behavioral observations). They found that, during the first stage, only the preferred female (the biological mother) functioned as a source of social buffering. The opposite result was found during periadolescence; the unfamiliar female, but not the preferred female, buffered the stress response. Neither the preferred or the unfamiliar female affected the stress response during the third stage, while the preferred female (but not the unfamiliar one) did buffer the response during the fourth stage.
	Similarly, Hennessy, Maken, and Graves (2000) found that both the biological mother and an unfamiliar adult female reduced cortisol in periadolescent guinea pigs exposed to a novel environment for either 10, 30, 60, or 90 minutes. This was the case even when the interactions with both kinds of females were drastically different (e.g., the subjects exhibited more defensive behavior when in presence of the unfamiliar female). Interestingly, adult males appear to be unable to buffer the stress response in periadolescent and adult guinea pigs (Hennessy et al., 2002).
	Age-dependency of the stimuli capable of buffering the stress response has also been observed in rats. Stanton and Levine (1990) performed three experiments in which the effectiveness of different stimuli was tested at different ages. In experiment 1, an anesthetized dam was compared with an adult male rat at 12, 16, and 20 days of age. A mild effectiveness of the male was found at 12 and 16 days (but not at 20), while the dam was found to inhibit the stress response at all three ages. Experiment 2 compared the anesthetized dam with an anesthetized sibling pup during the same three ages. While the dam was again found to inhibit stress responsiveness, the sibling resulted ineffective regardless of the age of the subjects. Experiment 3 examined the effectiveness of the dam during a period in which its biological and social significance is modified. A decremental effectiveness of the dam to buffer the stress response was found when subjects were tested on PND 20, 24 and 28.
	This specificity of age to determine the ability of partners to buffer the stress response has also been observed in guinea pigs. Maken and Hennessy (2009) housed male subject with two females each, and tested them in a novel environment at PND 40, 120, 180, and 240. Each subject was evaluated under four different conditions: (1) alone, (2) in the presence of the prefered female (as determined from observations), (3) in the presence of the other female, and (4) with an unfamiliar female. No difference in social buffering was found among conditions (2), (3), and (4) at PND 40, 120, and 180, while only the prefered female was able to reduce the cortisol level at PND 240.
Similar to what occurs in other species, whether a prior relationship exists among subjects, seems to modulate the social buffering effect. In this sense, Armario, Luna, and Balasch (1983) found that adult rats exposed to a novel environment in the presence of a cage mate showed a higher corticosterone level when compared to rats that were exposed alone or in the presence of a rat from a different cage. No difference was found among the latter two groups. Similar results were observed by Armario, Ortiz, and Balasch (1983) when exposing rats to an open field while accompanied either by a familiar or an unfamiliar conspecific. Similarly, both the mother and unfamiliar adult females inhibit the stress response in pre and postweaning guinea pigs exposed to a novel environment, while littermates have no effect (Graves & Hennessy, 2000). These results resemble those of Hennessy (1986) previously mentioned, in which familiar partners failed to buffer stress induced by novelty in adult squirrel monkeys.
Another factor that seems to modulate the effectiveness of a conspecific to buffer the stress response seems to be whether or not the potential buffer is stressed during the testing. Kiyokawa, Kikusui, Takeuchi, and Mori (2004) paired fear-conditioned rat subjects with either a fear-conditioned or a naive unfamiliar partner. The authors found that both kinds of partners buffered the stress response of the subjects during the test, but those that were not fear-conditioned were more effective. This suggests that stressed conspecifics are less effective in producing social buffering. A large body of literature - which will be reviewed in the next section - shows that this is also the case when the buffer is the mother.
Again similar to primate subjects, the mother seems to be particularly effective in buffering the stress response of rodents at early stages. In the aforementioned study by Graves and Hennesy (2000), cortisol levels were lower when novelty exposure was carried out in the presence of the mother, compared to an unfamiliar female at the preweaning stage. This effect was not observed during the postweaning stage. Similarly, Hennessy and Ritchey (1987) found that cortisol elevation was attenuated when infant guinea pigs were exposed to a novel environment either with its conscious or anesthetized mother. This did not occur when the subjects were accompanied by an unfamiliar anesthetized lactating female. Social buffering by the mother is so strong that it works even when the stressor is a deadly threat (i.e., an adult male rat; Wiedenmayer et al., 2003). These results are also in accordance with those previously mentioned about the age-dependence of subjects to benefit from the presence of different conspecifics. These results contrast sharply with those of Hennessy et al. (2000), in which periadolescent guinea pigs were equally buffered by their mother and by an unfamiliar female. This provides evidence to the hypothesis that the mother is particularly effective to buffer the stress response at early stages, but not later in life.
Interestingly, physical contact with the mother does not seem to be essential for this effect to occur. Hennessy (1988) exposed guinea pig pups to a novel environment in either one of three conditions: (1) alone, (2) in the presence of the mother separated by a wire-mesh partition, or (3) in the presence of the freely accessible mother. The author found a social buffering effect in both conditions (2) and (3). However, he also found that condition (3) was more effective than condition (2), indicating that physical contact with the mother is still more beneficial, albeit not essential. This result is similar to that of Rukstalis and French (2005) previously reviewed, in which vocalizations from the subjects’ mates (but not from other conspecifics) produced social buffering in adult marmosets.
A different result was found in rats by Stanton et al. (1987). These authors carried out three experiments with 12, 16, and 20 day old rats. The stressor was exposure to a novel environment. In Experiment 1, the subjects were either allowed to suckle an anesthetized dam or received milk ingestion through an intraoral cannula. The first condition resulted in reduced corticosterone secretion at all ages, while the latter did not. In Experiment 2 subjects were allowed to contact to an anesthetized dam, with or without the opportunity to suckle. The results suggest thatit is the contact with the dam, and not the opportunity to suckle per se, what buffers the stress response. Both conditions were equally effective at all ages. Finally, Experiment 3 assessed whether physical contact is essential for this buffering to occur. Four conditions were compared: (1) pups that were allowed physical contact with a lactating female, (2) pups that were allowed physical contact with a virgin female, (3) pups that were presented with a lactating female (without physical contact allowed), and (4) pups that were presented with a virgin female (without physical contact allowed). Social buffering was only observed when physical contact was allowed, and contact with a virgin female was less effective at 20 days of age when compared to 12 and 16.
	In summary, not only does the mother function as a potent stress buffer, but it also has been shown to regulate in HPA axis during development. Early experiments showed that rats are hyporesponsive to stress during PND 4-14. Thus, this period has been called the stress hyporesponsive period (SHRP; Levine, 2001; Moriceau & Sullivan, 2004). Further research has shown that the HPA axis is in fact functional during this period, but that maternal stimuli suppress its activation. Specifically, pups in the SHRP can show corticosterone elevations if maternally deprived (Levine et al., 1991), but tactile stimulation from the mother maintains low corticosterone levels and prevents stressors from producing its release (Moriceau & Sullivan, 2004). 

Inhibition of conditioned fear responses by social stimuli
Almost all the studies reviewed so far have focused on regulation of the stress response produced by stimuli such as exposure to novel environments or predators. An important field of research comes from studies about whetherthe role of social stimuli in attenuation ofthe stress response, when the source of stress is a conditioned fear stimulus. An early study (Stanton et al., 1985) showed that partners can have inhibitory effects in the adrenocortical response induced by conditioned stimuli. Adult male squirrel monkeys were assigned to either one of two groups. In the first one, subjects were fear-conditioned with footshock as the unconditioned stimulus (US) and a flashing light as the conditioned stimulus (CS). Subjects from the second group received presentations of theCS without pairing. Afterwards, both groups were tested with the CS alone, either individually, in the presence of a partner or in the presence of the group. The authors found cortisol elevations only in subjects that received CS-US pairing, and only when they were tested individually; that is, conspecifics successfully attenuated the stress response evoked by the CS. However, no difference was found between animals tested in the presence of a single partner or in the presence of a larger group.
	Since then, a growing body of literature studying the regulation of conditioned fear responses by social stimuli has emerged. For example, Kiyokawa, Hiroshima, Takeuchi, and Mori (2014) exposed fear-conditioned and non-conditioned male rats to the corresponding CS (a 3-s, 8kHz, 80dB tone) either while alone or in the presence of a conspecific that was separated by a wire mesh barrier. The authors found corticosterone elevations only when the fear-conditioned subjects were tested alone. On the other hand, no difference was found among fear-conditioned subjects tested in the presence of a partner compared with non-conditioned subjects. However, this effect is absent when the subjects are separated from the partner by a transparent acrylic board, or when their main olfactory epithelium is lesioned (Kiyokawa et al., 2009). Together, these results imply that the olfactory system is essential for inhibition of the stress response to occur, while physical contact is not.
	Visual stimuli produced bythe partner do not seem to be essential either. Takahashi et al. (2013) fear-conditioned male rats and then exposed them to the CS in a test box that was either clean or odorized by a partner that was previously kept there. The CS elicited fear conditioned responses in the first case, but failed to do so when the odor of the partner was presented. The effects of familiarity with the conspecific were analyzed in a subsequent study (Kiyokawa et al., 2014). The procedure was similar to the previous one, except that the odor could be either from a familiar conspecific or an unfamiliar one. Both odors were effective in suppressing the conditioned fear responses, but the odor from the familiar partner was more effective than that of the unfamiliar one. These results extend previous findings on partner familiarity to conditioned fear responses.
Experiments within this paradigm have also shed light on the frequent lack of correlation found between behavioral and physiological measures of stress (e.g., Coe et al., 1982; Vogt, et al., 1981). In this respect, Kiyokawa, Takeuchi, and Mori (2007) found differential effects of two experimental arrangements in male rats. In the first one, subjects were fear-conditioned to an auditory CS (with shock as the US) and, afterwards, pair-housed with an unfamiliar rat for 24 hours. This procedureresulted in a reduced autonomic response to the CS compared to control subjects, but had no effect on behavioral measures of stress. In the second arrangement, subjects were fear-conditioned in the same fashion as in the first one, and were then tested with the CS in the presence of an unfamiliar rat. The authors found that this conditionhad somewhat the opposite effect; behavioral signs of stress were reduced, but no difference was found in the autonomic response. Furthermore, the authors found that exposure in the presence of the unfamiliar rat following pair-housing reduced both behavioral and physiological signs of stress, showing that a combination of both arrangements may be the most effective way of attenuating the stress response.
All studies reviewed so far in this section have used male rats as subjects. This begs the question of whether female rats are also susceptible to this effect. In a study by Ishii, Kiyokawa, Takeuchi, and Mori (2016)the effect of social buffering in females was evaluated. In a first experiment, the authors found that the conditioned fear response did not depend on the stage of the estrus cycle. A second experiment showed that, when tested in presence of another female, the subject’s response does not depend on the stage of the partner’s estrus cycle either. Finally, Experiment 3 showed that HPA-axis activation was attenuated by the presence of another female when compared to alone testing, providing evidence of stress regulation of conditioned fear responses in female rats by social stimuli.

Effects of rearing by a stressed mother
	Throughout the previous section numerous experiments showing how the presence of a conspecific can inhibit the adrenocortical response to stressors have been reviewed. Among them, several showed that the mother can be particularly effective in this regard, at least during early stages of development. Another common finding is that the effect depends on whether the buffer is under conditions of stress, in which case social buffering is not observed. Taking into account both of these findings, several authors have inquired about the effects of animals reared by a mother subjected to stressful conditions (for a review, see Walker et al., 2017). 
	Poor parenting conditions, such as insufficient access to resources by the mother, could function as a stressor for both the mother and the offspring (Perry et al., 2018). An animal model prominently used with this purpose consists of providing the mother with insufficient nesting material, which prevents the construction of an appropriate nest. This procedure has been dubbed the scarcity model and has proven to be stressful for the mother, as shown by increased basal corticosterone levels (Ivy et al., 2008). This, in turn, has a profound impact in maternal behavior. Specifically, behaviors that are considered to be beneficial (i.e., spending time in the nest with pups, keeping them together in the nest, nursing pupsand grooming them) show a reduced frequency, while other behaviors considered to be detrimental (i.e., roughly transporting, stepping on pups, keeping them scattered across the home cage and self-grooming of the mother) become more frequent (Perry et al., 2018). Furthermore, corticosterone levels in the pups are increased as a result of this procedure, showing that rearing under these conditions is stressful for them (Rice et al., 2008). The usefulness of this paradigm thus becomes apparent, since stress experienced during the neonatal stage and infancy produces negative effects in the offspring that can be reflected even in later stages of development. Such effects include schizophrenia-like behavior (Girardi et al., 2014), mortality rate (McPherson et al., 2007), hyperglycemia (McPherson et al., 2009), hypercorticosteronemia and enhanced intestinal permeability (Moussaoui et al., 2017). An additional advantage of this model is that, in contrast with the experiments reviewed thus far, it can be used to study the effects of chronic stress.
	The effects that the scarcity model produces on the pups has proven to be long-lasting. For example, Guo, Wang, Mayer, and Holschneider (2015) found that rats reared under the scarcity condition exhibit visceral hyperalgesia during adulthood. This effect, however, appears to be exclusive to males (Prusator & Greenwood‐Van Meerveld, 2015). Similarly, rat pups reared with limited resources show disrupted social behavior during adolescence (Rincón-Cortés & Sullivan (2016). However, these effects also appear to be reversible, as shown by Maniam, Antoniadis, Le, and Morris (2016). These authors assigned rats to either scarcity or control conditions. At weaning, some of the subjects from the scarcity condition were switched to a diet high in fat and sugar, while the others were kept on a typical diet for laboratory rats. The authors found that subjects in the scarcity condition displayed more anxious-like behaviors when compared to the control group, but that this effect was reversed by the change in the diet.
	This paradigm has been employed to model a wide variety of human phenomena. For example, Perry et al. (2018) used a scarcity model to study the effects of poverty on development. These authors assigned rodent mothers and their pups to either a scarcity rearing environment (with insufficient nesting material) or to a control condition (in which abundant nesting material was provided). Maternal behaviors that were categorized either as sensitive or negative were analyzed. Behaviors that promoted the survival of the pups were categorized as sensitive, and included the presence of the mother in the nest, nursing the pups and grooming them. Behaviors that put the pups at risk were categorized as negative and included, for example, rough transport of the pups and stepping on them. The goal was to assess whether low resources would affect caregiving quality and, in turn, if this would have a negative impact on pups’ development. Furthermore, the ecological validity of the model was assessed by comparing the results with findings from a longitudinal study in humans under conditions of resource scarcity. Parental behaviors were similarly classified as either sensitive or negative. The results showed that rodent mothers in the scarcity condition displayed less sensitive and more negative behaviors towards the pups when compared with the control group. Also, pups reared under the scarcity condition showed decreased developmental competence when compared to subjects in the control condition (i.e., disrupted nipple attachment, distress vocalizations when in physical contact with an anesthetized mother, and reduced preference for maternal odor). Similar results were found on the human subjects, in which scarcity conditions positively correlated with decreased positive affect, decreased mental development, and decreased attention. From this, the authors conclude that altered caregiving quality may be one of the ways in which poverty impacts on development. However, they also note that the rodent model cannot fully capture the complexity of the human condition, and that findings from one model should be taken as complimentary of the other.
	Since the scarcity procedure increases negative behaviors towards the pups, it has also been used as a model of maternal maltreatment (for a review, see Perry & Sullivan, 2014). For example, Rincón-Cortés and Sullivan (2016) exposed rats to this procedure and then tested them for adult depressive-like behavior at three ages: (1) infancy, (2) periweaning and (3) adolescence. The results showed that the rough caregiving during infancy disrupted social behavior at periweaning and adolescence, although it had no effect on infant social behavior. These results are similar to those found with humans, in whom maltreatment and abuse during infancy result in social deficiencies, which in turn predict the development of psychopathology later in life (Alink et al., 2012; Lansford et al., 2002; Mason et al., 2004).
	Interestingly, pups reared under conditions of rough caregiving still display attachment towards the mother. This persistence in approaching behavior appears to have evolved because parental care is essential for the survival of the pups (Sullivan, 2003). Even more interestingly, pups show preference for an odor paired with an abusive mother. For example, Roth and Sullivan (2005) assigned male and female rat pups to either one of four conditions: (1) paired condition, which consisted on pairing a novel odor (peppermint) with the abusive mother, (2) unpaired condition, presenting the odor 30 minutes before exposure to the abusive mother, (3) odor only condition, presenting the odor without exposure to maltreatment, and (4) maltreatment only condition, which consisted on exposing the pups to the abusive mother without presentations of the odor. The authors found that subjects in condition (1) showed a conditioned odor preference towards the peppermint, which was absent among subjects in conditions (2), (3) and (4).
	However, the fact that abused pups still develop attachment behaviors towards the mother does not imply that maltreatment goes without consequences. For example, Raineki, Cortés, Belnoue, and Sullivan (2012) found that abused pups exhibit deficits in social behavior at preweaning and adolescence, as measured by a diminished preference for a chamber where a conspecific is found. These authors also found depressive-like behavior during adolescence in rats that were abused as pups, as measured by an increased amount of time spent immobile during a forced swim test. Similar results were reported by Rincón-Cortés and Sullivan (2016), with depressive-like behavior observed during adulthood instead of adolescence. Paradoxically, these differences among experimental and control subjects are absent if the tests are carried out in the presence of the abusive mother’s odor (Raineki et al., 2015). These results seem to indicate that pups can still benefit from an attachment relation with the mother, even under abusive rearing.
	Another consequence of the scarcity model is that the mother’s ability to buffer fear responses becomes compromised. Robinson-Drummer et al. (2019) exposed two groups of rats - one reared using the scarcity model and the other reared under normal conditions - to a fear-conditioning procedure either in the presence of their mother or alone. Conditioning took place during PND18 for some subjects and during PND28 for the rest.  The CS was peppermint odor, which was unfamiliar to the subjects. At PND 18, the authors found evidence of social buffering in the subjects reared under normal conditions. Specifically, they found a lower freezing duration in subjects that were conditioned in the presence of the mother when compared to those conditioned alone. However, abusive rearing disrupted social buffering of pups by the mother at PN18. When tested at PND28, social buffering was observed in subjects reared under both conditions. Though, the effect was less robust in those subjects reared using the scarcity model.

The importance of odor for social buffering in rats
	This section will be focused exclusively in rat models. Specifically, the role of the olfactory system in the modulation of the social buffering effect will be discussed. In this regard, odor is important for two reasons; the first one is that olfactory stimuli from the buffer seem to be essential for social buffering to occur in this species (Kiyokawa et al., 2009). The second is that, since rats are an altricial species, they strongly depend on odor to keep proximity to the dam early in life, which in turn is essential to ensure their survival (Sullivan, 2003). This is facilitated by an enhanced capacity to acquire odor preferences, along with a reduced capacity for the development of aversion to familiar odors. These particular learning capabilities are thought to have evolved in order to prevent pups from learning to avoid the mother, since caregiving often implies some painful stimulation. This enhanced/decreased capacity for learning odor preferences/avoidance lasts from PND 0 to 9 (for a thorough review, see Moriceau et al., 2010).
	Works showing the importance of olfactory stimuli have already been reviewed in a previous section. For instance, Kiyokawa et al. (2009) showed that the presence of a partner suppresses conditioned fear responses, even if separated by a wire mesh. This effect is absent if they are separated by a transparent acrylic board instead, or if the subject’s main olfactory epithelium is lesioned. Furthermore, Takahashi et al. (2013) found that conditioned fear responses are suppressed if the subjects are tested in a chamber previously odorized by a partner. Together, these results suggest that olfactory stimuli are both necessary and sufficient to produce social buffering of conditioned fear responses in rats.
	The particular learning capabilities of newborn rats regarding odor preference have been repeatedly observed in classical conditioning experiments in which a painful unconditioned stimulus (shock) is paired with a neutral odor. The usual finding is that rats under nine days of age develop a preference for this odor, contrary to what happens during later stages of development, when aversion is developed instead (e.g., Camp & Rudy, 1988). As mentioned in a previous section, an odor preference is also developed if the unconditioned stimulus is an abusive mother (Roth & Sullivan, 2005). In view of this, the period ranging from PND 0 to 9 has been dubbed sensitive period (Moriceau et al., 2010). Interestingly, an odor paired with shock during this period will still be preferred if tested after PND 9, when avoidance is capable of being developed (Sullivan et al., 2000). 	
It is important to note that the inability to developed avoidance during the sensitive period is not due to an inability to feel pain. This is evidenced by the fact that unconditioned responses to shock during this period are not fundamentally different from those of adult rats (Sullivan et al., 2000). Instead, it appears that the inability to develop conditioned avoidance is due to the fact that the adrenocortical response during this period is suppressed by maternal stimuli. Indeed, Sullivan et al. (2000) showed that pups in the sensitive period are capable of developing odor avoidance if injected with corticosterone prior to training.	

Conclusions. 
The social buffering effect is a complex phenomenon. Which social stimuli are capable of producing it depend critically on the developmental stage of the subject, with the mother tending to be effective during early stages and conspecifics during adolescence/adulthood. Te mother is remarkably powerful in buffering the stress response during early stages of development, but even this robust effect can be modulated by the conditions of the buffer. Furthermore, the physiological state of the buffer also modulates the effect; specifically, no attenuation of the stress response occurs if the buffer is itself under a stressful state. For example, studies which employed scarcity models found that the scarcity conditions completely disrupt the ability of the mother to produce social buffering.
Table 1 summarizes the results reviewed in this paper. Interestingly, the results of research in both animal models and humans are congruent on two main ideas: 1. The presence of a familiar conspecific decreases stress responses in threatening situations, 2. The effective buffer differs at each stage of ontogeny, suggesting that it is a dynamic process that depends on the maturation of the organisms.
Table 1. Summary of the results reviewed in this paper.
	Reference
	Species
	Age
	Design
	Results

	Hostinar et al. (2015)
	Human
	Infancy and adolescence
	TSST in the presence of parents or strangers
	Parents reduced stress when compared to strangers in infancy. No difference in adolescence

	Seltzer et al. (2010)
	Human
	Infancy
	Recovery of TSST in the presence of the mother or an experimenter (with or without the possibility of speaking with the mother)
	Presence of the mother was more effective than speaking, which was more effective than the experimenter alone

	Seltzer et al.(2012)
	Human
	Infancy
	Similar to Seltzer, Ziegler, and Pollak (2010), with texting instead of speaking
	Only the presence of the mother was effective

	Kirschbaum et al. (1995)
	Human
	Adulthood
	No support, support from a stranger or support from the partner in the TSST anticipation
	Only the partner was effective for men. Partner was less effective than strangers for women

	Ditzen et al. (2007)
	Human
	Adulthood
	Women received either 10 minutes of physical contact with their partner, 10 minutes of verbal interaction, or no interaction during anticipation of TSST
	Only physical contact was effective

	Glynn et al.(1999)
	Human
	Adulthood
	Speech with male/female supportive/unsupportive feedback
	Only positive feedback from female observer was effective

	Heinrichs et al. (2003)
	Human
	Adulthood
	TSST in presence/absence of best friend
	Presence of best friend was effective

	Coe et al. (1978)
	Squirrel monkey
	Infancy
	Mother-infant dyads were separated with or without inmediate reunion
	Reunion with the mother (and not with another female) prevented increases in cortisol levels

	Hennessy (1986)
	Squirrel monkey
	Adulthood
	Exposure to novel environment with unfamiliar, familiar affiliative, or familiar unaffiliative partner
	Neither condition was effective

	Vogt et al. (1981)
	Squirrel monkey
	Adulthood
	Exposure to a predator alone or in group
	Group-testing prevented increases in cortisol levels

	Coe et al. (1982)
	Squirrel monkey
	Adulthood
	Exposure to a novel environment/predator alone or with a partner
	Neither condition was effective

	Smith et al. (1998)
	Marmoset
	Adulthood
	Isolation alone or with a partner
	Partner prevented increases in cortisol levels

	Rukstalis& French (2005)
	Marmoset
	Adulthood
	Isolation from their partner with exposure to vocalizations of the partner, an unfamiliar conspecific or neither
	Only vocalizations from the partner were effective

	Hennessy et al., (2006)
	Guinea pig
	Preweaning through adulthood
	Exposure to a novel environment alone, with an unfamiliar adult female, with the preferred female at that age
	Preferred female was effective at preweaning and adulthood. Unfamiliar female was effective at periadolescence.

	Hennessy et al. (2000)
	Guinea pig
	Periadolescence
	Exposure to a novel environment with the biological mother or an unfamiliar adult female
	Both were effective

	Stanton & Levine (1990)
	Rat
	PND 12 through 24
	Comparison of the mother with other social stimuli at different ages
	The mother was effective from PND 12 through 20, with a decreasing effect at PND 24 and 28. An adult male was effective at PND 12 and 16. A sibling pup was not effective at any age

	Maken& Hennessy (2009)
	Guinea pig
	PND 40 through 240
	Exposure to a novel environment alone or with a preferred/unpreferred/unfamiliar female
	All females were equally effective at PND 40, 120 and 180. Only the preferred female was effective at PND 240

	Armario et al. (1983)
	Rat
	Adulthood
	Exposure to a novel environment alone, with a cage mate or a rat from a different cage
	Higher corticosterone levels in presence of the cage mate

	Graves &Hennessy(2000)
	Guinea pig
	Postweaning
	Exposure to a novel environment with the mother, an unfamiliar female or a littermate
	Both the mother and the unfamiliar female are effective

	Kiyokawa et al. (2004)
	Rat
	Adulthood
	Pairing of fear-conditioned subjects with fear-conditioned or naïve partner
	Naïve partner was more effective

	Hennessy & Ritchey (1987)
	Guinea pig
	Infancy
	Exposure to a novel environment with the mother or an unfamiliar female
	Only the mother is effective

	Hennessy (1988)
	Guinea pig
	Infancy
	Exposure to a novel environment alone or with the mother (accessible or inaccessible)
	The mother was more effective when accessible

	Stanton et al. (1985)
	Squirrel monkey
	Adulthood
	Fear-conditioned subjects were tested alone, with a partner or with the group
	Testing with a partner or the group were equally effective

	Kiyokawa et al. (2014)
	Rat
	Adulthood
	Fear-conditioned subjects were tested alone or with a partner separated by a wire mesh barrier
	The partner was effective

	Takahashi et al. (2013)
	Rat
	Adulthood
	Fear-conditioned subjects were tested in a box either clean or odorized by a partner
	The odor was effective

	Kiyokawa et al. (2014)
	Rat
	Adulthood
	Similar to Takahashi et al. (2013), with odor from either a familiar or an unfamiliar partner
	Both odors were effective, with a stronger effect by the familiar partner’s odor

	Ishii et al. (2016)
	Rat
	Adulthood
	Studied social buffering on female subjects in different stages of the estrus cycle of the subjects and the partners
	The stage of the estrus cycle in either the subject or the partner had no effect. The partner was effective

	Perry et al. (2018)
	Rat
	Infancy
	Rearing with abundant/scarce bedding material
	Mothers in the scarcity condition displayed less sensitive and more negative towards the pups. Pups in the scarcity condition showed decreased developmental competence

	Rincón-Cortés & Sullivan (2016)
	Rat
	Infancy through adolescence
	Subjects exposed to the scarcity procedure were tested for depressive-like behaviors
	Disrupted social behavior at periweaning and adolescence

	Roth & Sullivan (2005)
	Rat
	Infancy
	A novel odor was paired with the abusive mother, with unpaired controls
	Pairings resulted in an odor preference

	Robinson-Drummer et al. (2019)
	Rat
	PND 18 and 28
	Subjects reared under scarce or normal conditions were fear-conditioned in presence or absence of the mother, at PND 18 or 28
	Social buffering at PND 18 in subjects reared under normal conditions, especially is conditioned in presence of the mother, with no effect in scarce-reared subjects. At PND 28, social buffering was found in all groups, being stronger in normal-reared pups


Even though enough is known about the social buffering effect, the mechanisms underlying it remain to be explored. One likely candidate is conditioned inhibition. It seems plausible that in early stages of development, under conditions of normal rearing, stimuli from the mother (e.g., the odor) could become conditioned inhibitors, since they usually are paired with appetitive stimuli, like food, protection and warmth. The conditioned stimulus (CS -mother odor) could slow or cancel the excitatory processes in threatening situations. When abusive rearing takes place (e.g., under the scarcity procedure) the negative contingency between stimuli from the mother and aversive stimuli becomes weaker. Taking together, these observations could explain the powerful buffering effect the mother has on early life and the absence of this effect found with the scarcity procedure. This could also explain why other conspecifics take the role of buffers later in life, since they become the ones that offer protection after weaning. This hypothesis should be tested in future research.
	The applied importance of these findings thus becomes more than apparent. Knowing that certain stimuli can regulate responses associated to stress could be potentially useful in treating stress-related disorders or preventing the negative effects that chronic stress can have on health. Knowledge about which stimuli are effective during each stage of development can also be useful to enhance the effectiveness of such interventions. Moreover, poor quality breeding in early developmental periods can lead to life-long consequences. This leads us to assume that developing strategies that protect mothers during breeding would seem essential.
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