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The endurance of memories of emotionally arousing events serves the adaptive role of minimizing future exposure to danger and reinforcing rewarding behaviors. However, following a traumatic event, a subset of individuals suffers from persistent pathological symptoms such as those seen in posttraumatic stress disorder (PTSD). Despite the availability of pharmacological treatments and evidence-based cognitive behavioral therapy, a considerable number of PTSD patients do not respond to the treatment, or show partial remission and relapse of the symptoms. In controlled laboratory studies, PTSD patients show deficient ability to extinguish conditioned fear. Failure to extinguish learned fear could be responsible for the persistence of PTSD symptoms such as elevated anxiety, arousal, and avoidance. It may also explain the high non-response and dropout rates seen during treatment. Animal models are useful for understanding the pathophysiology of the disorder and the development of new treatments. This review examines studies in a rodent model of PTSD with the goal of identifying behavioral and physiological factors that predispose individuals to PTSD symptoms. Single prolonged stress (SPS) is a frequently used rat model of PTSD that involves exposure to several successive stressors. SPS rats show PTSD-like symptoms, including impaired extinction of conditioned fear. Since its development by the Liberzon lab in 1997, the SPS model has been referred to by more than 200 published papers. Here we consider the findings of these studies and unresolved questions that may be investigated using the model.
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INTRODUCTION

The focus of this Frontiers in Pharmacology Research Topic is the neural mechanisms of memory. Memory is a fundamental process in all animals, as it allows survival and success through learned adaptive behaviors. However, some highly stressful experiences can lead to maladaptive fear, anxiety, and protracted periods of suffering like in Posttraumatic Stress Disorder (PTSD). A hallmark symptom of this condition is re-experiencing the traumatic event, suggesting that the problem lies in the mechanisms controlling storage and expression of the traumatic memories. In this mini-review, we will discuss prospective research studies performed in animals to uncover clues about how traumatic experiences can lead to the pathophysiology of PTSD. We also outline some current limitations, knowledge gaps, and areas that require further investigation.

SINGLE-PROLONGED STRESS

Single prolonged stress (SPS) is a frequently used rat model of PTSD. Since its initial description 20 years ago (Liberzon et al., 1997), the SPS procedure has been referred to by over 200 peer reviewed studies. Although it is called a “single” prolonged stress, the procedure is comprised of successive, multi-modal stressors (Figure 1). The prolonged stress begins with a 2-h immobilization period that is immediately followed by a forced-swim experience, lasting 20 min, and then a brief loss of consciousness induced by ether exposure. After recovery, rats remain undisturbed for 7 days (Liberzon et al., 1997). In some cases, they are socially isolated (individually housed) during this period (Knox et al., 2012a). When rats undergo auditory or contextual fear conditioning 7 days after this procedure, they demonstrate impaired retention of extinction learning and the conditioned fear response persists longer than it does with fear conditioning alone (Knox et al., 2012a). This approach can be useful for modeling PTSD-like symptoms because those who experience multiple traumas, or a trauma early in life, are more susceptible to developing PTSD following a later traumatic event (Maercker et al., 2004; Anda et al., 2006; Kilpatrick et al., 2013).
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FIGURE 1. Single prolonged stress (SPS) procedure and SPS-induced behavioral changes. (A) Timeline of SPS procedure. On a single day, rats are subjected to a 2-h immobilization followed immediately by a 20-min forced swim. Rats are given a brief period of recuperation and then subjected to diethyl ether until they are anesthetized and unresponsive. (B) Behavioral changes observed up to 1 day later. Anxiety, arousal, spatial memory, and fear learning are unchanged. Acute increase in REM sleep and transition to REM sleep is observed. (C) Behavioral changes 1 week later. Anxiety, arousal, fear context discrimination, and fear learning are increased. On the other hand, extinction, spatial memory, social interaction, and recognition memory are decreased a week after SPS. (D) Behavioral changes following re-stress. Enhanced anxiety, arousal, fear learning, and sleep disturbances remain observed following re-stress, while extinction and spatial memory are impaired. Green, red, and yellow arrows indicate no “changes observed”, “increase”, and “decrease”, respectively.



Precisely how a previous trauma predisposes individuals to the development of PTSD remains unknown. The first trauma or traumas may simply make an individual more anxious, in general, or more sensitive to future stressors. Alternatively, a previous stressor may set the brain up to acquire, store, or retrieve traumatic memories differently, going forward. Some researchers have hypothesized that an impairment in the recall of fear extinction learning may be an underlying cause of PTSD symptoms (Milad et al., 2008, 2009). The SPS rat model provides an opportunity for testing these hypotheses.

EFFECTS OF SPS ON BEHAVIOR AND THE BRAIN

Many findings suggest that SPS produces behavioral and physiological symptoms that are similar to those observed in PTSD (Liberzon et al., 1997; Kohda et al., 2007; Yamamoto et al., 2010; Knox et al., 2016). Examples of behavioral effects of SPS are illustrated in Figure 1. SPS rats demonstrate sleep abnormalities (Vanderheyden et al., 2015) enhanced anxiety (Han et al., 2014; Liu et al., 2016), arousal (Khan and Liberzon, 2004), and fear learning (Iwamoto et al., 2007; Keller et al., 2015b) as well as impaired spatial and recognition memory, social interaction (Kohda et al., 2007; Wen et al., 2016) and fear extinction (Knox et al., 2012a; Keller et al., 2015b). Most changes are observed 7 days, but not 1 day, after exposure to the SPS procedure, suggesting that behavioral and cellular changes promoted by SPS are time-dependent (Liberzon et al., 1999a; Knox et al., 2016; Wu et al., 2016). Although it has been demonstrated that partial SPS does not generate extinction impairments (Knox et al., 2012b), the critical features of the SPS procedure for development of a PTSD-like phenotype remain unclear. For example, the passage of time alone may be sufficient for an incubation or sensitization effect following the SPS procedure, or a second stressful experience may be necessary to produce cumulative effects on behavior. In Figure 1, behavioral effects of SPS are categorized by the time of testing, i.e., whether testing occurred after SPS, SPS + 7 days (with or without social isolation), or SPS + 7 days + an additional stressor. Though there are variations in some SPS procedures (i.e., social isolation vs. group housing), many studies report consistent SPS effects. For example, social isolation during the quiescent period (Harada et al., 2008) and group housing during the quiescent period (Imanaka et al., 2006) both produced an enhancement in contextual fear conditioning following SPS.

Impaired Extinction of Conditioned Fear

One explanation for the persistence of fear, anxiety, avoidance, and re-experiencing symptoms in PTSD is that some individuals have strong traumatic memories that are less susceptible to extinction. Indeed, some studies of PTSD patients show enhanced conditioned fear (Blechert et al., 2007; Glover et al., 2011; Norrholm et al., 2011), and several animal studies demonstrate an enhancement in contextual fear conditioning following SPS (Iwamoto et al., 2007; Kohda et al., 2007; Keller et al., 2015b). However, others have reported extinction impairments despite normal acquisition of conditioned fear (Milad et al., 2008, 2009; Eskandarian et al., 2013; Vanderheyden et al., 2015; Knox et al., 2016). Using skin conductance responses as a measure of conditioned fear, Milad et al. (2008, 2009) found that PTSD patients showed normal fear conditioning and within-session extinction, but poor retention of extinction on later tests. In rats, prior exposure to the SPS procedure impaired extinction of both cued (Knox et al., 2012a; George et al., 2015; Keller et al., 2015b) and contextual fear conditioning (Yamamoto et al., 2008; Knox et al., 2012a; Matsumoto et al., 2013), whereas acquisition of conditioned fear and extinction within a session were not affected (Knox et al., 2012a,b). Given the evidence that within-session conditioning and retrieval are normal, these findings suggest that consolidation of the extinction memory is impaired in human PTSD patients and in SPS rats. Neurobiological changes that could contribute to impairments in behavior and fear extinction are discussed below (Table 1).

TABLE 1. Cellular changes in three key areas controlling memory and emotionality after single prolonged stress (SPS) model of PTSD.
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Hippocampus

The hippocampus plays a role in storing fear memories and in mediating stress responses (Phillips and LeDoux, 1992; McEwen, 2007). Not surprisingly, the hippocampus is highly sensitive to chronic stress (McEwen, 2007). This is confirmed by functional magnetic resonance imaging (fMRI) studies demonstrating that PTSD patients have a smaller hippocampal volume than healthy controls (Bremner et al., 1995; Stein et al., 1997), although some research suggests that a lower hippocampal volume may represent a risk factor for PTSD (Gilbertson et al., 2002). These findings indicate that reduced hippocampal function might be associated with resistant memory impairments in PTSD.

To our knowledge, no studies have examined the effect of the SPS procedure on hippocampal volume, however, the hippocampus has been the subject of many investigations. Enhanced apoptosis, a phenomenon involved in programed cell death that results in morphological changes, is observed in the hippocampus shortly after SPS, and persists after the undisturbed phase, and after a subsequent stressor (Li et al., 2010; Liu et al., 2010; Wang et al., 2012; Han et al., 2013). Re-stress after SPS also enhances autophagosomes and autophagy-related markers (Wan et al., 2016). Likewise, studies using the SPS model show evidence of enhanced oxidative stress and inflammation (Schiavone et al., 2013). For example, IL-6, malondialdehyde, NOX2, and 4-hydroxynonenal contribute to apoptotic cell death in the hippocampus following SPS (Li et al., 2010; Wang et al., 2012; Han et al., 2013; Liu et al., 2016). Balance and expression of GR and MR receptors is disrupted in the hippocampus of SPS rats. Thus, while decreased expression of GR and MR is observed shortly after SPS (Liberzon et al., 1999a; Zhe et al., 2008), increased expression of these receptors is observed after a week or after re-stress (Zhe et al., 2008; Knox et al., 2012b; Eagle et al., 2013; George et al., 2015). Synaptic plasticity-related mechanisms are also influenced by SPS. Both LTP and LTD are decreased after SPS (Kohda et al., 2007), while NMDA receptor expression is enhanced (Yamamoto et al., 2008). In a recent study using c-Fos expression, Knox et al. (2016) found that SPS disrupted the inhibition of ventral hippocampal activity during extinction retrieval as well as the functional connectivity within the dorsal hippocampus during extinction learning.

Amygdala

The amygdala is also involved in the control of fearful states and learning of emotional experiences. Imaging studies have revealed that PTSD patients show exaggerated amygdala activity in response to trauma-related cues or unrelated arousing stimuli and during new fear learning (Liberzon et al., 1999b; Dunsmoor et al., 2011; Sartory et al., 2013), supporting the notion that enhanced amygdala activity could be involved in impaired extinction learning or generalization of fear responses.

Studies using the SPS model demonstrate changes in the amygdala starting a day after the procedure (Table 1). Increased apoptosis and downstream signals, like phosphorylated extracellular signal–regulated kinases, glucose-regulated protein 78 (GRP78) and caspases 3, 9, and 12 expression, were observed in the amygdala 1 day after SPS, and some reached peak levels 7 days later (Liu et al., 2010; Xiao et al., 2011, 2015), suggesting that SPS-induced morphological and connectivity changes may precede the behavioral and memory deficits observed after the 7-day period. Potentiated-fear learning following SPS was paralleled by an early decrease in GR and MR receptors in the amygdala, as well as by blunted LTP and decreased colocalization of GR and MR receptors 1 week later (Kohda et al., 2007; Han et al., 2014). Intracellular calcium levels are changed shortly after SPS and the effect persists for 1 week (Xiao et al., 2009). Acute changes in calmodulin (CaM) and calcium-CaM kinase II (CaMKII), two messengers involved in Ca2+ homeostasis and signaling processes related to learning and memory, were up- and downregulated, respectively, within 1 day of SPS (Xiao et al., 2009), indicating that SPS disrupts fundamental mechanisms of cell signaling, which may lead to amygdala hyperactivity, enhanced fear expression and impaired extinction of conditioned fear.

Prefrontal Cortex

Inhibition of amygdala hyperactivity and cognitive flexibility are important prefrontal cortex functions that are implicated in PTSD susceptibility and symptoms (Kitayama et al., 2006; Shin et al., 2006; Gold et al., 2011). This notion is supported by functional imaging studies showing a reduced activity of the medial prefrontal cortex and anterior cingulate cortex in PTSD patients during presentation of trauma-related and non-related aversive stimuli (Shin et al., 2006; Etkin and Wager, 2007; Gold et al., 2011). Moreover, the volume of the ventromedial prefrontal cortex and the anterior cingulate cortex is reduced in individuals with PTSD (Kitayama et al., 2006; Kasai et al., 2008; Karl and Werner, 2010). Abnormal morphological changes in the pathway from the anterior cingulate cortex to the amygdala was also found in PTSD patients (Kim et al., 2006), suggesting that a series of changes in the normal control of the fearful states or behavioral flexibility by the frontal cortex may be involved in the pathophysiology of PTSD.

Evidence for similar changes in the prefrontal cortex of rats submitted to the SPS model remains sparse. As in the hippocampus and amygdala, neuronal apoptosis and dysregulation of autophagic activity in the prefrontal cortex appears 1 day after SPS (Li et al., 2013; Wen et al., 2016; Zheng et al., 2017). Elevated levels of protein kinase RNA-like endoplasmic reticulum kinase (PERK), activating transcription factor 6 (ATF6), inositol-requiring enzyme 1 (IRE1) in the endoplasmic reticulum (ER), glucose-regulated protein (GRP) 94 and apoptosis-related caspase-12 are involved in the persistent apoptotic profile seen 1 week after SPS (Li et al., 2013; Zhao et al., 2014; Wen et al., 2016, 2017). Unbalanced control of calcium indicates that intracellular messengers controlling neuronal excitability are disrupted following SPS (Wen et al., 2012). This is corroborated by studies showing decreased levels of glutamate in the prefrontal cortex 1 week after SPS or re-stress (Knox et al., 2010; Perrine et al., 2016). The concentration of MRs is elevated 1 day after SPS (Zhang et al., 2012), while GR expression is enhanced 1 week later and after re-stress (Knox et al., 2012b; Ganon-Elazar and Akirav, 2013; George et al., 2015), indicating temporally distinct disturbances in stress-related systems.

Decreased volume and integrity of prefrontal sub-regions have been reported in PTSD patients (Rauch et al., 2003; Woodward et al., 2006). Similarly, SPS disrupts normal activity of the infralimbic region of the medial prefrontal cortex before re-stress (Knox et al., 2016), suggesting that SPS could predispose the prefrontal cortex to dysfunctional activity during fear learning and/or subsequent extinction trials. However, since different regions of the prefrontal cortex control distinct aspects of fear learning and extinction, additional studies are needed for a better understanding about changes that can be predisposing factors or consequences of the trauma.

Effects of SPS on HPA-Axis

Early research on the pathophysiology of PTSD identified a decrease in cortisol levels (Yehuda et al., 1990). Later studies demonstrated that administration of low doses of dexamethasone produced suppression of plasma cortisol, indicating that the hypothalamus-pituitary-adrenal cortex (HPA) axis may become sensitive to negative feedback in PTSD patients (Yehuda et al., 1995). Similarly, enhanced suppression of the HPA-axis is observed in rats 7 days after SPS (Liberzon et al., 1997, 1999a). The data currently available suggest that the enhanced glucocorticoid negative feedback observed in SPS may be linked to overexpression of GR and a reduced expression of MR in key areas mediating activity of the HPA-axis during stress (Liberzon et al., 1999a; Zhe et al., 2008; Eagle et al., 2013).

Changes in the HPA-axis may contribute to PTSD symptoms by interfering with extinction of conditioned fear. For example, exogenous administration of stress-levels of cortisol can impair the retrieval of long-term memories (de Quervain et al., 1998), but the same treatment enhances consolidation of new memories (McGaugh and Roozendaal, 2002; de Quervain et al., 2009). These findings suggest that SPS-induced enhanced suppression of the HPA-axis may have the opposite effect, perpetuating the fear memory by facilitating retrieval of the traumatic memory and impairing consolidation of extinction memory (de Quervain et al., 2017). However, a few studies have dissociated GR upregulation and extinction impairments in the SPS model. A significant increase in GR expression was observed in the hippocampus and prefrontal cortex 7 days after partial SPS (e.g., forced swimming and ether exposure) that did not impair extinction of conditioned fear (Knox et al., 2012b). These results indicate that glucocorticoid receptor expression must reach a threshold in order to interfere with the consolidation of extinction, or there is another SPS-related change that influences the extinction of conditioned fear. Consistent with the view that enhanced suppression of the HPA-axis and the resulting decrease in circulating glucocorticoids predisposes animals to the PTSD phenotype, Keller et al. (2015b) found that inhibition of corticosterone synthesis prior to fear conditioning exacerbated the extinction impairment in SPS rats.

Taken together, these findings indicate that the SPS model is a useful tool for studying the role of the HPA-axis in PTSD. Future studies should examine the full extent of HPA-axis changes, including the evaluation of SPS effects on circulating glucocorticoid levels. Further studies may be designed to determine whether HPA-axis dysfunction is a predisposing factor or a consequence of traumatic experience.

LIMITATIONS

Many PTSD-like effects have been identified in rats exposed to SPS. However, seemingly subtle deviations in the procedure may have significant consequences on behavior and physiology (Knox et al., 2012b). In this review, we have sorted the behavioral and physiological consequences of SPS by the time of testing. Some effects are transient, and some emerge after 7 days or a re-stress experience, suggesting that the effects of SPS are time- and experience-dependent. Variations on SPS parameters can be utilized to identify factors producing maladaptive fear and arousal states. Future studies are needed to determine the relative contributions of the passage of time and stress experience to these SPS-related changes.

Here, we also describe evidence that extinction impairments are a common feature of PTSD and the rat SPS model of PTSD. A major caveat is that human females are two times more likely to develop PTSD following a traumatic event (Kessler et al., 2005), yet SPS-induced deficits in extinction are only seen in male rats. In one study that investigated sex differences in the SPS model, Keller et al. (2015a) demonstrated that SPS affects GR expression in the dorsal hippocampus in females, but extinction retention deficits were observed only in males, suggesting that female rats are more resilient to the memory extinction effects of SPS. Such differences may be indicative of a sexually divergent response to conditioned fear. Emerging evidence indicates that female rats express fear by darting rather than freezing (Gruene et al., 2015), indicating that reliance on freezing as a single measure of fear may be misleading.

CONCLUSION

Although we have focused on factors contributing to extinction impairments, the SPS model can be used to investigate hypotheses about the biological causes of other debilitating symptoms such as social withdrawal, heightened anxiety, elevated startle response, hypervigilance, and sleep disturbances. Though the SPS model is a useful tool to study the PTSD symptomatology, additional studies are needed to examine sex differences, the timing of onset and persistence of symptoms, as well as the features of the SPS procedure that are necessary for the development of PTSD-like symptoms. Given the understanding that all models have limitations, it is encouraging to note that several other animal models demonstrate extinction impairments and PTSD-like symptoms (Izquierdo et al., 2006; Matsumoto et al., 2008; Wilber et al., 2009; Goswami et al., 2010; Long and Fanselow, 2012). Utilization of multiple animal models of PTSD and meticulous examination of PTSD-like symptoms will be critical to unfold the pathophysiology of PTSD, and lead to novel and efficient therapeutic strategies.

AUTHOR CONTRIBUTIONS

All authors have been studying the Single Prolonged Stress (SPS) rat model of PTSD in the lab for over 1 year. LN and CM met to discuss writing a mini review on the subject of SPS effects on the brain that may be responsible for the PTSD-like symptoms that we and others have observed in this model. We came up with an outline and invited RS to contribute a summary of physiological effects of SPS. LN wrote about behavioral effects. CM combined both portions, edited, and added some discussion. RS produced the figure and table.

FUNDING

This work was sponsored by the Defense Advanced Research Projects Agency (DARPA) Biological Technologies Office (BTO) Electrical Prescriptions (ElectRx) program under the auspices of Dr. Doug Weber through the Space and Naval Warfare Systems Center, Pacific. Grant/Contract No. DARPA-BAA-14-38 and DARPA-BAA-15-06 and by the NIMH, MH105014.

REFERENCES

Anda, R. F., Felitti, V. J., Bremner, J. D., Walker, J. D., Whitfield, C., Perry, B. D., et al. (2006). The enduring effects of abuse and related adverse experiences in childhood. A convergence of evidence from neurobiology and epidemiology. Eur. Arch. Psychiatry Clin. Neurosci. 256, 174–186. doi: 10.1007/s00406-005-0624-4

Blechert, J., Michael, T., Vriends, N., Margraf, J., and Wilhelm, F. H. (2007). Fear conditioning in posttraumatic stress disorder: evidence for delayed extinction of autonomic, experiential, and behavioural responses. Behav. Res. Ther. 45, 2019–2033. doi: 10.1016/j.brat.2007.02.012

Brand, L., Groenewald, I., Stein, D. J., Wegener, G., and Harvey, B. H. (2008). Stress and re-stress increases conditioned taste aversion learning in rats: possible frontal cortical and hippocampal muscarinic receptor involvement. Eur. J. Pharmacol. 586, 205–211. doi: 10.1016/j.ejphar.2008.03.004

Bremner, J. D., Randall, P., Scott, T. M., Bronen, R. A., Seibyl, J. P., Southwick, S. M., et al. (1995). MRI-based measurement of hippocampal volume in patients with combat-related posttraumatic stress disorder. Am. J. Psychiatry 152, 973–981. doi: 10.1176/ajp.152.7.973

Cui, H., Sakamoto, H., Higashi, S., and Kawata, M. (2008). Effects of single-prolonged stress on neurons and their afferent inputs in the amygdala. Neuroscience 152, 703–712. doi: 10.1016/j.neuroscience.2007.12.028

de Quervain, D., Schwabe, L., and Roozendaal, B. (2017). Stress, glucocorticoids and memory: implications for treating fear-related disorders. Nat. Rev. Neurosci. 18, 7–19. doi: 10.1038/nrn.2016.155

de Quervain, D. J., Aerni, A., Schelling, G., and Roozendaal, B. (2009). Glucocorticoids and the regulation of memory in health and disease. Front. Neuroendocrinol. 30:358–370. doi: 10.1016/j.yfrne.2009.03.002

de Quervain, D. J., Roozendaal, B., and McGaugh, J. L. (1998). Stress and glucocorticoids impair retrieval of long-term spatial memory. Nature 394, 787–790. doi: 10.1038/29542

Dunsmoor, J. E., Prince, S. E., Murty, V. P., Kragel, P. A., and LaBar, K. S. (2011). Neurobehavioral mechanisms of human fear generalization. Neuroimage 55, 1878–1888. doi: 10.1016/j.neuroimage.2011.01.041

Eagle, A. L., Knox, D., Roberts, M. M., Mulo, K., Liberzon, I., Galloway, M. P., et al. (2013). Single prolonged stress enhances hippocampal glucocorticoid receptor and phosphorylated protein kinase B levels. Neurosci. Res. 75, 130–137. doi: 10.1016/j.neures.2012.11.001

Eskandarian, S., Vafaei, A. A., Vaezi, G. H., Taherian, F., Kashefi, A., and Rashidy-Pour, A. (2013). Effects of systemic administration of oxytocin on contextual fear extinction in a rat model of post-traumatic stress disorder. Basic Clin. Neurosci. 4, 315–322.

Etkin, A., and Wager, T. D. (2007). Functional neuroimaging of anxiety: a meta-analysis of emotional processing in PTSD, social anxiety disorder, and specific phobia. Am. J. Psychiatry 164, 1476–1488. doi: 10.1176/appi.ajp.2007.07030504

Ganon-Elazar, E., and Akirav, I. (2013). Cannabinoids and traumatic stress modulation of contextual fear extinction and GR expression in the amygdala-hippocampal-prefrontal circuit. Psychoneuroendocrinology 38, 1675–1687. doi: 10.1016/j.psyneuen.2013.01.014

George, S. A., Rodriguez-Santiago, M., Riley, J., Rodriguez, E., and Liberzon, I. (2015). The effect of chronic phenytoin administration on single prolonged stress induced extinction retention deficits and glucocorticoid upregulation in the rat medial prefrontal cortex. Psychopharmacology 232, 47–56. doi: 10.1007/s00213-014-3635-x

Gilbertson, M. W., Shenton, M. E., Ciszewski, A., Kasai, K., Lasko, N. B., Orr, S. P., et al. (2002). Smaller hippocampal volume predicts pathologic vulnerability to psychological trauma. Nat. Neurosci. 5, 1242–1247. doi: 10.1038/nn958

Glover, E. M., Phifer, J. E., Crain, D. F., Norrholm, S. D., Davis, M., Bradley, B., et al. (2011). Tools for translational neuroscience: PTSD is associated with heightened fear responses using acoustic startle but not skin conductance measures. Depress. Anxiety 28, 1058–1066. doi: 10.1002/da.20880

Gold, A. L., Shin, L. M., Orr, S. P., Carson, M. A., Rauch, S. L., Macklin, M. L., et al. (2011). Decreased regional cerebral blood flow in medial prefrontal cortex during trauma-unrelated stressful imagery in Vietnam veterans with post-traumatic stress disorder. Psychol. Med. 41, 2563–2572. doi: 10.1017/S0033291711000730

Goswami, S., Cascardi, M., Rodriguez-Sierra, O. E., Duvarci, S., and Pare, D. (2010). Impact of predatory threat on fear extinction in Lewis rats. Learn. Mem. 17, 494–501. doi: 10.1101/lm.1948910

Gruene, T. M., Flick, K., Stefano, A., Shea, S. D., and Shansky, R. M. (2015). Sexually divergent expression of active and passive conditioned fear responses in rats. Elife 4:e11352. doi: 10.7554/eLife.11352

Han, F., Ding, J., and Shi, Y. (2014). Expression of amygdala mineralocorticoid receptor and glucocorticoid receptor in the single-prolonged stress rats. BMC Neurosci. 15:77. doi: 10.1186/1471-2202-15-77

Han, F., Yan, S., and Shi, Y. (2013). Single-prolonged stress induces endoplasmic reticulum-dependent apoptosis in the hippocampus in a rat model of post-traumatic stress disorder. PLOS ONE 8:e69340. doi: 10.1371/journal.pone.0069340

Harada, K., Yamaji, T., and Matsuoka, N. (2008). Activation of the serotonin 5-HT2C receptor is involved in the enhanced anxiety in rats after single-prolonged stress. Pharmacol. Biochem. Behav. 89, 11–16. doi: 10.1016/j.pbb.2007.10.016

Imanaka, A., Morinobu, S., Toki, S., and Yamawaki, S. (2006). Importance of early environment in the development of post-traumatic stress disorder-like behaviors. Behav. Brain Res. 173, 129–137. doi: 10.1016/j.bbr.2006.06.012

Iwamoto, Y., Morinobu, S., Takahashi, T., and Yamawaki, S. (2007). Single prolonged stress increases contextual freezing and the expression of glycine transporter 1 and vesicle-associated membrane protein 2 mRNA in the hippocampus of rats. Prog. Neuropsychopharmacol. Biol. Psychiatry 31, 642–651. doi: 10.1016/j.pnpbp.2006.12.010

Izquierdo, A., Wellman, C. L., and Holmes, A. (2006). Brief uncontrollable stress causes dendritic retraction in infralimbic cortex and resistance to fear extinction in mice. J. Neurosci. 26, 5733–5738. doi: 10.1523/Jneurosci.0474-06.2006

Ji, L. L., Tong, L., Xu, B. K., Fu, C. H., Shu, W., Peng, J. B., et al. (2014). Intra-hippocampal administration of ZIP alleviates depressive and anxiety-like responses in an animal model of posttraumatic stress disorder. Behav. Brain Funct. 10:28. doi: 10.1186/1744-9081-10-28

Karl, A., and Werner, A. (2010). The use of proton magnetic resonance spectroscopy in PTSD research–meta-analyses of findings and methodological review. Neurosci. Biobehav. Rev. 34, 7–22. doi: 10.1016/j.neubiorev.2009.06.008

Kasai, K., Yamasue, H., Gilbertson, M. W., Shenton, M. E., Rauch, S. L., and Pitman, R. K. (2008). Evidence for acquired pregenual anterior cingulate gray matter loss from a twin study of combat-related posttraumatic stress disorder. Biol. Psychiatry 63, 550–556. doi: 10.1016/j.biopsych.2007.06.022

Keller, S. M., Schreiber, W. B., Staib, J. M., and Knox, D. (2015a). Sex differences in the single prolonged stress model. Behav. Brain Res. 286, 29–32. doi: 10.1016/j.bbr.2015.02.034

Keller, S. M., Schreiber, W. B., Stanfield, B. R., and Knox, D. (2015b). Inhibiting corticosterone synthesis during fear memory formation exacerbates cued fear extinction memory deficits within the single prolonged stress model. Behav. Brain Res. 287, 182–186. doi: 10.1016/j.bbr.2015.03.043

Kessler, R. C., Chiu, W. T., Demler, O., Merikangas, K. R., and Walters, E. E. (2005). Prevalence, severity, and comorbidity of 12-month DSM-IV disorders in the National Comorbidity Survey Replication. Arch. Gen. Psychiatry 62, 617–627. doi: 10.1001/archpsyc.62.6.617

Khan, S., and Liberzon, I. (2004). Topiramate attenuates exaggerated acoustic startle in an animal model of PTSD. Psychopharmacology 172, 225–229. doi: 10.1007/s00213-003-1634-4

Kilpatrick, D. G., Resnick, H. S., Milanak, M. E., Miller, M. W., Keyes, K. M., and Friedman, M. J. (2013). National estimates of exposure to traumatic events and PTSD prevalence using DSM-IV and DSM-5 criteria. J. Trauma Stress 26, 537–547. doi: 10.1002/jts.21848

Kim, S. J., Jeong, D. U., Sim, M. E., Bae, S. C., Chung, A., Kim, M. J., et al. (2006). Asymmetrically altered integrity of cingulum bundle in posttraumatic stress disorder. Neuropsychobiology 54, 120–125. doi: 10.1159/000098262

Kitayama, N., Quinn, S., and Bremner, J. D. (2006). Smaller volume of anterior cingulate cortex in abuse-related posttraumatic stress disorder. J. Affect. Disord. 90, 171–174. doi: 10.1016/j.jad.2005.11.006

Knox, D., George, S. A., Fitzpatrick, C. J., Rabinak, C. A., Maren, S., and Liberzon, I. (2012a). Single prolonged stress disrupts retention of extinguished fear in rats. Learn. Mem. 19, 43–49. doi: 10.1101/lm.024356.111

Knox, D., Nault, T., Henderson, C., and Liberzon, I. (2012b). Glucocorticoid receptors and extinction retention deficits in the single prolonged stress model. Neuroscience 223, 163–173. doi: 10.1016/j.neuroscience.2012.07.047

Knox, D., Perrine, S. A., George, S. A., Galloway, M. P., and Liberzon, I. (2010). Single prolonged stress decreases glutamate, glutamine, and creatine concentrations in the rat medial prefrontal cortex. Neurosci. Lett. 480, 16–20. doi: 10.1016/j.neulet.2010.05.052

Knox, D., Stanfield, B. R., Staib, J. M., David, N. P., Keller, S. M., and DePietro, T. (2016). Neural circuits via which single prolonged stress exposure leads to fear extinction retention deficits. Learn. Mem. 23, 689–698. doi: 10.1101/lm.043141.116

Kohda, K., Harada, K., Kato, K., Hoshino, A., Motohashi, J., Yamaji, T., et al. (2007). Glucocorticoid receptor activation is involved in producing abnormal phenotypes of single-prolonged stress rats: a putative post-traumatic stress disorder model. Neuroscience 148, 22–33. doi: 10.1016/j.neuroscience.2007.05.041

Li, X. M., Han, F., Liu, D. J., and Shi, Y. X. (2010). Single-prolonged stress induced mitochondrial-dependent apoptosis in hippocampus in the rat model of post-traumatic stress disorder. J. Chem. Neuroanat. 40, 248–255. doi: 10.1016/j.jchemneu.2010.07.001

Li, Y., Han, F., and Shi, Y. (2013). Increased neuronal apoptosis in medial prefrontal cortex is accompanied with changes of Bcl-2 and Bax in a rat model of post-traumatic stress disorder. J. Mol. Neurosci. 51, 127–137. doi: 10.1007/s12031-013-9965-z

Liberzon, I., Krstov, M., and Young, E. A. (1997). Stress-restress: effects on ACTH and fast feedback. Psychoneuroendocrinology 22, 443–453. doi: 10.1016/S0306-4530(97)00044-9

Liberzon, I., Lopez, J. F., Flagel, S. B., Vazquez, D. M., and Young, E. A. (1999a). Differential regulation of hippocampal glucocorticoid receptors mRNA and fast feedback: relevance to post-traumatic stress disorder. J. Neuroendocrinol. 11, 11–17.

Liberzon, I., Taylor, S. F., Amdur, R., Jung, T. D., Chamberlain, K. R., Minoshima, S., et al. (1999b). Brain activation in PTSD in response to trauma-related stimuli. Biol. Psychiatry 45, 817–826.

Liberzon, I., and Young, E. A. (1997). Effects of stress and glucocorticoids on CNS oxytocin receptor binding. Psychoneuroendocrinology 22, 411–422. doi: 10.1016/S0306-4530(97)00045-0

Lin, C. C., Tung, C. S., Lin, P. H., Huang, C. L., and Liu, Y. P. (2016a). Traumatic stress causes distinctive effects on fear circuit catecholamines and the fear extinction profile in a rodent model of posttraumatic stress disorder. Eur. Neuropsychopharmacol. 26, 1484–1495. doi: 10.1016/j.euroneuro.2016.06.004

Lin, C. C., Tung, C. S., and Liu, Y. P. (2016b). Escitalopram reversed the traumatic stress-induced depressed and anxiety-like symptoms but not the deficits of fear memory. Psychopharmacology 233, 1135–1146. doi: 10.1007/s00213-015-4194-5

Liu, F. F., Yang, L. D., Sun, X. R., Zhang, H., Pan, W., Wang, X. M., et al. (2016). NOX2 mediated-parvalbumin interneuron loss might contribute to anxiety-like and enhanced fear learning behavior in a rat model of post-traumatic stress disorder. Mol. Neurobiol. 53, 6680–6689. doi: 10.1007/s12035-015-9571-x

Liu, H., Li, H., Xu, A., Kan, Q., and Liu, B. (2010). Role of phosphorylated ERK in amygdala neuronal apoptosis in single-prolonged stress rats. Mol. Med. Rep. 3, 1059–1063. doi: 10.3892/mmr.2010.362

Long, V. A., and Fanselow, M. S. (2012). Stress-enhanced fear learning in rats is resistant to the effects of immediate massed extinction. Stress Int. J. Biol. Stress 15, 627–636. doi: 10.3109/10253890.2011.650251

Maercker, A., Michael, T., Fehm, L., Becker, E. S., and Margraf, J. (2004). Age of traumatisation as a predictor of post-traumatic stress disorder or major depression in young women. Br. J. Psychiatry 184, 482–487. doi: 10.1192/bjp.184.6.482

Matsumoto, M., Togashi, H., Konno, K., Koseki, H., Hirata, R., Izumi, T., et al. (2008). Early postnatal stress alters the extinction of context-dependent conditioned fear in adult rats. Pharmacol. Biochem. Behav. 89, 247–252. doi: 10.1016/j.pbb.2007.12.017

Matsumoto, Y., Morinobu, S., Yamamoto, S., Matsumoto, T., Takei, S., Fujita, Y., et al. (2013). Vorinostat ameliorates impaired fear extinction possibly via the hippocampal NMDA-CaMKII pathway in an animal model of posttraumatic stress disorder. Psychopharmacology 229, 51–62. doi: 10.1007/s00213-013-3078-9

McEwen, B. S. (2007). Physiology and neurobiology of stress and adaptation: central role of the brain. Physiol. Rev. 87, 873–904. doi: 10.1152/physrev.00041.2006

McGaugh, J. L., and Roozendaal, B. (2002). Role of adrenal stress hormones in forming lasting memories in the brain. Curr. Opin. Neurobiol. 12, 205–210. doi: 10.1016/S0959-4388(02)00306-9

Milad, M. R., Orr, S. P., Lasko, N. B., Chang, Y., Rauch, S. L., and Pitman, R. K. (2008). Presence and acquired origin of reduced recall for fear extinction in PTSD: results of a twin study. J. Psychiatr. Res. 42, 515–520. doi: 10.1016/j.jpsychires.2008.01.017

Milad, M. R., Pitman, R. K., Ellis, C. B., Gold, A. L., Shin, L. M., Lasko, N. B., et al. (2009). Neurobiological basis of failure to recall extinction memory in posttraumatic stress disorder. Biol. Psychiatry 66, 1075–1082. doi: 10.1016/j.biopsych.2009.06.026

Norrholm, S. D., Jovanovic, T., Olin, I. W., Sands, L. A., Karapanou, I., Bradley, B., et al. (2011). Fear extinction in traumatized civilians with posttraumatic stress disorder: relation to symptom severity. Biol. Psychiatry 69, 556–563. doi: 10.1016/j.biopsych.2010.09.013

Perrine, S. A., Eagle, A. L., George, S. A., Mulo, K., Kohler, R. J., Gerard, J., et al. (2016). Severe, multimodal stress exposure induces PTSD-like characteristics in a mouse model of single prolonged stress. Behav. Brain Res. 303, 228–237. doi: 10.1016/j.bbr.2016.01.056

Phillips, R. G., and LeDoux, J. E. (1992). Differential contribution of amygdala and hippocampus to cued and contextual fear conditioning. Behav. Neurosci. 106, 274–285. doi: 10.1037/0735-7044.106.2.274

Rauch, S. L., Shin, L. M., Segal, E., Pitman, R. K., Carson, M. A., McMullin, K., et al. (2003). Selectively reduced regional cortical volumes in post-traumatic stress disorder. Neuroreport 14, 913–916. doi: 10.1097/01.wnr.0000071767.24455.10

Sartory, G., Cwik, J., Knuppertz, H., Schurholt, B., Lebens, M., Seitz, R. J., et al. (2013). In search of the trauma memory: a meta-analysis of functional neuroimaging studies of symptom provocation in posttraumatic stress disorder (PTSD). PLOS ONE 8:e58150. doi: 10.1371/journal.pone.0058150

Schiavone, S., Jaquet, V., Trabace, L., and Krause, K. H. (2013). Severe life stress and oxidative stress in the brain: from animal models to human pathology. Antioxid. Redox. Signal. 18, 1475–1490. doi: 10.1089/ars.2012.4720

Shin, L. M., Rauch, S. L., and Pitman, R. K. (2006). Amygdala, medial prefrontal cortex, and hippocampal function in PTSD. Ann. N. Y. Acad. Sci. 1071, 67–79. doi: 10.1196/annals.1364.007

Stein, M. B., Koverola, C., Hanna, C., Torchia, M. G., and McClarty, B. (1997). Hippocampal volume in women victimized by childhood sexual abuse. Psychol. Med. 27, 951–959. doi: 10.1017/S0033291797005242

Takei, S., Morinobu, S., Yamamoto, S., Fuchikami, M., Matsumoto, T., and Yamawaki, S. (2011). Enhanced hippocampal BDNF/TrkB signaling in response to fear conditioning in an animal model of posttraumatic stress disorder. J. Psychiatr. Res. 45, 460–468. doi: 10.1016/j.jpsychires.2010.08.009

Vanderheyden, W. M., George, S. A., Urpa, L., Kehoe, M., Liberzon, I., and Poe, G. R. (2015). Sleep alterations following exposure to stress predict fear-associated memory impairments in a rodent model of PTSD. Exp. Brain Res. 233, 2335–2346. doi: 10.1007/s00221-015-4302-0

Wan, J., Liu, D., Zhang, J., Shi, Y., and Han, F. (2016). Single-prolonged stress induce different change in the cell organelle of the hippocampal cells: a study of ultrastructure. Acta Histochem. 118, 10–19. doi: 10.1016/j.acthis.2015.11.003

Wang, H., Zuo, D., He, B., Qiao, F., Zhao, M., and Wu, Y. (2012). Conditioned fear stress combined with single-prolonged stress: a new PTSD mouse model. Neurosci. Res. 73, 142–152. doi: 10.1016/j.neures.2012.03.003

Wen, L., Han, F., Shi, Y., and Li, X. (2016). Role of the endoplasmic reticulum pathway in the medial prefrontal cortex in post-traumatic stress disorder model rats. J. Mol. Neurosci. 59, 471–482. doi: 10.1007/s12031-016-0755-2

Wen, L., Xiao, B., Shi, Y., and Han, F. (2017). PERK signalling pathway mediates single prolonged stress-induced dysfunction of medial prefrontal cortex neurons. Apoptosis 22, 753–768. doi: 10.1007/s10495-017-1371-5

Wen, Y., Li, B., Han, F., Wang, E., and Shi, Y. (2012). Dysfunction of calcium/calmodulin/CaM kinase IIalpha cascades in the medial prefrontal cortex in post-traumatic stress disorder. Mol. Med. Rep. 6, 1140–1144. doi: 10.3892/mmr.2012.1022

Wilber, A. A., Southwood, C. J., and Wellman, C. L. (2009). Brief neonatal maternal separation alters extinction of conditioned fear and corticolimbic glucocorticoid and NMDA receptor expression in adult rats. Dev. Neurobiol. 69, 73–87. doi: 10.1002/dneu.20691

Woodward, S. H., Kaloupek, D. G., Streeter, C. C., Martinez, C., Schaer, M., and Eliez, S. (2006). Decreased anterior cingulate volume in combat-related PTSD. Biol. Psychiatry 59, 582–587. doi: 10.1016/j.biopsych.2005.07.033

Wu, Z., Tian, Q., Li, F., Gao, J., Liu, Y., Mao, M., et al. (2016). Behavioral changes over time in post-traumatic stress disorder: insights from a rat model of single prolonged stress. Behav. Processes 124, 123–129. doi: 10.1016/j.beproc.2016.01.001

Xiao, B., Han, F., and Shi, Y. X. (2009). Dysfunction of Ca2+/CaM kinase IIalpha cascades in the amygdala in post-traumatic stress disorder. Int. J. Mol. Med. 24, 795–799.

Xiao, B., Yu, B., Liu, D. J., Han, F., and Shi, Y. X. (2015). Single prolonged stress induces dysfunction of endoplasmic reticulum in a rat model of post-traumatic stress disorder. Mol. Med. Rep. 12, 2015–2020. doi: 10.3892/mmr.2015.3590

Xiao, B., Yu, B., Wang, H. T., Han, F., and Shi, Y. X. (2011). Single-prolonged stress induces apoptosis by activating cytochrome C/caspase-9 pathway in a rat model of post-traumatic stress disorder. Cell Mol. Neurobiol. 31, 37–43. doi: 10.1007/s10571-010-9550-8

Yamamoto, S., Morinobu, S., Fuchikami, M., Kurata, A., Kozuru, T., and Yamawaki, S. (2008). Effects of single prolonged stress and D-cycloserine on contextual fear extinction and hippocampal NMDA receptor expression in a rat model of PTSD. Neuropsychopharmacology 33, 2108–2116. doi: 10.1038/sj.npp.1301605

Yamamoto, S., Morinobu, S., Iwamoto, Y., Ueda, Y., Takei, S., Fujita, Y., et al. (2010). Alterations in the hippocampal glycinergic system in an animal model of posttraumatic stress disorder. J. Psychiatr. Res. 44, 1069–1074. doi: 10.1016/j.jpsychires.2010.03.013

Yehuda, R., Boisoneau, D., Lowy, M. T., and Giller, E. L. (1995). Dose-response changes in plasma cortisol and lymphocyte glucocorticoid receptors following dexamethasone administration in combat veterans with and without posttraumatic stress disorder. Arch. Gen. Psychiatry 52, 583–593. doi: 10.1001/archpsyc.1995.03950190065010

Yehuda, R., Southwick, S. M., Nussbaum, G., Wahby, V., Giller, E. L., and Mason, J. W. (1990). Low urinary cortisol excretion in patients with posttraumatic stress disorder. J. Nerv. Ment. Dis. 178, 366–369. doi: 10.1097/00005053-199006000-00004

Zer-Aviv, T. M., and Akirav, I. (2016). Sex differences in hippocampal response to endocannabinoids after exposure to severe stress. Hippocampus 26, 947–957. doi: 10.1002/hipo.22577

Zhang, J. H., Han, F., and Shi, Y. X. (2012). Single prolonged stress induces changes in the expression of mineralocorticoid receptor in the medial prefrontal cortex in a rat model of post-traumatic stress disorder. Mol. Med. Rep. 6, 330–334. doi: 10.3892/mmr.2012.937

Zhang, J. H., Li, M., Han, F., and Shi, Y. X. (2016). Stress-induced increases in levels of caspases in the prefrontal cortex in a rat model of PTSD. Neurophysiology 48, 11–16. doi: 10.1007/s11062-016-9563-0

Zhao, D., Han, F., and Shi, Y. (2014). Effect of glucose-regulated protein 94 and endoplasmic reticulum modulator caspase-12 in medial prefrontal cortex in a rat model of posttraumatic stress disorder. J. Mol. Neurosci. 54, 147–155. doi: 10.1007/s12031-014-0263-1

Zhe, D., Fang, H., and Yuxiu, S. (2008). Expressions of hippocampal mineralocorticoid receptor (MR) and glucocorticoid receptor (GR) in the single-prolonged stress-rats. Acta Histochem. Cytochem. 41, 89–95. doi: 10.1267/ahc.08013

Zheng, S., Han, F., Shi, Y., Wen, L., and Han, D. (2017). Single-prolonged-stress-induced changes in autophagy-related proteins beclin-1, LC3, and p62 in the medial prefrontal cortex of rats with post-traumatic stress disorder. J. Mol. Neurosci. 62, 43–54. doi: 10.1007/s12031-017-0909-x

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Souza, Noble and McIntyre. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers

in Pharmacology

Using the Single Prolonged Stress
Model to Examine the
Pathophysiology of PTSD





OPS/images/fphar-08-00615-g001.jpg
SPS PROCEDURE

A
Two-hour Twenty-minute Fifteen-minute Exposure toT
Immobilization Forced Swim Recuperation Diethyl Ether
B WITHIN 24H
4= Anxiety T =
« Arousal A @‘l/ N\ o  AFTER RE-STRESS
= Spatial memory v 'o N a
= Fear learning ( : E— 3 1 Anxiety
T REM sleep ‘_‘ \ \ 1 Arousal
. — 1 Fearlearning
éﬁé’; — e Wl N 1 Length of active waking bouts
c AFTER 7 DAYS Il Spatial memory
, Il Extinction
Anxiety Y
Arousal

Fear context discrimination
Fear learning

Extinction

Spatial memory
Social interaction
Recognition memory

(S -






OPS/images/cross.jpg
3,

i





OPS/images/logo.jpg
, frontiers
in Pharmacology





OPS/images/fphar-08-00615-t001.jpg
Hippocampus

Within 24 h

After 7 days

After re-stress

Amygdala

Within 24 h

After 7 days

After re-stress

Prefrontal cortex

Within 24 h

After 7 days

After re-stress

Effect

+ Apoptosis
8 Glucocorticoid receptor

8 Mineralocorticoid receptor
8 LTP/LTD*

+ Apoptosis

t Glucocorticoid receptor**
4 CB1 receptor

+ NMDA receptor

1 Oxytocin receptor Binding
tIL-6

8 Glucocorticoid receptor

8 Mineralocorticoid receptor
aLTP

+ BDNF

1 TkB

+ Autophagy

* Protein kinase M zeta

+ Apoptosis
 Glucocorticoid receptor

* Glycine transporter

+ Muscarinic receptor

Effect

+ Apoptosis
1 pERK

t CaM

8 Glucocorticoid receptor

8 Mineralocorticoid receptor
t Glucocorticoid receptor
tCaM

+ Oxytocin

+5-HT2C receptor

+ Apoptosis

1+ pERK

1 CB1 receptor

+ Neuropeptide Y

8 CaMKIl

t Norepinephrine

* CB1 receptor

8 Dopamine

Effect

 Mineralocorticoid receptor
tCaM

+ Apoptosis

+ Caspases

1 Caspases

* Glucocorticoid receptor

1 pERK

t CaM

+ Apoptosis

8 Mineralocorticoid receptor
8 CaMKIl

8 Glutamate

+ Glucocorticoid receptor

1 CB1 receptor

8 CaMKIl

8 Norepinephrine efflux

3 Dopamine efflux

3 Glutamate

Reference

Lietal, 2010; Liu et al., 2010; Han et al., 2013
Liberzon et al., 1999a; Zhe et al., 2008
Liberzon et al., 1999a; Zhe et al., 2008
Kohda et al., 2007

Lietal, 2010

Zhe et al., 2008; Knox et al., 2012b; Eagle et al., 2013
Zer-Aviv and Akirav, 2016

Yamamoto et al., 2008

Liberzon and Young, 1997

Liuetal., 2016

Ganon-Elazar and Akirav, 2013

Zhe et al., 2008

Kohda et al., 2007

Takei et al., 2011

Takei et al., 2011

Wan et al,, 2016

Jietal, 2014

Wang et al., 2012

George et al., 2015

Iwamoto et al., 2007

Brand et al., 2008

Reference

Xiao et al., 2015
Liuetal., 2010

Xiao et al., 2009

Han et al., 2014

Han et al., 2014

Ganon-Elazar and Akirav, 2013
Xiao et al., 2009

Liberzon and Young, 1997
Harada et al., 2008

Liuetal., 2010

Liuetal., 2010

Zer-Aviv and Akirav, 2016

Cui et al., 2008

Xiao et al., 2009

Linetal., 2016a

Zer-Aviv and Akirav, 2016
Linetal., 2016a

Reference

Zhang et al., 2012

Wen etal., 2012

Lietal, 2013

Zhang et al., 2016

Wen etal., 2012

Knox et al., 2012b; Ganon-Elazar and Akirav, 2013
Wen et al., 2016, 2017

Wen etal., 2012

Wen et al., 2016, 2017

Zhang et al., 2012

Wen etal., 2012

Knox et al., 2010; Perrine et al., 2016
Ganon-Elazar and Akirav, 2013; George et al., 2015
Zer-Aviv and Akirav, 2016

Wen etal., 2012

Lin et al., 20160

Linetal., 2016b

Perrine et al., 2016

Different from behavioral changes, expression of receptors and other proteins, as well as neurotransitters, are observed within hours after SPS. Mechanisms controling
neuroendocrine responses, memory and emotion show a full profile of disruption after 7 days of incubation or after subsequent stress experience. CaM, calmodulin;
CalKi, Ca?*/calmodulin-dependent protein kinase ll: CB1, cannabinoid receptor 1; pERK, phosphorylated extracellular signal-regulated kinase; BDNF, brain-derived
neurotrophic factor; NPY, Neuropeptide Y LTP/LTD, long-term potentiation/depression; NMDA, ionotropic glutamate receptor; IL-6, Interleukin 6; pPKB, phosphorylated
protein kinase B; TrkB, tyrosine receptor kinase B; 5-HT2C receptor; serotonin receptor. *Measured 1 h after SPS; **one study reported decrease.





