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Abstract: Stress has been demonstrated to be a key modulator in learning and memory processes, in 
which the hippocampus plays a central role. A great number of neuropeptides have been reported to 
modulate learning and memory under stressful conditions. Neuropeptidases are proteolytic enzymes 
capable of regulating the function of neuropeptides in the central and peripheral nervous system. In 
this regard, a number of neuropeptidases, i.e. angiotensinases, oxytocinase, or enkephalinases, have 
received attention. Their involvement in stress and memory processes is a promising perspective, as 
it is possible to influence their activities through various activators or inhibitors and, consequently, to 
pharmacologically modulate the functions of the endogenous substrates that are involved. The 
present review describes the key findings showing the involvement of neuropeptides and 
neuropeptidases in stress and memory and highlights the role of the hippocampus in these processes.  
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1. Stress and Memory 

In order to increase the chances of survival under stressful conditions, the body coordinately 
responds to maintain homeostasis (i.e. the internal environment stability) despite changes in the 
external surrounding [1]. Allostasis is the process of achieving stability or homeostasis through 
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anticipatory adjustments connecting, among others, various brain corticolimbic regions, the 
hypothalamic-pituitary-adrenal (HPA) axis, and the autonomic nervous system (ANS) [2]. Allostasis 
is essential to maintain viability in a changing environment. 

Although an unspecific basal response exists under the multiplicity of various stressor stimuli, 
important nuances diversify the response. Thus, different stressors may be perceived by diverse 
sensory pathways and act upon the disparate brain regions responsible for the resultant response. 
Thus, the stressors can be divided into two classes: stimuli that require a rapid response to avoid an 
immediate danger and directly involving the hypothalamus and other areas of the brain stem and 
stressors that require emotional and cognitive processing before sending a response. The latter class 
of stressors involve higher regions such as the prefrontal cortex, amygdala, or hippocampus [3,4]. 
These brain regions constitute the corticolimbic circuitry, which is particularly susceptible to the 
influence of stress through modification of their interactions which consequently may alter not only 
the central, but also the peripheral functions in which they are involved [3–8]. 

It has been demonstrated that stress exerts a marked influence (facilitating or impairing) on 
learning and memory, which is dependent on factors such as source, stressor duration, intensity, and 
timing of exposure, and learning type [9,10]. For example, the amygdala and hippocampus act in 
concert to form memories of emotional experiences which activate the interaction between these 
brain regions and promote the consolidation of memories. Moreover, acute stress, such as brief 
periods of restraint, may intensify memory formation while chronic stress may impair it [11]. 

Among the brain regions involved in the stress response, the hippocampus is especially 
sensitive and is critically involved in memory formation [12]. Stress affects the hippocampus and the 
effect is dependent on the type of stressor and on its acute or chronic timing. Stress influence may 
lead to changes in hippocampal morphology [13], alteration in the connectivity with other brain 
regions [14], or even variations in hippocampus-peripheral neuroendocrine connections [8]. 

Multiple animal models have been developed to study different types of stress, of which the 
most common is restraint stress. In this model, animals are introduced into cylindrical, ventilated 
tubes and kept immobilized for different time periods in order to induce acute or chronic stress. This 
model produces stress with a low rate of adaptation and high levels of anxiety following the stress 
period [15,16]. 

A broad variety of factors, including a great number of neuropeptides, have been reported to be 
modulators of memory in stressful conditions [17,18]. Among the factors involved in the stress 
response, the neuropeptides angiotensin, enkephalin, and oxytocin play key roles through their action 
as either anxiogenic or anxiolytic agents [19–24]. These peptides are partially regulated by the 
proteolytic enzymes angiotensinase, enkephalinase, and oxytocinase [25–28]. However, the influence 
of stress on the neuropeptidases which regulate the neuropeptides in brain regions directly involved 
in the stress response and memory processing is poorly known. Only few indirect studies concerning 
the involvement of these enzymes and the influence of stress on memory processes have been 
reported [7,8]. In the next sections, we share a brief review of the peptides involved in stress and 
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memory, with particular attention to the contribution of the aminopeptidases involved in these 
processes at both central and peripheral levels. 

2. Neuropeptides, Stress, and Memory 

2.1. Angiotensins, stress, and memory 

The components of the Renin-Angiotensin System (RAS) have been found in the brain where it 

is firmly established that they are synthesized independently of peripheral sources [23,24,28]. As 

summarized Figure 1, angiotensin I (Ang I), produced by the action of renin on its substrate 

angiotensinogen, is metabolized to Ang II by the activity of angiotensin converting enzyme (ACE). 

Ang II is hydrolyzed by aminopeptidase-A (AP-A) to produce Ang III which is converted to Ang IV 

by aminopeptidase-M (AP-M). AP-M also acts on Ang IV to generate new Ang fragments that are 

currently without known function. Ang I may also be converted to other active angiotensin peptides, 

such as Ang 1–7, by neutral endopeptidase (NEP). Ang 1–7 may also be derived from Ang II by the 

action of the ACE homolog ACE2. Focusing only on the Ang metabolites cited above, the 

angiotensin 1 receptor (AT1) binds mainly with Ang II, but can also bind Ang III and Ang IV. The 

AT2 receptor binds primarily Ang III and Ang II, but is also able to bind Ang IV. Finally, the AT4 

receptor, identified as insulin-regulated aminopeptidase (IRAP), binds exclusively to Ang IV, 

whereas the Mas-receptor binds specifically to Ang 1–7 [28,29]. Ang IV and the hemoglobin β-chain 

fragment Leu–Val–Val-hemorphin 7 (LVV-H7) are both endogenous competitive inhibitors of AT4

Studies on angiotensin and stress have primarily been centered on the behavior of central and 
peripheral Ang II. The AT

 

receptor, but are not substrates of the enzyme IRAP [30]. 

1 receptor has been detected in brain regions directly involved in the stress 
response and in the sympathetic nervous system. Blockade of AT1 receptors inhibit the stress 
response and has peripheral consequences, as well as being anti-anxiogenic in animal models. 
Therefore, the use of AT1

Regarding the influence of the RAS cascade on memory, Ang II, acting through its binding to 
AT

 receptors antagonists has been suggested as a possible therapy for  
stress-induced disorders [24]. 

1, impaired memory, whereas when Ang IV bound to AT4, memory was improved. Compared to 
Ang II, Ang III is less efficient at the impairment of the memory processes. In contrast, the binding 
of Ang 1–7 to the Mas receptor improved memory processes. All of angiotensin’s effects are exerted 
at the hippocampal level [23,31]. More recently, and in contrast to previous observations, De Bundel 
et al. [32] proposed that Ang IV and LVV-H7 improve memory processes through their binding to 
the AT1 receptor or IRAP/AT4

 
 receptor, respectively. 
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Figure 1. The RAS and memory. Simplified scheme of the renin-angiotensin system 
(RAS), highlighting the peptides, enzymes, and receptors hypothesized to be involved 
in stress and memory processes. The possible influence of RAS components, as well as 
that of inhibitors (“-”; denoted by discontinuous arrows) of certain neuropeptidases on 
memory is also indicated. The possible consequences of AP-A inhibition on memory 
are indicated in box A [65,66] (See text for abbreviations).  

2.2. Enkephalins, stress, and memory 

There is consensus on the role of opioid peptides in the regulation of the stress response at 
behavioral, autonomic, and endocrine levels. Opioids seem to decrease the autonomic and 
neuroendocrine responses induced by stress by inhibiting or stimulating the sympathetic or 
parasympathetic activity, respectively. Opiates dampen the feeling of anxiety and the component of 
pain without removal of the painful sensation. In fact, the high content of enkephalins in the limbic 
system suggests a direct role for them in the stress response. Enkephalins may participate in the 
allostatic response to stress, anticipating stressors and therefore reducing their negative impact. The 
functions of the whole enkephalinergic system, including enkephalins, their regulating 
neuropeptidases, and their receptors, are necessary for the adaptation of an organism to stress. 
Different types of stressors modify enkephalins, their receptors [33,34], and as discussed later, the 
proteolytic enzymes that regulate their functions. More than three decades of investigation on opioid 

- 
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peptides have demonstrated their involvement as modulatory substances in learning and memory 
processes, either enhancing or impairing learning and memory depending on the experimental 
conditions [35–37]. Stressful conditions are variable depending on the type of stress and it is thought 
that under acute stress conditions, opiates improve memory consolidation, whereas under chronic 
stress situations, opiates impair memory processes [37]. 

2.3. Oxytocin, stress, and memory 

Considering the positive role assigned to oxytocin for its role as an anxiolytic agent in social 
behavior and stress regulation, this peptide has received increased attention due to its possible 
therapeutic use in several psychiatric disorders [38]. Numerous data link oxytocin with stress control. 
In response to several stressors, such as restraint stress, oxytocin increases at both central and 
peripheral levels [39,40]. In humans, increased oxytocin reduces the consequences of the stress 
response, including elevation of blood pressure [41], decreases cortisol release [42], and increases 
parasympathetic nervous system activity [43]. In animal models, oxytocin diminishes the 
neuroendocrine stress response of the HPA axis [21], an effect which may involve several 
corticolimbic areas, such as the prefrontal cortex, amygdala, and hippocampus [44]. Based on studies 
which demonstrated that intranasal administration of oxytocin reduces the activity in the  
amygdala [45] and diminishes the connectivity between the amygdala and brain stem [46], it is 
speculated that oxytocin may inhibit the amygdala and, consequently, attenuate the hypothalamic 
response to stress [47]. Other investigations also suggest that oxytocin increases the connectivity 
between amygdala and prefrontal cortex [48]. Studies on oxytocin and memory in mice lacking 
oxytocin demonstrated remarked social memory impairment without deficits in non-social  
memory [49]. Oxytocin’s influences on memory involve brain regions including the hippocampus, 
amygdala, and prefrontal cortex. However, the mechanisms by which oxytocin exerts its effects are 
still speculative. Some authors suggest such effects may simply be linked to the reduction of anxiety, 
whereas other investigators propose that oxytocin produces its effects through a temporal inhibition 
of working memory [50]. If working memory, which is dependent on prefrontal cortex function, 
inhibits the automatic impulses to trust, then oxytocin may facilitate positive social behaviors [50]. 
Stress activates the HPA axis response of increased cortisol and epinephrine levels which, in turn, 
may enhance or impair memory depending once more on the type of acute or chronic stress [50]. The 
levels of oxytocin increase during stress [40] and oxytocin downregulates the HPA axis response to 
stress [21]. Therefore, if oxytocin inhibits the HPA axis response to stress and if cortisol influences 
memory, the effects of oxytocin on memory may be modulated by hormones of the HPA axis 
depending on the type of stress [50]. 
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3. Neuropeptidases, Stress and Memory 

3.1. Neuropeptidases 

Proteolytic enzymes are enzymes that catalyze the splitting of proteins through hydrolysis of the 
peptide bonds between amino acids. In agreement with the International Union of Biochemistry and 
Molecular Biology (IUBMB), these enzymes are included in class 3 due to their hydrolase activity 
and the subclass 3.4, which includes all peptide hydrolases. These enzymes fall into two main groups: 
exopeptidases and endopeptidases. Exopeptidases catalyze the cleavage of the peptide bonds of one 
to two amino acids from a terminal peptide, whereas endopeptidases hydrolyze the peptide bonds of 
non-terminal amino acids [51]. The substrate specificity of most of the aforementioned enzymes is 
broad. Therefore, enzymatic activities will be referred to because the same enzyme can act on 
different substrates. The exopeptidases that require a free α-amino group and release individual 
amino acids are called aminopeptidases and are the most abundant proteolytic enzymes in the 
nervous system [52]. Aminopeptidases are located in both the soluble and membrane-bound fractions 
of tissues and both forms are capable of hydrolyzing the same substrates. Membrane-bound enzymes 
show more brain heterogeneous distribution than soluble enzymes. The processes regulating each of 
these forms are different and, thus, may exert different functions. The regulation of membrane-bound 
enzymes is primarily under nuclear control. Enzymes are directly connected with the functions 
performed by their substrates and are not inclined to be influenced by variations in the biochemical 
environment. In contrast, enzymes localized in the soluble fraction have a more homogeneous 
distribution throughout the brain. Therefore, the aminopeptidase activities in plasma, those localized 
in the soluble fraction of the cell, in the interstitial fluid, or bound to cell membranes are under the 
influence of different regulatory mechanisms depending upon their location in brain [29]. 

Neuropeptides are largely regulated by the action of soluble and membrane-bound 
aminopeptidases, generically termed neuropeptidases. These neuropeptidases are the most abundant 
proteolytic enzymes in the nervous system [52]. Despite the fact that low substrate specificity is a 
limitation in studies involving enzymatic activities, enzymatic analysis is an important tool that 
reflects the functional status of their endogenous substrates. Knowledge of the functional role of 
these enzymes is essential to know the function of the neuropeptides they catalyze and offers the 
possibility of pharmacologically controlling the processes where these peptides are involved by 
specific enzyme activators or inhibitors [53]. In addition to stress, which is the central objective of 
the present review, multiple other endogenous and external factors can regulate the expression and 
activity of neuropeptidases in physiologic and pathologic conditions. These additional factors may 
impair or improve learning and memory processes.  

The knowledge of how these factors modulate both the expression and/or activity of 
neuropeptidases is imperative for pharmacologically action on such enzymes. For example, alcohol 
administration modified enkephalinase expression and activity in regions of the mesocorticolimbic 
system [54]. Also, development and aging produce important modifications in enkephalinase, 
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oxytocinase, and angiotensinase activity at the synaptic level in rats. Furthermore, there is a marked 
increase in enkephalinase, oxytocinase, and angiotensinase in early development but a severe 
decrease in aged animals [55]. Circadian disorders are also associated with impairments of cognitive 
processes [56] such as learning and memory [57]. Additionally, neuropeptidases exhibited circadian 
variations dependent on the type of enzyme and the brain region involved [58]. Interestingly, 
neprilysin (neutral endopeptidase; EC 3.4.24.11) hydrolyzes enkephalins and amyloid-beta peptide, 
both of which are directly associated with the pathogeny of Alzheimer's disease [59]. Since a 
decrease in neprilysin led to deposition of beta-amyloid [60], neprilysin activators may be beneficial 
for the treatment of Alzheimer’s disease [61]. In this regard, it has been observed that neprilysin 
activity is significantly elevated in the brains of mice exposed to an enriched environment in 
comparison to controls [62] and has also been found to increase with exercise [63]. 

3.2. Angiotensinases 

Angiotensinases are the enzymes involved in the metabolism of angiotensin peptides (Figure 1). 
In this review, the primary is renin (EC 3.4.23.15), ACE (EC 3.4.15.1), AP-A (EC 3.4.11.7), and  
AP-M (EC 3.4.11.2) [28]. As previously indicated, Ang IV and LVV-H7 increase learning and 
memory [30]. Although it was initially proposed that this effect was due to their binding of the AT4 
receptor [64], more recent experimental data suggests that the influence of Ang IV on learning and 
memory is due to its binding of the AT1 receptor, whereas the effect of LVV-H7 was undoubtedly 
due to its binding of the AT4 receptor [32], which has been suggested to be IRAP (insulin-regulated 
aminopeptidase), an enzyme with broad distribution in the brain, particularly in the  
hippocampus [64]. However, other authors have suggested that AT4

Considering the influence of Ang II as anxiogenic factor [24] and its negative effect on learning 
and memory [23], the use of ACE inhibitors, such as captopril or enalapril, in hypertensive subjects 
not only can reduce blood pressure, but can also improve cognitive functions by reducing the 
formation of Ang II [23]. Following this reasoning, the beneficial effects of the renin inhibitors, such 
as aliskiren, on learning and memory could be speculated. Finally, the involvement of AP-A in the 
formation of Ang III in memory processes may also be hypothesized. Blockade of AP-A with 
inhibitors of this enzyme, such as EC33 ((S)-3-amino-4-mercaptobutyl sulfonic acid), decrease blood 
pressure in DOCA salt rats and prevent Ang III formation in the brain with activation of the ACE

 is the growth-factor receptor  
c-Met, which is also involved in learning and memory consolidation [23].  

2

3.3. Enkephalinases and oxytocinase 

 
pathway, but without increased Ang II. In the brain, this gives rise to the formation of Ang 1–7, 
which bind to the Mas receptor and, thus, can also improve memory [65,66]. 

Enkephalinase activity may be analyzed by determining alanine-aminopeptidase to be present in 
membrane-bound (AP M) [26] or soluble (puromycin-sensitive aminopeptidase EC 3.4.11.14) form. 
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This enzyme is abundant in brain and is considered to be the major degrading enzyme of  
enkephalins [27]. In addition, soluble and membrane-bound leucine aminopeptidase activity  
(EC 3.4.11.1) has also been described to degrade enkephalins [67].  

There are several names used to identify oxytocinase. Initially, because the use of cystinyl-beta-
naphthylamide as substrate, it was named cystinyl-aminopeptidase (CysAP) [68]. Later, it was 
demonstrated that leucine-aminopeptidase, purified from the placenta (P-LeuAP) [69], hydrolyzed 
both oxytocin and vasopressin and was identical to CysAP. On the other hand, IRAP was also 
identified to be the same enzyme as oxytocinase [70]. Therefore, CysAP, P-LeuAP, and IRAP are all 
the same enzyme (EC 3.4.11.3) [29] and, as previously indicated, the AT4 receptor was identified to 
be IRAP [64]. However, other authors have proposed that the AT4 receptor was the tyrosine kinase 
receptor c-Met, which is also involved in learning and memory consolidation [23]. If c-Met is the 
AT4 receptor, binding of Ang IV to its receptor AT4

Recently, Hernández et al. [7] reported the possible interaction of enkephalinase and 
oxytocinase activity in the medial prefrontal cortex, amygdala, and hippocampus of rodents in basal 
conditions and under conditions of acute restraint stress. These brain areas constitute a corticolimbic 
circuit involved in the stress response and the memory process. Results (Figure 2) demonstrated that 
in control animals, there was a marked interaction between the amygdala and prefrontal cortex, 
without connection of the prefrontal cortex or amygdala with the hippocampus. However, following 
acute restraint stress, while the amygdala and prefrontal cortex reduced their connectivity, both 
regions established a marked interaction with the hippocampus. The authors suggested that these 
interactions between neuropeptidase activities could be established through feedback between these 
brain regions involving paracrine mechanisms and/or by bidirectional axonal transport of these 
enzymes [75]. These results may be related to the functional role of the hippocampus in facilitating 
the formation of new circuits within cortical columns [14]. Modification of the interactions between 
corticolimbic areas under stress conditions may be important for the connection between emotion 
and memory formation [76], while the hippocampus may play a prominent role in enhancing 
memory consolidation [77,78]. 

 (IRAP/oxytocinase) results in the inhibition of 
its enzymatic activity, increases levels of its substrates (oxytocin and vasopressin) and therefore 
prolongs its action on the memory processes [71]. IRAP and the glucose transporter GLUT4 are 
colocalized and are both expressed in the plasma membrane, where GLUT4 promotes  
insulin-induced glucose uptake. It has been proposed that the inhibition of IRAP following its 
binding to Ang IV increases glucose uptake in neurons and therefore improves cognitive processes. 
The increased local blood flow, also induced by Ang IV, collaborates with the other beneficial 
effects of IRAP inhibition on cognitive processes [71–74]. 
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Figure 2. Stress consequences on neuropeptidase interactions. Main interactions of the 
corticolimbic regions of the amygdala (AM), medial prefrontal cortex (PFC), and 
hippocampus (HC) between themselves and between the plasma in basal conditions (control) 
and following acute restraint stress. Line thickness is proportional to the number of 
correlations. Whereas a marked interaction between the AM and PFC (without interaction of 
either region with the HC) was observed in brain of controls, under stress, the AM and PFC 
reduced their connectivity and both regions established a striking interaction with HC. 
Additionally, in controls, the plasma associated with the AM and PFC (without interaction 
with HC), but following acute restraint stress, a correlation with the HC also appeared 
(modified from [7,8]). Since angiotensins, enkephalins, and oxytocin have been involved in 
emotional and memory processes, changes in the interactions between corticolimbic areas and 
their regulatory neuropeptidases support an important role for these enzymes in these 
cognitive processes. 

However, since stress causes a coordinated response of the body structured within a proposed 
neurovisceral integrative model, in which the brain connects with virtually the entire organism by 
means of reciprocal regulatory mechanisms [75,79], an interaction between brain and plasmatic 
peptidase activities was assumed [8]. The results confirmed this hypothesis as they demonstrate that 
there were significant correlations between plasma and the amygdala and plasma and prefrontal 
cortex without interaction with the hippocampus in control animals. In contrast, after acute restraint 
stress, a clear interaction between the plasma and hippocampus was observed [8]. These results 
suggest a parallelism with the interaction observed between the corticolimbic regions themselves, 
leading to the hypothesis that an integrative response mediated by the ANS occurs between the brain 
and the periphery [8]. Following acute restraint stress, a marked hippocampal interaction (which did 
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not exist at rest) was observed between the amygdala, prefrontal cortex, and plasma. Other possible 
interactions between brain and plasmatic peptidase activities had previously been reported in sham 
animals with simulated lesions and in rats with the nigrostriatal system lesions, suggesting that 
peptidases may be secreted into the bloodstream through modulation by the ANS [80].  

4. Concluding Remarks 

If acute immobilization stress influences memory consolidation, the results demonstrating the 
potentiation of the hippocampal neural connectivity with corticolimbic regions, as well as the 
establishment of neuroendocrine interactions between hippocampus and plasma, suggest an 
important role for neuropeptidase activity in this cognitive process. We can therefore speculate that if 
there is an interaction between the peripheral and corticolimbic structures involved in the stress 
response and the modulation of memory processes, the peripheral changes of plasmatic 
neuropeptidase activities might also be related to those processes. It is also speculated that these 
effects are exerted through feed-back mechanisms, presumably via ANS. 

Angiotensins, enkephalins, oxytocin, and their regulatory enzymes angiotensinases, 
enkephalinases, and oxytocinase have been demonstrated to be related to the stress response (being 
either anxiogenic or anxiolytic agents) and to possibly be modulators of memory processes. 
Therefore, both neuropeptides and their neuropeptidases may constitute targets for the development 
of new therapeutic strategies for the treatment of stress consequences and memory disturbances using 
activators or inhibitors of such enzymes. Potentiating or diminishing the action of the neuropeptidase 
substrates may have beneficial or detrimental effects depending on the neuropeptidase involved. 
However, stress has been reported to induce the elevation of numerous neuropeptides in brain and 
plasma, as well as result in elevation of some of their regulatory enzymes, some of which may have 
opposing effects on memory depending on the stress characteristics Thus, further investigation 
should be performed to improve our understanding of this complex puzzle. 

Acknowledgments 

This work was supported in part by the Junta de Andalucía through project no. P10-CVI6476. 

Conflict of Interest 

The authors declare no conflicts of interest. 

References 

1. Goldstein DS, Kopin IJ (2007) Evolution of concepts of stress. Stress 10: 109-120. 
2. Sterling P (2012) Allostasis: a model of predictive regulation. Physiol Behav 106: 5-15. 



 497 

AIMS Neuroscience Volume 3, Issue 4, 487–501. 

3. Davidson RJ, McEwen BS (2012) Social influences on neuroplasticity: stress and interventions to 
promote well-being. Nat Neurosci 15: 689-695. 

4. Godsil BP, Kiss JP, Spedding M, et al. (2013) The hippocampal-prefrontal pathway: the weak 
link in psychiatric disorders? Eur Neuropsychopharmacol 23: 1165-1181. 

5. McEwen BS (2007) Physiology and neurobiology of stress and adaptation: central role of the 
brain. Physiol Rev 87: 873-904. 

6. Ulrich-Lai YM, Herman JP (2009) Neural regulation of endocrine and autonomic stress 
responses. Nat Rev Neurosci 10: 397-409. 

7. Hernández J, Prieto I, Segarra AB, et al. (2015) Interaction of neuropeptidase activities in 
cortico-limbic regions after acute restraint stress. Behav Brain Res 287: 42-48. 

8. Segarra AB, Hernández J, Prieto I, et al. (2016) Neuropeptidase activities in plasma after acute 
restraint stress. Interaction with cortico-limbic areas. Acta Neuropsychiatr 28: 239-243. 

9. Sandi C, Pinelo-Nava MT (2007) Stress and memory: behavioral effects and neurobiological 
mechanisms. Neural Plast 2007: 78970. 

10. Schwabe L, Joëls M, Roozendaal B, et al. (2012) Stress effects on memory: an update and 
integration. Neurosci Biobehav Rev. 36: 1740-1749. 

11. Richter-Levin G, Akirav I (2000) Amygdala-hippocampus dynamic interaction in relation to 
memory. Mol Neurobiol 22: 11-20. 

12. Kim JJ, Diamond DM (2002) The stressed hippocampus, synaptic plasticity and lost memories. 
Nat Rev Neurosci 3: 453-462. 

13. Sebastian V, Estil JB, Chen D, et al. (2013) Acute physiological stress promotes clustering of 
synaptic markers and alters spine morphology in the hippocampus. PLoS One 8: e79077. 

14. Moss RA (2016) A Theory on the Singular Function of the Hippocampus: Facilitating the 
Binding of New Circuits of Cortical Columns. AIMS Neurosci 3: 264-305. 

15. Toth I, Neumann ID (2013) Animal models of social avoidance and social fear. Cell Tissue Res 
354: 107-118. 

16. Campos AC, Fogaça MV, Aguiar DC, et al. (2013) Animal models of anxiety disorders and 
stress. Rev Bras Psiquiatr 35: S101-111. 

17. Sandi C, Pinelo-Nava MT (2007) Stress and memory: behavioral effects and neurobiological 
mechanisms. Neural Plast 2007: 78970. 

18. Gülpinar MA, Yegen BC (2004) The physiology of learning and memory: role of peptides and 
stress. Curr Protein Pept Sci 5: 457-473. 

19. Bilkei-Gorzo A, Racz I, Michel K, et al. (2008) Control of hormonal stress reactivity by the 
endogenous opioid system. Psychoneuroendocrinology 33: 425-436. 

20. Narita M, Kaneko C, Miyoshi K, et al. (2006) Chronic pain induces anxiety with concomitant 
changes in opioidergic function in the amygdala. Neuropsychopharmacology 3:739-750. 



 498 

AIMS Neuroscience Volume 3, Issue 4, 487–501. 

21. Neumann ID, Torner L, Wigger A (2000) Brain oxytocin: differential inhibition of 
neuroendocrine stress responses and anxiety-related behaviour in virgin, pregnant and lactating 
rats. Neuroscience 95: 567-575. 

22. Neumann ID (2007) Stimuli and consequences of dendritic release of oxytocin within the brain. 
Bioch Soc Trans 35: 1252-1257. 

23. Wright JW, Yamamoto BJ, Harding JW (2008) Angiotensin receptor subtype mediated 
physiologies and behaviors: new discoveries and clinical targets. Prog Neurobiol 84: 157-181. 

24. Saavedra JM, Benicky J (2007) Brain and peripheral angiotensin II play a major role in stress. 
Stress 10: 185-193. 

25. Nomura S, Ito T, Mizutani S (2004) Placental leucine aminopeptidase. Aminopeptidases in 
biology and disease. Kluwer Academic/Plenum, New York, Hooper NM and Lendeckel U Eds. 
pp 45-59. 

26. Solhonne B, Gros C, Pollard H, et al. (1987) Major localization of aminopeptidase M in rat brain. 
Neuroscience 22: 225-232. 

27. Thompson MW, Hersh LB (2004) The puromycin-sensitive aminopeptidase. Aminopeptidases in 
biology and disease. Kluwer Academic/Plenum, New York, Hooper NM and Lendeckel U Eds. 
pp 1-15. 

28. Ramírez-Sánchez M, Prieto I, Wangensteen R, et al. (2013) The renin-angiotensin system: new 
insight into old therapies. Curr Med Chem 20: 1313-1322. 

29. Prieto I, Villarejo AB, Segarra AB, et al. (2015) Tissue distribution of CysAP activity and its 
relationship to blood pressure and water balance. Life Sci 134: 173-178. 

30. Albiston AL, Mustafa T, McDowall SG, et al. (2003) AT4 receptor is insulin-regulated 
membrane aminopeptidase: potential mechanisms of memory enhancement. Trends Endocrinol 
Metab 14: 72-77. 

31. De Bundel D, Smolders I,Vanderheyden P, et al. (2008) Ang II and Ang IV: unraveling the 
mechanism of action on synaptic plasticity, memory, and epilepsy. CNS Neurosci Ther 14:  
315-339. 

32. De Bundel D, Demaegdt H, Lahoutte T, et al. (2010) Involvement of the AT1 receptor subtype in 
the effects of angiotensin IV and LVV-haemorphin 7 on hippocampal neurotransmitter levels and 
spatial working memory. J Neurochem 112: 1223-1234. 

33. Drolet G, Dumont EC, Gosselin I, et al. (2001) Role of endogenous opioid system in the 
regulation of the stress response. Prog Neuropsychopharmacol Biol Psychiatry 25: 729-741. 

34. McCubbin JA (1993) Stress and endogenous opioids: behavioral and circulatory interactions. 
Biol Psychol 35: 91-122. 

35. Bodnar RJ (2014) Endogenous opiates and behavior: 2013. Peptides 62: 67-136. 
36. Bodnar RJ (2016) Endogenous opiates and behavior: 2014. Peptides 75: 18-70. 



 499 

AIMS Neuroscience Volume 3, Issue 4, 487–501. 

37. Bali A, Randhawa PK, Jaggi AS (2015) Stress and opioids: role of opioids in modulating  
stress-related behavior and effect of stress on morphine conditioned place preference. Neurosci 
Biobehav Rev 51: 138-150. 

38. Olff M, Frijling JL, Kubzansky LD, et al. (2013) The role of oxytocin in social bonding, stress 
regulation and mental health: an update on the moderating effects of context and interindividual 
differences. Psychoneuroendocrinology 38: 1883-1894. 

39. Okimoto N, Bosch OJ, Slattery DA, et al. (2012) RGS2 mediates the anxiolytic effect of oxytocin. 
Brain Res 1453: 26-33. 

40. Neumann ID, Slattery DA (2016) Oxytocin in General Anxiety and Social Fear: A Translational 
Approach. Biol Psychiatry 79: 213-221. 

41. Light KC, Grewen KM, Amico JA, et al. (2004) Deficits in plasma oxytocin responses and 
increased negative affect, stress, and blood pressure in mothers with cocaine exposure during 
pregnancy. Addict Behav 29: 1541-1564. 

42. Linnen AM, Ellenbogen MA, Cardoso C, et al. (2012) Intranasal oxytocin and salivary cortisol 
concentrations during social rejection in university students. Stress 15: 393-402. 

43. Norman GJ, Cacioppo JT, Morris JS, et al. (2011) Oxytocin increases autonomic cardiac control: 
moderation by loneliness. Biol Psychol 86: 174-180. 

44. Windle RJ, Kershaw YM, Shanks N, et al. (2004) Oxytocin attenuates stress-induced c-fos 
mRNA expression in specific forebrain regions associated with modulation of  
hypothalamo-pituitary-adrenal activity. J Neurosci 24: 2974-2982. 

45. Domes G, Heinrichs M, Gläscher J, et al. (2007) Oxytocin attenuates amygdala responses to 
emotional faces regardless of valence. Biol Psychiatry 62: 1187-1190. 

46. Kirsch P, Esslinger C, Chen Q, et al. (2005) Oxytocin modulates neural circuitry for social 
cognition and fear in humans. J Neurosci 25: 11489-11493. 

47. Viviani D, Charlet A, van den Burg E, et al. (2011) Oxytocin selectively gates fear responses 
through distinct outputs from the central amygdala. Science 333: 104-107. 

48. Sripada CS, Phan KL, Labuschagne I, et al. (2013) Oxytocin enhances resting-state connectivity 
between amygdala and medial frontal cortex. Int J Neuropsychopharmacol 16: 255-260. 

49. Ferguson JN, Young LJ, Hearn EF, et al. (2000) Social amnesia in mice lacking the oxytocin 
gene. Nat Genet 25: 284-288. 

50. Wirth MM (2015) Hormones, stress, and cognition: The effects of glucocorticoids and oxytocin 
on memory. Adapt Human Behav Physiol 1: 177-201. 

51. McDonald JK, Barrett AJ (1986) Mammalian proteases: a glossary and bibliography (Academic 
Press, London) vol 2. 

52. Checler F (1993) Methods in neurotransmitter and neuropeptide research, eds Parvez SH, Naoi 
M, Nagatsu T, Parvez S (Elsevier, Amsterdam). 

53. Ramírez M, Prieto I, Banegas I, et al. (2011) Neuropeptidases. Methods Mol Biol 789: 287-294. 



 500 

AIMS Neuroscience Volume 3, Issue 4, 487–501. 

54. Morales-Mulia M, de Gortari P, Amaya MI, et al. (2012) Activity and expression of 
enkephalinase and aminopeptidase N in regions of the mesocorticolimbic system are selectively 
modified by acute ethanol administration. J Mol Neurosci 46: 58-67. 

55. Ramírez M, Prieto I, Alba F, et al. (2008) Role of central and peripheral aminopeptidase 
activities in the control of blood pressure: a working hypothesis. Heart Fail Rev 13: 339-353. 

56. Reid KJ, McGee-Koch LL, Zee PC (2011) Cognition in circadian rhythm sleep disorders. Prog 
Brain Res 190: 3-20. 

57. Wright KP, Lowry CA, Lebourgeois MK (2012) Circadian and wakefulness-sleep modulation of 
cognition in humans. Front Mol Neurosci 5: 50. 

58. Ramírez M, Prieto I, Vives F, et al. (2004) Neuropeptides, neuropeptidases and brain asymmetry. 
Curr Protein Pept Sci 5: 497-506. 

59. Turner AJ (2004) Neprilysin, In Handbook of Proteolytic Enzymes, eds Barrett AJ, Rawlings ND, 
Woessner JF (Elsevier, London) 419-426. 

60. Iwata N, Takaki Y, Fukami S, et al. (2002) Region-specific reduction of A beta-degrading 
endopeptidase, neprilysin, in mouse hippocampus upon aging. J Neurosci Res 70: 493-500. 

61. Iwata N, Mizukami H, Shirotani K, et al. (2004) Presynaptic localization of neprilysin contributes 
to efficient clearance of amyloid-beta peptide in mouse brain. J Neurosci 24: 991-998. 

62. Li L, Tang BL (2005) Environmental enrichment and neurodegenerative diseases. Biochem 
Biophys Res Commun 334: 293-297. 

63. Deweerdt S (2011) Prevention: activity is the best medicine. Nature 475: S16-17. 
64. Albiston AL, Fernando R, Ye S, et al. (2004) Alzheimer's, angiotensin IV and an aminopeptidase. 

Biol Pharm Bull 27: 765-767. 
65. Marvar PJ, Goodman J, Fuchs S, et al. (2014) Angiotensin type 1 receptor inhibition enhances 

the extinction of fear memory. Biol Psychiatry 75: 864-872. 
66. Hmazzou R, Flahault A, Marc Y, et al. (2016) [OP.6D.03] Mode of action of rb150, an 

aminopeptidase a inhibitor prodrug as a centrally-acting antihypertensive agent in doca-salt 
hypertensive rats. J Hypertens 34 Suppl 2: e75. 

67. Hernández J, Segarra AB, Ramírez M, et al. (2009) Stress influences brain enkephalinase, 
oxytocinase and angiotensinase activities: a new hypothesis. Neuropsychobiology 59: 184-189. 

68. Tuppy H, Nesbadva H (1957) The aminopeptidase acitvity of serum in pregnancy and its 
relationship to the potential for inactivating oxytocin. Monatsh Chem 88: 977-988. 

69. Tsujimoto M, Mizutani S, Adachi H, et al. (1992) Identification of human placental leucine 
aminopeptidase as oxytocinase. Arch Biochem Biophys 292: 388-392. 

70. Keller SR (2003) The insulin-regulated aminopeptidase: a companion and regulator of GLUT4. 
Front Biosci 8: s410-420. 

71. Stragier B, De Bundel D, Sarre S, et al. (2008) Involvement of insulin-regulated aminopeptidase 
in the effects of the renin-angiotensin fragment angiotensin IV: a review. Heart Fail Rev 13:  
321-337. 



 501 

AIMS Neuroscience Volume 3, Issue 4, 487–501. 

72. Gard PR (2008) Cognitive-enhancing effects of angiotensin IV. BMC Neurosci 9 Suppl 2: S15. 
73. Banegas I, Prieto I, Vives F, et al. (2010) Lateralized response of oxytocinase activity in the 

medial prefrontal cortex of a unilateral rat model of Parkinson's disease. Behav. Brain Res 213: 
328-331. 

74. Ramírez M, Banegas I, Segarra AB, et al. (2012) Bilateral Distribution of Oxytocinase Activity 
in the Medial Prefrontal Cortex of Spontaneously Hypertensive Rats with Experimental 
Hemiparkinsonism, Mechanisms in Parkinson's Disease—Models and Treatments, Dr. Juliana 
Dushanova (Ed.), ISBN: 978-953-307-876-2. 

75. Prieto I, Villarejo AB, Segarra AB, et al. (2014) Brain, heart and kidney correlate for the control 
of blood pressure and water balance: role of angiotensinases. Neuroendocrinology 100: 198-208. 

76. Maroun M, Richter-Levin G (2003) Exposure to acute stress blocks the induction of long-term 
potentiation of the amygdala-prefrontal cortex pathway in vivo. J Neurosci 23: 4406-4409. 

77. Richardson MP, Strange BA, Dolan RJ (2004) Encoding of emotional memories depends on 
amygdala and hippocampus and their interactions. Nat Neurosci 7: 278-285. 

78. Bass DI, Nizam ZG, Partain KN, et al. (2014) Amygdala-mediated enhancement of memory for 
specific events depends on the hippocampus. Neurobiol Learn Mem 107: 37-41. 

79. Thayer JF, Lane RD (2009) Claude Bernard and the heart-brain connection: further elaboration 
of a model of neurovisceral integration. Neurosci Biobehav Rev 33:81-88. 

80. Banegas I, Prieto I, Vives F, et al. (2009) Asymmetrical response of aminopeptidase A and nitric 
oxide in plasma of normotensive and hypertensive rats with experimental hemiparkinsonism. 
Neuropharmacology 56:573-579. 

 

© 2016 M. Ramírez-Sánchez et al., licensee AIMS Press. This is 
an open access article distributed under the terms of the Creative 
Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0) 

 


