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Abstract

Exposure to certain acute and chronic stressorgltsen an immediate behavioral and

physiological response to the situation followedabgeriod of days when cross-sensitization to
further novel stressors is observed. Cross-seasdir affects to different behavioral and

physiological systems, more particularly to the dtjyalamus-pituitary-adrenal (HPA) axis. It

appears that the nature of the initial (triggerisessor plays a major role, HPA cross-
sensitization being more widely observed with systeor high-intensity emotional stressors.

Less important appears to be the nature of thelfolwallenging) stressor, although HPA cross-
sensitization is better observed with short dura{®-15 min) challenging stressors. In some
studies with acute immune stressors, HPA sensdizabppears to develop over time

(incubation), but most results indicate a strongahsensitization that progressively declines
over the days. Sensitization can affect other miggical system (i.e. plasma catecholamines,
brain monoamines), but it is not a general phenamewhen studied concurrently, behavioral
sensitization appears to persist longer than thtteoHPA axis, a finding of interest regarding

long-term consequences of traumatic stress. In nwases, behavioral and physiological
consequences of prior stress can only be obsewlémving imposition of a new stressor,

suggesting long-term latent effects of the iniéigposure.

Short title: stress-induced sensitization
Key words: ACTH, Corticosterone, Prolactin, Catecholaminesnune Stressors, PTSD,
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Introduction

Exposure to stressors induces a broad and coocedinatpertoire of behavioral and
physiological responses to enhance probability wivisal. In mammals, the two major
physiological components of the stress responsepisenthe hypothalamic-pituitary-adrenal
(HPA) axis and the sympathetic nervous system. adtiwation of the latter results in several
physiological responses and the immediate releakecatecholamines: noradrenaline
(norepinephrine) from sympathetic nerve terminaled(to a lower extent, the adrenal medulla)
and adrenaline (epinephrine) from the adrenal nteddlhe stress-induced peak of plasma
catecholamine concentration is achieved within trif. Among other effects, sympathetic
activation and catecholamines promote hepatic gignolysis and increase heart rate and blood

pressure.

The initial step in the activation of the HPA aigsactivation of parvocellular neurons in the
paraventricular nucleus of the hypothalamus (PVIN) the release of corticotropin-releasing
hormone (CRH), arginine vasopressin (AVP) and osieeretagogues into the portal circulation
in the median eminence. These releasing hormortesnathie corticotrope cells of the anterior
pituitary to stimulate the synthesis and secrettdérACTH, which in turn acts on the zona
fasciculata of the adrenal cortex to promote thaetl®sis and release of glucocorticoids
(corticosterone in rats and mice; predominanthtisor in humans and other mammals). Peak
levels of plasma glucocorticoids are achieved 15+80 after the onset of a brief stressor or
even later with exposure to stressor lasting foranthan 30 min. A main effect of stress-
induced glucocorticoid release is to inhibit thegoimg activation of the HPA axis through
negative feedback mechanisms that involve both raioeorticoid and glucocorticoid receptors
(MR and GR, respectively), acting at multiple tdrgeeas, such as the medial prefrontal cortex,

the hippocampal formation, the PVN and the anteititary (Myers et al., 2012).



However, stress-induced glucocorticoid release ehadde range of additional physiological
effects aiming to control for the correct mobilipat of resources, to prevent excessive response
of the different systems initially activated byests, and preparing the organism for further
stress (Frank et al., 2013; Sapolsky et al., 20@@)ortantly, glucocorticoids also play a major
role in the elaboration of behavioral strategiesdpe with stress, as well as the consolidation of

memory regarding the situation (de Kloet et al99)9

Sensitization is a simple concept that probablyuithes a wide range of different underlying
processes. In its more general meaning, sensitizédi a phenomenon thereby exposure to a
particular stimulus triggers a state of hyperrespaness to the same or other different stimuli.
The triggering stimulus has to be strong and hdinafind the hyper-responsive state can last
from some minutes-hours to days (short-term ang-tenm sensitization, respectively). In order
to be more precise, we will use the term sensitinatvhen enhanced responses to the same
(homotypic) stimulus are found, and cross-sensiimawhen enhanced responses to novel
(heterotypic) stimuli are observed. Sensitizatian affect a particular peripheral physiological
system or can affect brain processing, as it isctee of behavioral sensitization. The latter is
considered as a primitive form of non-associatigaring characterized by a progressive
increase in the response to aversive or noxiowsubtiafter repeated exposure (Rahn et al.,
2013). Sensitization and cross-sensitization aresidered to underlie a number of
physiological and behavioral pathologies includiggstrointestinal disorders, chronic pain,
post-traumatic stress disorder (PTSD), psychosisaaidiction (Overmier et al., 2006; Rahn et

al., 2013; Robinson & Berridge, 2008; Ursin, 20¢dn Winkel et al., 2008).

The term sensitization became extensively used timlies dealing with the long-term
consequences of repeated experiences with druglsusie, on the basis of the observation that
the motor response to a wide range of abused diumgressively increased after repeated

intermittent administration of the drugs (particlyfaafter a period of withdrawal from the
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drugs) (Steketee & Kalivas, 2011). This progressemasitization process is considered by some
authors to be in the roots of addiction (RobinsoB&tridge, 2008). One of the most relevant
topics in sensitization is the specificity of theepomenon, i.e. whether or not sensitization is
observed in response to the same stimulus/drugdtypne sensitization) or between different
stimuli/drugs. In the field of drug addiction, tkeis evidence for cross-sensitization between
different drugs and also between drugs and stkesvés & Stewart, 1991). Cross-sensitization
is not surprising, given that the mechanisms in@dlvely on downstream processes that are
shared by both types of stimuli (e.g. the dopangjizesystem in stress-drug interaction) (Saal et

al., 2003).

In the stress and HPA axis field, sensitization &ige® been a relevant topic since pioneering
work by Dallman and Jones (1973) in the early 1970wy reported that the endogenous
release of corticosterone induced by restrainsstdéd not modify the adrenocortical response
to a subsequent mild stress of intraperitonealciga when applied several hours later.
However, injection of ACTH or corticosterone, whigfimicked the corticosterone response to
restraint, inhibited corticosterone response tassgbent injection stress. They concluded that
stress appears to induce a short-term (hours)tédimh of the HPA response that overcomes
negative glucocorticoid feedback. A prediction ded from this hypothesis is that the blockade
of glucocorticoid release during the first strezpasure should result in an enhanced response
to the second stress, since facilitation is notnbenacted by glucocorticoids. This hypothesis
has been demonstrated using a single prior exptsusstraint after pharmacological blockade
of glucocorticoid synthesis and testing ACTH resmoro injection stress on the next day
(Wong et al., 2000). Although facilitation has baeainly used to explain changes in the HPA
response to novel stressors, it might also apphjhdmotypic stressors. Thus, four brief
exposures to immobilization (1 min) on the same digynot alter the ACTH response to the
stressor in intact rats, but resulted in facildatiof the ACTH response in adrenalectomized

(ADX) rats supplemented with low corticosteronedisvin water (ADX+B) (mimicking resting
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corticosterone levels) (Andrés et al.,, 1999). Imtcast, more prolonged exposures to
immobilization reduced the HPA response to subsagsgessors (Marti et al., 1999). The
balance between stress-induced facilitation andatney feedback might explain why
controversial results have been found in intacatnams using different combinations of stressors
(Graessler et al.,, 1989; Le Mevel et al., 1979)rtipalarly, when elevated levels of
corticosterone are found just prior to the secamdss (Graessler et al., 1989; Marti et al.,

1999).

Whereas the term facilitation is widely used regagdhe effects of prior stress on the HPA
axis, sensitization has been more extensively usether behavioral and physiological fields.
Since it is difficult to know whether or not semaition and facilitation are similar terms, the

present review will use the terms “sensitizatioarid “cross-sensitization” as defined before.

Chronic stress-induced sensitization

In general, daily exposure to the same stressaitseis a reduction of the response of certain
endpoints (mainly plasma levels of ACTH, corticostee and adrenaline) to an acute session of
the homotypic stressor (Marti & Armario, 1998),raqess that is usually termed habituation. In
some cases, an enhanced corticosterone respotise homotypic stressor was found, which
was considered to reflect sensitization (i.e. Natelet al., 1988). However, we have repeatedly
found that repeated exposure to a severe stresgon, as immobilization increases plasma
corticosterone levels measured immediately after dtressor despite a marked decrease in
plasma ACTH (i.e. Armario et al., 1988a; Marquezakt 2004). This paradox can be easily
explained by a chronic stress-induced increasedrimmal capability of the adrenal to secrete
corticosterone (Armario et al., 1988a; Ulrich-Ldi a., 2006) and a saturation of adrenal
capability with intermediate levels of ACTH (Kell@¥ood et al., 1983). If repeated exposure
resulted in strong decrease of ACTH with respec¢héofirst exposure, but levels of ACTH are
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still capable of eliciting maximal adrenal secraticeduction of plasma ACTH levels associated
with higher levels of corticosterone is to be expdcindeed, if we consider only the variable
more proximal to the brain (ACTH), we would not &lgle to conclude that sensitization to the

homotypic stressor took place.

These arguments do not preclude the possibility dttanuated neuroendocrine habituation or
even development of sensitization can occur aéipeated exposure to certain stressors. Orr et
al. (1990) observed enhanced ACTH and corticosteresponses to daily repeated tail-shocks.
More recently, we have compared the habituationhef ACTH response to daily repeated
immobilization with that to electric foot-shock ngi two different (low and high) shock
intensities (Rabasa et al., 2011). Although immin&ilon appears to be a stronger stressor than
high intensity footshocks in terms of all classibailogical markers, habituation of ACTH was
clearly found with immobilization and with the lowitensity foot-shock procedure, but not
after daily repeated sessions of high intensity-Efmcks. We argued that high-intensity foot-
shocks might cause a strong activation of nocieepgathways leading to development of
sensitization that opposes the expected habituafiarcent paper using a single exposure to
foot-shocks followed by daily repeated exposurghi context (fear conditioning) found that
some physiological responses to the same strasswoiher context were enhanced (heart rate,
hyperthermia), whereas that of corticosterone did(hhompson et al., 2014), illustrating again
that sensitization not homogeneously affected @#iss-responsive systems. Sensitization of
corticosterone response to daily exposure of rata ttat (potential rat predator) has been
reported, although the results are difficult toeimpret because ACTH data were not reported
(Figueiredo et al., 2003). Moreover, habituatiothea than sensitization has been found with

repeated exposure to ferret odor (Weinberg e2@09).

The hypothesis that certain particular charactesisif systemic stressors can not only impede

habituation but rather cause sensitization aftélly dapeated exposure is supported by other
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data showing reduced plasma catecholamine respgondaily repeated immobilization, but
enhanced response to daily exposure to traumai@mia the Noble-Collip drum) (Kvetnansky
et al., 1984). Similarly, whereas repeated expoguferced swim at 34 °C elicited habituation
of both noradrenaline and adrenaline responsely, sl@im exposure to 18 and 24 °C did not
cause habituation of adrenaline and the responserafdrenaline was enhanced rather than
reduced (Konarska et al., 1990). These data angosigal by our recent results demonstrating
that relatively low temperature of water (24 ver86s°C) interfere with the habituation of the

HPA axis to forced swim (Rabasa et al., 2013).

More typically, enhanced HPA response has beerribdeslcin animals with a prior history of
chronic stress when facing novel (heterotypic) ssipes (cross-sensitization), although
controversial results have been obtained (Dallrh@83; Marti” & Armario, 1998). The reasons
for these discrepancies are not entirely clear,sbute general pattern emerges. When plasma
levels of ACTH rather than that of corticosteroredr been evaluated (for the reason explained
above), cross-sensitization has been found in rsspto a variety of stressors (saline injection,
restraint, ether) after chronic exposure to comirsuor intermittent cold (Bhatnagar & Dallman,
1998; Bhatnagar & Meaney, 1995; Hauger & Aguildr@92; Ma & Morilak, 2005; Pardon et
al., 2003; Sakellaris & Vernikos-Danellis, 1975)ittwsome exceptions (Akana et al., 1996;
Bhatnagar et al., 1995). Chronic administrationhgpertonic saline also resulted in HPA
sensitization to a different stressor (ether) (Kd&s#\guilera, 1993). Therefore, prior chronic

exposure to systemic stressors appears to indudeckis-sensitization.

With stressors having lesser systemic componengs (ioise, predator odor, restraint or
immobilization on boards), there are studies repgra normal response to heterotypic stressors
(Armario et al., 1986, 1988a; Babb et al., 2014rldral et al.,, 2014; Spiga et al., 2009;
Weinberg et al.,, 2009), and others showing an esgthrresponse (Hauger et al., 1990;

Heydendael et al., 2011; Lachuer et al., 1994; Male 1999). In a few cases, a reduced
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response has also been reported after repeatedusgpo restraint or immobilization (Chen et
al., 2008; Mansi & Drolet, 1997; Marti et al., 199terestingly, some reports using ADX rats
or ADX rats supplemented with low corticosteron#igte (mimicking resting levels) (ADX+B)
have observed chronic-stress-induced cross-satgitizof the ACTH response that were not
found in intact rats (Akana et al., 1996; Martiabt 1994). It is possible that, at least with
predominantly emotional stressors, the eventuakegmences of prior chronic stress might
depend on two opposite processes: stress-inducédfétilitation and glucocorticoid-induced
inhibition by negative feedback. In conclusion, HRAss-sensitization appears to be more
likely with certain systemic stressors and with Haigtensity (predominantly) emotional
stressors, but individual/strain differences mightplain why under apparently similar

conditions sensitization can develop or not.

Chronic-stress-induced cross-sensitization alsoectff the central and peripheral
catecholaminergic systems (see Kvetnansky et @09 Zor an extensive review about these
systems). Whereas habituation of the plasma namatine and, more particularly, adrenaline
responses to a daily repeated stress is observed typical laboratory stressors
(immobilization, restraint, foot-shock), the respento novel heterotypic stressors is
consistently increased (Konarska et al.,, 1989a,betiansky et al., 1984). Similarly,
sensitization of both adrenaline and noradrendtiag been observed in response to an acute
immobilization after chronic administration of lipolysaccharide (endotoxin), an immune

stressor (Moncek et al., 2003), and chronic coldetdansky, 2004).

The pattern is somewhat different when lookinghat adrenomedullary expression of enzymes
involved in catecholamine synthesis: tyrosine-hygltase (TH), the first and rate synthesis
limiting enzyme, and phenylethanolamine-N-methglteaase (PNMT), the enzyme responsible
for the synthesis of adrenaline. Prior exposurehtonic immobilization increased resting levels

of TH and PNMT mRNA, while slightly reducing thesponse to acute immobilization and
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completely blocking the response to heterotypiesstors of different nature (Kvetnansky et al.,
2003; Kvetnansky, 2004; McMahon et al., 1992; VEkuet al., 1994). Basic maintenance of
responsiveness to the homotypic stressor (immalidiz) is associated with marked changes in
the induction of transcription factors from acubechronic immobilization (Sabban & Serova,
2007). It is unclear whether lack of responsiverntesteterotypic stressors is related to the
already high resting levels of mMRNA and proteirelsvof enzymes or the choice of challenging
stressors of lower intensity than immobilization. dontrast to the effects of immabilization,
chronic exposure to cold potentiated the increas€H and PNMT mRNA levels caused by
various acute heterotypic stressors (KvetnanskyQ4p0 again revealing the particular

characteristics of chronic cold.

Chronic stress-induced cross-sensitization of anteituitary hormones other than ACTH has
been poorly studied. Prolactin is of interest beeaitiis as sensitive to the intensity of stressor
as ACTH (Armario et al., 2012). There is one repextealing cross-sensitization of prolactin
release using daily cage transfer or handling asctironic stressors, with exposure to the
opposite stressor used to test the heterotypionsgp(Dobrakokova & Jurcovicova, 1984). In
contrast, studies using more prolonged and/or sevEressors (i.e. noise, restraint,
immobilization, foot-shock) to induce or test séimation indicated normal or reduced response
to heterotypic stressors (Armario et al., 1986,808ant et al., 1985; van Raaij et al., 1997).
Since glucocorticoids exert an inhibitory effect stness-induced prolactin release (Marti &
Armario, 1998), it is possible that daily glucocooid release acts to impede the expression of

any stress-induced sensitization, if present ardgvels.

Although chronic-stress induced sensitization amdsssensitization can obviously affect
peripheral physiological response to stressors,bitan is likely to be critically involved.
Evidence for neurochemical homotypic sensitizatiwas reported by Anisman and Sklar

(1979), who observed hypothalamic noradrenalindetdiep after a brief foot-shock session in
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mice previously exposed to a long footshock ses#ienday before, but not in stress-naive
controls. Cross-sensitization of serotonin and c@aaline responses to a superimposed acute
stressor (immobilization on boards) was also demnatesi several decades ago in rats
chronically restrained in plastic tubes (Adell &t 4988). Furthermore, several groups have
obtained evidence for development of sensitizatbrcertain neurochemical systems after
chronic stress. Most studies have been focusetleondradrenergic and dopaminergic systems,
using microdialysis to evaluate neurotransmittdeage. The role of chronic stress on the
dopaminergic system is extremely complex and ouhefscope of the present review, but it is
of note that several studies have demonstratedpttiat chronic stress enhances dopamine
release in response to novel stressors in the Ia@irontal cortex and the nucleus accumbens

(Cuadra et al., 2001; Di Chiara et al., 1999).

Using microdialysis, Nisenbaum et al. (1991) firsdemonstrated that continuous exposure of
rats to cold (4 °C) for 3—4 weeks resulted in egkdrhippocampal noradrenaline synthesis and
release in response to tail-shock. With the samenit stressor, cross-sensitization of the
dopamine and noradrenaline response to tail-sh@kalso observed in the medial prefrontal
cortex (Gresch et al., 1994). In the latter reptdoppamine response was also studied in striatum
and nucleus accumbens, with no evidence for cragsiization, indicating that the
phenomenon was region-specific. It is importantnte that cold has a strong systemic
component and would not be a representative strepsaticularly when using continuous
exposure to the stressor (see above discussioheogffects of cold on the HPA axis and
peripheral catecholamines). Thus, the same auttegsrted that medial prefrontal cortex
noradrenaline release induced by an acute sesktail-shocks was not observed after chronic
intermittent (4 h/day) exposure to cold or aftentowuous exposure to foot-shock (Jedema et
al., 1999). Nevertheless, chronic intermittent codah induce cross-sensitization under certain

conditions. This stressor did sensitize the norsaiee response to an acute immobilization in
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the bed nucleus of the stria terminalis, but onlWistar Kyoto rats and not in Sprague-Dawley

rats (Pardon et al., 2003).

The effects of prior chronic stress on the tramgiomal response of locus coeruleus (LC)
catecholamine synthesis enzymes to homotypic atetdigpic stressors are poorly known. In
addition, basal levels of enzymes prior to the tdwllenging stressor have not always been
assessed, thus confounding the interpretationeofdbults (i.e. Makino et al., 2002). The issue
is further complicated by the fact that the conitibn of post-transcriptional mechanisms
appears to be more relevant in the LC than in ¢tlerel medulla (Osterhout et al., 2005; Sun et
al., 2004). Nevertheless, when basal levels of mesyprior to the last stress exposure have
been assessed, daily repeated immobilization egbutt enhanced resting levels of TH, with
reduction of the acute response to the homotypessdr and normal response to heterotypic
stressors (Rusnak et al., 2001). Accordingly, af@ly repeated exposure to a relatively mild
stressor (air-puff)-reduced TH gene expressioregponse to the homotypic stressor has been

observed in WKY and SHR rats (McDougall et al., 200

The critical role of stressor type is also suppmbry studies on stress-induced changes in
electrophysiological activity of LC. Whereas chmubntinuous cold has been found to exert a
slight enhancement or null effect on spontaneotiagfirate of LC neurons (recorded in
anesthetized rats on the day after the last exppsiledema et al., 2001; Mana & Grace, 1997),
the responsiveness of LC neurons to superimposgsigath stressors was increased (Mana &
Grace, 1997). These effects are associated withtentiated stimulatory response to CRH
(Jedema et al., 2001) and reduced sensitivity tratine feedback mediated by a2 receptors
(Jedema et al., 2008). However, after daily regkateial defeat reduced firing rate has been
reported in resting conditions, associated withighdr | opioid tone (Chaijale et al., 2013).

Unfortunately, the response to other stressorswastudied.
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Recent evidence implicates the LC and noradrenergitems in PTSD-like effects of a single
exposure to stress. Thus, exposure of mice togesghock followed by situational reminders
caused long-term changes in anxiety-like and sdmdiavior in susceptible but not resilient
animals. Behavioral changes were associated whharered activation of the LC and prevented
by pharmacological blockade of the noradrenergstesy (Olson et al., 2011). After exposure to
the single prolonged stress model for PTSD (cangisbf exposing the animals to three
different stressors on the same day), George €2@l3) demonstrated a long-lasting reduction
of spontaneous electrophysiological activity of h€urons after, but enhanced response to a
noxious stimuli. Additional studies with other agwind chronic stress models are needed to

clarify the impact of stress on LC neuronal acyiwnd its functional consequences.

In conclusion, there is evidence that chronic stim, under certain conditions, induce cross-
sensitization of the sympathoadrenomedullary (SAk) HPA axes in response to heterotypic
stressors, but the effect does not generalize teroneuroendocrine systems. Central
sensitization of monoamines is also sometimes wbderlthough it is unclear the extent to
which chronic exposure to stressor having a predanti emotional component are able to
induce cross-sensitization of brain noradrenalglease. More consistent evidence appears to
link long-term effects of acute stressors with raéltenoradrenergic activity. Finally, important
regional differences as well as individual/straififedences in the development of cross-

sensitization are expected.

Acute stress-induced HPA sensitization

In the past decades, a great interest has beematguhdor the long-term consequences of a
single exposure to stress in animal models for PTiSDorder to understand biological
mechanisms underlying this pathology (Armario et aD08). In animal models of PTSD,
sensitization appears to be a crucial phenomenaxpptain enhanced responsiveness to both
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stimuli associated with the trauma and other tygfestressors. In some experiments, electric
shocks were used for both inducing and expressngitization, with shocks given in the same
manner (i.e. foot-shock) or in different body regiq(i.e. tail-shock versus foot-shock or foot-
shock versus probe-shock). In the latter cases,difficult to know whether the animals can

perceive the stimulus as distinct.

Behavioral sensitization has been demonstrated aftposure to a session of several shocks in
rats and after a single shock in mice (i.e. Seugatit al., 1995; Siegmund & Wotjak, 2007; van
Dijken et al., 1992). Shocked animals showed araecdd freezing response to superimposed
stressors, such as sudden interruption of a backgrooise or sudden appearance of a noise
burst (Siegmund & Wotjak, 2007; van Dijken et d992, 1993), and an enhanced startle
response (Servatius et al., 1995). In our laboyatee have demonstrated that a single exposure
to immobilization can transiently enhance anxiebyt when such an effect apparently
disappeared after 10 days, a brief superimposetibsesf shocks markedly increased anxiety as
measured with the elevated plus maze, whereasathe shocks had no effect in stress-naive
rats (Belda et al., 2008). These data stronglycatdi that animals are still more susceptible to
novel stressors, but the long-lasting effect obpeevere stress could not be evident unless a
new challenge has to be faced. Similarly, a simggscapable foot-shock or tail-shock session
has been demonstrated to enhance foot shock-indaeectonditioning for several days after
the inescapable footshocks (Baratta et al., 20@4; &R al., 2005). In some cases, the impact of a
prior stress is only observed after an incubatierigal of several days (typically one week),
suggesting some kind of slowly progressing phenamgPamplona et al., 2011). There is also
evidence for incubation of fear after exposureitmle prolonged stress (Knox et al., 2012;
Koda et al., 2007; Takahashi et al., 2006; Wan@let2008). Thus, it appears that some
behavioral consequences of stressors reach a maxiwnuthe next hours or days whereas in
other cases such consequences progressively incogas time (Figure 1). Interestingly, when

simultaneously studied, behavioral sensitizatiofutther stressors outlasted HPA sensitization
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(Belda et al., 2008). Nevertheless, this does ratlpde that some components of the HPA axis
or other biological systems activated in respongée stressor might lead to long-term changes

in gene expression and consequently in behavior.

Caggiula et al. (1989) and van Dijken et al. (19@8)e the first to report that a single session
of foot-shocks was able to induce long-lasting @-days) enhancement of ACTH or
corticosterone response to a short exposure tohandirief shock session or to a novel
environment, respectively. In parallel, severalorgp appeared regarding long-term effects of
single exposure to systemic stressors on HPA respamess. Although the present review
focuses on the long-term effects of emotional diinwe will make a brief mention of some
relevant data on systemic stimuli. Tilders’ lab vedso the first to report that a single cytokine
(IL-1b) administration in rats was able to induoad-term sensitization of the HPA response to
a variety of challenging stressors including IL{Bzhmidt et al., 1995), amphetamine (Schmidt
et al., 1999, 2001), novel environments and fooickh (Schmidt et al., 1995, 2001, 2003).
When the time-course of sensitization was studiedas found that the effect of IL-1b on HPA
responsiveness to a novel environment reached ammax of 11-22 days after the
administration of the cytokine and vanished at 42sd Schmidt et al., 2003). After these initial
studies with IL-1b, Anisman’s lab published a serid papers studying the long-term effects
(between 24 h and 28 days) of a single administmatf other immune stimuli including
endotoxin and the cytokine tumor necrosis factfriF-a). They studied not only the response
of the HPA axis, but also changes in sickness hehand neurochemistry (Anisman et al.,
2003; Hayley et al., 2003). With respect to the HiBds, the time-course of the effects appears
to show a relatively high level of variability demwing on both the particular nature of the
initial immune stimuli and the challenging systersteessor, but evidence for homotypic and
heterotypic sensitization was found that in somsesanhanced with the time elapsed between
the two exposures. Taken together, it appearsetifadsure to systemic stressors, in contrast to

emotional stressors, can induce sensitization@HRA response to both the homotypic and the

15



heterotypic stressors and this effect progressieehances over time (see Armario et al., 2004).
In contrast, emotional stressors would induce $ieation of the response to heterotypic

stressors, particularly when the challenging stnesskave immune components.

Regarding emotional stressful stimuli, the dataait®d so far point to a long-lasting
sensitization of the HPA response when animalseaposed to a heterotypic stress. After a
long-term sensitization of the HPA axis with a $&ngxposure to a moderate session of foot-
shocks was described (van Dijken et al., 1993)damonstrated that a single prior exposure to
immobilization resulted in a reduced HPA respormsthé homotypic stressor, but an enhanced
response to a different (forced swim) stressottjqaarly evident in both cases during the post-
stress period (Marti et al., 2001). Later on, Itesging HPA sensitization of the response to
heterotypic stressors was observed in Maier’'s lsibguthe inescapable tail-shock procedure
typical of the learned helplessness paradigm. Tdteserved that a single session of shocks
caused sensitization of the HPA response to enalti@gedestal) and systemic (endotoxin, 10
Kng/kg) stressors (Johnson et al., 2002a, 2003; @iG@oet al., 2004). Although the effect on
exposure to the pedestal was studied only afteln 2dbohnson et al., 2002a; O’Connor et al.,
2004), sensitization to endotoxin was already oleskton the day after shock and lasted for at
least 10 days, disappearing at 21 days (Johnsaln, €002a). Having control over the aversive
experience (comparing the effects of escapableyakdd inescapable tail-shocks) does not
modify long-term sensitization of corticosteronsgense to other emotional stressor, such as
restraint (Weinberg et al., 2010). Interestinghe same lab also reported that prior exposure to
one tail-shock session can induce sensitizatiom{pg) of the immune response to endotoxin
that might be mediated by glucocorticoid releasedng tail-shocks (Frank et al., 2010, 2012;

Johnson et al., 2002b, 2003).

Supporting our preliminary results using forcedravas the heterotypic stressor (Marti et al.,

2001), we have repeatedly observed that prior axpgoto a single immobilization session
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induces sensitization of the HPA response to nereironments that lasts for around one week
(Belda et al., 2008; Gagliano et al., 2008; Mufidekan et al., 2008). It is unclear whether
qualitative aspects of triggering stressors, rathan their intensity or duration, are responsible
for long-lasting HPA sensitization. We then expossd to 2 h of immobilization, 2 h of severe
foot-shock (2 mA, 6 s, one per min), or to a bsession of three mild shocks (0.5 mA, 3 s, one
per min). Seven days after that, these rats, tegetlih appropriate controls were exposed for 5
min to an open-field and sampled immediately aftks. it can been seen in Figure 2,
sensitization of the ACTH response was observegr gitevious exposure to immobilization
and severe footshocks, but not after a brief sessianild foot-shocks. These results support
the hypothesis that long-lasting HPA sensitizai®mainly dependent on the intensity and/or
duration of the triggering stressor rather thantsmarticular nature. As HPA sensitization can
be induced by both acute and chronic exposurepariicular stressor, it is important to know
whether stress-induced sensitization changes whénaés are daily exposed to the same
triggering and challenging stressors. After dadpeated exposure to immobilization (1 h) and
to an open-field (5 min) for one week, sensitizatiof ACTH response was basically
maintained, with a slight decline of ACTH respomsgsociated to a modest increase in
corticosterone response (Daviu et al., 2014). fassible that corticosterone sensitization after

chronic stress could be associated to an extra-At&fdlation that remains to be studied.

The mechanisms underlying acute stress-induced B@Wsitization are unclear at present.
Previous studies using tail-shock as the induddivessor demonstrated that HPA sensitization
was associated with a reduced efficacy of negajiueocorticoid feedback (O’Connor et al.,
2003). More recently, O’'Connor et al. (2004) showeging the same paradigm, that the greater
ACTH and corticosterone response to a novel aduéssor 24 h later were accompanied by
increased activation of the PVN (enhanafok expression and CRH mRNA levels) and the
anterior pituitary (enhancedfos and pro-opiomelanocortin gene expression). Thisngty

suggests that sensitization took place in the bnather than peripherally. Although
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sensitization could be secondary to the lower afficof glucocorticoid negative feedback, it
was also observed in ADX animals (O’Connor et 2004), indicating that glucocorticoids are
not needed to induce or express HPA sensitizaliberefore, sensitization is likely to be the
result of a brain sensitization process independegtucocorticoids. That glucocorticoids play
no role in stress-induced sensitization was cominm our lab using immobilization as the
inductive stressor and two different approachesldok or reduce the effects of glucocorticoid
released during stress: the inhibition of glucdcoitl synthesis with metyrapone (MET) and

blockade of GR with the antagonist mifepristoneldB@eet al., 2012).

There are several reasons to consider CRH as ablgogsandidate for the induction of
sensitization. First, there is evidence that CRihwslved in the induction and/or expression of
stress-induced locomotor sensitization to amphetemacting centrally (Cador et al., 1993;
Cole et al., 1990). Second, sensitization of ethavithdrawal-induced reduction of social
interaction was potentiated by prior exposure to testraint stress sessions one week apart, an
effect that was prevented by the administratiom @RH type 1 receptor (CRHR1) antagonist
prior to stress (Breese et al., 2004). Third, CRH&Eptors are involved in the development of
stress-related visceral hyperalgesia (Larauché.,e2@l2). Finally, repeated administration of
urocortin into the basolateral amygdala causes-lasiting increases in anxiety-like behavior,
probably acting through CRHR1 receptors as CRHR2pt@®rs have not been detected in this
area (Rainnie et al., 2004). We then tested whe@RHR1 receptors are important for
immobilization-induced HPA sensitization by givdretselective antagonist R121919 prior to
immobilization. The drug did not block sensitizati¢Belda et al., 2012), thus tentatively
suggesting that CRHR1 receptors are not involvedhis process. It will be of interest to
determine whether CRHR1 receptors are importanth®expression of HPA sensitization, and

whether CRHR2 also plays a key role in the process.
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Despite the consistent effect of single exposureie@re stressors to cause HPA sensitization, it
appears that not all stressors have this propdiking advantage of our previous data
demonstrating that high doses of MET can act itaglh pharmacological stressor (Rotllant et
al., 2002), we further studied whether prior METméwistration can induce similar HPA
sensitization as severe stressors. We found negatidence (Belda et al., 2012), suggesting
that HPA sensitization is not an universal consaqgeef exposure to all stressor-like agents,

even if they are severe.

Another question is whether sensitization can affeiher stress-sensitive neuroendocrine
systems. When animals are exposed on two consecdélys to hemorrhage, sensitization of
HPA response as well as the adrenaline responsbdmasobserved (Lilly et al., 1982, 1983,
1986). In contrast, repeated exposure to noisehensame day resulted in a (homotypic)
reduction of corticosterone, adrenaline and noraaliiee response that is likely to be due to
short-term habituation to an emotional stressotha$ehavioral response was also reduced (De
Boer et al., 1988). Unfortunately, the response timeterotypic stressor was not studied. We
have analyzed plasma prolactin levels in sevetaatsons where HPA sensitization was found,
examining the influence of prior immobilization dre prolactin response to a 5-min open-field
exposure on the following day. As shown in FigurepBor exposure to 2 h immobilization
caused a modestly enhanced prolactin responseetogln-field in one experiment and no
significant effect in another similar experimeritid thus clear that unlike the HPA axis, the
prolactin response to heterotypic stressors iscoosistently sensitized by prior acute severe
stressors. This inconsistency is similar to thdtieed after chronic stress. However, in this
case we could demonstrate that the lack of comsiatute stress-induced prolactin sensitization
IS not due to a constraining effect of glucocoitiso released during exposure to
immobilization, as blockade of GR at this time madeffect on subsequent prolactin response

to the open-field the following day.
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Conclusions

Exposure to both acute and chronic stressors isdgeasitization of certain behavioral and
physiological responses to further stressors. Ype of stressor, particularly whether they are
systemic or emotional, could be critical to obsesgasitization, especially when the response to
the homotypic stressor is studied. In general, iseaigon: (a) is dependent on the particular
characteristics of the triggering and challengitigssors (nature, duration, intensity); (b) affects
only a restricted subset of peripheral physioldgicacesses and centrally mediated behavioral
and physiological responses; (c) is better obseirveelsponse to novel heterotypic stressors; (d)
in very restricted number of cases appears aftemembation period (days to weeks). The
heterogeneity of the phenomenon precludes its deraion as a unitary process. We suggest
some avenues to a better understanding of thisophmemon. For instance, in the case of
homotypic stressors, it would be of particular iagt to delineate the characteristics of the
stimuli that determine the development of adaptatiersus sensitization and the behavioral or
physiological responses affected. Simultaneous uatiah of several different behavioral
patterns or physiological systems could contribiateédentify those systems more prone to
sensitize. Finally, individual differences play ajor role in the development of sensitization,
but it is likely that some individuals are more cesible to sensitization of particular behaviors
or physiological systems, rather than showing aegsized susceptibility to develop

sensitization in all systems.
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Figure 1. Exposure to severe emational stressors can induce HPA and behavioral

sengtization. HPA sensitization is maximally observed on the dégr the stressors and can

persist for up to 2 weeks depending on the chaiatits of the stressor and the individual

susceptibility (solid line). Behavioral consequenoéstressors belong to two categories: (i) one

that showed a maximum very soon after stressorsexpao progressively vanishing after that

(Behavior I; dotted line); and (ii) another thae dully manifested long after stressor exposure

showing some kind of incubation process (Behavlprdashed line). Note that behavioral

sensitization can be unmasked by superimposinged §tressor, appears to be longer lasting

than HPA sensitization and is usually reflecteddifferent types of tests related to fear

conditioning and anxiety-like behavior (i.e. el@dplus-maze, acoustic startle response).
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Figure 2. Long-lasting HPA sensitization is dependent on the intensity and/or duration of
exposureto the triggering stressor. Adult male rats remained undisturbed or were eggds
a brief 5 min session of low intensity foot-sho¢Bsx 3 s scrambled, AC current, shocks of 0.5
mA), a prolonged (120 min) session of high intgnéitot-shocks (120 x 6 s scrambled, AC
current, shocks of 2.0 mA) or 120 min of immobitina on boards (IMO). Seven days later all
animals were exposed for 5 min to an open-field iamaiediately blood sampled. Means and

SEM are represented (n%8 per groupyxG.05, **p<0.01 versus control.
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Figure 3. Prior acute stress induces null or weak prolactin sensitization. In contrast to the
consistent sensitization of the HPA response toief heterotypic stressor caused by a single
exposure to immobilization (IMO, 2 h) on the daydve (Belda et al., 2012), prolactin response
is only slightly enhanced, the results being diat#ly inconsistent among the different
experiments. Panels A and B present results fraresentative experiments that always show
consistent HPA sensitization and inconsistent ptolasensitization. Means and SEM are

represented (n = 10-12 per groum<6.05, ***p<0.001 versus control.

35



