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Abstract
The hypothalamo–pituitary–adrenal (HPA) axis is the critical mediator of the vertebrate stress response system, responding to environmental

stressors by maintaining internal homeostasis and coupling the needs of the body to the wants of the mind. The HPA axis has numerous complex

drivers and highly flexible operating characterisitics. Major drivers include two circadian drivers, two extra-hypothalamic networks controlling

top-down (psychogenic) and bottom-up (systemic) threats, and two intra-hypothalamic networks coordinating behavioral, autonomic, and

neuroendocrine outflows. These various networks jointly and flexibly control HPA axis output of periodic (oscillatory) functions and a range of

adventitious systemic or psychological threats, including predictable daily cycles of energy flow, actual metabolic deficits over many time scales,
Abbreviations: 2DG, 2-deoxyglucose; 11-bHSD1, 11-b-hydroxysteroid-dehydrogenase-1; 11-bHSD2, 11-b-hydroxysteroid-dehydrogenase-2; ACh, acetylcho-

line; ACTH, adrenocorticotropin hormone; ADP, anterodorsal preoptic nucleus; ADX, adrenalectomy; AgRP, agouti-related peptide; AMPA, a-amino-3-hydroxy-5-

methyl-4-isoxazole; AVP, arginine vasopressin; AVPO, anteroventral preoptic nucleus; AVPV, anteroventral periventricular preoptic nucleus; B, corticosterone;

BLA, basolateral amygdala; BMI, body mass index; BNST, bed nucleus of the stria terminalis; CAD, coronary artery disease; CART, cocaine–amphetamine related

transcript; CeA, central nucleus of the amygdala; CNS, central nervous system; CREB, cAMP response element binding protein; CRF, corticotropin releasing factor;

CS, conditioned stimulus; CVD, cardiovascular disease; CVO, circumventricular organs; DA, dopamine; DAMGO, m opiate receptor agonist; DAT, dopamine

transporter; DBH, dopamine-b hydroxylase; DEX, dexamethasone; DIO, diet-induced obesity; DMH, dorsomedial hypothalamic nucleus; DR, resistant to diet-

induced obesity; E, epinephrine; ENK, enkephalin; EOP, endogenous opioid peptides; eWAT, epididymal white adipose tissue; FAS, fatty acid synthase; FFA, free

fatty acids; GABA, gamma-aminobutyric acid; GC, glucocorticoid; GR, glucocorticoid receptor; GRE, glucocorticoid response elements; HPA, hypothalamo–

pituitary–adrenal axis; hRNA, heteronuclear RNA; HVPG, hypothalamic visceromotor pattern generator; ICSS, intracranial self-stimulation; i.c.v., intracerebro-

ventricular; IEG, immediate early gene; IL-6, interleukin 6; IML, intermediolateral column; LA, lateral amygdala; LEO, light-entrainable oscillator; LH, lateral

hypothalamus; LTP, lont-term potentiation; mPFC, medial prefrontal cortex; MPO, medial preoptic nucleus; MR, mineralocorticoid; mRNA, messenger RNA;
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medulla; SCN, suprachiasmatic nuclei; scWAT, subcutaneous white adipose tissue; SIP, schedule-induced polydipsia; sPVZ, sub-paraventricular zone; TH, tyrosine

hydroxylase; TNFa, tumor necrosis factor a; UR, unconditioned response; US, unconditioned stimulus; VMH, ventromedial hypothalamus; VNAB, ventral

noradrenergic bundle; VTA, ventral tegmental area; WAT, white adipose tissue
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predicted metabolic deficits, and the state-dependent management of post-prandial responses to feeding. Evidence is provided that reparation of

metabolic derangement by either food or glucocorticoids results in a metabolic signal that inhibits HPA activity. In short, the HPA axis is intimately

involved in managing and remodeling peripheral energy fluxes, which appear to provide an unidentified metabolic inhibitory feedback signal to the

HPA axis via glucocorticoids. In a complementary and perhaps a less appreciated role, adrenocortical hormones also act on brain to provide not

only feedback, but feedforward control over the HPA axis itself and its various drivers, as well as coordinating behavioral and autonomic outflows,

and mounting central incentive and memorial networks that are adaptive in both appetitive and aversive motivational modes. By centrally

remodeling the phenotype, the HPA axis provides ballistic and predictive control over motor outflows relevant to the type of stressor. Evidence is

examined concerning the global hypothesis that the HPA axis comprehensively induces integrative phenotypic plasticity, thus remodeling the body

and its governor, the brain, to yoke the needs of the body to the wants of the mind. Adverse side effects of this yoking under conditions of

glucocorticoid excess are discussed.

# 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The cause to which I allude, is the constant tendency in all

animated life to increase beyond the nourishment prepared

for it. . .upon the whole, that the population is in general so

nearly on a level with the average supply of food, that every

little deficiency from unfavourable weather or other causes,

occasions distress. . .

Robert Malthus, (Of the Checks to Population; An Essay on

the Principle of Population: A View of its Past and Present

Effects on Human Happiness; with an Inquiry into Our

Prospects Respecting the Future Removal or Mitigation of the

Evils which It Occasions Published: London: John Murray,

1826. Sixth edition. First published: 1798.)

Stress that accompanies population growth is the ultimate

ancestral concern, remains palpable in the problems of

contemporary society, and is highly relevant to theoretical
issues of the proximate and ultimate causes of stress. To

summarize from Malthus: population growth first leaps

exponentially, only to be hampered by self-induced resource

scarcity and environmental toxication, before finally crushing

itself at the limits of carrying capacity. In the perpetual struggle

for resources, relatively minor events routinely threaten

homeostasis. Darwin appreciated variation and heritability,

but failed to understand the pressures driving adaptation until

reading Malthus, which led him to the inescapable conclusion

of natural selection. Heritable variation and logistic growth are

as common in yeast, bacteria, and flowering plants as they are in

humans, and therefore, it follows that natural selection demands

a fundamental yoking of stress and energetics.

The key vertebrate mechanism that guards against metabolic

inadequacy in times of resource shortages and its attendant

stressors is the hypothalamo–pituitary–adrenal (HPA) axis.

Stress hormones secreted from the adrenal cortex, i.e.,

glucocorticoids (GCs), were aptly named for their roles in
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2 The distinction between systemic and psychological stress has face validity,

and may have construct validity insofar knife cuts of ascending catecholami-

nergic pathways can prevent fos activation in upstream stress networks follow-

ing a systemic stressor (e.g., electric shock; Li et al., 1996). Distinct

mechanisms underlie activation of hypothalamic neurosecretory neurons and

their medullary catecholaminergic afferents in categorically different stress

paradigms but do not prevent activation in the same nodes following a

psychological stressor, such as restraint. However, the distinction is not

clear-cut. Most systemic stressors probably have psychological components,

as well, e.g., malaise and sickness behavior, and the experience of pain. In

addition, one might also imagine that increased HPA activity following endo-

toxin administration or a broken leg serves multiple functions beyond anti-

inflammatory actions, such as preserving energetic functions in an animal that

cannot forage efficiently or safely. Likewise, social stress could also act as a

predictor for metabolic stress, as in the case of subordinate animals being

thwarted from feeding opportunities by dominants. Some stimuli, such as those

reflecting circadian processes, are even more difficult to categorize as ‘‘top-

down’’ or ‘‘bottom-up.’’ In addition, sometimes the term ‘‘neurogenic’’ is used

to describe predicted threats, but finally, there is likely a great deal of intrinsic

coordination between neuroendocrine motor systems, and other motor systems.

With these caveats, it can be a useful distinction when trying to parse the

necessary and sufficient inputs to the HPA axis.
peripheral glucose mobilization, but their accepted importance

to peripheral energy balance generally ignores the key

coherence of their functions in both the periphery and the

central nervous system. This review examines a scheme of HPA

axis function in which GCs yoke needs to wants, where they

frequently have largely inverse functions in the periphery and

brain—peripherally they are catabolic and remodel energy

toward adiposity and greater caloric efficiency, whereas

centrally they remodel motivational structure, mounting

appetitive and aversive networks that amplify the value of

both positive and negative incentives for a variety of outcomes.

Below we examine the complexity of the central HPA axis

drivers and flexibility of the operating characteristics, evidence

suggesting that GCs provide indirect metabolic feedback

regulation of the HPA axis which can be mimicked by food,

evidence that chronically elevated GCs feedforward in brain to

activate specific central incentive networks, evidence suggest-

ing an influential role of GCs in brain plasticity, including

learning, neuronal remodeling, natural and supernormal forms

of incentive relativity, and, finally we discuss the adverse

consequences of sustained elevations of GCs. Thus, we hope to

provide an overview of how GCs remodel the phenotype to

yoke the needs of the body to the wants of the mind in ways that

are typically, but not necessarily adaptive.

2. HPA axis anatomy and operationing characteristics

2.1. The HPA axis itself

The essential components that lead to increased adreno-

cortical secretion are known as the hypothalamo–pituitary–

adrenal axis (Fig. 1). The final common output pathway from

brain begins with the paraventricular nucleus (PVN) of the

hypothalamus, which contains small-bodied, corticotropin-

releasing factor (CRF) synthesizing motor neurons that also

synthesize arginine vasopressin (AVP). Axons from CRF cells

project to the median eminence where they release their

contents into the primary portal vasculature via diffusion into

leaky capillaries. After vascular transport to and diffusion

from the secondary plexus in the anterior pituitary, CRF and

AVP stimulate glandular corticotrope cells to synthesize pro-

opiomelanocortin (POMC), a large molecule that is processed

by convertases in the cell to adrenocorticotropic hormone

(ACTH) and stored in secretory vesicles. Also, in immediate

response to CRF/AVP, stored ACTH is released into the

systemic circulation. Elevated plasma ACTH then stimulates

the adrenal cortex (zona fasciculata) to synthesize on demand

and secrete GCs into the circulation where they then act on

peripheral and central brain cells containing glucocorticoid

receptors (GR). Thus, the GCs not only act at the periphery but

also cross the blood brain barrier to cause wide-ranging

changes in brain function. The PVN also contains magno-

cellular cells containing oxytocin (OXY) or vasopressin

(AVP) that reside laterally to CRF neurons and project to the

neural lobe of the pituitary. Non-neuroendocrine, descending

PVN cell divisions control behavioral and autonomic out-

flows.
The scheme of neuroendocrine motor output is deceptively

simple given the manifold stimuli that regulate activity in the

HPA axis. Summary statements often suggest that activation of

the CRF motorneuron in the PVN is subject to regulation by

both ‘‘bottom-up’’ or ‘‘systemic’’ stimuli and ‘‘top-down’’ or

cognitive stimuli, also referred to as actual or predicted threats,

respectively,2 but even these broad strokes underestimate the

types of stimuli controlling HPA output, which include

periodic, recurring stimuli (e.g., seasonal, circadian, ultradian)

and systemic events (e.g., hunger, food, exercise, injury,

infection, hypoxia, temperature, volume and osmotic stimuli,

drugs, sleep deprivation, aversive stimuli, and positive and

negative expectancies).

Fig. 2 shows the major drivers of the HPA axis in schematic

form. The PVN and its neighboring sub-paraventricular zone

(sPVZ) integrate widely ranging anatomical and neurochemical

inputs from both hypothalamic and extra-hypothalamic sites.

Local inputs from the sPVZ to PVN include a complex

microcircuitry for both GABAergic and glutamatergic fast

transmission. Much of this input is from cortical and limbic

inputs (for reviews see Herman et al., 2003, 2002). Inputs to the

HPA axis may be thought of as consisting of two main types:

periodic pattern-generators characterized by an endogenous

oscillatory capacity and non-periodic pattern generators that

are driven by adventitious, exogenous stimuli, or in the case of

hunger, interoceptive stimulation when food is unavailable. At

least four pattern generators are known or predicted to have

critical influences on the HPA axis. Two with clearly circadian

periods include the light-entrainable oscillator (LEO), also

known as the suprachiasmatic nuclei (SCN), and the food-

entrainable oscillator (FEO), which is of uncertain anatomical

origin, although the dorsomedial hypothalamic nuclei (DMN)

are critical for its expression (Gooley et al., 2006). Another

periodic oscillator is ultradian (not shown) that drives secretory

bursts on the order of minutes to hours (Iranmanesh et al., 1990;

Sarnyai et al., 1995; Veldhuis et al., 2001). A recently identified
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Fig. 1. The hypothalamo–pituitary–adrenal (HPA) axis. The paraventricular

nucleus (PVN) of the hypothalamus is depicted as a bilateral coronal section in

an oblique view with the third ventricle (V3) indicating midline. The periven-

tricular region (light gray) contains parvicellular neuroendocrine cells with

CRF/AVP-containing neurons in the dorsolateral region that project to the

median eminence and portal vasculature of the anterior pituitary. The magno-

cellular neuronal division (medium gray) consists of cell containing oxytocin

and vasopressin the project directly to the posterior, neural lobe of the pituitary.

The descending division of the PVN (black) contains pre-autonomic neurons

projecting to lower brainstem areas and spinal cord that are involved in both

behavioral and autonomic regulation. CRF/AVP release into the portal vascu-

lature of the anterior pituitary stimulates glandular corticotropes to release

adrenocorticotropin hormone (ACTH) into systemic circulation. Plasma ACTH

then stimulates adrenalcortical cells to synthesize and release glucocorticoids

(GC) into systemic circulation to act on peripheral tissues and organs and

feedback to the pituitary corticotropes and the central nervous system.
network, the hypothalamic viscermotor pattern generator

(HVPG) (Thompson and Swanson, 2003) is a putative pattern

generator predicted from anatomical considerations. This is the

least functionally characterized network, but is in a position to

mediate both periodic and aperiodic signals, as it receives

prominent input from circadian drivers and cortico-striato-

pallidal networks mediating top-down, psychogenic stimuli.

Finally, an array of networks mediating bottom-up, largely

aperiodic stimulation of HPA axis output, such as those

controlling actual systemic threats, include the ascending

ventral noradrenergic bundle (VNAB) originating in the lower

brainstem, and the melanocortin system involving neuropeptide

Y (NPY) and POMC neurons within the arcuate nucleus of the

hypothalamus and lower brainstem. This latter melanocortin

system has some overlapping anatomical distribution with the

HVPG and the VNAB. Finally, HPA axis sensitivity to immune

challenges is mediated through the circumventricular organs

and leptomeningeal systems. Thus, the variety of pathways

driving HPA axis output is as diverse as potential challenges to

homeostasis.
2.2. Periodic pattern generators

2.2.1. The light-entrainable oscillator

The HPA axis exhibits a prominent daily (�24 h) rhythm

that is normally under the control of the suprachiasmatic nuclei

of the hypothalamus (SCN), also known as the light-entrainable

oscillator, as lesions of the SCN block daily light-entrained

rhythmicity (Moore and Eichler, 1972). In most diurnal and

nocturnal animals under laboratory circumstances of a regular

light/dark cycle and ad libitum food, the peak (acrophase) of

HPA rhythms occurs just before the onset of the activity phase,

whereas the nadir occurs during sleep. The SCN sit atop the

optic chiasm in the basal hypothalamus and receive transduced

light stimuli via the retinohypothalamic tract that entrains the

endogenous pacemaker activities in the SCN to a precise 24 h

period. Activity in the SCN then drives the HPA axis and PVN

pre-autonomic neurons.

There are multiple pathways by which the SCN may control

adrenal cortical output. The SCN project directly to PVN CRF

neurons (Buijs et al., 1998; Vrang et al., 1997), where they can

directly affect CRF motorneuron output, in both neuroendo-

crine and descending pre-autonomic divisions of PVN. The

SCN indirectly influence PVN CRF neurons via substantial

projections to the sub-paraventricular zone, which targets the

PVN with GABAergic inputs. The SCN substantially project to

the dorsomedial hypothalamus (DMH) and preoptic nuclei,

which also project strongly to neuroendocrine and pre-

autonomic divisions and are of great relevance to coordination

of visceromotor outflows. AVP levels in and around the PVN

vary on a circadian basis, being highest at rest, during basal

HPA activity. AVP infusions into brain cause rapid decreases in

GC, and lesser decreases in ACTH. The DMH are the most

effective infusion-site, and provide substantial, presumably

inhibitory, GABAergic fibers to CRF neurons. Disinhibition of

HPA activity by AVP antagonists occurs only in SCN-intact

animals, suggesting origination of the inhibitory AVP in the

SCN. Other hypothalamic recipients of SCN input that in turn

influence PVN output include the arcuate and supraoptic nuclei

(Kalsbeek and Buijs, 2002; Saeb-Parsy et al., 2000). Outside

the hypothalamus, the SCN project to paraventricular thalamus

(PVT), a common target of both acute and chronic stress

networks.

There also appears to be an additional neuronal route by

which the SCN control adrenal activation. Whereas ACTH

output is associated with rhythmic output from SCN (Cascio

et al., 1987), adrenal sensitivity to ACTH appears to involve a

neural, non-rhythmic component that reveals itself as a masking

effect due to SCN activity controlled by light. Pseudo-rabies

virus injected into the adrenals is retrogradely propagated trans-

synaptically via the intermediolateral column to PVN pre-

autonomics and the SCN, showing that the SCN project multi-

synaptically to innervate the adrenal (Buijs et al., 1998). In rats,

adrenal sensitivity to ACTH appears to increase about 2.5-fold

at the acrophase compared to the nadir of the rhythm (Dallman

et al., 1978; Jasper and Engeland, 1994; Kaneko et al., 1980;

Sage et al., 2002), and this shift in sensitivity requires intact

splanchnic neural innervation of the adrenals (Ulrich-Lai et al.,
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Fig. 2. Major drivers of the HPA axis. This highly simplified schematic depicts the major drivers of the HPA axis, with some indications of their coordinated drive on

autonomics (pre-ANS) and one another. For simplicity, paraventricular (PVN) corticotropin releasing factor-containing (CRF)-containing cells are grouped with the

heavily interconnected sub-paraventricular zone (sPVZ). The suprachiasmatic nuclei, the master, light-entrainable oscillator (LEO) provides endogenous circadian

drive to the paraventricular nucleus (PVN) corticotropin-releasing factor-containing cells, PVN pre-autonomics, and the hypothalamic visceromotor pattern generator

(HVPG). During restricted, scheduled feedings a second food-entrainable oscillator (FEO) swings into motion to track mealtimes and entrain food anticipatory

rhythms. Systemic threats to homeostasis are signaled through circumventricular organs (CVO), the melanocortin (neuropeptide Y/pro-opiomelanocortin; NPY/

POMC) system in the arcuate nucleus of the hypothalamus, and ascending medullary catecholaminergic (norepinephrine, epinephrine, NPY; NE, E) neurons.

Psychogenic drive on the HPA axis is represented by multi-layered cortico-striato-pallido-hypothalamic networks, in this case showing the visceromotor medial

prefrontal cortex (mPFC) projecting to the lateral septum (LS) and amygdala (AMY), bed nucleus of the stria terminalis (BNST), and HVPG. Virtually all HPA axis

drivers also project the ‘‘neuroendocrine’’ paraventricular thalamus (PVT).
2005). Furthermore, Buijs et al. (1999) showed that presenting

light during the dark phase rapidly reduces plasma corticoster-

one concentrations without reducing ACTH, but this occurs

only in animals with intact SCN (Buijs et al., 1999). Thus, the

SCN influence HPA output through direct innervation of the

CRF motor neurons, as well as indirect access through

secondary hypothalamic pattern generators (see below), and by

neuronally controlling adrenal sensitivity to ACTH.

It remains further possible that the SCN could influence

hypothalamically driven GC secretion by humoral signals,

insofar as SCN ‘‘islands’’ isolated in permeable membranes can

restore some types of rhythmicity (Hakim et al., 1991),

although the case for GC secretion has yet to be demonstrated.

Sub-components of the HPA axis, such as the pituitary and

adrenals themselves, display intrinsic rhythms in vitro, but the

light-entrainable SCN appear to function as a master to these

other slave oscillators (for reviews see Buijs and Kalsbeek,

2001; Moore-Ede et al., 1982; Perreau-Lenz et al., 2004; Silver

and Moore, 1998).

Light-entrained rhythms of the HPA axis appear to be related

to the demands of waking activity, insofar as they accompany or

just precede waking in all known species. As has been pointed

out by others, our own intuition tells us that waking is not

necessarily stressful (Day, 2005). However, it should be added

that these same rhythms can be stress-related since humans can

show elevated peaks in cortisol during the work week compared

to weekends (Schlotz et al., 2004), and the rhythm’s nadir can

be increased during hunger (Dallman et al., 1999), fasting

(Samuels and McDaniel, 1997) or life-time food restriction
(Masoro, 2005). The perceived non-stressfulness of normal

daily rhythms of activity and energy fluxes in the freely feeding

condition simply reflects an ancient solution, gracefully

perfected over geological time. The importance of circadian

synchronization is evident, as obliteration of the clockwork

reduces lifespan (Moore-Ede et al., 1982).

2.2.2. The food-entrainable oscillator

A second circadian oscillatory system provides for non-

photic, food-entrainable rhythms of GC, and is referred to as the

food-entrainable oscillator (for a review see Hiroshige et al.,

1991; Mistlberger, 1994; Stephan, 2001; Stephan, 2002).

Although circadian rhythms are normally entrained to the LEO,

and hence light schedules, when food availability schedules are

pitted against the light/dark cycle, the GC rhythm shifts,

becomes entrained to the time of food availability, and peaks

just before a once-daily meal.

Food-entrainment entails the readjustment, in addition to

GC secretion, of an entire suite of rhythms that are related to

activity, procurement and ingestion of food, body temperature,

activity, drinking, feeding (Moore-Ede et al., 1982), as well as

many digestive and hepatic rhythms (Balsalobre et al., 2000,

1998; Diaz-Munoz et al., 2000; Saito et al., 1975, 1976). In a

large variety of species tested, once-daily access to food results

in the development of food-anticipatory activity in these

rhythms. The key conditions for food entrainment appear to be

food deprivation and periodic eating of threshold-sized meals.

Even a prior history of scheduled meals is sufficient for

entrainment, since anticipatory activity can occur at a
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remembered time relative to the light cycle (phase angle) if

food deprivation alone is reinstituted without providing meals

(Stephan, 2002).

Food-anticipatory rhythms are considered truly endogenous

circadian rhythms because they are phase-adjustable to any

phase of the light dark cycle, they have a range of entrainment,

they can free-run, and they persist for at least 2 days in the

absence of exogenous stimulation. Although circadian clock

mechanisms are considered non-associative processes (Mis-

tlberger, 1994), for some of the reasons just mentioned, there

must be some type of memorial consultation in at least one of

the cases mentioned above, namely, the case of deprivation

alone calling forth anticipatory activity at the former time of

scheduled meals, which appears to require a ‘‘consulted clock’’

(Gallistel, 1990).

The independence of the FEO from the LEO is assured, in

that food anticipatory activity, including adrenal activity

(Krieger, 1972), remains robust in SCN-lesioned animals

(Krieger et al., 1977). Although many brain lesion studies,

including those involving bilateral destruction of PVN, have

attempted to discern a nuclear locus of the putative food-

entrainable oscillator, only lesions of the DMH and the

parabrachial nuclei have eliminated or markedly damped

temperature, GC, and food anticipatory activity (FAA) rhythms

(Davidson et al., 2000; Gooley et al., 2006). However, residual

time-keeping was noted, and replicated (Landry et al., 2006).

Subordinate levels of the HPA axis have been ruled out as the

source oscillator, as both hypophysectomized (Davidson and

Stephan, 1999) and adrenalectomized rats (Mistlberger, 1994)

still show behavioral anticipation of meals (Stephan et al.,

1979). It is worth adding, however, that adrenalectomy (ADX)

also results in the normally robust locomotor activity rhythm

becoming severely ‘‘uninspired.’’ Although lesions of the

ventromedial hypothalamus (VMH) did not eliminate beha-

vioral FAA (Mistlberger and Rechtschaffen, 1984), the

amplitude of the food-entrainment signal may also depend to

some extent on activity in the ventromedial hypothalamus

(Choi et al., 1998; Honma et al., 1987). Because clock genes are

located in many tissues throughout the brain and periphery, the

FEO may consist of distributed central and peripheral oscillator

systems that couple under appropriate circumstances.

Ascending noradrenergic (NE)/neuropeptide Y (NPY)

neurons originating in the nucleus of the tractus solitarius

(NTS) may be involved in transducing a food-entrained

circadian signal from the NTS to the PVN, resulting in the pre-

feeding elevations of corticosterone. NPY increases in the PVN

prior to meals on restricted food schedules (Kalra et al., 1991;

Yoshihara et al., 1996a,b), and is known to stimulate both

feeding (Kalra et al., 1991) and corticosterone (Leibowitz et al.,

1988). 6-Hydroxydopamine (6OHDA) lesions of the ventral

noradrenergic bundle eliminate the pre-feeding peak of

corticosterone in rats with intact SCN (Hiroshige et al.,

1991). Elevations in NPY can be dissociated from elevations in

corticosterone, as corticosterone concentrations diminish

immediately post-prandially in food-retricted rats, whereas

NPY secretion does not (Yoshihara et al., 1996c). In addition,

although the arcuate nuclei supply NPY efferents to CRF
neurons in the PVN (Liposits et al., 1988), arcuate NPY mRNA

increases under both food deprivation without entrainment and

under restricted feeding, whereas NPY mRNA in NTS

increases only under restricted feeding, suggesting that the

arcuate nuclei are sensitive to caloric deprivation, whereas the

NTS conveys signals about meal schedules (Ishizaki et al.,

2003). However, the view that the ascending NE/NPY neurons

are not responsive to food deprivation appears to be at odds with

results showing that there is ascending NE/NPY control over

acute glucoprivation (Ishizaki et al., 2003; and see below).

Although it is typically reported to take anywhere from 3 to

13 days to obtain reliable food-anticipatory activity, White and

Timberlake have provided unique evidence using 31 h (i.e.,

long T) schedules of food presentation that the FEO, or parts of

it, can be reset by a single meal (White and Timberlake, 1999).

Because this particular long T schedule is outside of the range

of entrainment of the rhythm, and mealtimes never repeat a

local time of day for the first 24 presentations, with each meal

advancing 7 h in local time on subsequent presentations, the

behavioral activation seen 24–26 h after the last large meal,

cannot and does not anticipate the next meal, but rather ‘‘ensues

from’’ the previous meal, a phenomenon that has been referred

to as ‘‘circadian ensuing activity.’’ This is noteworthy not only

because it demonstrates a novel resetting mechanism for the

FEO, but also because the behavioral activation seen during

31 h schedules of food availability strongly resembles the

profile of corticosterone secretion seen under long T schedules

found by Honma et al. (1984).

Food entrainment involves the induction of clock genes in

stress-sensitive brain networks. Recently, measurement of the

expression of a clock gene, period2, has shown per2 rhythms in

both the oval subnuclei in the bed nuclei of the stria terminalis

(BNST-ov) and in the central nucleus of the amygdala (CeA)

that are in phase with the per2 rhythm in the SCN; all of these

rhythms peak at ZT13, the time of day when the onset of daily

activity occurs in rats (Amir et al., 2004; Lamont et al., 2005b).

The per2 rhythms in the limbic system cell groups can be forced

out of phase with that in the SCN by placing rats on a restricted

feeding paradigm (Lamont et al., 2005a). However, neither salt

depletion, nor rhythmic presentation of highly palatable foods

entrain per2 rhythms in the absence of co-existing negative

energy balance (restriction of body weight gain) (Lamont et al.,

2005a). Moreover, in rats housed in a L–L cycle, which develop

per2 arrhythmicity in both BNST-ov and SCN with time, a

restricted feeding regimen re-establishes a per2 rhythm that is

12 h out of phase with feeding. Of considerable interest, the

rhythms in per2 in the BNST-ov and CeA, but not the SCN,

disappear when rats are adrenalectomized (Amir et al., 2004;

Lamont et al., 2005b), and are restored by corticosterone

supplied in a phasic, but not tonic pattern (Segall et al., 2005).

Thus, per2 expression in these two sites in limbic brain is highly

sensitive to food entrainment under conditions of lower-than-

normal energy status and also to phasic corticosterone

concentrations. It is still unknown whether, or how, the rhythm

in per2 in these sites is coupled to physiological consequences.

Unlike the situation of light entrainment, the food-entrained

HPA rhythm may reflect a condition of stress, as hunger appears
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Fig. 3. Examples of daily body temperature rhythms simultaneously controlled

by both the LEO and the FEO under conditions of ad libitum feeding (panel A)

and in animals restricted to 85% free-feeding weights (panel B). The data are

shown as 4-day average waveforms folded at 24 h and averaged into 30 min

bins. The dark/light cycle (12/12) is shown in gray and white shading,

respectively. Arrows indicate when chow and sucrose were provided. Sucrose

was available for 5–6 min. Open circles indicate the 24-h rhythm in animals

before providing sucrose, whereas black-filled squares show the rhythm when

both chow and 32% sucrose solutions were provided. Under ad libitum feeding

conditions, the rhythm is controlled solely by the light/dark cycle whether or not

sucrose is available. In food-restricted (FR) animals, the rhythm is entrained by

the light/dark cycle (and perhaps chow) during chow-only food restriction, but

later core temperature excursions also anticipate the sucrose meal when it is

regularly provided. In all likelihood, the LEO controls light/dark entrainment,

whereas the FEO controls the sucrose meal presented 4 h into the light cycle a

time when core temperature is normally at its nadir. Data adapted from Pecoraro

et al. (2002).
to be required, the rhythms must be shifted away from their

preferred angle to light in order to be detected as ‘‘food-

entrained’’ in the intact animal, and because clock gene

expression in stress-sensitive brain networks is dependent on

both hunger and GCs. The LEO and FEO circadian drivers are

flexible insofar as they each allow independent phase shifting,

and great flexibility in their coupling with each other. They are

constrained, insofar as each adheres to a preferred free-running

period within the circadian range, a range of entrainment, and a

more-or-less specific phase-response curve. Together, these two

major oscillators allow an animal to anticipate and mobilize

resources for at least two separate major events, such as light–

dark transitions and meals, or even two separate meals. An

example of coordination between light- and food-entrainable

rhythms is provided below.

In a study on motivation (Pecoraro et al., 2002), we asked

whether very brief sessions (5–6 min) of daily access to a 32%

sucrose solution was a sufficient stimulus for food entrainment,

and whether this entrainment might depend on the food

restriction status of the animal. Rats living in a light/dark cycle

were presented with a brief sucrose meal for 12 days during the

light phase, at or near the nadir of activity, hormone, and

temperature rhythms. Chow was provided near the beginning of

the 12-h dark/12-h light cycle throughout the study, 1808 out of

phase with the sucrose meal to avoid contamination from the

caloric input of chow. Some animals were restricted to 85% of

their free-feeding weights, whereas the others were fed ad

libitum. Fig. 3 shows the average waveforms of temperature

rhythms in both freely feeding (Fig. 3A) and food-restricted

animals (Fig. 3B). Prior to providing sucrose, both ad libitum

and food-restricted animals showed normal entrainment to dark

onset. However, once daily 32% sucrose was available 4 h into

the light cycle, only the food-restricted animals showed

anticipatory increases in core body temperature.

Fig. 4A–D show various measures, including core tempera-

ture, wheel running, plasma corticosterone, and insulin before

and after the time of sucrose drinking. Fig. 4A and B show the

difference scores between baseline and sucrose drinking phases

for the 3-h time window before the receipt of sucrose that were

derived from average waveforms for temperature (Fig. 3A) and

wheel running (Fig. 3B) At about 1.5 h before sucrose, only

food-restricted animals had anticipatory increases in tempera-

ture and wheel running. Fig. 4 (panels C and D) shows plasma

corticosterone and insulin concentrations, respectively, just

before and after the rats drank sucrose. Although we did not

collect 24 h data for corticosterone secretion, the results shown

in Fig. 4C are entirely consistent with an entrainment

interpretation, since corticosterone was elevated only in

food-restricted animals prior to sucrose, and fell immediately

after. It was not clear whether food-restriction was necessary

for this, because of the confounding factor of differences in

sucrose intake. Food-deprived rats drank about 30% of their

daily calories in the brief sessions, which is within the range of

previously reported thresholds for food-entrainment (Mis-

tlberger and Rusak, 1987; Stephan, 1997; White et al., 1999),

whereas the ad libitum fed animals drank about half as much,

which is believed to be sub-threshold.
Thus, during normal light and ad libitum feeding cycles,

activity in the HPA axis regulates the normal flow of energy,

shifting from glycogenolysis to lipolysis as the animal shifts from

the resting state to activity. When energy availability changes, as

in the case of food restriction, the HPA axis changes as well,

matching its activity to both the current state of energy balance

and the availability of food. It does so in conjunction with a whole

suite of energy preparatory rhythms that are coordinated with the

light–dark cycle as well. For now, the main points are that very

brief periods of access to food are sufficient for food entrainment,

even when pitted against the light/dark cycle and a larger,

supplemental chow meal provided 12 h later. The suites of

circadian anticipatory activation strongly suggest that animals

are spending energy, e.g., increasing core temperature, activity,

and hepatic glucose output via HPA axis activation, in order to

acquire energy. These two circadian systems appear to provide

automatic control over predictable daily cycles of food

availability. Understanding that the default function of the

HPA axis is controlling daily cycles of energy acquisition is of

key importance to understanding stressor-related GC secretion.
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Fig. 4. Food-entrainable rhythms. Demonstrations of food anticipatory activity in body temperature (panel A) and wheel running (panel B) in the hours prior to the

receipt of an expected sucrose meal in rats food-restricted to 85% free-feeding weights (black-filled squares). The rats were given chow at night and sucrose during the

light phase for 5–6 min (see Fig. 3). The average waveform and corresponding data points from the baseline period prior to sucrose presentation were subtracted from

the temperature waveform during sucrose availability. Clearly, both temperature and wheel running difference scores indicate anticipation of the meal in the food-

restricted rats, but not in those fed ad libitum (open circles). Mean (�S.E.M.) plasma concentrations of corticosterone (B; panel C) and insulin (panel D) for room

controls (RC), ad libitum fed (ad lib) and food-restricted (FR) rats before and after receiving a 32% sucrose meal. Four animals from each experimental group were

killed before, and four were killed after drinking sucrose. Freely feeding room controls are shown to indicate normal basal values and procedure quality. In ad libitum

feeding animals, corticosterone is basal prior to meals, but elevated after meals. Insulin does not change and is lower than RC due to the availability of running wheels.

In FR rats, corticosterone is elevated prior to sucrose, indicating anticipation of and entrainment by the sucrose meal, and it decreases rapidly following meals. In the

same FR rats, insulin is low prior to meals, and rises to near RC levels after drinking sucrose. The differing responses between Ad Lib and FR rats may indicate that FR

rats preferentially shunt newly acquired energy away from mesenteric fat, whereas Ad Lib rats shunt energy toward it (Pecoraro et al., 2002).
2.3. Aperiodic stimulus pathways

In addition to the two main circadian inputs to HPA axis

function are various non-periodic forms of stimulation most

frequently associated with ‘‘classical’’ stressors, those unpre-

dictable, adventitious insults to homeostasis, such as the

inability to find food, encounters with predators or conspecific

dominants, and injury that are too profound to be managed by

specific local physiological mechanisms (Day, 2005). Networks

mediating these inputs to the HPA axis can be grossly classified

as threats that are either systemic or psychological in nature,

such as hunger or fear.

2.3.1. Extra-hypothalamic inputs

2.3.1.1. Systemic inputs

2.3.1.1.1. Ascending noradrenergic bundle. Critical ‘‘bot-

tom-up,’’ extra-hypothalamic inputs to PVN that mediate

signaling of actual threats to homeostasis include various

biogenic aminergic cell groups throughout brainstem, but

particularly including cell groups in and around the nucleus of

the solitary tract and lateral reticular nucleus, which appear to

overlap with the ascending fibers also known to mediate some

meal-related circadian signals. The PVN receive about 90% of

their catecholaminergic (noradrenergic and adrenergic) inner-

vation through the ventral noradrenergic bundle originating in

A1–C1 cells in ventrolateral medulla and A2–C2 cells of the

dorsomedial medulla (Palkovits et al., 1999; Sawchenko and

Swanson, 1981). Some of these fibers arrive not at the PVN, but

rather at CRF nerve terminals in the median eminence
(Palkovits et al., 1998), suggesting selective regulation of

secretion.

As with NPY stimulation, stimulation of the PVN with

epinephrine (E) or NE results in pronounced bouts of feeding

and stimulation of the HPA axis (Leibowitz, 1978; Leibowitz

et al., 1989), whereas interference with the VNAB through

6OHDA lesions, interference with transmitter synthesis,

blockade of alpha-1 or beta receptors or CRF immunoneu-

tralization in PVN, all impair HPA axis responses to various

aperiodic stressors, such as glucoprivation, ether, and

hypotensive hemorrhage (Buller et al., 1999a,b; Daftary

et al., 2000; Gaillet et al., 1993; Guillaume et al., 1987;

Plotsky et al., 1989; Smith et al., 1995; Stricker et al., 1975;

Szafarczyk et al., 1985, 1987). Both ingestive and counter-

regulatory responses to acute glucoprivation resulting from 2-

deoxyglucose (2-DG) and insulin injections are dependent on E

and NE stimulation (Ritter et al., 2003). In addition to the

critical extra-hypothalamic input from the VNAB are various

other inputs from brainstem aminergic cells groups, including

the dorsal raphe, parabrachial nuclei, locus coeruleus,

peripeduncular, midbrain raphe, central gray, dorsal thalamic,

A11–13, and zona incerta cell groups (Palkovits et al., 1998).

2.3.1.1.2. Pain pathways. Nociceptive stimuli, e.g., sharp

pinch, thermal or visceral pain, stimulate the HPA axis through

systemic and psychogenic networks. Spinohypothalamic path-

ways transmit pain stimuli to LH, which projects ipsilaterally to

PVN CRF neurons. The spinothalamic pathway projects from

the spinal cord to ventral posterolateral thalamus, then to

sensory cortical areas. The spinoreticulothalamic pathway
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projects from spinal cord to reticular formation, then to midline

and intralaminar thalamic nuclei, and on to limbic cortical areas

(cingulate, piriform and entorhinal cortices). Vagal and

glossopharyngeal nerves convey visceral pain to NTS, then

to the parabrachial nucleus, thalamus, and visceromotor

prefrontal cortex. A2 and C2 cell groups also project to A1

and C1 neurons in the ventrolateral medulla, locus coeruleus,

amygdala, and to the PVN, which shows strong bilateral

activation of CRF parvicellular neurons in response to many

noxious stimuli. VNAB hemisections reduce PVN activation

primarily on the hemisected side. Non-catecholaminergic

neurons in NTS terminating in PVN also express fos after

nociceptive stimuli (Pacak et al., 1998). Cognitive control of the

HPA axis is discussed later.

2.3.1.1.3. Immune signaling. Systemic inflammatory

responses to immune challenges can be powerful stimuli for

autonomic outflow and HPA axis activation, which inhibits pro-

inflammatory processes. Pro-inflammatory molecules include

tumor necrosis factor-a (TNF-a), interleukin 1b (IL-1b), and

interleukin 6 (IL-6). The brain vasculature expresses receptors

for TNF-a, IL-1b, and IL-6 under basal conditions that are

further induced following immune challenge when plasma

cytokine concentrations increase. Activation of cytokine

receptors in the blood brain barrier results in the transcription

of various substances, including prostaglandins (PG) following

signaling cascades involving cyclooxygenase 2 (COX-2) and

nuclear factor kappa B (NF kB). The brain vasculature and

irrigation systems are thought to be the primary source of

central PG following systemic cytokine treatment, as COX-2

expression is highly co-expressed in areas staining for Von

Willebrand Factor, a marker for cerebral endothelium.

Activation is particularly striking in blood vessels, choroid

plexus, and the CVOs (Rivest, 2001).

PGE2 is involved in neuronal responses to systemic immune

challenge. Injection of IL-1 results in PGE2 expression in the

CVOs, preoptic nuclei, PVN, dorsal hippocampus, and choroid

plexus in the lateral ventricles. Central administration of PGE2

increases HPA axis and autonomic outflows. Febrile responses

may originate in MEPO, whereas HPA activation may originate

in PVN, as PGs induce CRF mRNA and type 1 receptors in the

PVN. Immune challenge activates specific receptors for PGE2

(EP1–4) in brain regions controlling HPA axis and autonomic

outflows. Neurons expressing EP4 particularly showed c-fos

activation after systemic IL-1b in CVO and central stress

networks, with highest expression in PVN CRF neurons.

Central HPA axis and autonomic outflows following systemic

immune challenge appear to be coordinated by known central

stress response networks in part by activation of brain

endothelial and leptomeningeal tissues resulting in signal

transduction to neuronal tissue (Rivest, 2001).

Faster immune signaling may originate in liver, as hepatic

vagotomy eliminates febrile responses, and blunts brainstem c-

fos responses, PVN noradrenergic levels and ACTH responses to

endotoxin. Endotoxin-clearing Kuppfer cells also release PGE2

in response to immune challenge, and this stimulates excitatory

vagal afferents, which relay signals to sites involved in febrile

(MEPO) and HPA axis (PVN) responses. One argument suggests
that rapid febrile responses to immune challenges occurring prior

to cytokine elevations utilize this pathway (Li et al., 2006).

Whether the argument holds for rapid HPA activation has not

been thoroughly tested. Hepatic vagotomy has reduced HPA

output by about 50% in response to endotoxin, but vagotomy had

a much smaller effect on responses to IL-6. Similar results were

obtained for changes in hypothalamic NE content. Unfortu-

nately, HPA responses were not measured until 2 h after

injections, and not all studies agree on the effects of vagotomy.

Inactivating Kuppfer cell phagocytotic activity using gadolinium

chloride failed to reduce HPA responses to LPS, but again,

ACTH and corticosterone were measured many hours later, long

after cytokines were acting in brain. Some evidence suggests

immune signaling through hepatic vagus to the HPA axis

(Blatteis, 2006).

2.3.1.2. Psychogenic inputs. Top down inputs to the HPA axis

are largely indirect and complexly layered cortico-striato-

pallido-hypothalamic networks consisting of triple-descending

inputs from both excitatory (glutamatergic) and inhibitory

(GABA-ergic) fast transmission networks (Swanson, 2000).

Such a degree of removal from the PVN and complexity of

control hardly implies a lack of importance to HPA axis

function. On the contrary, prefrontal control centers are

probably the highest levels of coordination of the HPA axis

and autonomic function (Buijs and Van Eden, 2000; Cechetto,

1987; Delgado, 1960; Delgado and Livingston, 1955; Neafsey,

1990; Saper, 2000; Van Eden and Buijs, 2000a). Cortical

networks, particularly prefrontal areas, are demonstrably

responsive to stressors, exert control over neuroendocrine

and autonomic outflow, display executive (i.e., decision-

making) sensitivity to visceromotor feedback (Bechara et al.,

1994; Damasio, 1994), stress-dependent plasticity (Pecoraro

and Dallman, 2005; Roozendaal et al., 1999a; and see below),

and are frequently jointly dysregulated with the HPA axis in

psychiatric conditions (Sullivan and Gratton, 2002b).

The medial prefrontal cortex (mPFC) appears to be a prime

target for stressors in terms of immediate early gene (IEG)

expression (Beck and Fibiger, 1995; Handa et al., 1993;

Morrow et al., 2000), ADX-reversible glutamate release

(Moghaddam, 1993; Moghaddam et al., 1994), high levels of

GR expression, and heavy inputs from stress-responsive

ascending dopaminergic, noradrenergic, and serotonergic

neurons (Deutch et al., 1990; Finlay et al., 1995; Gresch

et al., 1995; Jedema et al., 1999; Sullivan and Gratton, 2002a,b;

Thierry et al., 1976; Yoshioka et al., 1995). Fronto-temporal

systems (e.g., orbital cortex and basolateral amygdala (BLA))

involved in memorizing incentive value are clearly stress-

responsive (Pecoraro and Dallman, 2005; Roozendaal et al.,

1999a), and probably inform the mPFC output concerning

predictions about the environment.

Direct efferent projections from the mPFC to brainstem

(hypothalamic, and premotor sympathetic, and parasympathetic)

centers are of special interest for visceromotor control. The

dorsal mPFC projects (primarily contralaterally) to NTS, A5/A1,

and preganglionic sympathetic motor neurons in the spinal cord

(IML). The ventral mPFC also projects (mainly ipsilaterally) to
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NTS and A5/A1, but unlike the dorsal mPFC, the ventral portion

has substantial inputs to hypothalamic areas controlling the PVN,

including the sub-PVZ, DMH, and LH (Van Eden and Buijs,

2000b). Both areas also project topographically to the peria-

queductal gray (PAG), in areas known to control threat displays

and arterial pressure (Carrive et al., 1989a,b; Holstege, 1991).

Manipulations of the mPFC, electrically, chemically, or

through selective lesions, selectively alter HPA output (Akana

et al., 2001; Diorio et al., 1993; Sullivan and Gratton, 2002b;

Van Eden and Buijs, 2000a). Neurochemical influences include

fast transmitters, as well as monoaminergic and peptidergic

neuromodulators, and GCs. Infusions of both g-aminobutyric

acid (GABA) agonists and n-methyl-D-aspartate (NMDA)

antagonists into mPFC elevate adrenocortical responses to

cage-change stress (Van Eden and Buijs, 2000a). Corticoster-

one implants into the dorsal mPFC (anterior cingulate and

prelimbic areas) blunt ACTH responses to restraint but not

ether, whereas lesions result in increased HPA responses

(Diorio et al., 1993). In contrast, lesions of ventral mPFC

(infralimbic area) inhibit stressor induced HPA activity,

particularly after repeated restraint (Sullivan and Gratton,

1999), whereas electrical stimulation increases plasma corti-

costerone (Feldman and Conforti, 1985). It further appears that

the right hemisphere may be dominant, insofar as only right-

sided infralimbic lesions are needed to produce inhibition, and

rats with left-sided lesions do not differ in their responses from

shams (Sullivan and Gratton, 1999). Thus, the dorsal mPFC

may play a role in inhibiting HPA output, whereas the ventral

regions may participate in facilitating output. In addition,

symmetrical bilateral control cannot be assumed.

Exact multi-synaptic pathways that mediate cortical control

over HPA responses have not been fully delineated but involve

striatal and pallidal structures receiving cortical inputs, and

particularly involve those that are strongly implicated in

emotional and incentive processing, such as the amygdala,

septum, and bed nucleus of the stria terminalis (BNST), that

also share control over structures such as visceromotor pattern

generators (see below), the PVN, or peri-PVN regions (see

Herman et al., 2003). For example, stimulation of the BNST or

septal nuclei, which gate amygdalar and hippocampal inputs to

PVN (Mulders et al., 1997; Sawchenko and Swanson, 1983),

stimulates HPA output (Dunn, 1987a,b). Lesions of the BNST

also impair HPA responses to medial amygdala stimulation in

anesthetized rats, but do not prevent ether-induced responses

(Dunn, 1987a,b). BNST and CeA CRF pathways converge on

PVT (Otake and Nakamura, 1995), which plays a role in the

dynamic of HPA responses to repeated stress (Bhatnagar and

Dallman, 1998; Bhatnagar et al., 2002).

There are several lines of indirect evidence for top-down

control of the HPA axis. Obliteration of ascending inputs to the

PVN, while preventing responses to systemic stressors such as

ether, do not prevent HPA responses to cognitive stressors such

as restraint or swim stress (Ritter et al., 2003; Sawchenko et al.,

2000). In addition, different patterns of brain activation ensue

from different types of stressors that segregate largely along

cognitive and systemic dimensions (Emmert and Herman,

1999; Herman et al., 1998).
Third, learned conditional stimuli predicting various

schedules of reward have been known for some time to control

rather fluid variations in adrenocortical output, such that stimuli

that predict an improving reward environment reduce, whereas

those that predict a worsening reward environment increase

HPA output (Coover, 1983, 1984; Coover et al., 1971a, 1977,

1980; Goldman et al., 1973; Levine and Coover, 1976). While

this latter fact could implicate other non-neo-cortical regions as

well, these results are consistent with an important role for

prefrontal systems. Thus, areas involved in executive and

memorial processes clearly affect HPA output, and often do so

independently, or in prediction of actual systemic imbalances.

In addition to neo-cortical influences over the HPA axis, the

hippocampus plays a role in controlling HPA responses to

psychogenic stress. Excitotoxic lesions of the subiculum result

in increased adrenocortical responses to restraint and open field

exposure, and increased CRF mRNA in the PVN, without

affecting basal HPA output (Herman et al., 1998). In contrast,

ether inhalation produced normal HPA activation in lesioned

rats, again revealing distinctive pathways for processing

differing stressor types.

2.3.2. Intra-hypothalamic coordination

Residing between these bottom-up and top-down inputs to

the HPA axis are at least two related, but distinctive intra-

hypothalamic networks coordinating behavioral, neuroendo-

crine, and autonomic output systems involving energy intake

and expenditure.

2.3.2.1. The arcuate complex/melanocortin/NPY systems. The

first network is the circumventricular arcuate complex and the

circuitries related to the melanocortin system. Strictly speak-

ing, included within this system are pro-opiomelanocortin

neurons in NTS and any downstream targets expressing

melanocortin receptors. The arcuate nuclei contain NPY/

agouti-related peptide (AgRP) and POMC/cocaine and

amphetamine related transcript (CART) neurons that are

highly sensitive to many energy signals, prominently including

adipostatic hormones (e.g., leptin and insulin) and GCs. These

neurons project prominently to the median eminence, PVN,

DMH, BNST, CeA, lateral hypothalamus (LH), lateral

parabrachial nucleus (LPBN), NTS, and the reticular nucleus

(RET; Cone, 2005). Many cells that receive NPY/AgRP fibers

also receive POMC/CART fibers (Haskell-Luevano et al.,

1999). In general, stimulation of NPY/AgRP neurons promotes

feeding (orexigenic) and reduces metabolic rate, whereas

stimulation of POMC/CART neurons inhibits feeding (anor-

exigenic) and increases metabolic rate. The POMC molecule is

processed into several peptides in addition to ACTH, including

a-melanocyte stimulating hormone (a-MSH). Melanocortins

act as agonists at melanocortin receptors, whereas AgRP acts as

an antagonist, interfering with secreted a-MSH at its receptors.

Leptin and insulin excite POMC neurons and inhibit GABA

release from their NPY neighbors onto POMC neurons (Cone,

2005; Cowley et al., 2001; Elias et al., 1999; Flier, 2004; Saper

et al., 2002). I.c.v. administration of leptin inhibits feeding and

stimulates heart rate, arterial pressure, and renal sympathetic
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activity (Shirasaka et al., 2003), whereas NPY stimulation of

the PVN increases feeding (Stanley et al., 1985, 1986, 1992),

and suppresses sympathetic activity to brown fat (Egawa et al.,

1991). The inhibitory effects of a-MSH on food intake and

thermogenesis by brown fat appear to be mediated through CRF

(Cerri and Morrison, 2006; Lu et al., 2003). Arcuate circuitry is

highly plastic insofar as it is known that leptin is a critical

regulator of axonal guidance during the stress hypo-responsive

period postnatally (Bouret et al., 2004a,b; Bouret and Simerly,

2004), and also inhibits excitatory synapse formation on NPY

neurons, while encouraging excitatory inputs to POMC neurons

in adults (Horvath, 2005; Pinto et al., 2004). These plastic

neurons act as dueling rheostats on energy balance by

influencing feeding, arousal, and sympathetic outflow (Cone,

2005).

NPY networks are glucose sensitive (Oomura et al., 1969;

Routh, 2002; Routh, 2003), and mediate glucoprivic feeding, as

NPY antibodies delivered to PVN impair the feeding response

to 2-DG (He et al., 1998). Although arcuate neurons are glucose

sensitive, targeted lesions of arcuate neurons containing NPY

receptors via NPY-saporin conjugates (i.e., NPY/AgRP and

POMC/CART neurons) impair inhibition of feeding responses

to leptin and stimulation of feeding by ghrelin, but do not impair

feeding stimulated by 2-DG treatment (Bugarith et al., 2005).

Because this conjugate is apparently not retrogradely trans-

ported to medullary NPY neurons, and the medullary NPY

network is necessary for the full response (see below; Ritter

et al., 2003), the NTS dominates glucoprivic feeding in the

absence of arcuate input (Bugarith et al., 2005).

As GCs and adipostatic signals signal opposite states of

energy balance (Strack et al., 1995c), one might expect generally

opposing effects on activity of cells in the arcuate complex. GCs

stimulate NPY gene expression, peptide synthesis, receptor

activity, and NPY-induced feeding (Akabayashi et al., 1994;

McKibbin et al., 1992; Savontaus et al., 2002; Stanley et al.,

1989; Tempel and Leibowitz, 1994), whereas insulin and leptin,

signals of plenty, inhibit these responses (Abe et al., 1991; Kalra

et al., 1999). Although GCs stimulate NPY, they are not

necessary for increases in PVN NPY during overnight fasts

(Hanson et al., 1997). In turn, acute increases in hypothalamic

NPY stimulate CRF mRNA and peptide, ACTH, and corticos-

terone secretion through direct NPY innervation of CRF neurons

(Liposits et al., 1988; Mihaly et al., 2002; Sainsbury et al., 1997).

At this level, there appears to be positive feedback between GCs

and anabolic arcuate peptides.

GCs also reciprocally interact with CART function. POMC/

CART neurons exhibit GR immunoreactivity and CART inhibits

feeding when delivered i.c.v. (Aja et al., 2001; Kristensen et al.,

1998; Lambert et al., 1998; Vrang et al., 1999), and is down-

regulated by fasting (Mizuno et al., 1998; Schwartz et al., 1997).

ADX reduces CART expression in both arcuate and PVN in a

dexamethasone-reversible fashion, whereas POMC expression is

only slightly altered (Savontaus et al., 2002; Vrang et al., 2003).

Metyrapone, an inhibitor of GC synthesis, also reduces CART

(Vicentic et al., 2004). The peripheral daily rhythm in plasma

CART, possibly originating from the pituitary (Stanley et al.,

2004) is slightly phase-delayed relative to the GC rhythm
(Vicentic et al., 2005b). CART mRNA in the nucleus accumbens

is also stimulated dose-dependently by GC administration

(Vicentic et al., 2005a).

Like NPY, CART appears to positively regulate HPA axis

function. There are three main populations of CART neurons

contributing to its PVN innervation, including adrenergic C1–3

neurons, arcuate POMC neurons, and a third group of unknown

origin (Wittmann et al., 2005). I.c.v., but not i.v. injections of

CART produce substantial activation of ACTH and corticos-

terone, suggesting that a direct action of CART at pituitary is

not required (Stanley et al., 2001). This centrally mediated

effect is reversible by CRF antagonists (Smith et al., 2004),

suggesting that, like NPY and a-MSH, CART excites the HPA

axis through stimulation of hypothalamic CRF secretion.

Although CART is considered a catabolic peptide, the major

CART input to PVN comes from medullary neurons that co-

express the epinephrine-synthesizing enzyme phenylethanola-

mine-N-methyltransferase (PNMT; Wittmann et al., 2005) and

is known to be involved in glucoprivic feeding (Smith et al.,

2004). Similar to a-1 adrenoceptor stimulation, CART

phosphorylates CREB in CRF neurons, suggesting an additive

effect on the CRF promoter (Sarkar et al., 2004). CART

function remains obscure, as it has been multiply associated

with stress, anxiogenesis, inhibiting food intake, and behavioral

responses to drugs via mesolimbic reward pathways, among

other proposals.

2.3.2.2. The hypothalamic visceromotor pattern generator. A

second intra-hypothalamic network that coordinates HPA

function involves various medial periventricular nuclei. Based

on anatomical evidence, Thompson and Swanson (2003) have

suggested the existence of a periventricular hypothalamic

network that functions as a ‘‘hypothalamic visceromotor pattern

generator,’’ or HVPG, nodes of which include five preoptic

nuclei and the dorsomedial nucleus of the hypothalamus (DMH;

see Fig. 5). All of these cell groups are highly interconnected, and

project to PVN neuroendocrine and pre-autonomic cell groups

(Thompson and Swanson, 2003). Hodologically, the HVPG

appears to involve coordination between neuroendocrine,

autonomic, and skeletal motor systems.

The structural centrality of the DMH in this network is

consistent with the importance of the DMH in stress

responsiveness more generally (DiMicco et al., 2002). The

DMH project to both pre-autonomic and neuroendocrine cell

groups in PVN, as well as to the neighboring subPVZ (ter Horst

and Luiten, 1986; Thompson et al., 1996), and receive

ascending catecholaminergic and descending cortico-striato-

pallidal inputs, and input from the SCN, which thus positions

this cell group as a central coordinator of these critical motor

systems; it also projects to the central gray and to RVLM, a

major cell group that regulates premotor sympathetic outflow

(Fontes et al., 2001).

Electrical stimulation of the DMH results in defensive

behaviors and autonomic responses suggesting emotional

distress (Hilton et al., 1979). Stimulation with GABAA

antagonists or excitatory amino acids results in increased

sympathetic outflow and circulating catecholamines (DiMicco
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Fig. 5. The hypothalamic visceromotor pattern generator (HVPG). This sche-

matic is based on Thompson’s and Swanson’s (2003) hodological analysis of

relations between various hypothalamic nuclei in relation to neuroendocrine

and autonomic divisions of the paraventricular hypothalamus (PVN). The

HVPG itself consists of the the dorsomedial hypothalamus (DMH), its major

hub, and five preoptic nuclei, including the anteroventral preoptic (AVPO),

anterodorsal preoptic (ADP), anteroventral periventricular preoptic (AVPV),

parastrial nucleus (PS), and medial preoptic nucleus (MPO). Magnocellular

oxytocinergic (OXY) and vasopressinergic (AVP) neurons are shown in the

upper left. Parvicellular corticotropin releasing factor-containing neurons

(CRF) are shown in the upper right. The descending division of the PVN

includes pre-autonomic neurons in the dorsal cap (d.cap), the caudo-lateral

perifornical PVN (lpf), and the medial parvicellular (mpv) neurons residing

between neuroendocrine cell groups. Heavier projections are indicated by

heavier lines. Note the massive interconnectivity between the DMH and

preoptic nuclei, and their more idiosyncratic relations to neuroendcrine and

autonomic divisions of the PVN.
et al., 1986; Wible et al., 1989; Wible et al., 1988), decreased

visceral blood flow, greatly increased blood flow to skeletal

muscle, and increases in heart rate and arterial pressure

(DiMicco et al., 1986; Soltis and DiMicco, 1991a,b). In a direct

comparison with PVN stimulation, much lower doses of GABA

antagonists or excitatory amino acids were required in DMH to

achieve these results (Stotz-Potter et al., 1996). Fig. 6A–C show

autonomic and neuroendocrine responses to air puff stimulation

when either the DMH or PVN are incapacitated by muscimol

injections. Clearly the coordination of heartrate (panel A),

blood pressure (panel B), and ACTH (panel C) by this

psychogenic stressor is more heavily determined by stimulation

of the DMH than the PVN (Stotz-Potter et al., 1996). Increases

in blood pressure resulting from DMH stimulation can be

completely blocked by incapacitating the RVLM with
muscimol (Fontes et al., 2001), whereas relays in PAG (ter

Horst and Luiten, 1986; Thompson et al., 1996), or raphe

pallidus (Morrison et al., 1999), may be involved in the

observed DMN-induced tachycardia.

Disinhibition of the DMH also results in increases in ACTH

(Bailey and Dimicco, 2001; Keim and Shekhar, 1996), which

may be mediated by glutamatergic inputs to PVN (Boudaba

et al., 1997). c-Fos activation in DMH neurons results from

footshock, and these neurons have been double-labeled

retrogradely from the PVN (Li and Sawchenko, 1998). Finally,

it has been shown that muscimol-induced inhibition of the

DMH reduces activation of the PVN by air-puff stimuli but not

by hemorrhage (De Novellis et al., 1995), suggesting that the

DMH is an important site mediating psychogenic stressors

(DiMicco et al., 2002). Electrical stimulation of the medial

hypothalamus of anesthetized cats provoked both excitatory

and inhibitory ACTH responses, suggesting that throughout the

medial hypothalamus there are nested sites that either stimulate

or inhibit the PVN (Grizzle et al., 1974). Further functional

delineation of this putative pattern generator should prove to be

very important for investigations of the integrated responses of

an organism to real or predicted threats to homeostasis,

particularly in relation to the coordination of behavioral,

neuroendocrine, autonomic outflows. Nonetheless, it is already

abundantly clear that the HVPG channels input from both major

circadian oscillators, the immune system, and psychogenic

pathways, and is highly positioned to coordinate visceromotor

outflows.

In summary, although the essence of the HPA axis is rather

simple, its function is controlled by a diverse set of networks

having diverse functions. Two distinct periodic drivers control

the circadian rhythmicity of HPA output, and hence cycles of

energy balance, under free-feeding and restricted feeding

conditions. Whereas the SCN have clearly been identified as the

light-entrainable oscillator, an ascending medullary NE/NPY

network may be involved in the food-entrainment and other

non-periodic systemic events. In addition to these periodic

drivers are networks responsive to adventitious threats.

Responses to psychogenic stimuli, such as predicted threats

and responses to conditioned stimuli, appear to involve cortico-

striato-pallido-hypothalamic networks. One important target of

these descending networks likely involves a putative intra-

hypothalamic pattern generator that appears to coordinate

neuroendocrine, autonomic and behavioral outflows to circa-

dian, immune, and psychogenic stimuli. A second intra-

hypothalamic network involving the NPY and melanocortin

systems also appears to coordinate motor output, but this

system seems more responsive to direct metabolic need as

signaled by circulating leptin and insulin concentrations.

Together, these diverse drivers allow highly flexible control of

HPA function.

2.4. The HPA axis response to metabolic deficits

Perhaps the essential function of HPA activity is to respond

to, and anticipate, metabolic need. It seems likely that the

circadian peak in GCs occurring just prior to the daily activity
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Fig. 6. A comparison of paraventricular (PVN) and dorsomedial (DMH) hypothalamic nuclei on coordination of autonomic and neuroendocrine outputs. When the DMH

is inactivated by local muscimol infusion, heartrate (panel A), blood pressure (panel B), and ACTH output (panel C) are all reduced. By contrast, similar inactivation of the

PVN only results in reduced ACTH output, suggesting that the DMH plays a more central role in coordinating motor outputs, consistent with structural evidence that it is a

major node of a hypothalamic visceromotor pattern generator (Thompson and Swanson, 2003). Data adapted from DiMicco et al. (2002).
cycle, when glycogen stores are depleted and energy fluxes

have shifted toward lipolysis, is a case in point. There also

appear to be many other forms of metabolic deficits, from

specific appetites, e.g., arising from sodium depletion, to

various temporal scales and magnitudes of caloric deficits, from

acute glucoprivation to the more gradual tempos of starvation,

that animals respond to, and which set in motion a complex

array of counter-regulatory events, all involving HPA activa-

tion. Although a number of these systems are known in some

detail, the integrated actions of these systems are far from being

resolved.

2.4.1. Acute deficits

Acute glucoprivation induced by insulin or 2-deoxyglucose

injections produces pronounced counter-regulatory ingestive

and adrenal responses (Karteszi et al., 1982; Ritter et al., 2001).

Ritter et al. (2003) demonstrated the critical role of ascending

adrenergic inputs to HPA responses to 2-DG or insulin

injections by selectively destroying brainstem NE/E neurons

using a retrogradely transported toxin injected into PVN that

was directed at NE/E neurons. Food intake, CRF hnRNA (not

mRNA), and corticosterone increased dramatically following

acute glucoprivation, whereas these were strongly blunted after

selective destruction of NE/E neurons. However, the same

lesions had no effects on adrenocortical responses to a swim

stress, again suggesting dissociation of psychogenic and

systemic stressors. The lesions also did not affect the normal

circadian variations in corticosterone. The latter finding is of

interest given Honma’s results on the role of NPY-induced

circadian elevations of corticosterone during food-restriction

(Ishizaki et al., 2003; Yoshihara et al., 1996a,b,c), insofar as the
locus of circadian control appears to shift from SCN to other,

perhaps pontine/medullary structures under conditions of food-

restriction.

2.4.2. Starvation

In the direst cases of metabolic need, prolonged fasting or

starvation, GCs are prime movers of both physiological and

mental adaptation. In the initial phases of deprivation a great

number of physiological changes ensue. For example, removal

of food from young rats in the hours just prior to activity, when

glycogen stores are minimal and animals must rely on other

endogenous sources of fuel, results in fairly rapid and

progressive reductions in body weight, plasma glucose, insulin,

and leptin, whereas free fatty acids (FFA) and corticosterone

increase significantly. Both the mean value (mesor) and the

amplitude of the corticosterone rhythm are amplified within the

first 24 h of fasting. In addition, CRF mRNA is reduced,

whereas NPY mRNA is increased (Bradbury et al., 1991a,b;

Dallman et al., 1999). As starvation proceeds, GCs also

increase species-specifically according to the animal’s ability to

proceed to inanition. In rats, ‘‘resting’’ corticosterone values

may quadruple after 2 days, and increase by a factor of 10 after

4 days of starvation (Makino et al., 2001) whereas young adult

humans have only a minor cortisol response after 60 h of

starvation (Samuels and Kramer, 1996). Larger, fatter animals,

such as young seals, are capable of enduring 60 days of

starvation, during which time their plasma GC levels slowly,

but progressively increase (Ortiz et al., 2001).

Fasting and starvation are unusual among stressors, in that,

from a functional point of view, there is no indication of a need

for stress-related defensive behaviors, but rather there is an
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essential primary need to get food. Consistent with this

functional view, is the fact that GRs are not down-regulated

during starvation (Makino et al., 2001), whereas GRs in the

hypothalamus down-regulate following chronic, repeated

restraint, thus increasing the anorexigenic effects of PVN

CRF via reduced inhibitory feedback on CRF. Similarly, in

limbic fear systems involving the central nucleus of the

amygdala (CeA) during the metabolic derangement of ADX or

during fasting, CRF mRNA is decreased in CeA (Duclos et al.,

2005b; Laugero et al., 2001a; Timofeeva et al., 2002; Watts and

Sanchez-Watts, 1995), possibly serving to reduce competition

from anxiety-related behaviors on feeding behaviors. CRF

binding protein is also reduced in pituitary of fasted animals

(Timofeeva et al., 1999), whereas NPY expression increases

and POMC expression decreases in the arcuate nuclei, while

maintaining peripheral levels of GCs (Brady et al., 1990). Thus,

in the absence of the recruitment of defensive systems, the

system may be biased toward peripheral energetic management

and recruitment of central motive states primarily aimed at

replenishment, as opposed to defensive strategies that are less

useful under these conditions.

2.5. Post-prandial responses: fed, fasted, or entrained?

The HPA axis also directs post-prandial resource manage-

ment. The data in Fig. 4C and D distinguish corticosterone and

insulin responses to meals, depending on feeding status. Rats

fed ad libitum had low, basal corticosterone prior to the sucrose

meal and corticosterone, but not insulin increased after the

meal. This post-prandial elevation in GC appears to be

mediated by stimulation of central a-1 adrenoreceptors (Al-

Damluji et al., 1987). Fed humans also exhibit feeding

associated elevations in cortisol just after meals (Brandenberger

et al., 1982; Follenius et al., 1982; Krieger et al., 1971). Rats

that have been fasted for 24 h also show marked increases in

corticosterone and insulin responses to re-feeding (Dallman

et al., 1989b), whereas the same does not hold for a single brief

period of water-restriction and re-watering (Dallman et al.,

1989b; Shiraishi et al., 1984), and the response seems to be

specific to energy storage.

In contrast to fed animals or 24-h fasted animals, chronically

food-restricted, food-entrained rats showed anticipatory eleva-

tions in corticosterone that are suppressed to basal levels

following the meal. Similarly, hungry rats show a larger post-

prandial insulin response (Pecoraro et al., 2002). Similar post-

prandial inhibition of HPA axis in rats during restricted feeding

schedules has been noted before (Honma et al., 1992;

Wilkinson et al., 1979).

The exact conditions under which these opposite responses

of the HPA axis to meals occur are not entirely clear, but they

may have some functional relevance with respect to the activity

of particular energy depots. Mesenteric white adipose tissue

(mWAT) is essentially a labile and high capacity energy sink

(Bjorntorp, 1997; Dallman et al., 1999). mWAT is the most GC-

sensitive fat depot, particularly in the presence of insulin, and

released fatty acids have preferrential access to the liver in

times of need. Metabolic status may cause the brain to switch
the HPA control over this sink on and off. Simply put, fed

animals taking a meal direct it to the sink, whereas hungry

animals direct it elsewhere. Because short-term deprivation

does not inhibit the post-prandial hormonal responses, the

switching process could also be a function of chronic

deprivation only, or even circadian predictability.

2.6. Peripheral metabolic roles of GCs

The fact that starved ADX rats die, whereas fed ADX rats

survive stress is a puzzling phenomenon, that may testify to the

importance of metabolic reserves during stress (Darlington

et al., 1989; Selye, 1936). The fact that corticosterone

replacement in fasted ADX rats also allows survival suggests

the critical role of corticosterone in managing energetics. Fig. 7

shows the marked metabolic effects of providing �200 mg

dexamethasone, a potent synthetic glucocorticoid, in the

overnight drinking water on adult male rats. Body weight

gain was markedly inhibited (Fig. 7A), reflecting decreased

chow intake, nonetheless circulating insulin (Fig. 7B) was

increased, but glucose concentrations did not differ from those

in controls drinking plain water (Fig. 7C). These results show

the rapid induction in peripheral insulin resistance in the

glucocorticoid-treated rats. In the livers of these rats,

gluconeogenesis was increased as shown by both increased

activity of phosphoenolpyruvate carboxykinase (PEPCK;

Fig. 7D), the rate-limiting enzyme for gluconeogenesis, and

by increased glycogen storage (Fig. 7F). Additionally, the

activity of fatty acid synthase (FAS) was increased suggesting

that there was increased fatty acid synthesis (Fig. 7E). To

acquire substrate for the increased hepatic synthetic activity,

glucocorticoids inhibit protein synthesis, increasing the

capacity of muscle and skin to deliver amino acids, and also

increase the capacity of fat cells to release free fatty acids, to

liver—although in the presence of high insulin, it is likely that

fat depots are relatively preserved at the expense of protein.

In summary, the HPA axis responds both to starvation and

restricted feeding with elevations in corticosteroids prior to

obtaining food, and reductions immediately after food

ingestion. Under these conditions, it is unlikely that any

potential activation of fear systems dominates appetitve

routines, as such activation would interfere with the primary

goal of finding and ingesting calories. The actions of the GC

centrally promote hunger and peripherally mobilize calories

from peripheral stores in the form of small molecules for use by

the liver in glucocorticoid-enhanced gluconeogenesis. As we

see in later discussions, the inverse actions of GC peripherally

and centrally are orchestrated to promote phenotypic remodel-

ing appropriate to resource poor and/or hostile environments.

3. Stressor-induced HPA axis responses

3.1. Acute stressors

3.1.1. Acute responses

In addition to the slow daily circadian rhythm in GCs and

HPA responses to metabolic need are the variations in secretion
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Fig. 7. Effects of synthetic glucocorticoid dexamethasone on remodeling peripheral energy fluxes toward fat. DEX in the drinking water overnight reduces body

weight (top left) and increases plasma insulin concentrations (top middle) without affecting net glucose concentrations (top right). In the liver, phosphoenolpyruvate

carboxykinase (PEPCK, bottom left) and fatty acid synthase (FAS, bottom middle) activities increase, and glycogen stores also increase (bottom right) in response to

DEX (data from J. Warne).
resulting from acute stressors. Although individual, strain, and

vendor differences exist, the ACTH and corticosterone

responses of rats tend to follow a common, prototypical

pattern to stressors of rapid onset. Fig. 8 shows ACTH and

corticosterone responses in plasma collected by rapid sampling

after a rat has been introduced to a plastic restraint tube (S.F.

Akana, unpublished). When blood is sampled from the tail

within 1 min, this represents a basal or resting value for both

ACTH and corticosterone (B; Time 0). After that, the pulsatile

ACTH responses are quickly mounted and peak between 10 and

20 min, after which they tend to fall off toward 60 min, and

even further by 120 min, where they often have returned to

baseline, despite continued restraint. The adrenocortical

response closely follows and tends to mimic the pattern of
Fig. 8. A prototypical profile of ACTH and corticosterone (B) responses in one

rat to restraint stress achieved via rapid sampling. The ACTH response is rapidly

elevated within minutes of restraint, peaking here between 5 and 20 min before

being trimmed by the slower adrenocortical response that closely follows

ACTH (data from S. Akana).
ACTH, with the exception that the adrenal response is

saturable, so that the GC response may be somewhat prolonged,

as the integrated GC response tends to be proportional to the

integrated ACTH response (Keller-Wood et al., 1983).

The temporal dynamic of the stress response depends upon

the type, and temporal dynamic of the stressor. For example,

injecting rats subcutaneously with polyethelene glycol (PEG)

results in a slowly developing hypovolemia as the PEG

gradually sequesters bodily fluids in the subcutaneous space

(Tanimura et al., 1998). The ACTH response develops

gradually over hours, peaking approximately 4 or 5 h after

the injection, in parallel with increasing hematocrits and

volume deficits (Tanimura and Watts, 2001). Although

hematocrit is significantly elevated by 1 h, ACTH does not

increase until 1–2 h after the injections, when the volume deficit

is approximately 12%. By contrast, rapid hemorrhage through

controlled removal of blood directly from the vascular system

results in rapid ACTH and corticosterone responses, but again

the threshold for the response is the removal of about 12–15%

of the blood volume (Dallman et al., 1987a; Darlington et al.,

1992). These results suggest that there is an absolute magnitude

of volume depletion in the cardiovascular system at which the

HPA axis begins to respond.

3.1.2. Canonical ‘‘fast’’ feedback

The typical \ shape of the ACTH response results from the

rapid initial increase due to central drive from CRF/AVP

neurons, followed by a subsequent decline. The decline, or off

response, is determined by feedback from adrenal steroids

themselves acting at several levels and receptors, including the

pituitary and hypothalamus, the high affinity mineralocorticoid

receptor (MR) and the lower affinity glucocorticoid receptor.
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Providing animals with glucocorticoids prior to stressors dose-

dependently inhibits subsequent ACTH output (Dallman et al.,

1989a, 1987b; Dallman and Jones, 1973; Keller-Wood and

Dallman, 1984; Keller-Wood et al., 1984; Kovacs et al., 2000),

and appears to require occupation of both receptor subtypes for

optimal effect (Bradbury et al., 1994; Dallman et al., 1994; de

Kloet et al., 1999; Jacobson and Sapolsky, 1993; Ratka et al.,

1989; Spencer et al., 1993, 1991, 1998).

Although we refer to acute feedback as ‘‘canonical’’

feedback regulation in reference to its widely cited operation

as a simple servo-mechanism, it remains inadequately

understood with respect to the mechanisms, substrates, and

temporal dynamics of feedback. At the pituitary, there is both

rapid feedback that occurs within minutes of a GC signal

(e.g., Ginsberg et al., 2006; Widmaier and Dallman, 1984;

Young et al., 1990), and slower, transcriptional effects. GCs

bind cytosolic receptors, translocate to nuclear GREs to

inhibit gene expression for CRF receptors and POMC.

Elevated GCs also inhibit the vesicular release of ACTH.

Because pituitary corticotropes are rich in transcortin which

tightly binds the steroid, higher-than-basal levels of steroid

are required to produce feedback effects (Cole et al., 2000;

Koch et al., 1974a,b), consistent with the high density of GR

in pituitary.

In the hypothalamus, GCs feedback on CRF neurons may

inhibit transcription, as well as the release of presynthesized

CRF. Dexamethasone (a potent synthetic glucocorticoid)

implants into the PVN inhibited CRF and AVP expression

and ACTH release (Kovacs et al., 1986; Kovacs and Mezey,

1987; Sawchenko, 1987), whereas the natural ligand, corti-

costerone, either did (Feldman et al., 1992) or did not (Kovacs

and Makara, 1988). Corticosterone implants into hippocampus,

amygdala, and septum of ADX rats also inhibited ACTH

secretion (Kovacs and Makara, 1988), which as we will see is
Fig. 9. An apparent inhibitory feedback effect of B on the expression of corticotropi

adrenalectomy (ADX) and corticosterone (B) replacement. CRF mRNA in sham-operat

panel), and is then restored to normal by corticosterone replacement (right panel). The

ADX rats high density sucrose (see Fig. 13) suggesting that it is the metabolic, rather t
not always the case.. The hippocampus has been of particular

interest with respect to steroid-mediated feedback inhibition

(Cullinan et al., 1993; Van Haarst et al., 1997). However,

lesions of the fornix, the main efferent pathway from

hippocampus to PVN has shown minor (Herman et al.,

1995) to no effects on stress-induced HPA output (Bradbury

et al., 1993). Diorio et al. (1993) showed that bilateral implants

of corticosterone in the cingulate gyrus/prefrontal cortex

reduced ACTH responses to restraint, but not ether stress

(Diorio et al., 1993), and similar findings have been also

reported (Akana et al., 2001). Overall, the consensus on brain

feedback sites is not as strong as one would hope, but this may

be largely due to the sheer complexity of the system. However,

feedback of GCs at the pitutitary corticotrope is clear and

unambiguous (Ginsberg et al., 2003; Roberts et al., 1987).

Feedback inhibition of ACTH secretion to basal levels is not

inevitable, and can be overcome with sufficient drive. For

example, PEG-induced sustained hypovolemia produces sig-

nificant increases in corticosterone within 3 h of injections, but

the HPA response continues to build for at least 2 more hours, as

volume loss from the cardiovascular system continues to

increase. Therefore, with sustained hypovolemia, the usual fast

feedback at CRF neurons or corticotropes does not appear to be

effectively operational, or may simply damp the ongoing

response. In addition, CRF heteronuclear RNA (hnRNA)

transcription also continues to increase for up to 5 h, appearing

to maintain translation of CRF mRNA throughout this time, for

stressed, but not unstressed animals, suggesting that the ACTH

response is actively sustained by primary transcription of CRF

(Tanimura and Watts, 2001).

Fig. 9 shows apparent GC feedback under basal conditions

observed at the level of CRF mRNA in the parvocellular

motorneurons of the PVN. Moderate expression of CRF mRNA

is observed after sham ADX (left panel), whereas ADX results
n releasing factor (CRF) mRNA in paraventricular hypothalamus is revealed by

ed rats (left panel) increases following the loss of corticosterone (via ADX; middle

effect of corticosterone on CRF mRNA in the PVN can be mimicked by feeding

han the direct effects of B replacement on brain, that normalizes CRF expression.
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Fig. 10. Effects of intracerebroventricular B infusion (black diamonds) on

adrenocorticotropin hormone (ACTH) output during a 3 h restraint stress

compared to saline infusions (empty circle). Actions of B directly on brain

facilitate the ACTH response. Data adapted from Laugero et al. (2002).
in disinhibition of CRF expression (middle panel), indicating

the loss of feedback. Finally, normalization of expression is

observed with corticosterone replacement (right panel).

Although the site of such feedback is generally presumed to

be at the level of the PVN motoneurons, we will present

evidence later that challenges the notion of direct feedback as a

potentially facile interpretation.

3.2. Chronic stress

Under conditions when stressors are applied repeatedly and

intermittently or continuously, further dynamics of the HPA

axis become evident. Briefly, two main forms of adaptations

may occur. Repeated stressors can result in habituation, a

progressive diminution of the response over days, or they can

lead to the opposite, a progressive facilitation, or sensitization

of the response. In conventional usage by endocrinologists, the

terms habituation and sensitization do not necessarily connote

the same theoretical meanings as they do for psychologists for

whom these terms refer to non-associative forms of learning.

Rather, they tend to be used descriptively. The degree to which

habituation and sensitization within the HPA axis depend on

associative or non-associative events in the psychological sense

remains to be determined.

3.2.1. Habituation

It is frequently observed that repetition of the same stressor

results in a progressive diminution of the HPA axis response

over days (Cole et al., 2000; Natelson et al., 1988; Pitman et al.,

1988; Sakellaris and Vernikos-Danellis, 1975; Vernikos et al.,

1982). Habituation has been observed for restraint (Bhatnagar

et al., 2002; Cole et al., 2000; Hauger et al., 1990; Viau and

Sawchenko, 1995), handling (Dobrakovova et al., 1993), cold

(Bhatnagar et al., 1995), noise (Armario et al., 1986), water

immersion (de Boer et al., 1990), immobilization (Giralt and

Armario, 1989), and ethanol injections (Spencer and McEwen,

1990). There is at least one report of brainstem catecholami-

nergic habituation to a homotypic stressor, as well (Spencer and

McEwen, 1990). Some homotypic stressors, such as footshock,

frequently do not result in habituation, possibly due to their

perceived severity (Kant et al., 1985; Pitman et al., 1990),

because they involve a component of particular metabolic

exertion, such as forced running (Kant et al., 1985), or in the

case of intermittent morphine injections, because the schedule

of the stressor rocks the system severely between the positive

and negative effects of the stressor (opponent processes) within

central stress networks (Houshyar et al., 2003, 2004) (and see

below).

Habituation of the HPA response to restraint can be

prevented by lesions of the posterior paraventricular nucleus

of the thalamus (pPVT; Bhatnagar and Dallman, 1998;

Bhatnagar et al., 2002). Blockade of MR or MR and GR via

specific antagonists also prevents habituation (Cole et al.,

2000). Both findings are of interest insofar as both PVT and

hippocampus project to BNST, which appears to be part of a

pathway involved in contextual conditioning of HPA output

(Gray, 1993; Sullivan et al., 2004; Ledoux, 2004), suggesting
potential associative processes that are invoked to inhibit the

HPA response when the animal expects that an event will be

unpleasant, but perhaps not unexpectedly traumatic. However,

essentially all major drivers of the HPA axis project to the PVT

(Fig. 2), and many complex events could be involved in HPA

plasticity.

3.2.2. Facilitation

Facilitated, or sensitized HPA responses in chronically

stressed individuals are most often elicited by presentation of an

acute, novel stimulus. After repeated stress, CRF mRNA

increases to a greater extent after an acute novel stressor

(Harbuz and Lightman, 1989; Houshyar et al., 2003; Imaki

et al., 1995).

However, the sensitized HPA response in chronically

stressed rats appears to require persistently or repeatedly

elevated concentrations of glucocorticoids. Clamped high

corticosterone in ADX rats that have been exposed to chronic

cold, or to streptozotocin-induced diabetes facilitates HPA

responses to acute restraint, whereas lower, replacement

concentrations of corticosterone do not provoke a facilitated

response compared to rats not exposed to chronic stress (Akana

et al., 1996; Scribner et al., 1991). Fig. 10 shows ACTH

responses to a third session of restraint stress in animals infused

with saline or corticosterone given i.c.v. during 4 days. It is

clear that chronically elevated steroid in brain facilitates the

HPA output to stress.

That chronic stress recruits central stress response networks

can be seen when comparing CRF mRNA expression in the

PVN of chronically stressed versus unstressed animals during

basal sampling and following an acute restraint stress. In this

case, the chronic stress used was a regimen of intermittent,

twice daily morphine injections (Houshyar et al., 2004).

Fig. 11A–D shows CRF mRNA expression under four

conditions. Control rats under basal conditions show low

levels of CRF expression (Fig. 11A). Following a regimen of

morphine treatment, CRF mRNA is upregulated under basal

conditions (Fig. 11B). Following an acute restraint stress in
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Fig. 11. Facilitating effects of a chronic stressor (intermittent morphine injection in escalating doses) on CRF mRNA expression in paraventricular under basal

conditions and after novel restraint. Basal expression of CRF mRNA in vehicle treated rats (panel A) increases in response to morphine treatment (panel B), to levels

resembling vehicle treated rats after restraint (panel C). Intermittent morphine treatment further increases expression of CRF mRNA in restrained animals (panel D).

Intermittent morphine injections are a chronic stressor, and chronic stress facilitates drive of the neuroendocrine motoneurons in the HPA axis. Data adapted from

Houshyar et al. (2003).
control animals, CRF is upregulated (Fig. 11C), semi-

quantitatively resembling the basal levels seen in chronically

stressed animals. Finally, compared to controls receiving a

single acute restraint, chronically morphine-stressed animals

show facilitated upregulation in CRF mRNA (Fig. 11D). Thus,

the chronic stressor of intermittent morphine treatment clearly

upregulates activity in HPA motoneurons under both basal

conditions and following an acute heterotypic stressor.

Facilitated responses may result from sustained elevations of

GCs acting on neurons in the CeA to stimulate CRF synthesis

and secretion (Cook, 2001, 2002; Greenwood-Van Meerveld

et al., 2001; Shepard et al., 2003). Activity of the elevated CRF

in CeA is required for the altered behavioral, autonomic and

neuroendocrine responses that accompany chronic stressors

(Myers et al., 2005). Although GCs rapidly elevate CRF levels

in CeA, it appears to take several days of elevated steroid to

initiate recruitment of the chronic stress-response network

(Laugero et al., 2002). However, once recruited, the central

CRF network appears to activate the locus coeruleus and other

monoaminergic cell groups (Jedema et al., 2001; Lowry et al.,
2003; Ortiz et al., 1996). Lesions of the locus coeruleus inhibit

HPA responses to stress (Ziegler et al., 1999).

Repeated activation of the paraventricular, or ‘‘neuroendo-

crine’’ thalamus (Turner and Herkenham, 1991) results in

reduction of ACTH responses to repeated restraint, whereas

lesions of this structure augment ACTH responses to restraint in

chronically stressed rats. Such lesions do not affect the response

to an acute novel restraint. Thus, the PVT may be generally

inhibitory to HPA output only after chronic stress (Bhatnagar

and Dallman, 1998, 1999; Bhatnagar et al., 2002). Moreover,

tonic glucocorticoid inhibition of chronic stress responses may

also be mediated through this structure (Jaferi et al., 2006). The

paraventricular thalamus is innervated by both forebrain and

hindbrain structures that are known to regulate the HPA axis

(Bubser and Deutch, 1998; Canteras et al., 1994), and in turn

innervates amygdala, prefrontal cortex, BNST, hypothalamus

and brainstem (Moga et al., 1995; Van der Werf et al., 2002),

and is therefore in position to determine whether the HPA axis

exhibits habituation or sensitization to chronic stress. It may be

that chronic stressors invariably activate the central stress
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response network, but that the expression of HPA responses is

modulated by the PVT via memorial and comparator processes

that inform the animal whether the current stressor is familiar or

not. Under familiar chronic stress, the PVT may be recruited to

blunt the stress response, whereas the experience of a

heterotypic stress under chronic stress conditions may fail to

recruit the PVT, thus allowing normal, and even facilitated HPA

responses.

3.3. Chronic GCs, ADX, and metabolic feedback

3.3.1. Chronically high GCs on the central stress response

network

Consistent with facilitation of HPA output under chronically

high concentrations of GCs, and the view that chronic stressors

typically recruit central stress networks, chronic elevations of

GCs in depression are associated with ‘‘paradoxically’’

elevated cerebrospinal fluid concentrations of CRF (Gold

et al., 2002). Under these conditions, DEX fails to inhibit HPA

output (Gold et al., 1988a,b; Nemeroff et al., 1984), and CRF

and AVP mRNA are elevated in PVN (Raadsheer et al., 1994b).

Part of this effect may owe to reduced feedback efficacy at these

various sites in the central stress network. After acute stress,

ADX rats replaced with constant B showed relatively elevated

CRF mRNA in PVN and tyrosine hydroxylase (TH) mRNA in

LC compared to sham-operated rats, indicating normal GC-

mediated feedback in intact animals. However, repeated stress

elevated both mRNAs in sham rats, potentially indicating a loss

of GC feedback. Consistent with a loss of feedback was the loss

of GR mRNA observed in the PVN, LC, and hippocampus of

intact rats only (Makino et al., 1995a,b, 2002), an effect argued

to be GC-dependent (Makino et al., 2002).

In addition to a potential loss of feedback inhibition, active

upregulation of brain CRF levels may also contribute to this

facilitation. Although acute restraint does increase CRF levels

(Hsu et al., 1998), it may not always increase CRF mRNA

(Pacak et al., 1996). On the other hand, high replacement doses

of corticosterone (Makino et al., 1994a), repeated restraint

(Schulkin et al., 1998; Thompson et al., 2004), chronic social

stress (Albeck et al., 1997), and GC implants into CeA (Shepard

et al., 2000) do upregulate CRF mRNA in CeA. The BNST, a

pallidal gateway to PVN from CeA, also upregulates CRF

mRNA in response to GCs (Makino et al., 1994b) and salt

loading (Watts, 1992b). Although some stimuli relating to

metabolic deficits down-regulate CRF mRNA in CeA,

including salt loading (Watts, 1992b) and starvation (Kaneda

et al., 2001), there may be functional advantages to stimulus-

specific regulation in this particular structure involved in

learned output: In the case of metabolic need, it may be better to

reduce anxiety-related moods in order to reduce motivational or

behavioral competition against feeding. GCs also increase CRF

mRNA in the dorsal cap of the PVN (Swanson and Simmons,

1989), the pre-autonomic cell group projecting to brainstem LC

and NTS, and spinal cord (Sawchenko and Bohn, 1989;

Sawchenko and Swanson, 1989; Swanson and Sawchenko,

1983; Van Bockstaele, 1998), thus having proactive influences

on autonomic output.
3.3.2. ADX, brain, metabolic derangement, and feedback

Although canonical feedback by GCs is firmly established,

several key findings suggest that there are two additional axes

of chronic GC actions on brain that operate in approximately

opposite directions, a facilitating effect of the direct actions of

GC on brain, and an indirect, inhibitory effect based on the

effects of GCs on metabolism. Removal of GCs by ADX results

in deficits in both energy intake and deposition (Akana et al.,

1985; Freedman et al., 1986; Strack et al., 1995a,b,c). Recall

also the data from Fig. 9 showing disinhibition of PVN CRF

mRNA following ADX. In addition, white adipose tissue

(WAT) deposition and leptin and insulin levels are decreased,

whereas circulating NE is increased, suggesting increased

sympathetic outflow following ADX (Akana et al., 1996;

Brown and Fisher, 1986; Strack et al., 1995b). Similar effects

are mimicked or mediated by manipulations of the central CRF

and NE stress networks that are influenced by GC actions.

Thus, it could be argued that the central inhibitory effects of

GCs are directly mediated through a loss of feedback, or

through actions on other central systems, but three facts argue

against direct central mediation of these effects by GCs. First,

peripheral replacement of GCs using low doses that should not

occupy central GR normalizes many metabolic deficits

resulting from ADX (Akana et al., 1985). Second, providing

sucrose also increases appetite and results in greater energy

deposition following ADX, raising the possibility that normal-

ization by GC replacement is not a direct central effect, but

rather an indirect effect of GCs through alterations in

metabolism (Bell et al., 2000). Third, central GR occupancy

would be inconsistent with the central facilitating effects of

GCs on behavior, HPA output (Fig. 10) and autonomic outflow.

Because non-nutritive saccharin solutions failed to correct

metabolic derangements following ADX, the restorative effects

of sucrose appeared to be post-ingestive (Bhatnagar et al.,

2000). Thus, the restorative effects of low peripheral doses of

GCs also suggest an effect of the metabolic axis on brain.

In a direct test of this metabolic feedback hypothesis,

Laugero et al. (2001a) employed designs in which rats feeding

ad libitum were either ADX or not, and given a 1.0 M sucrose

solution to drink or not. Fig. 12A–D show that compared to

Shams, ADX rats eating chow had reduced intake, body weight

gain, caloric efficiency, and relative mWAT. However, each of

these derangements was corrected by providing sucrose to

ADX rats. Plasma leptin, insulin, triglycerides and glucose

were also normalized in ADX rats drinking sucrose. In the

brain, PVN CRF mRNA was elevated in ADX rats eating chow,

but not in those drinking sucrose after 2 weeks (Fig. 13, left

panel). Within ADX animals drinking sucrose for an even

shorter period (5 days), PVN CRF mRNA was inversely related

to sucrose intake during the previous night (Fig. 13, right

panel). In the CeA, ADX rats eating chow had reduced CRF

mRNA content compared to other groups, including ADX

animals drinking sucrose. Likewise, in A2/C2 cell groups and

LC, dopamine b-hydroxylase (DBH) mRNA was elevated in

ADX rats eating chow, but not in those drinking sucrose.

Additional tests also revealed that when given a choice between

equally sweet 1.0 M sucrose and 2 mM saccharin solutions,
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Fig. 12. Effects of ADX and 1.0 M sucrose drinking on absolute body weight gain (panel A), caloric intake relative to body weight (panel B), caloric efficiency (panel

C), and relative mWAT weights (panel D) to the intact state. ADX generally deranges metabolism to inhibit these variables, whereas sucrose drinking larely restores

the animal. The slight inhibition of caloric efficiency in the shams drinking sucrose is likely due to increased autonomic outflow that compensates for the extra calories

ingested, maintaining normal body weight. Data adapted from Laugero et al. (2001a).
intact animals displayed no preference, whereas ADX animals

exhibited a strong preference for the nutritive sucrose.

Taken together, the data strongly indicate that ADX and the

loss of corticosterone disinhibits central stress response

networks and causes metabolic derangement. Metabolic

feedback from sucrose mimicked the effects of low doses of

GC after ADX by correcting these derangements both

peripherally and centrally, and ADX animals given a choice

between sucrose and an equally sweet non-nutritive solution

strongly favored the caloric solution, such that the animals

appeared to be self-medicating through food intake.

To test that the effects of GCs themselves were not due to

direct central effects, Laugero et al. (2002) asked if similar

peripheral and central corrective effects would occur if GCs

were infused directly into the brain of ADX rats and how such
Fig. 13. Central effects of ADX and 1.0 M sucrose drinking on CRF mRNA expressi

Fourteen days after ADX CRF mRNA expression increases, and sucrose drinking in

animals drinking sucrose for only 5 days, CRF mRNA was inversely related to su
infusions interacted with sucrose intake. Rats receiving 3-day

i.c.v. corticosterone infusions had reduced chow intake and

weight gain relative to saline controls, reduced mWAT depots

(Fig. 14A), increased CRF immunoreactivity in PVN

(Fig. 14B), and exhibited somewhat higher basal and

significantly higher stress-induced ACTH output (Fig. 14C),

effects of central corticosterone that appear to operate in the

opposite direction to sucrose drinking. In contrast, saline

infused controls drinking sucrose showed the greatest weight

gain and caloric intake, and had significantly reduced basal

ACTH. Rats receiving both i.c.v. corticosterone and sucrose to

drink had intermediate values on most measures, suggesting

that the opposite effects of central corticosterone and

peripheral sucrose metabolism had largely cancelled one

another.
on in the HPA motorneurons in the paraventricular nucleus of the hypothalamus.

the absence of corticosterone normalizes expression (left panel). Within ADX

crose intake (right panel). Data adapted from Laugero et al. (2001a).
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Fig. 14. Effects of centrally infused corticosterone (B) in ADX rats. In contrast to peripheral B replacement or sucrose drinking that restore metabolic and central

derangements following ADX, corticosterone infused into a lateral ventricle (i.c.v.) exacerbates these derangements, reducing relative mWAT (panel A), increasing

CRF immunoreactivity in paraventricular hypothalamus (panel B), and facilitating ACTH output following restraint stress (panel C), strongly suggesting that the

peripheral restorative effects of corticosterone and sucrose result from metabolic correction and subsequent feedback inhibition to brain. By contrast, central B feeds

forward on brain in an excitatory fashion. Data adapted from Laugero et al. (2001b).
In summary, acute and chronic responses to stressors are

differently controlled. With acute stimuli, the HPA axis

responds rapidly and the duration of the response is inhibited

by the acute feedback effects of the secreted GC, provided that

the stimulus is of low intensity; with high intensity stimuli, GC

feedback can be abrogated by sufficient drive to the CRF

motorneurons. With repeated stressors, the HPA axis may either

reduce or increase its responsivity, depending on the type, and

threat of the stimulus. Novel stimuli provided to chronically

stressed animals usually provoke facilitated responses in the

HPA axis, and this response requires GC concentrations above

the normal daily mean value. With chronic stress, GCs appear

to stimulate the brain chronic stress response network, resulting

in augmented behaviors, neuroendocrine and autonomic

outflows, probably as a consequence of GC-augmented CRF

expression and secretion in the CeA. However, low concentra-

tions of GC in the periphery restore metabolism and stress-

responsivity of ADX rats to normal, and drinking sucrose ad

libitum can do the same. By contrast, GC infused centrally

inhibit metabolic recovery and stimulate subsequent HPA

responsiveness. The cumulative findings suggest that there are

two axes of chronic GC actions on brain. The direct actions of

elevated GCs involve many excitatory effects, including

facilitated HPA output, and stimulatory effects on CRF and

brainstem stress networks. In contrast, the disinhibition of

central stress networks by ADX can be corrected by both low

peripheral GC replacement and sucrose, but not saccharin,

suggesting that a metabolic feedback signal inhibits central

stress response networks.
4. A new working model of stress-related GC function

The prevailing idea that stress-related HPA function is

primarily self-terminating by glucocorticoid-mediated inhibitory

feedback must be revised to incorporate feedforward aspects of

HPA function on itself with chronic stress, and on the entire brain

more generally. In addition, a new view should also incorporate

an indirect inhibitory axis based on metabolic feedback. Fig. 15

shows two simplified diagrams contrasting the acute, canonical

model of HPA feedback regulation (left panel) with our working

model of HPA function under chronic metabolic drive (right

panel). The canonical model contains a CNS drive component

(solid arrow down) and feedback from GCs at the levels of

pituitary and brain (left panel, dotted lines). While this type of

inhibitory feedback has been repeatedly demonstrated, it is

insufficient to account for the current data. For example, the

canonical model cannot handle the chronic facilitating effects of

steroid in brain, chronic inhibitory effects of low peripheral doses

of steroid or inhibitory feedback from drinking sucrose following

ADX. In addition, canonical feedback lays no claims to the other

significant and wide-ranging changes in phenotype that result as a

consequence of prior stress, hunger, or negative energy balance.

Previous discussions of this view are available (Dallman et al.,

2005, 2004, 2003; Laugero, 2001).

In addition to the apparently indirect inhibitory metabolic

axis on central stress networks (right panel, curved dotted line)

and the direct excitatory effects of chronically stress-induced

elevations in steroid on HPA output already discussed (right

panel, curved solid arrow), other data suggest even more
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Fig. 15. Two simplified models of HPA axis regulation. In the canonical feedback

model of glucocorticoid (GC) function (left panel), the central nervous system

(CNS) stimulates GC secretion, which rapidly feeds back on brain and pituitary to

provide inhibitory feedback that trims the neuroendocrine response. While

canonical feedback is well established, it cannot account for a number of

phenomena, including the ability of sucrose to reduce drive on HPA axis

motoneurons. The diagram to the right is a simplified version of our working

model of HPA regulation that distinguishes additional axes of GC action in an

attempt to account for extant data. CNS-stimulated GC secretion crosses the

blood–brain barrier to act directly on brain incentive systems in a feedforward

fashion, enhancing both appetitive and aversive central motive states and facil-

itating various motor outflows. Peripherally, GCs remodel energy stores toward

fat, which provides some inhibitory metabolic feedback to central drive states.

Fig. 16. Effects of steady-state peripheral corticosterone (B) concentrations in

ADX rats drinking a palatable saccharin solution. Rats were ADX then given

pellets containing 0%, 15%, 30%, or 100% B, or were sham-operated. Mean

daily saccharin intake increased dose-dependently with corticosterone, such

that the highest dose completely restored saccharin drinking to the level

observed in intact rats, indicating behavioral, and perhaps incentive motiva-

tional effects of B. Data adapted from Bhatnagar et al. (2000).
wide-ranging excitatory effects of elevated steroid, not limited

to chronic stress or even aversive stimulation, for that matter.

Indeed, a number of motor outputs related to appetitive

stimulation also appear to be amplified by elevated steroid. As

we will discuss such feedforward effects of steroid in much

greater detail later, the following results are offered as a down-

payment on that claim for the purposes of introducing our

generalized working model of HPA axis function.

Bhatnagar et al. (2000) used ADX rats and replaced them

with corticosterone (B) pellets in four doses ranging in content

from 0% to 100% B, then gave them saccharin to drink ad

libitum in addition to chow and water. Fig. 16 shows mean daily

intake by corticosterone dose. As concentration increased, daily

intake increased, such that rats with no corticosterone reliably

drank minimal amounts of saccharin, whereas rats with 100% B

pellets drank as much as sham operated rats. Because saccharin

is non-nutritive, the effect could not be attributed to differing

post-ingestive reinforcement signals from saccharin. Recalling

that ADX rats show a strong preference for sucrose over

saccharin in two-bottle tests, which was interpreted as a form of

metabolic and stress-reducing self-medication, the dose-

dependent effect of GCs on non-nutritive saccharin drinking

rather suggests incentive learning or motivational effects, and
that elevated GCs not only recruit chronic stress response

networks that facilitate HPA output, but also recruit appetitive

motivational networks that amplify responding for positive

incentives, as well.

The working model (Fig. 15, right panel) contains two main

axes of GC action on brain, an indirect inhibitory effect

resulting from GC-mediated alterations in energy metabolism,

and a direct drive axis through which GCs primarily

feedforward in brain. Despite the capability for habituation

to repeated homotypic stress and the potential for GC-mediated

inhibitory feedback shown in the left panel of Fig. 15, evidence

cited above suggests that high steroid can also facilitate more

than HPA output as a direct result of elevated steroid in brain,

represented by the solid arrow in the right panel of Fig. 15.

Elevated GCs in brain also modify other motor outputs in ways

that suggest amplification of central motive states and memorial

processes (detailed in Section 5 and beyond). The increase in

incentive motivation with respect to both appetitive and

aversive states results in both greater engagement with positive

incentives and greater responsiveness to negative incentives.

Note that this direct drive pathway resembles a positive

feedback loop that lends itself to runaway activation. The

‘‘brake’’ on positive feedback actions between HPA output and

excitatory effects in brain, a so-far unidentified metabolic

signal, acts so that both GCs and food, in their own varying

degrees, may correct metabolic derangements to provide

metabolic-like feedback inhibition on what is potentially

runaway positive feedback from the direct effects of the steroid.

Fig. 17 shows examples of how this model should work

under four scenarios. The far left panel shows the case for an

intact animal that is fasting. Energy stores are low (represented

by a lowercase ‘‘e’’ in the box), central drive is high, and GC

feedforward activation of central motive states is high.

Although the high peripheral GCs will alter energy flux and

efficiency to provide some feedback, this an inadequate

solution, as without food, GCs will continue to increase central
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Fig. 17. Four scenarios exemplifying predictions of the working model. In the

case of fasting in adrenally intact animals, reduced energy stores disinhibit central

drive on the HPA axis, releasing GCs that further increase activity in central

incentive networks to enhance appetitive (food seeking) moods. Although GCs

also remodel energy, to provide some inhibitory feedback, without food they

cannot over-ride the central drive provided by ever increasing GC secretion. In the

second case, adrenally intact animals provided with high-energy, palatable foods

should have enhanced inhibitory metabolic feedback on central states, including

HPA axis output, thus reducing direct central GC signaling. In the third case,

adrenalectomized (ADX) animals should manage peripheral resources poorly in

the absence of GCs, resulting in a weakened inhibitory metabolic feedback signal

that disinhibits central stress networks, resulting in high ACTH output, without

increased central appetitive drive, due to the absence of GCs. In the fourth

example, ADX rats on high-energy, palatable diets should have a fairly normal

HPA axis despite the absence of resource management by GCs, simply because

the diet itself can substitute for the effects of GCs. Central motive states, again will

not be amplified in the absence of GCs.
CRF drive, and other central motive states, as energy stores are

depleted. The second panel from the left shows the case for an

intact animal eating a high-energy diet, which increases energy

stores, providing inhibitory metabolic feedback to central

drivers, reducing adrenocortical output and GC feedforward

effects. The panel third from left shows an ADX rat eating a

low-energy chow diet without management of peripheral

energy by GCs, resulting in a weak inhibitory feedback signal

from the low energy food, and high central drive. The fourth

panel shows an ADX rat on a high-energy diet, wherein the diet

compensates for the absence of peripheral management by

GCs, thus stabilizing central drive, but in the absence of high

central GCs, central motive states are not actively amplified.

Thus, the working model proposes alternative mechanisms of

chronic HPA axis regulation, and it more generally tries to

account for the induction and reduction of central motive states

by GCs and food, respectively.

4.1. Comfort food and stress: induction, reduction, and

remodeling

The first direct test of the model (Pecoraro et al., 2004) was

aimed at two main straightforward predictions that fall directly

from this model. First, repeated stress should increase the

salience of palatable, high-energy foods, resulting in an increase

in intake. Second, palatable high-energy foods (along with

peripheral remodeling of energy by high GCs) should provide

metabolic inhibitory feedback and reduce HPA output during a

repeated stressor compared to rats eating only chow. To test these

predictions, rats were employed in a 2 � 2 design manipulating
stress and diet. Half of the rats ate chow ad libitum, whereas the

other half was presented with a choice of chow, lard, and 1 M

sucrose solutions for several days prior to the stressor. After this

baseline period, half of the rats on each diet were subjected to

once daily 3 h restraint stress for 5 days, whereas the other half

served as home cage controls. On the 5th day, an additional

heterotypic stress of placing the restraint tubes on a shaker table

was added to dishabituate the response to repeated restraint. At

the beginning of restraint, ponderal growth diverged for each

group according to the additive positive effects of diet and the

negative effects of the stressor (Fig. 18A): The unstressed

controls gained more weight than stressed rats, whereas rats

eating preferred foods gained more weight than their counter-

parts with only chow. In addition, animals eating the preferred

food showed greater relative adiposity than the chow eating

controls in each depot tested (Fig. 18B).

With respect to the hypothesis that chronic stress increases

the incentive salience of high-energy foods, Fig. 18C shows that

the proportion of comfort food eaten during the stress increased

to 65% of total calories, compared to their own baseline and to

the stable intake of the unstressed controls throughout.

However, this proportional increase in lard and sucrose was

not a consequence of increased absolute intake. Rather, stressed

animals reduced their absolute chow intake while maintaining

baseline levels of lard and sucrose intake. Thus, the relative

preference for preferred foods increased by a defense of these,

but not chow intake during the restraint period.

Although total caloric intake was not increased during the

stressor in rats with lard and sucrose available, the characteristic

finding that stress reduces chow intake and ponderal growth in

rats (e.g., for review see Dallman and Bhatnagar, 2001) suggests

that absolute measures may incorrectly identify underlying

support of incentive motivational structure. Relatively greater

support for high-energy dieting does conform to both the model

and other extant data on the effects of stressors on feeding, and

makes functional sense. The model predicts that repeated

stressors call forth defensive behaviors that are incompatiblewith

feeding (Gardner and Gardner, 1988), as well as an increase in the

salience of high-energy foods. In support of this line of reasoning,

Fanselow (Fanselow et al., 1988) showed that electric shock re-

organized feeding bouts such that rats made fewer out-of-nest

foraging forays, but ate larger meals when they did go out.

Therefore, in a hostile environment, a relative preference for

energy-dense meals is appropriate to both minimize hostile

encounters and maximize energy balance.

The second main prediction was that the eating of preferred

foods would inhibit HPA output. Fig. 19 shows areas under the

curve for ACTH (panel A) and corticosterone (B; panel B)

responses. As can be seen, HPA output began habituating by

day 3, but was dishabituated by the addition of the rotation

component on day 5. Consistent with the metabolic feedback

hypothesis, ACTH output was significantly reduced in rats

eating comfort foods on days 1 and 3 of restraint, whereas on

day 5 when the dishabituating stimulus was added, no

differences were evident. Comfort food reduced corticosterone

responses on days 3 and 5 relative to chow controls. In addition,

we measured relative CRF mRNA in the parvocellular region of
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Fig. 18. (A–C) Panel A: Body weights of rats used in a 2 � 2 design test of the working model of HPA regulation. All rats were allowed to eat ad libitum. Half of the

animals were given only chow (�), and the other half chow and ‘‘comfort food’’ (lard and sucrose (+)), and they were never restrained. The othe half were given the

same two diets and were additionally restrained (R) on the final 5 days. For those receiving ‘‘comfort food’’, it was available during the 3-day pre-exposure period and

during the 5-day period of repeated 3h restraint. Comfort food increased ponderal growth relative to chow groups, and restraint reduced growth relative to basal

groups. Panel B: Percent of intake in kcal among groups provided with ‘‘comfort food’’. During the 3-day pre-exposure, there was no difference in intake between

groups. During repeated restraint rats increased their relative intake of ‘‘comfort food’’, whereas the basal controls maintained a constant proportion. This effect

resulted primarily from a specific decrease in chow intake in the stressed animals, as they defended comfort food intake. Panel C: Effects of ‘‘comfort food’’ and

repeated restraint on fat depots standardized for body weight. Comfort food increased all fat depots in all groups. All data adapted from Pecoraro et al. (2004).
the PVN of the hypothalamus with the prediction that palatable

food would reduce message in these HPA axis motor neurons

(Fig. 19C). For unstressed home cage controls, relative CRF

mRNAwas significantly reduced by palatable food, whereas for
Fig. 19. (A–C) Areas under the response curve (AUC) for ACTH (panel A) and co

AUCs on days 1 and 3, but not on day 5, probably due to the addition of the heteroty

eating on CRF mRNA in the paraventricular hypothalamus. Comfort food eating eatin

effect in restrained animals, perhaps due to the addition of heterotypic stress on th
the restrained animals no significant reduction occurred. While

these results are largely consistent with our hypothesis, the lack

of a reduction in CRF mRNA in stressed animals was

complicated by the addition of the heterotypic stressor on day 5.
rticosterone (B; panel B) on restraint days 1, 3, and 5. Comfort food decreased

pic stress of a shaker table. Panel C: Effects of restraint stress and comfort food

g reduced basal CRF mRNA expression in unrestrained controls, but showed no

e last day. All data adapted from Pecoraro et al. (2004).
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As shown in Fig. 18C, the stressed rats eating palatable food

maintained high fat depot weights throughout the period of

restraint, compared to the stressed rats eating only chow;

although the hypothesized remodeling of fat stores was not

observed, the amount of fat in the depots measured did not

differ from that in the unstressed controls.

With these caveats in mind, the overall data were reasonably

consistent with the model.

4.2. Evidence against inhibitory metabolic feedback

Although earlier results (Laugero et al., 2001a,b, 2002) and

our initial tests (Pecoraro et al., 2004) were generally in line

with the aspect of the working hypothesis that high-energy

diets, or palatable foods, provide an indirect, inhibitory

metabolic signal to the HPA axis, other relevant data do not

support this view. The counter-evidence is sufficient for some to

have proposed that high-energy diets are themselves stressful,

rather than stress reducing. Therefore, we examine some of this

contradictory evidence, the ambiguities involved in the

experimental procedures used, and the conclusions drawn.

4.2.1. Fatty acid infusions

A number of studies have examined the hypothesis that

specific metabolic signals may influence HPA axis function.

Some studies were based on the assumption that circulating

fatty acids may provide this metabolic signal, insofar as it was

shown that fatty acids provide negative feedback to growth

hormone (GH) secretion (Alvarez et al., 1991; Blackard et al.,

1969; Imaki et al., 1985). Along these lines, Widmaier

(Widmaier, 1992; Widmaier et al., 1992) gave conscious,

catheterized, and otherwise freely feeding rats intravenous

infusions of various volumes of 10% Intralipid (a suspension of

soybean oil and glycerol) and heparin (to additionally activate

lipoprotein lipase), and compared the HPA responses to saline-

infused controls. Increasing plasma free fatty acids resulted in

elevations in both ACTH and corticosterone. The authors

concluded that rather than providing negative feedback, fatty

acids did just the opposite, and that the site of action must be

central, due to the elevation in ACTH. Those findings are

consistent with elevations in corticosterone following infusions

of triglyceride emulsions directly into brain (Clement et al.,

2002), and the fact that fatty acids sensors exist in

hypothalamus (Lam et al., 2005a,b).

Although the infusion data suggest a positive feedback role

of circulating metabolic fuels on the HPA axis, interpreting the

meaning of this in terms of stress responsiveness is less

straightforward. As we have shown in Fig. 4C, acute post-

prandial elevations in GCs are common in freely feeding

animals, and may not be best interpreted as a stress response,

but rather as an energy deposition response. It is interesting

when one considers mWAT as an infinite energy sink with

respect to our data on corticosterone and insulin before and

after meals in fed and hungry rats. In fed rats, corticosterone is

low before meals, and increases after feeding, with no change in

insulin. However, in hungry rats, the opposite occurs:

corticosterone is elevated and insulin is low before meals,
whereas after meals corticosterone falls and insulin rises. If

mWAT is an energy sink, and corticosterone promotes energy

storage to mWAT, then fed rats appear to be satisfied in other

depots, and are using the infinite sink. The post-prandial

suppression of corticosterone in hungry rats may be a

mechanism to store calories elsewhere, in other higher priority

stores. mWAT is much less defended than, e.g., scWAT, and

directly supplying liver with fatty acids from mWAT may be

less critical than other WAT functions. Based on this line of

reasoning, one would predict that Intralipid infusions would fail

to increase corticosterone in hungry rats. Alternatively, if

Intralipid infusions did increase corticosterone in hungry rats,

the outcome would strongly point to looking again at other

alternate hypotheses, such as the role of choice (see below).

The results of FFA infusions in rats are further complicated

because the acute effects of FFA infusions are decidedly

different in humans. Using an infusion method very similar to

the rat studies (intravenous infusion of 10% Intralipid and

heparin compared to saline infusions), Lanfranco et al. (2004)

found a marked suppression of both ACTH and cortisol with

increased circulating fatty acids after an overnight fast. The 24-

year old, follicular phase females in the Lanfranco study had

normal body mass indices (BMI = 23.1), and except for the

experiment, which occurred in the morning, were otherwise

freely feeding (Lanfranco et al., 2004). It is further true that like

rats, freely feeding humans also show acute post-prandial

elevations in cortisol, but, like chronically fasting rats, it may be

that the suppression of cortisol in response to Intralipid resulted

as a consequence of the infusion being performed after fasting

overnight.

4.2.2. Forced high-energy diets

The working hypothesis faced more direct contradictory

data in the form of animal studies much like our own, in which

subjects received high-energy diets, typically high in fat, and

were then subjected to tests of HPA function in comparison to

chow only controls. For example, Kamara et al. (1998) tested

the effects of diets containing 54% of calories from fat using a

variety of fatty acid compositions (corn oil, menhaden oil,

soybean oil, and olive oil) mixed with chow. The chow diet

contained about 12% of calories as fat. Animals were fed the

diet for 3 weeks, and then restrained for 30 min, with blood

samples taken at 0, 30, and 60 min. Basal corticosterone tended

to be elevated in the high-fat groups, and was significantly

elevated at the 30 min time-point. At 10 weeks, another stressor

test showed higher corticosterone in the high fat groups at the

60 min time-point only. The authors interpreted this to mean

that high-fat diets impair some aspect of glucocorticoid

feedback inhibition of the HPA axis (Kamara et al., 1998).

Similarly, Tannenbaum et al. (1997) fed rats chow (4% fat)

or corn oil-supplemented chow diet (20% fat) for periods

ranging between 7 days and 12 weeks, and tested both basal and

restraint stress-induced HPA responses. Basal plasma samples

collected at several times during the light cycle were elevated in

the high fat groups after 7 and 21 days. After 20-min restraint,

rats on high fat for 1, 9, or 12 weeks showed greater ACTH and

corticosterone responses. These authors concluded that high fat
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dieting is itself a chronic stressor (Tannenbaum et al., 1997).

Thus, these and other similar studies have concluded that high-

fat diets are stressful, and that the increased stress does not

appear to depend on the fatty acid composition of the diet, the

total proportion of kcals eaten in fat, or the duration of exposure

to the diet.

4.3. The role of choice

Aside from our use of sucrose and lard, the main difference

between various studies of this type appeared to be whether rats

had the choice of eating the high-energy foods, or whether the

studies used pre-mixed diets that forced the proportions of kcal

that were ingested as fat. Therefore, it was possible that

violating the rats’ intrinsic preferences by constraining self-

regulation somehow revoked the comforting effect of fat, and

even made the diets stressful.

To test the role of choice, la Fleur et al. replicated the 7-day

experiment of the Tannenbaum study with several changes (la

Fleur et al., 2005). One group of rats ate chow, one ate chow

mixed with 20% lard, one ate chow mixed with 50% lard, while

a fourth group had ad libitum access to both chow and lard

presented in separate dishes. The group given ad libitum access

to chow and lard ate about 50% of its kcal from lard, thus

matching one of the forced diet groups. At the end of 7 days, the

animals were restrained for 30 min, with blood samples taken at

0, 30, 60, and 120 min. Fig. 20 shows ACTH responses to

restraint for each group. In contrast to the Tannenbaum studies

(Tannenbaum et al., 1997), there was no augmentation of HPA

axis drive in the animals on forced-fat diets, and no evidence

that the forced high fat diets were themselves inherently

stressful, although, as in that study, basal corticosterone levels

were elevated. However, there was profound blunting of the

restraint-induced ACTH output in the rats freely eating lard

compared to the other groups, including one group eating a

forced diet that led to comparable lard intake. A replication of

that study using rats from another vendor also indicated that

some component of choice is critical to achieving inhibitory
Fig. 20. The curious role of choice on the inhibitory effects of lard eating on

restraint-induced ACTH secretion. Rats ate chow, chow mixed with 20% lard,

chow mixed with 50% lard, or ad libitum chow and lard presented in separate

dishes (choice). Although the free-choice rats ate as much as the group eating

the 50% forced lard diet, only the free-choice group showed inhibitory effects of

lard eating on ACTH output after 30 min of restraint. Data adapted from la Fleur

et al. (2005).
metabolic feedback. In a fascinating outcome, even if rats on

forced or chosen diets ate the same number of calories from fat,

only the rats that freely, with choice, ate lard exhibited

increased inhibitory feedback on the HPA axis.

Thus, the la Fleur study suggests that the preparedness to eat,

metabolize, attain utility from, or perhaps simply enjoy

different macronutrients may change throughout cycles of

energy balance and/or circadian time, indifferent to total caloric

intake. We unfortunately do not have a great deal of precise data

on the matter of macronutrient timing, but it may be that

violating the animal’s intrinsic momentary preparedness to

ingest various macronutrients, or combinations thereof, induces

disequilibria (Timberlake, 1980), and even stress in some cases,

although there was no evidence for any additional stress

induced by forced diets in the la Fleur study.

These findings on choice may have additional import for the

fatty acid infusion studies. Aside from the relation to last meal

differences between the rat and human studies, differences in

the Intralipid infusions studies, may be due to choice. Intralipid

studies in human volunteers might be considered a chosen

infusion, whereas in rats it might be considered a forced

infusion. If that were true, it would suggest testing an

alternative self-administration paradigm in the rat infusion

studies.

4.4. Caveat emptor: Rat 6¼ Rat 6¼ Rat

In the midst of our studies on the ‘‘comfort food’’

hypothesis, our rat vendor (Bantin & Kingman (Harlan

derived), Fremont, CA) stopped supplying rats. We were

forced to do some bridge studies using rats from other vendors.

We eventually deduced that each vendor’s basic rat phenotype

was different enough that pooling replications across vendors

was pointless, and initiated experiments using rats from all

three vendors simultaneously. In at least two cases, we also

found that different plants within vendors provided different rat

phenotypes, so we ran head-to-head studies using only animals

from specific vendor’s specific plants.

Fig. 21 shows body weight curves for 60 day-old rats from

three vendors: Harlan (H, Seattle, WA), Charles River (CR,

Raliegh, NC), and Simonsen (S, Gilroy, CA). As is abundantly

evident from the body weight measurements when the rats were

in the same room, eating the same chow, there are three distinct

phenotypes that include the slowly growing Simonsen rats, the

moderately growing Harlan rats, and the rapidly growing

Charles River rats. The differences in body weight gain were

not accounted for by differences in caloric intake standardized

for body weight, but did correspond to differences in caloric

efficiency.

As indices of energy utilization, we examined body

temperature and activity levels in each vendor. Fig. 22 shows

4-day average waveforms (folded at a 24 h period) of the mean

circadian temperature (Fig. 22A) and activity (Fig. 22B)

profiles for each group, respectively. The shaded portion of the

graph represents the dark portion of the light/dark cycle, when

core temperature attains its peak (acrophase), whereas the next

12 h show temperature during the light phase, when it is at its
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Fig. 21. Body weight curves for Sprague Dawley rats from three vendors,

Charles River (CR), Harlan (H), and Simonsen (S), eating chow (�) or chow

with ad libitum lard and 32% sucrose solutions (+). While there were no major

effects of comfort food on ponderal growth, the vastly different growth curves

for each vendor’s rats indicate substantial differences in phenotype (Pecoraro

et al., 2006).
nadir. It is evident that Simonsen rats had the smallest rhythm

amplitude, whereas the Charles River rats had the greatest

amplitude. Second, the prominence of the Charles River

temperature rhythm was partly due to the fact that their resting,

or light phase temperature is much lower than that in the Harlan

and Simonsen rats. These group differences in temperature did

not appear to reflect activity levels, which were similar across

groups, but rather appeared to reflect intrinsic basal expendi-

ture. Fig. 22C shows how different temperature outflows were

reflected in differences in caloric efficiency. Differences in

body weight gain also corresponded to differences in relative
Fig. 22. Four-day mean average waveforms of core temperature (panel A) and act

experimenter (E) entered the room at approximately the same daily hour toward the

amplitude and defended nadir temperature the least, whereas the slowest growing rat

suggesting increased resting utilization. No differences were observed in activity r
obesity and leptin levels. In all vendors, comfort foods

increased temperature output and relative obesity.

Phenotypic differences also appeared in terms of HPA axis

function. Fig. 23A–C (top panels) show mean ACTH responses

to 2-h restraint pooled at each time point (0, 30, 60, and

120 min) across 3 days (days 1, 3, and 5) of restraint. The first

notable differences in ACTH are the overall concentration

levels, with the highest in the fastest growing and most

calorically efficient Charles River rats. Second, the restraint

response functions are different. We may have missed the

response in Harlan rats (left panel) by the 30 min time-point, as

no response appears, a result belied by their corticosterone

responses. Thus, it may be possible that the ACTH molecule in

Harlan rats has drifted structurally, or that the adrenocortical

response was neurally mediated. Charles River rats (middle

panel) eating chow showed a ‘‘typical’’ response, with ACTH

peaking at 30 min. Simonsen rats (right panel) exhibited a

smaller ACTH response, intermediate to that of the Harlan and

Charles River rats. In two of the rat groups, from Charles River

and Simonsens, the availability of comfort foods significantly

blunted the ACTH responses. Adrenocortical (B; bottom

panels) responses largely tracked ACTH, with the exception of

Harlans, in which the responses were greater in animals allowed

the preferred foods. This may either mean that ACTH responses

were also higher, or adrenal sensitivity to ACTH was enhanced

in Harlan rats eating comfort food. Either way it would appear

to be a dissociation from our previous study using Harlan rats

obtained from a different site (Pecoraro et al., 2004), and in this

case, was not supportive of our hypothesis. Finally, we also

failed to observe the significant relative increases in comfort

food eating between baseline and stress phases that we had

previously observed.
ivity (panel B) in Charles River (CR), Harlan (H), and Simonsen (S) rats. The

end of the light cycle. The fastest growing rats (CR) showed the greatest rhythm

s (S) showed the weakest rhythm amplitude and had higher resting temperatures,

hythms (Pecoraro et al., 2006).
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Fig. 23. ACTH (top panels) and corticosterone (B; bottom panels) responses to 120-min restraint stress by rats from Harlan (left panels) Charles River (middle

panels), and Simonsen (right panels) on diets of chow (�) or chow plus lard and 32% sucrose (+). Harlan rats had no measurable ACTH response, whereas Charles

River rats had a more typical response to the stressor. The ACTH response of rats from Simonsen was intermediate. Except for rats from Harlan, which produced an

exaggerated corticosterone response to lard and sugar, the adrenocortical responses of rats from the other vendors more closely matched their reduced central drive

when eating lard and sugar (Pecoraro et al., 2006).
We conclude that marked phenotypic differences exist

between male Sprague-Dawley rats obtained from different

vendors in terms of their apparent growth strategies (without

knowing the exact developmental histories of these rats), and in

terms of HPA responding under basal and stress conditions. In

rats from three of four specific vendors/sites, eating comfort

food reduces central HPA axis drive, whereas the fourth case

was not conclusive, but if anything appeared to contradict the

comfort food hypothesis, and our previous findings in the same

line of rats. Considering the results from all of these studies, the

drive reduction properties of food suggest that there is a

significant metabolic axis providing inhibitory feedback to the

HPA axis. With respect to drive induction effects of stress on

comfort food eating, the findings are mixed. Clearly, high

steroid alone induces palatable feeding, but motivational

competition from anxiety or defensive states occurring during

stress may compete with appetitive motives. We discuss the

feedforward effects of high GCs in greater detail below.

In rats specifically directionally bred for their propensities to

diet-induced obesity (DIO) or resistance to obesity (DR), there

may also be differences in stress responsivity (Levin et al.,

2000). In this model wherein rats are fed a moderately high-

energy diet, the DIO rats tend to become obese and develop

related symptoms, such insulin resistance and high leptin

levels, whereas the DR rats do not (Levin et al., 1997). When

subjected to chronic, variable, mild, and inescapable stressors,

the DR rats developed elevated morning and evening B levels

compared to DIO rats (when samples are taken ‘‘basally,’’ i.e.,

remotely from the stressor), and DR rats showed elevated basal

CRF levels in PVN compared to DIO rats (Levin et al., 2000).
That study did not examine the active stress response itself, and

the diets were forced, but the data indicated that tonic drive did

not appear to be affected by chronic mild stress in the obese

rats.

4.5. What is the feedback signal?

The metabolic feedback signal has not yet been identified.

An increased signal from mWAT remains a potential candidate,

as this depot is most sensitive to GCs and has direct access to

the liver portal vasulature. In some studies, a failure to show

comfort food-induced increases mWAT as is typically seen in

other depots remains difficult to interpret by itself, because the

animals are likely to utilize this depot first, even as they remodel

fat centripetally. We have previously noted that mWAT is the

only depot to show an inverse correlation with hypothalamic

CRF mRNA (Dallman et al., 2003). A second candidate

proposed as a feedback signal is the fat hormone leptin. Leptin

concentrations are increased by eating comfort food, and leptin

applied to hypothalamic pieces in vitro results in reduced

stimulated CRF output (Heiman et al., 1997). However, there

were no differences in circulating leptin concentrations

between animals having forced diets and those having choice

(la Fleur et al., 2005). There is afferent neural input to the brain

from both liver (Friedman, 1997), and intraperitoneal white

adipose tissue (Yamada et al., 2006), which could serve

admirably to signal the level of energy stores. However, before

getting too far ahead of the data, one must acknowledge that the

signal may not be metabolic at all, and rather could be of central

origin. For example, palatable feeding may promote tonic
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increases in central opioid signaling that may serve opponent

functions to the excitatory effects of stress, as we suggest

below. Nevertheless, the data are consistent with the metabolic

feedback hypothesis.

In summary, although it is clear that GCs feedback acutely to

inhibit further activity in the HPA axis, we propose a new model

for chronic stress in which GCs act in a feedforward fashion in

brain to stimulate not only the HPA axis but also to stimulate

both positive appetitive and negative emotional motivated

behaviors. In addition, there is a metabolic feedback signal

induced either by low concentrations of circulating GC or by

ingestion of sucrose and lard calories that intercedes to reduce

activity in the HPA axis when energy stores are well filled.

Several sets of studies involving high fat diets and lipid

infusions appear to oppose the model and these are discussed,

as are phenotypic differences among male Sprague-Dawley rats

from different suppliers and facilities. However, evidence from

ADX rats given pleasurable foods, and from chronically

stressed rats provided with the choice of ingesting these

comfort foods supports the new model.

5. Feedforward: hunger, stress, and GCs on

psychological phenotypes

The orientation of this review now changes its emphasis

away from physiology and metabolic feedback on HPA axis

regulation, to focus on feedforward motivational effects of GCs

that are centrally mediated (Fig. 13, arrow to brain). In this

section we discuss primary drives and incentive salience, and

describe human responses to administered GCs, trauma and

hunger. In succeeding sections we examine the effects of GCs

on selected transmitters, incentive and memorial systems, and

conclude that the GCs may generally augment motivational

states, regardless of their valence.

The distinction between primary drives and incentive stimuli

is analogous to the distinction between systemic and

psychogenic stressors. Primary drives, such as thirst, hunger,

or sex arise from systemic states or needs that initiate persistent

interoceptive stimuli and, after their transduction, ultimately

provoke motor outputs, which counter and reduce these stimuli.

Primary drives are also referred to as systemic, physiological,

or biogenic drives. Incentive stimuli, on the other hand, are

exteroceptive or remembered perceptual stimuli that inspire

intrinsic psychological allure or aversion. The spectrum of

incentive stimuli ranges in biological significance from the

vitally relevant to the arbitrary. At the vitally relevant end of the

spectrum, stimuli having obvious ethological importance

release appropriate and frequently obligatory classes of

behavior (Lorenz, 1950; Timberlake, 1993; Tinbergen,

1951). Such stimuli are also classified by learning theorists

as unconditioned stimuli that evoke unconditioned responses.

Examples of vitally relevant incentives include the sharp sound

of a broken twig that evokes freezing in a foraging rat, or the

predator’s strike that evokes running, jumping, and biting

(Blanchard et al., 1986; Fanselow, 1994).

At the other end of the spectrum are stimuli of more

arbitrary significance that may evoke investigative interest or
orienting reflexes, but which initially have no other obvious or

strong value (Sokolov, 1963). While largely arbitrary and not

vitally relevant, such incentives frequently undergo modifica-

tion by being remembered in association with other

incentives, including more significant incentives, and thus

act as conditioned stimuli that acquire valence (Guthrie, 1938,

1953; Pavlov, 1927). In short, incentive stimuli are largely

psychogenic in nature provoking anything from pupil dilation,

to a turn of attention, to the paroxysm of a complete startle

reaction, all of which may be conditioned into long and

persistent patterns of moods and behaviors. Certain forms of

incentive stimulation such as drug taking, gambling, shop-

ping, or profiteering, may be usefully viewed as incredibly

powerful, and sometimes pathological, forms of incentive

motivation. We now turn to how incentive motivation is

amplified by stress.

5.1. The ‘‘side-effects’’ of elevated GCs in humans

5.1.1. The side-effects of compound E

During the initial and largely successful clinical trials of

cortisone (Kendall’s compound E) for the treatment of

rheumatoid arthritis, a number of side effects were reported,

including not only Cushingoid redistribution of fat and water

retention, but also central effects of cortisone on mood and

behavior that varied with the individual (Hench et al., 1949).

Notable among these were increases in appetite, restlessness,

euphoria, depression, and irritability. Some of the psycholo-

gical effects were potent enough so that, in accepting the Nobel

Prize in Physiology or Medicine for their work, Hench warned

that corticosteroids might be contra-indicated in some

individuals, because they can precipitate latent psychoses

(Hench, 1950). These initial observations of changes in

psychological phenotype due to elevated GCs were prescient,

and may be compared to observations from other illustrative

conditions of stress in which GCs are elevated.

5.1.2. The side-effects of hunger

Radical cognitive and personality changes have been

reported in crash dieters, bulimics, anorexics, hunger strikers,

and humans in experimental studies of starvation (Fessler,

2003; Fichter and Pirke, 1984). Crash dieting or other strict

regimens of therapeutic weight loss can result in hyper-

irritability and aggression (Crumpton et al., 1966; Kollar and

Atkinson, 1966; Rowland, 1968). Elevated anger and aggres-

sion have also been reported in patients with anorexia nervosa

(Fava et al., 1995; Thompson et al., 1999). Humans with eating

disorders also engage in impulsive behaviors (Askenazy et al.,

1998; Herzog et al., 1992a; Herzog et al., 1992b; Vandereycken

and Van Houdenhove, 1996; Yaryura-Tobias et al., 1995) of

sorts that are observed in experimental studies of hunger in

normal humans, such as impulsive buying, kleptomania, binge

eating, and self mutilation (Keys, 1950a). Self-starving humans

have reported that they were not in control of their own

behavior during starvation, and upon re-feeding are at a loss to

explain their prior behaviors (Keys, 1950a,b; Robinson and

Winnik, 1973; Taylor and Keys, 1950).
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5.1.3. The side-effects of trauma

Some of the neuroses resulting from World War 2 veterans’

combat fatigue included depression, restlessness, insomnia,

difficulty waking, nightmares, anxiety, tension, irritability,

startle reactions, impairment of memory, obsessive thoughts,

phobias, paranoia, decreased appetite, difficulty concentrating,

and drug abuse (Grinker and Spiegel, 1945). Similarly, after

Vietnam many veterans reported guilt, depression, alienation,

irritability, rage, being prone to startle, anxiety, flashbacks,

preoccupation with stress, substance abuse, and marital, legal,

and vocational difficulties (Haley, 1974; Langley, 1982).

Although such examples are extreme, famine and war are

not uncommon, and the environment itself can be extreme,

especially at carrying capacity. In a Malthusian world that is

dominated by a struggle for resources, high steroid in brain

resulting from negative energy balance should aggressively

promote feeding and energy-seeking moods and behaviors,

whereas high steroid in brain due to stress should promote

increased vigilance, anxiety, and anger to actively counter

threats, or should promote depressive moods or behaviors that

act to decrease commerce in a dangerous environment. Under

many conditions, appetitive and aversive demands must be

coupled, e.g., increased foraging leads to increased danger from

predation or struggle with conspecifics. Although aversive and

appetitive behaviors are frequently antagonistic and may

actively inhibit one another, there are also reasons to believe

that these systems are often linked with overlapping demands,

such that a constellation of both aversive and appetitive moods

and motor outputs continually interact, particularly as the

context for action clarifies which system should be dominant at

any given time.

Interestingly, two distinct sub-types of unipolar depression

appear to segregate along several dimensions related to

metabolism. Typical, or melancholic depressive patients are

hyper-aroused and reactive, anxious, under-slept, and under-

fed, and have hyperactive HPA and autonomic outflows; by

contrast, atypical depressive patients tend to be hypo-aroused,

not anxious, un-reactive, over-slept, and over-fed, and have

hypoactive HPA and autonomic outflows (Gold and Chrousos,

2002), suggesting that atypically depressed individuals may

engage in self-medicating behaviors that include the potential

metabolic feedback effects of over-eating, over-resting, and

increasing energy stores.

Even the most sheltered individuals will experience and

recognize some elements of trauma in sub-traumatic stressors

in the form of anxiety about work, money, health, or social

bonds. Repeated episodes of stressors frequently result in

various forms and episodes of depression, known to correlate

with abnormalities in HPA axis function, and CRF/NE systems

in brain (Gold and Chrousos, 2002). Furthermore, depression

resulting from stress may be progressive, insofar having

increasing numbers of episodes of depression increase the

chance of having further, deeper episodes of depression

(Kessing and Andersen, 2005).

Several things are notable in these obervations. First, stress,

hunger, and elevated GCs may precipitate persistent and potent

alterations in mood. Second, mood disorders may involve
ongoing disruptions of central stress networks and HPA axis

regulation. Third, individuals appear to respond differently to

stressors, wherein some succumb to an anxiety syndrome,

whereas others potentially self-medicate through metabolic

means (Kivimaki et al., 2006). Finally, episodes of stress and

depression may have permanent, cumulative, or sensitizing

effects. Before moving on to the neural effects of GCs and

stress, it is worth reflecting on its potential impact and the

meaning of stress-induced central phenotypic changes. Veteran

activist Stan Goff (Goff, 2006) recently provided insightful

commentary on the consequences of traumatic stress:

I read a book on post-traumatic stress once. Rape is the most

common cause, then combat. It said that trauma disrupts

one’s sense that the world is a safe place, that trauma

destabilizes our sense of meaning.
Let me explain something, as a veteran myself of eight

conflict areas . . . the sense that the world is not a safe place is

not a ‘‘disorder.’’ It is an accurate perception. And the sense

of meaning many of us enjoy is an illusion, a cruel

construction that normalizes the orderly activity of the

suburb and nurses our children on simple-minded, Disney-

fied optimism pumped through television sets in a relentless

data stream.
Post-traumatic stress is not a disorder. Calling it that earns it

a place in the DSM IV, professionalizes and medicalizes this

very accurate perception that the world is not safe, and that

life is not a comforting film convention. Calling it an

individual ‘‘disorder’’ cloaks the social systems responsible

for experiences like Vietnam and Iraq . . ..
When that word view, that architecture of meaning,

collapses in the face of realities like convoy Russian

roulette, and women holding babies up to prevent being shot,

and daily stories of slaughter by the people one sleeps with,

the profound betrayal of it is not experienced as some quiet,

somber sadness. It is experienced like bees swarming out of

a hive that has been broken, as a howling chaos. So we quiet

it with marijuana, alcohol, heroin, and even shotguns.

This remarkable personal statement tidily sums up a good

deal of what is to follow. Goff’s dismissal of the term

‘‘disorder’’ is cogent. We will only slightly qualify his

statement concerning the ‘‘accuracy’’ of stress-related percep-

tion and memory later, and show how acute and chronic stress

results in plastic adaptive changes in perception, mood,

memory, and incentive systems to remodel the phenotype to

reflect even the hardest realities, and how under some

circumstances, phenotypic plasticity veers into pathology.

In summary, reports of humans are replete with mention of

similar alterations in behavioral expression after providing

exogenous GCs, starvation, or severe stressors, and it is possible

that elevated GCs in the latter instances provide the apparently

common changes in mood. The next portions of this review will

deal with the effects of GCs on selected neurotransmitters,

learning and memory and brain remodeling as a function of
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how these affect the integrated responses to primary drives and

incentives.

6. GC actions on central incentive networks

In addition to their actions referred to above, GCs affect the

brain across many further dimensions. In general, GCs

powerfully recruit incentive pathways, including both central

stress networks outside of the HPA axis, and appetitive

incentive systems that are critically involved in reward. While

we sub-divide these into aversive and appetitive networks for

the sake of convention and convenience, they proximately and

functionally overlap as recently suggested in a recent review of

amygdalar function (Balleine and Killcross, 2006). Several

specific brain neuromodulator systems appear to act as

amplifiers of many incentive states, some operating as opponent

limbs, some as proponent limbs of motivation. Our contention

is that GCs act on the brain as a general amplifier of all of these

central, sub-component amplifiers. The effects of GCs typically

result in adaptive responses, but occasionally the responses run

away under extreme forms of stimulation.

6.1. Corticotropin releasing factor

GC influence extra-hypothalamic CRF networks, through

either the metabolic feedback mentioned earlier (Laugero et al.,

2001a,b) or by direct actions on brain (Laugero et al., 2001b,

2002; Makino et al., 2002, 1995a,b). CRF systems are known to

be critically involved in aversive situations. In addition to the

neuroendocrine motor neurons in the PVN, CRF-containing

cell bodies are located in the dorsal vagal complex, locus

coeruleus, parabrachial nuclei, paragigantocellular nuclei,

lateral hypothalamus, pre-optic hypothalamus, bed nucleus

of the stria terminalis, substantia innominata, and central

nucleus of the amygdala.

Behaviorally, central activation of CRF receptors (typically

after i.c.v. administration) results in a broad range of responses,

including decreased food intake (Arase et al., 1988; De Pedro

et al., 1993; Krahn et al., 1986; Rosenthal and Morley, 1989)

and sexual activity (Sirinathsinghji, 1986, 1987; Sirinathsinghji

et al., 1983), increased locomotion in familiar environments

(Dunn and Berridge, 1990; Koob et al., 1984; Sherman and

Kalin, 1987), inhibited locomotion in unfamiliar environments

(Baldwin et al., 1991; Berridge and Dunn, 1986; Takahashi

et al., 1989), greater freezing during stress (Sherman and Kalin,

1987), greater acoustic startle (Liang et al., 1992b; Swerdlow

et al., 1986), increased grooming (Britton et al., 1984; Imaki

et al., 1987; Veldhuis and De Wied, 1984), increased defensive

burying (Diamant et al., 1992a,b), and increased conditioned

fear and aversion (Cador et al., 1992; Cole and Koob, 1988;

Heinrichs et al., 1991). CRF can induce seizures at higher doses

(Ehlers et al., 1983; Marrosu et al., 1987). Central CRF systems

are clearly critical components of the central stress networks.

Similar anxiety-like effects of systemically elevated GCs

have been reported (Corodimas et al., 1994; Hench et al., 1949;

Lee et al., 1994; Mason et al., 1957; Rodgers et al., 1999;

Schulkin et al., 2005). Accumulating evidence strongly
implicates GCs not only in inhibitory feedback effects on

HPA axis following acute stress, but also in the upregulation of

central CRF following both acute and chronic exposure to

stressors (Makino et al., 1994a; Rosen et al., 1994), or

following chronic elevations in either systemic or amygdalar

corticosterone above basal values (Shepard et al., 2000; Watts

and Sanchez-Watts, 1995).

ADX results in upregulation of CRF mRNA in PVN and

downregulation in CeA; both are reversed by systemic

corticosterone replacement (Duclos et al., 2005a; Laugero

et al., 2002; Makino et al., 1994a,b; Swanson and Simmons,

1989; Watts and Sanchez-Watts, 1995). As emphasized before,

however, ADX results in metabolic derangements that reduce

CeA CRF, effects that are also reversed by sucrose drinking, in

the absence of corticosterone (Laugero et al., 2001a,b).

Therefore, we suggest that the decreased amygdalar CRF

may operate to reduce competing defensive repertoires when

there is a need to forage.

Direct effects of corticosterone in brain are quite different

from metabolic derangements and their corrections. Implants of

micropellets of corticosterone results in sustained delivery of

steroid to circumscribed areas in brain. When placed in the

dorsal margin of CeA corticosterone pellets increase anxiety

(Shepard et al., 2000), basal and stress-induced CRF mRNA,

and enhance stress-induced, but not circadian elevations in

ACTH and corticosterone (Shepard et al., 2003), and also

increase colonic motility; all of these effects are reversed by

CRF receptor antagonists (Greenwood-Van Meerveld et al.,

2005; Myers et al., 2005). Fig. 24A–D show a suite of the

consequences of increased corticosterone concentrations over

the dorsal CeA on motor outputs. Corticosterone implants

decrease entries into the open arms of an elevated plus maze

(Fig. 24A), and reduce the time spent in visual scanning of the

environment (Fig. 24B). In addition, 30 min after the maze

session, plasma corticosterone (B) is elevated in the steroid-

treated rats compared to cholesterol-pellet controls (Fig. 24C).

Corticosterone implants near the CeA also amplify viscer-

omotor responses to colorectal distension (Fig. 24D).

All of these actions are blocked by pretreating the rats with a

CRF-R1 antagonist, suggesting strongly that the effect of

corticosterone is mediated by its stimulation of amygdalar CRF

(Myers et al., 2005). CRF mRNA also increases in BNST

following chronic elevations of corticosterone (Makino et al.,

1994b), and corticosterone infused i.c.v. also increases basal

and stress-induced HPA axis output (Laugero et al., 2002).

Therefore, central CRF-active networks are up-regulated by

corticosterone and they amplify behavioral, neuroendocrine

and autonomic outflows in response to stressors.

Daily rhythms in PVN CRF hnRNA, are approximately 180

degrees out of phase with the plasma corticosterone rhythm,

and they are also strongly affected by GCs. ADX sharply raises

the mean value relative to intact animals, whereas animals

replaced with moderate doses of corticosterone show inter-

mediate levels and a minor phase shift in expression compared

to normal (Watts et al., 2004).

Increases in brain CRF correspond to physiological

increases in HPA axis function. Pulsatile increases in PVN
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Fig. 24. Consequences of elevating corticosterone (B) in the dorsal margin of CeA on motor outputs, and reversl by treatment with a CRF receptor antagonist. B

implantation decreases entries into the open arms of an elevated plus maze (panel A), and reduces time spent in visual scanning of the environment (panel B). In

addition, 30 min after the maze session plasma corticosterone is elevated in the B-treated rats relative to cholesterol pellet controls (panel C). B implants near CeA

also amplified visceromotor responses to colorectal distension (panel D). The blockade of the B effect with systemically administered antalarmin suggests strongly

that CRF mediates the corticosterone-induced effects. Data adapted from Myers et al. (2005).
CRF naturally correspond to pulsatile adrenocortical output,

but GCs rapidly enter the brain to influence extra-hypothalamic

CRF, as well (Schulkin et al., 2005); intravenous injections of

cortisol rapidly increase amygdalar CRF (Cook, 2002, 2004).

Depolarization of sheep PVN neurons through either predator

stress or neurochemical means results in increased PVN CRF,

and a rise in plasma cortisol, which is followed shortly

thereafter by increases in both venous cortisol and amygdalar

CRF. Cook simultaneously measured plasma cortisol and

amygdala CRF levels in sheep in response to the stimulus of a

barking dog (Cook, 2002). Fig. 25 shows that CRF from the
Fig. 25. Adrenocortical and amygdala CRF responses in sheep to the stimulus

of a barking dog (gray bar). Amygdala CRF shows an initial rapid elevation,

whereas there is a slightly slower response in venous cortisol. A second peak in

amygdala CRF appears to follow the elevation in cortisol, as also occurs when

cortisol is given intravenously. Data adapted from Cook (2004).
amygdala exhibited a bimodal response, one large peak

occurring prior to the elevation in plasma cortisol, resulting

directly from predatory stimulation, and a subsequent slower,

more gradual increase that closely followed plasma elevations

in cortisol, mimicking the effects of intravenous cortisol

infusions.

Like high peripheral steroid clamps, GC implants in brain,

and continuous i.c.v. infusions, the endogenous GC response

also enhances sensitivity to repeated stress, such that sustained

or repeated elevations appear to recruit central stress networks.

Repeatedly exposing sheep to a barking dog for 6 min/day

results in a bimodal amygdalar CRF response to the novel

stimulus of electrical shock to a foreleg, which is greatly

amplified when the animals are not allowed an escape option

(Fig. 26, left panel). Blocking cortisol synthesis using daily

injections of mifepristone prior to the sessions with the dog

completely blocks the amplification of the response to a novel

stressor (Fig. 26, right panel). This amplification appears to

result from a lasting effect of repeatedly elevated GCs on

central CRF systems (Cook, 2002; Delfs et al., 2000). Thus,

these and other data support the view that GCs not only acutely

stimulate central networks controlling stress-related motor

outputs, but also that sustained or repeated elevations of GCs

provide a more permanent recruitment and amplification of

these same central stress networks.

6.2. Norepinephrine

Another system that is closely related to the CRF systems is

the ascending dorsal NE system originating in the locus
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Fig. 26. Recruitment of amygdala CRF responses by chronic, inescapable stress, mediated by GCs. The left panel shows amygdala CRF responses to forelimb shock

in sheep had been exposed to a barking dog once daily for 6 min per day for 7 days, and were allowed to withdraw (Escape condition) or not (No escape). Sheep in the

no escape condition show a facilitated amygdala CRF response compared to sheep allowed to escape. The right panel shows that sheep that were pretreated

systemically with the GR antagonist mifepristone (RU38486) 5 min prior to predator exposure failed to show facilitation after shock in the absence of mifepristone,

indicating the necessity of GR occupancy for facilitation of the CRF response. Data adapted from Cook (2002).
coeruleus that supplies virtually all NE to cortical structures

involved in responding to anticipated stressors. In general,

psychogenic stressors nearly universally activate the LC to

release NE in terminal axonal fields (Morilak et al., 2005; Pacak

and Palkovits, 2001; Pacak et al., 1995b,c), whereas systemic

stressors, such as hypoglycemia, often fail to do so, despite being

accompanied by HPA axis activation (Graham et al., 1995; Pacak

and Palkovits, 2001). Systemic stressor input is thought to be

mediated by noradrenergic input from the ventral NAB. Activity

in the dorsal ascending noradrenergic bundle is also associated

with arousal and anxiety (Koob, 1999), as well as increased HPA

activity (Ziegler et al., 1999), and autonomic function (Van

Bockstaele et al., 2001). LC neurons exhibit increased activity to

arousing stimuli (Abercrombie and Jacobs, 1987a,b,c), increased

immediate early gene (IEG) expression (Ceccatelli et al., 1989;

Cullinan et al., 1995; Pacak and Palkovits, 2001; Palkovits et al.,

1997), and increased release of NE in terminal fields targeted by

LC, such as mPFC (Morilak et al., 2005; Palkovits et al., 1997),

amygdala (Quirarte et al., 1998), and BNST (Pacak et al., 1995a).

NE depleting lesions of the dorsal NAB blunt ACTH and B

responses to stress (Ziegler et al., 1999).

Reciprocal regulation between NE and CRF systems has

been said to resemble a positive feedback system potentially

resulting in runaway stress-related responses (Dunn and

Berridge, 1990; Koob, 1999; Koob and Heinrichs, 1999).

Many of the effects of stressful stimuli on LC appear to be

modulated by increased CRF activity (Curtis et al., 1997), and

activity in NE systems can also increase CRF activity (Dunn

et al., 2004). Electrical stimulation or application of CRF to LC

elicits HPA responses (Rassnick et al., 1994), behavioral

activation (Butler et al., 1990), and induces changes in EEG

activity in cortex and hippocampus (Berridge and Foote, 1991;

Berridge et al., 1993; Foote et al., 1991).

A number of distinct CRF-containing neuronal populations

project to the LC-NE system, and the PVN provides direct
monosynaptic inputs to LC. About 20% of these projections

form excitatory synaptic specializations with TH-immunopo-

sitive neurons, and about 30% contain CRF (Reyes et al., 2005).

Although originating in parvocellular PVN, this population is

not the same as those neurons that project to the ME, suggesting

independent regulation of the neuroendocrine and cognitive

limbs of stress responsive neurons from the PVN (Reyes et al.,

2005). Similarly, both the CeA and BNST provide CRF

projections to LC dendrites, with CeA projections being more

prominent (Van Bockstaele et al., 1998, 1999). Barrington’s

nucleus, which is responsive to both psychogenic and systemic

stressors, provides the main CRF input to LC core, whereas

amygdala and BNST provide the major CRF input to peri-

coerulear dendritic fields (Lechner and Valentino, 1999;

Valentino et al., 1996).

CRF microinjections into LC result in NE-like increases in

electrical activity in cortical regions, such as prefrontal cortex

and hippocampus, as well as increasing autonomic output

(Dunn et al., 2004) and PFC (Asbach et al., 2001; Curtis et al.,

2002, 1997; Lechner et al., 1997).

Fig. 27A and B show data from Valentino and colleagues on

the effects of CRF on spontaneous LC discharge rates. Fig. 27A

shows the percent increase in spontaneous LC discharge rates to

six doses of CRF applied locally to LC and six i.c.v. doses of

CRF. By either route, there are strong dose-dependent increases

in spontaneous discharge rate. When i.c.v. administration is

accompanied by a CRF antagonist (D-PheCRF12–41), the

excitatory effects of CRF were largely blocked (Curtis et al.,

1997). Fig. 27B shows spontaneous LC discharge with time

following the local application of CRF to the LC. Again the

effect was dose-dependent and was essentially blocked by

administration of a CRF antagonist. In addition, the local

application of CRF to the LC desynchronized cortical EEGs

and enhanced NE efflux in prefrontal cortex (Curtis et al.,

1997).



N. Pecoraro et al. / Progress in Neurobiology 79 (2006) 247–340 281

Fig. 27. Locus coeruleus (LC) spontaneous discharge as a percent of baseline after application of CRF. The left panel shows dose-dependent increases in discharge

rats with increasing doses of CRF microinfused locally to LC (open diamonds) and when administered i.c.v. (filled squares), as well as the blockade of the increase via

i.c.v. CRF when rats were pretreated locally with a CRF antagonist (D-PheCRF12–41). The right panel shows the dose-dependent time course of LC activation using

two doses of CRF i.c.v. (3 and 10 mg), and blockade of this activation by local application of D-PheCRF12–41. Data adapted from Curtis et al. (1997).
NE systems also activate CRF systems. Although alpha-1

activation in PVN elicits HPA responses, the HPA activation is

unlikely to be due to a direct input from LC, which provides

only moderate inputs input to PVN, compared to input from A1/

A2 neurons (Cunningham and Sawchenko, 1988; Sawchenko

and Swanson, 1981, 1982). Thus, CRF/NE systems appear to

cooperate to enhance anxiety and arousal and can be activated

by central corticosterone through activation of CRF neuronal

activity. A1/A2 neurons also provide substantial input to the

ventral BNST. It was not determined if these projections

synapse on CRF-containing neurons, but they do appear to be

required for conditioned aversive responses to morphine

withdrawal (Aston-Jones et al., 1999; Delfs et al., 2000).

The role of GCs specifically on NE systems is not entirely

elucidated. GR co-localization with TH-positive neurons is the

general rule in LC (Czyrak and Chocyk, 2001), and neurons in

the peri-coerulear region are also immunoreactive for CRF

(Lechner and Valentino, 1999). Although there is some

evidence that GCs inhibit electrical activity in LC (Pavcovich

and Valentino, 1997), it is worth considering that the study was

conducted as a replacement study, with recordings in LC being

made in ADX rats and ADX rats replaced with corticosterone.

Corticosterone replacement reduced LC activity, and was

interpreted as a direct effect (Pavcovich and Valentino, 1997),

but this has yet to be demonstrated. Laugero et al. (2001a)

found that increases in DBH in LC following ADX were

reduced by sucrose, and it may be the case that ADX animals

drinking sucrose would not show increases in LC activity

compared to corticosterone-replaced animals, which would

suggest that steroid replacement lowered LC discharge through

indirect, metabolic effects, and that direct infusions of steroid in

vivo in intact animals may exert different effects on LC activity

(Dallman et al., 2003; Laugero, 2004; Laugero et al., 2001a).

Such a counter-argument, however, is not supported by results

showing enhanced c-Fos activation in LC following stress in

ADX rats with low corticosterone replacement that fixes

metabolism (Li and Sawchenko, 1998), although this effect

might also result from a relative inactivity in opponent limbs of

the response, also due to low GC activity. These issues require
further elucidation. GCs do appear to effectively increase NE

efflux by down-regulating the function of the transporter

involved in NE re-uptake (Figlewicz, 1999a).

GCs clearly must interact with NE in the basolateral

amygdala, both pre- and post-synaptically to consolidate long-

term memory of fear or novel objects (de Quervain et al., 1998;

Quirarte et al., 1997; Roozendaal et al., 2006a). Arousal,

signaled by NE secretion in the BLA is required for the GC

effect on memory of previously observed objects (Okuda et al.,

2004; Roozendaal et al., 2006b).

6.3. Dopamine

Another important target of the GCs is the mesolimbic-

prefrontal dopamine system. Although the mesocorticolimbic

dopamine system is responsive to incentives of many kinds,

including aversive incentives (Cabib et al., 1988a,b; Cabib and

Puglisi-Allegra, 1994; Di Chiara et al., 1999a; Filibeck et al.,

1988; Rada et al., 1998), it has most commonly been referred to

as a reward or reinforcement pathway mediating appetitive

behaviors for positive incentives (Beninger et al., 1981; Di

Chiara et al., 1993, 2004, 1999b; Everitt et al., 1999; Hoebel,

1985; Hoebel et al., 1994; Ikemoto and Panksepp, 1999;

Kalivas and Nakamura, 1999; Kelley and Berridge, 2002;

Koob, 1992; McBride et al., 1999; Robbins and Everitt, 1996;

Wise and Rompre, 1989). DA-ergic neurons originating the

ventral tegmental area (VTA) of the mesencephalic brain stem

simultaneously project to mediodorsal thalamus, prefrontal

cortex, basolateral amygdala, ventral striatum and ventral

pallidum, and have generally been accepted as having role as an

adaptive motivational interface (Mogenson et al., 1980).

Dopaminergic neurons along the A8–10 continuum also

project to CeA (Hasue and Shammah-Lagnado, 2002;

Swanson, 1982).

GCs have clear facilitating effects on DA function, which

promotes reward-seeking behaviors (Barrot et al., 2001; Deroche

et al., 1997, 1995; Marinelli et al., 1998a, 1997; Piazza and Le

Moal, 1997), such as interacting with psychostimulants

through DA-dependent mechanisms (Przegalinski et al.,
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2000). Alterations in the levels of GCs positively correlate with

DA neurotransmission, including alterations in DA efflux

(Imperato et al., 1989; Kalivas and Stewart, 1991; Mittleman

et al., 1992; Piazza et al., 1996b), and reuptake (Figlewicz,

1999b; Gilad et al., 1987).

GRs co-localize with 40–75% of TH-immunoreactive

neurons in VTA (Harfstrand et al., 1986). Caudal A10

dopaminergic dendrites also receive ACTH-containing axon

terminals, which may partly account for their stress respon-

siveness (Liang et al., 1992a). These caudal A10 neurons

provide the bulk of DA-ergic innervation to BNST and CeA.

(Hasue and Shammah-Lagnado, 2002), and approximately half

of all projections from VTA to BNST and CeA are TH-

immunopositive (Hasue and Shammah-Lagnado, 2002; Swan-

son, 1982).

Food restriction enhances behavioral responses to D-1 and

D2/3 receptor agonists, and increases downstream pallidal c-Fos

responses (Carr et al., 2003). GRs generally co-localize with D-1

receptors in virtually all medial prefrontal pyramidal, substantia

nigral, and ventral tegmental neurons, with some exceptions in

striatum (Czyrak et al., 2003). In addition, chronic administration

of corticosterone increases D-1 receptor mRNA by 15–30% in

dorsal and ventral striatum, whereas metyrapone decreases D-1

receptor synthesis (Czyrak et al., 1997a,b; Wedzony et al., 1996).

Because drugs of abuse tend to elicit HPA responses, it is worth

mentioning that D-1 receptors are located in both parvocellular

and magnocellular PVN neurons (Czyrak et al., 2000), the

activation of which could lead to increased circulating

corticosterone (Eaton et al., 1996), and potential positive

feedback effects on DA function. Although chronic corticoster-

one appears to decrease TH protein in the VTA (without changes

in other DA cells), it increased TH mRNA in the VTA, and it

remains possible that corticosterone acts on neurofilament

proteins to enhance transport of TH to DA terminal fields

(Beitner-Johnson et al., 1991, 1992; Czyrak et al., 2003).

GCs appear to be involved in plasticity within the ascending

DA system, as well. Firing rates of VTA dopamine neurons in

response to stimulation by excitatory ligands (NMDA, AMPA,

and kainic acid) were enhanced by higher levels of

corticosterone, but not aldosterone, which if anything, tended

to depress firing. The effects of corticosterone were reversible

by the GR antagonist RU38486. Corticosterone alone, in the

absence of excitatory transmission, had no such effects (Cho

and Little, 1999), suggesting a specific GR-mediated enhance-

ment of glutamatergic transmission. Stress (and cocaine) also

increase the AMPA/NMDA ratio of excitatory post-synaptic

potentials in VTA in vitro (Saal et al., 2003), a process which is

thought to be related to LTP at potentiated synapses (Malinow

and Malenka, 2002), and which is blocked by RU38486 in the

VTA (Saal et al., 2003). Therefore, GR activation within the

VTA appears be involved in long-term adaptations to rewards in

general. Many of the glutamatergic inputs to VTA arise in the

cortex, where GR density is also high. GR-dependent plasticity

in the VTA may be responsible for the fact that repeated stress

sensitizes prefrontal DA release.

Central CRF systems are also involved in plasticity within

the VTA. The VTA contains CRF-immunopositive fibers
(Swanson et al., 1983) and CRF receptors on DA-ergic neurons

(Sauvage and Steckler, 2001; Van Pett et al., 2000). CRF

infused into the VTA stimulates locomotion and DA release

(Kalivas et al., 1987), and probably plays a role in stress-

induced drug reinstatement (Lu et al., 2002; Wang et al., 2005).

CRF potentiates NMDA receptor-mediated synaptic transmis-

sion in VTA dopaminergic neurons, contributing to sensitiza-

tion (Ungless et al., 2003). A footshock stressor induces CRF

and glutamate efflux in the VTA and dopamine efflux in

terminal fields, and promotes reinstatement of cocaine seeking,

an effect that is reversible by CRF- and glutamate-antagonists.

CRF infusions into the VTA enhanced glutamate release only in

drug-experienced animals, whereas dopamine efflux in

terminal fields was prevented by a glutamate antagonist

(Ungless et al., 2003). It thus appears that stress-induced drug

seeking may involve potentiation of a serial process of CRF-

glutamate-DA response (Wang et al., 2005). Together, GCs and

CRF may act on DA neurons both independently (in parallel)

and serially through GC-mediated upregulation of CRF

function.

DA-ergic terminal fields in the ventral striatum are strongly

implicated in motivation. In vitro, 30-min incubations of

ventral, but not dorsal striatal slices with corticosterone causes

rapid, dose-dependent decreases in DA uptake, suggesting a

rapid, membrane receptor-mediated, non-genomic interference

with DA transporter (DAT) function (Figlewicz, 1999b).

Similar effects obtain when using aldosterone (Roitman

et al., 1999). In functional contrast, insulin appears to have

generally opposite effects on DA uptake: insulin treatment

increases DAT function and increases DAT mRNA, whereas 1

day of fasting or 7-day following streptozotocin treatment there

is down-regulation of steady-state DA transporter function,

which is reversible by concentrations of insulin in the post-

prandial range (Patterson et al., 1998). Ketogenic diets also

result in increased GCs, decreased insulin, and down-regulation

of DAT function, consistent with some of the effects of hunger

or GCs on incentive seeking (Figlewicz, 1999b).

Fig. 28A–C show the effects of several GC treatments on DA

efflux in the NACC under various conditions (Rouge-Pont

et al., 1998). In Fig. 28A rats were ADX and replaced

subcutaneously with basal levels of GCs or sham operated, then

given a 10-min tail pinch (black bar) to provoke DA release.

Intact rats capable of mounting an adrenocortical response

showed greater DA efflux than rats clamped with low

corticosterone levels. In Fig. 28B, both groups were clamped

at basal corticosterone levels. Just prior to the tail pinch, rats

received either a pulse injection of corticosterone resulting in

stress levels in plasma, or vehicle injections. Rapidly elevating

plasma corticosterone to stress levels mimicked the amplifica-

tion of DA efflux seen in intact rats. When rats were segregated

according to whether they were behaviorally high or low

responders to a novel environment, a similar tail pinch evoked a

segregated DA response, with substantially higher efflux in

high-responders than low responders, an effect that was

completely eliminated by ADX (not shown; Rouge-Pont et al.,

1998). Finally, Fig. 28C shows data from Piazza et al. (1996b)

in which NACC DA efflux was measured in intact rats that were
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Fig. 28. Effects of GCs on nucleus accumbens (NACC) dopamine (DA) efflux. In the panel A, rats were ADX and clamped with basal corticosterone levels (Low B)

or left intact (Sham). DA efflux was greater in intact animals (filled circles) capable of mounting an endogenous adrenocortical response following tail pinch (short

black bar) than when clamped with low B (open circles). Panel B shows two groups of rats clamped with basal B levels and given an additional injection of B or

vehicle just prior to tail pinch. Rats with elevated, stress levels, of corticosterone show an amplified DA response to stress. Panel C shows DA responses to feeding

when corticosterone is dissolved in the drinking water (filled circles) or not (open circles). Oral ingestion of B (starting at the arrow) steadily increases DA efflux. Data

adapted from Rouge-Pont et al. (1998).
given either corticosterone in the drinking water or plain tap

water with their evening meal. The arrow shows the time of

food and water presentation. Although eating slightly elevated

DA efflux, the effect was much greater in animals given

corticosterone, and the response increased with time in the 6 h

session. Like GCs, CRF given i.c.v. also increases DA

utilization in PFC, striatum, hippocampus, and amygdala,

and NE utilization in frontal cortex and hippocampus, as well

(Matsuzaki et al., 1989). Reciprocity between these neuromo-

dulatory systems is further observed insofar as lesions of

mesostriatal DA neurons reduces CRF mRNA in the BNST and

CeA (Day et al., 2002).

Distinctive sub-divisions of the ventral striatum containing

terminal fields of dopaminergic VTA neurons, namely nucleus

accumbens core and shell regions, show differing responsive-

ness to natural rewards during hunger, differing stress

responses, functionally distinctive connectivity, and some

specific GR dependencies to reward. Whereas fed rats have

complete habituation of phasic DA responses to palatable food

in the shell, but not in the core, phasic DA efflux does not

habituate in the shell under conditions of hunger (Bassareo

et al., 2002). Among other facts, this has led Di Chiara to

suggest that the NACC shell is distinctly more involved in

associative components of motivation, whereas the core is

involved more in habit maintenance and response output (Di

Chiara et al., 2004). The shell is also more stress-responsive

(Barrot et al., 1999; Kalivas and Duffy, 1995), drug-responsive

(Pontieri et al., 1994, 1995; Barrot et al., 1999), and more

responsive to atypical antipsychotics (Deutch and Cameron,

1992; Marcus et al., 1996; Merchant and Dorsa, 1993; Onn and

Grace, 1995) than the core. The shell is the only part of striatum
to receive substantial NE input, which comes from the A2

region of NTS (Delfs et al., 1998), and this may be related to its

hunger-dependent responses. In addition, separate ventral

striatal processing loops indicate a motivational and plasti-

city-related dominance of shell on core. Specifically, whereas

the core feeds back on itself through nigral-thalamo-cortical

loops, the shell feeds forward on the core through pallido-

thalamo-cortical loops (Zahm, 2000).

Finally, the apparent and specific hyper-responsiveness of

the shell relative to the core is strongly dependent on GCs.

Barrot et al. (2000) compared DA efflux in core and shell

following vehicle, morphine, or cocaine injections in ADX rats

to that in ADX rats replaced with low corticosterone pellets and

given corticosterone in their drinking water at night to

reproduce circadian elevations. Fig. 29 shows DA responses

in shell (top panels) and core (bottom panels) to vehicle (left

panels), morphine (middle panels), and cocaine (right panels)

administration. Clearly the shell is more responsive than the

core to all three manipulations in both intact controls and

replacement groups. Whereas ADX plus or minus corticoster-

one replacement has no effect on DA efflux from core, ADX

severely blunts efflux in shell in a GC-reversible fashion (Barrot

et al., 2000). Thus, the shell is clearly a target of hunger, stress,

and GCs, and is in a functional and hodological position to

mediate incentive learning and feedforward control over

sensory-motor and habit-related components in the ventral

striatum.

In short, stress heightens DA-ergic function, which from

most accounts of DA function, leads to enhanced incentive

salience and/or willingness to work for (or to avoid) incentives,

and greatly augments responsiveness to drugs acting on DA-
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Fig. 29. GC mediated hyper-responsiveness of DA efflux in nucleus accumbens shell (SHELL; top panels) relative to core (CORE; bottom panels). Rats were

adrenalectomized (ADX), ADX and replaced with stress levels of corticosterone (ADX + B), or left intact (Control). Then were then injected with vehicle (left

panels), morphine (middle panels) or cocaine (right panels). GCs elevated baseline DA efflux, and particularly amplified DA responses to drugs, but only in the

SHELL, not CORE of the nucleus accumbens. Data adapted from Barrot et al. (2000).
ergic systems. In addition, stress hormones are involved in

learning-related plasticity in these systems, and are probably

involved in phenomena such as sensitization to incentive

stimuli (see below). Finally, the relative hyper-responsiveness

of shell over core in ventral striatum, and the nature of their

circuitries, indicates a learning or motivational dominance of

shell over core that functions particularly under times of stress.

6.4. Opioids

The involvement of the endogenous opioid systems in stress

responses is complex. Stressors appear to activate endogenous

opioid systems, which unlike the CRF and NE systems may

limit sensitivity to stressors, increase pleasure, or sensitivity to

pleasure, or frankly increase or limit the stress response itself.

Because opioid systems tend not to be tonically active, are

activated by stress, and frequently have opposite effects on CRF

and NE systems, opioids may largely operate as an opponent

limb to the CRF/NE systems, specifically during stress.

Opioids decrease pain. One consequence of exposure to a

stressor such as footshock is the induction of stress-induced

analgesia that is reversible by naloxone (Akil et al., 1976). The

recruitment of opioid systems by stress generalizes to restraint

(Kelly and Franklin, 1987), cold water (Spiaggia et al., 1979),

forced swimming (Cooper and Carmody, 1982), food depriva-

tion (Konecka et al., 1985), handling stress and predator odors

(Fanselow and Sigmundi, 1986), and social defeat (Miczek

et al., 1982). More severe stressors can produce naloxone-

insensitive, opioid-independent analgesia.

Stress can also alter sensitivity to exogenous opiates

(Benedek and Szikszay, 1985; Christie et al., 1982). For
example, various stressors and GCs enhance the sensitization of

locomotor activity to morphine (Stohr et al., 1999). Stress also

augments the analgesic effects of morphine (Stohr et al., 1999).

Furthermore, stress promotes opiate abuse and relapse

(Marinelli et al., 1998a,b; Piazza and Le Moal, 1998; Shaham

et al., 1998, 1997; Stohr et al., 1999). Opioids are involved in

palatable feeding (Giraudo et al., 1999; Levine et al., 2002,

2003; O’Hare et al., 2004), and GCs also increase palatable

feeding (Bhatnagar et al., 2000; Pecoraro et al., 2005b).

CRF and AVP are both secretagogues of endogenous opioids

at the pituitary and in brain (Przewlocki, 2002; Vale et al.,

1981). CRF stimulates both b-endorphin and dynorphin

secretion in hypothalamic slices (Almeida et al., 1986;

Nikolarakis et al., 1986), and AVP also stimulates B-endorphin

and ACTH secretion in vitro and in vivo (Arimura et al., 1969;

Fleischer and Vale, 1968; Gillies et al., 1982; Przewlocki et al.,

1979; Rivier et al., 1984).

Both the PVN and locus coeruleus are sites of convergence for

the effects of stress mediated by NE, CRF, and opioids (Drolet

et al., 2001; Duman et al., 1988; Nestler et al., 1994; Nestler and

Tallman, 1988; Valentino and Van Bockstaele, 2001; Van

Bockstaele et al., 2001). The PVN and LC are strongly innervated

by enkephalinergic neurons originating in rostral ventrolateral

medulla (Beaulieu et al., 1996; Drolet et al., 1992). In the LC, it

has been shown that enkephalinergic fibers target LC dendrites,

form synaptic specializations, and overlap with CRF-containing

fibers, occasionally even co-expressing CRF, but typically being

distinct (Van Bockstaele et al., 1995). The PVN also receives

enkephalinergic innervation from the medial preoptic area and

the DMH, two nodes of the putative HVPG (Thompson and

Swanson, 2004).
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Fig. 30. Dose-dependent increases in ACTH output to intracerebroventricular (i.c.v.) b-endorphin are mediated by stimulation of opioid receptors and CRF

pathways. Panel A shows dose-dependent increases in ACTH with increasing doses of b-endorphin (b-end). Panel B shows dose-dependent blockade of the response

with increasing doses of the opiate receptor antagonist, naloxone (NLX). Panel C shows the stimulation of ACTH in animals given b-endorphin and normal rabbit

serum (NRS) and the blockade of this response in animals receiving CRF antiserum (anti-CRF). Data adapted from Yamauchi et al. (1997).
In the PVN, ENK mRNA is increased following a variety of

stressors, including hypertonic saline (Harbuz and Lightman,

1989; Lightman and Young, 1987a,b; Watts, 1992a; Young and

Lightman, 1992), ether (Ceccatelli and Orazzo, 1993), restraint

(Ceccatelli and Orazzo, 1993), and morphine withdrawal

(Ceccatelli and Orazzo, 1993). Region-specific regulation of

ENK mRNA is indicated by the facts that ENK is upregulated in

PVN (Dumont et al., 2000) but is downregulated in RVLM

following repeated immobilization (Mansi et al., 2000).

Opioids can also cause both activation and inhibition of the

HPA axis (Buckingham and Cooper, 1986). Both opioid

agonists and antagonists given i.v. stimulate the HPA axis in

rats (De Souza and Van Loon, 1982; Nikolarakis et al., 1989),

and in dogs (Levin et al., 1981); this is mediated through

activation of central CRF pathways (Nikolarakis et al., 1989;

Yamauchi et al., 1997). Yamauchi et al. (1997) gave rats i.c.v.

infusions of b-endorphin and tested the effects of i.v. infusions

of naloxone and CRF antiserum on opioid-induced stimulation

of ACTH. Fig. 30A–C show dose-dependent stimulation of

ACTH by b-endorphin (panel A), dose-dependent reversal of

these effects by naloxone (panel B), and the complete abolition

of the b-endorphin-induced ACTH response by a CRF

antiserum (panel C). Thus, the stimulating effect of opioids

was specific to opioid receptors and CRF pathways. Biphasic

temporal effects (early increases followed by later decreases)

have also been observed in vivo (De Souza and Van Loon, 1982;

Suemaru et al., 1989), whereas in vitro some effects have been

shown to be biphasically dose-dependent, with low doses

activating and higher doses inhibiting ACTH (Cover and

Buckingham, 1989). Thus, the situation concerning opioid

stimulation of the HPA axis is complex.

The direction of opioid effects on the HPA axis may be state-

dependent, as they are reported to be for learning and memory

(Patti et al., 2006). In rats, ACTH activation by insulin-induced

hypoglycemia is attenuated by beta-endorphin in a naloxone-
reversible fashion (Suda et al., 1992). Przekop et al. (1990)

nicely demonstrated such state-dependence in sheep. Sheep

were fitted for i.c.v. infusions of drugs and jugular catheters for

cortisol sampling and were tested under basal and stress

conditions. As a stressor, once per hour, brief shocks were given

periodically over 20 min followed by a 40 min rest during a 9 h

period. Blood samples were collected just prior to rounds of

shock. In Fig. 31, continuous infusions are indicated by the gray

bars, whereas groups receiving shock are indicated by asterisks.

Fig. 31A shows the elevated adrenocortical response to

intermittent forelimb shock in animals given vehicle infusions

compared to unshocked animals. Fig. 31B shows relative

suppression of this response by naloxone infusions (compared

to panel A), whereas naloxone alone had no effects in

unshocked animals. Fig. 31C shows that b-endorphin

stimulates adrenocortical responses in basal animals, while it

inhibits the response in stressed animals. Finally, data in

Fig. 31D compares the effects of b-endorphin in two unstressed

groups given a brief pretreatment with naloxone or not,

showing that a brief infusion of the opiate antagonist inhibited

the drug-induced response. The key demonstration was that b-

endorphin stimulates adrenocortical responses under basal

conditions, but is inhibitory during stress (Domanski et al.,

1993; Przekop et al., 1990). Thus, the direction of EOP effects

on HPA-responses may depend on whether the animal is basal

or stressed.

A restraining role of endogenous opioids on stress responses

is further suggested by the fact that naloxone treatment results

in greater sensitization of HPA axis following chronic stress

(Janssens et al., 1995), whereas animals lacking delta opioid

receptors (Filliol et al., 2000) or pre-proenkephalin (Konig

et al., 1996) show elevated anxiety levels. In contrast, over-

expression of pre-proenkephalin in amygdala enhances the

anxiolytic effects of benzodiazepines (Kang et al., 2000), and

injections of opioids or their analogs into the CeA reduce cued
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Fig. 31. State-dependent effects of the opioid b-endorphin (b-end). Panel A shows venous cortisol profiles in sheep given intermittent shocks (indicated in the legend

by an asterisk) after a baseline period (basal) and infused intracerebroventricularly (i.c.v.) with saline (infusions represented by gray bar). Shocks were intermittent

over a 20 min period, followed by a 40 min rest, and blood was sampled prior to shocks. Shocked sheep increased cortisol secretion. Panel B shows partial blockade of

the adrenocortical response by i.c.v. infusions of the opiate receptor antagonist, naloxone (NLX). Panel C shows that the adrenocortical response to b-endorphin under

basal conditions (filled circles) is attenuated when animals are under intermittent footshock stress (b-end*), indicating that there is a state-dependent regulation of the

response by opioids. Finally, panel D shows that the cortisol response to b-endorphin is blunted by a pre-infusion of naloxone (NLX). Data adapted from Przekop et al.

(1990).
fear (Good and Westbrook, 1995) and conditioned heart rate

responses (Gallagher et al., 1982).

Endogenous opioids have also been found to specifically

counter some effects of CRF on LC excitability, and probably

have specific opponent roles in arousal (Shibasaki et al., 1994).

In contrast to the excitatory effects of CRF on LC discharge

rates and NE release (Valentino et al., 1983), opioids inhibit LC

discharge rates both in vivo and in vitro (Abercrombie et al.,

1988; Aghajanian and Wang, 1987; North and Williams, 1983,

1985; Valentino and Van Bockstaele, 2001; Valentino and

Wehby, 1989; Wang and Aghajanian, 1987; Williams et al.,

1982; Williams and North, 1984). Although opiate antagonists

have no effect on LC discharge under basal conditions

(Valentino and Wehby, 1989), they do increase LC discharge

rates during stress (Abercrombie and Jacobs, 1988), and result

in dramatic increases in LC electrical activity when rats are

opiate dependent (Akaoka and Aston-Jones, 1991; Rasmussen

and Aghajanian, 1989), suggesting that opioids function to

restrain LC activity, particularly under stress. In line with this

view, Curtis et al. (2001) showed that the inhibition of LC

activity following a physiological stressor (nitroprusside-

induced hypotension) is reversible by microinjection of

naloxone into LC (Curtis et al., 2001). Because pretreatment

with naloxone did not affect basal LC discharge rates, it

indicates that the recruitment of endogenous opioids occurred

in the aftermath of the stressor to restrain LC excitability.

In contrast to this endogenous restraint of LC by opioids,

chronic (7-day), intermittent treatment with morphine appears

to sensitize CRF-NE systems in terms of discharge to further

morphine or hypotensive challenges (Xu et al., 2004).
Similarly, the sensitization of prefrontal cortical dopamine

release to chronic restraint stress can be blocked by pre-stressor

administration of naloxone (Cuadra et al., 1999), suggesting

that endogenous opioids are necessary for sensitization in this

system. Both systemic morphine and local application of m-

opioid receptor agonists in prefrontal cortex suppress gluta-

matergically (but not cholinergically) driven activity, although

the effects of systemic administration are more pronounced

(Giacchino and Henriksen, 1996, 1998), perhaps reflecting

additional influences of opioids on the ascending NAB after

systemic administration. The sensitization of various responses

by chronic, intermittent opioid treatment may constitute a

special form of stress, and will be discussed later in the context

of the sensitization of the HPA axis.

Still another relevant facet of opioid action is the evocation

of moods and incentive states. It is well documented that

opioids stimulate pleasurable moods, palatable feeding and

reward processes, and clearly have some of these effects

through the use of stress and incentive circuitries (Cappendijk

et al., 1999; Hernandez and Hoebel, 1988a,b; Nieto et al., 2002;

Wise, 1987). Opioids increase palatable feeding, and palatable

feeding stimulates opioids (Glass et al., 1999). Opioids

specifically appear to increase the eating of preferred foods.

For example, some rats prefer carbohydrate-rich foods, whereas

some prefer high-fat foods. Low doses of morphine increase

intake of the preferred food only (Gosnell et al., 1990a,b). Also,

low doses of naloxone reduce eating of preferred foods,

whereas high doses of naloxone do not impair feeding of non-

preferred foods (Welch et al., 1994). Opioids appear to increase

meal maintenance; naltrexone has little effect on eating
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structure early in a palatable meal, but interferes with eating

structure later in the meal (Frisina and Sclafani, 2002). This

effect may be fairly specific to the consummatory response

itself as antagonists do not decrease the willingness to work for

food, alter taste discrimination, or even the perceived

pleasantness (Arbisi et al., 1999; Fantino et al., 1986; Glass

et al., 1999; O’Hare et al., 1997).

Specific brain regions involved in opioid-induced feeding

are gradually being mapped. Intra-nucleus accumbens infu-

sions of m-receptor agonists (e.g., DAMGO) result in massive

increases in fat intake, and moderate increases in carbohydrate

and salt intake (Zhang et al., 1998). The effect in NACC

appears to require concurrent activation of other brain regions,

as temporary inactivation via muscimol of DMH, LH, VTA,

and NTS all block the effect (Will et al., 2003), consistent with

hodological relations among these areas (Brog et al., 1993;

Groenewegen et al., 1996; Wright et al., 1996; Zahm et al.,

1999, 2001). Of these nodes, the NTS receives both taste (Li

et al., 2003) and visceral (Silverman et al., 2005) primary

afferents that target opioid-sensitive POMC neurons (Apple-

yard et al., 2005). Inhibitory effects of opioids on NTS

excitability due to electrical stimulation of the tongue (Li et al.,

2003) or visceral afferents (Silverman et al., 2005) appear to

correspond to increased feeding, which was blocked by

naltrexone infused into CeA (Giraudo et al., 1998). Similarly,

DAMGO infusions into CeA increased feeding that was

reversed by naltrexone infused into NTS, suggesting bidirec-

tional opioid-dependent pathways between NTS and CeA.

Naltrexone injected into the CeA reduces preferred food intake

more than non-preferred food intake, whereas it reduces food

intake generally when given into the PVN; thus it is diet

specific in CeA and perhaps more generally energy or stress-

related in PVN (Glass et al., 2000). In contrast to the

bidirectional opioid-dependent feeding pathways between

NTS and CeA, opioid-dependent pathways between CeA and

PVN appear to be unidirectional, as naltrexone infused into

PVN had no effect on feeding induced by opioid stimulation of

CeA, whereas feeding induced by opioid stimulation of PVN

was suppressed by naltrexone infused in CeA (Giraudo et al.,

1998). Fat intake increases with DAMGO-induced stimulation

of the BLA, as well (Will et al., 2004). Clearly, palatable

feeding networks will inevitably be complex, but will involve

critical nodes of GC-sensitive central stress networks that are

also responsive to, or involved in, opioid-induced palatable

feeding.

Interestingly, animals can develop food-dependencies that

may involve opioid stimulation of both appetitive and aversive

networks. It is well established that opioids stimulate DA

efflux, and that there exist both DA-dependent and -

independent mechanisms of opiate reward (Bechara et al.,

1992, 1998; Bozarth and Wise, 1981a,b; Glick et al., 1975;

Higgins and Sellers, 1994; Nader et al., 1994; Pettit et al., 1984;

Shippenberg et al., 1992; Spanagel et al., 1992; Spyraki et al.,

1983; Stinus et al., 1989; Van Ree et al., 1999). Interference

with mechanisms of plasticity in the VTA, e.g., through

inhibition of protein kinases (A) or glutamate antagonism, can

prevent morphine-induced placed preferences (Aston-Jones
and Harris, 2004; Harris et al., 2004), suggesting that there is an

essential role for incentive learning. Opioids also decrease

acetylcholine (ACh) in NACC (Fiserova et al., 1999; Pothos

et al., 1991; Rada et al., 1991a,b). ACh in the NACC is

associated with satiety when DA efflux is high and with

aversion when DA efflux is low (Helm et al., 2003; Mark et al.,

1992). Opioids also impinge on aversive NE networks. For

example, morphine inhibits activity in medullary NE neurons

that project prominently to anxiety-related areas in BNST and

CeA (Akaoka and Aston-Jones, 1991; Aston-Jones and Harris,

2004; Ivanov and Aston-Jones, 2001; North and Williams,

1983; Shiekhattar and Aston-Jones, 1993; Wang and Aghaja-

nian, 1987).

Food dependence can be elicited by allowing intermittent

access to palatable foods. Sucrose bingeing results in

progressively escalating intake (Colantuoni et al., 2001), and

subsequent bouts of food deprivation can lead to signs of

somatic withdrawal, such as paw fanning, teeth chattering, and

wet dog shakes (Colantuoni et al., 2002). Changes in the brain

include altered DA and m opioid receptor binding in NACC

(Colantuoni et al., 2001). Sugar bingeing also results in

sensitized DA release and delayed ACh efflux (Rada et al.,

2005). Sugar-dependent rats also show cross-sensitization with

alcohol intake (Avena et al., 2004) and locomotor sensitization

to amphetamine (Avena and Hoebel, 2003), suggesting

substitutability of sugar and drugs (Campbell and Carroll,

2000). A deprivation rebound is observed in sugar intake

following a period of abstinence (Avena et al., 2005; Bell et al.,

2000), as occurs with alcohol drinking rats (Heyser et al., 2003,

1997; McKinzie et al., 1998; Rodd et al., 2003; Sinclair and

Senter, 1968). A history of food-restriction also sensitizes

opiate-induced food intake (Hagan and Moss, 1991).

These feeding data suggest that the stimulation of reward

pathways and concurrent inhibition of aversive pathways by

palatable feeding can lead to prominent signs of dependence

that strongly resemble drug, and in particular, opioid

dependence. The stimulation of DA-dependent mechanisms

conforms to enhanced positive incentive and learning

processes during bingeing, whereas the disinhibition of ACh

or ascending NE systems to areas such as BNST and CeA may

account for the negative signs of aversion, anxiety, and somatic

withdrawal. These same systems may also sensitize the animal

to cues predicting both preferred rewards and aversive

incentives, thus biasing the animal toward supernormal

rewards, and away from aversive stimuli. These processes

take place in areas of the brain that are highly sensitive to GCs,

and can be sensitized by periods of deprivation and/or

intermittent exposure.

Thus, a range of evidence suggests that opioids are

intimately involved in stress response networks and incentive

motivational systems. The inhibition of HPA responses by

opioids appears to be specific to the condition of stress. Opioid-

induced, CRF-dependent stimulation of the HPA axis in basal

animals is a functional curiosity, perhaps reflecting the fact that,

in addition to stress, palatable foods appear to be a key regulator

of opioid secretion, and the basal brain may interpret an opioid

signal as activation of central feeding pathways, to which it
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Fig. 32. Summary of the effects of GCs on selected central motive networks

(see text). Through their direct actions on CRF neurons in the amygdala, as well

as possible direct effects on noradrenergic (NE), endogenous opioidergic

peptides (EOP) and dopaminergic (DA) neurons GCs act positively to increase

motivational behavioral characteristics, both positive and negative. Innervating

broad areas of brain, the neuropeptide inputs modulate the activity of neurons in

medial prefrontal cortex (mPFC), hippocampus, amygdala, nucleus accumbens

shell (NACC), bed nuclei of the stria terminalis (BNST), hypothalamus,

parabrachial nuclei, central gray, and the nucleus of the tractus solitarius

(NTS). Furthermore, in cortical structures at least, the GCs affect neuronal

architecture in a site-specific fashion (see Figs. 33 and 34).
responds by increasing neuroendocrine and autonomic out-

flows. On the other hand, it could merely reflect a more

generically imbalanced counter-regulatory system, in which

deviations in either direction evoke compensatory adjustments

in opponent limbs.

This section on central stress and incentive networks has

focused on a handful of key regulators, including CRF, NE, DA,

and EOPs, primarily because each has been associated with

manifold processes related to adaptive behavior, and all interact

strongly with the HPA axis and GCs. Although there has been a

tendency to associate each regulator with partcular types of

adaptive behavior, e.g., DA has been associated with

amplification of appetitive responding, NE has been associated

with alterations in attentional processing, and CRF has been

associated with aversive processes, these systems continue to

defy easy functional categorization, particularly because they

overlap and reciprocally regulate one another.

While these neuromodulators are clearly involved in the

amplification of incentive states that tend to be further

upregulated by stress and GCs, we have argued that EOPs

largely act as an opponent limb of stress-induced incentive

states and HPA axis regulation. An additional example where

such a scheme tentatively holds is conditioned fear, which is

highly sensitive to activity of central stress networks. For

example, startle responses to noise are greater in the presence of

a conditioned stimulus (CS), but this effect can be greatly

blunted by administration of NE antagonists (Davis et al.,

1979), DA antagonists (Davis et al., 1979), and CRF

antagonists (Swerdlow et al., 1989), whereas increased opioid

activity also blunts the response (Davis, 1979; Patti et al.,

2006). It may be too early to suggest root functions for each

regulator, as counter-examples abound. For example, although

CRF is associated with aversive responses, it interacts

extensively with other appetitive modulators, and can itself

stimulate appetitive routines, such as feeding (Ghitza et al.,

2005; Samarghandian et al., 2003) and appetitive instrumental

discriminative responding (Erb et al., 1998; Pecina et al., 2006;

Shaham et al., 1997).

In summary (Fig. 32), the evidence cited above argues that

GCs are prime movers of central stress networks that include

CRF-, NE-, DA- and opioid-mediated responses. Further

questions certainly arise regarding potential hierarchies among

these systems. All of these sub-systems interact heavily with

one another, have unexplored dynamics, and are plastic.

Inherent coupling between these systems suggests coordinated

activation, such that one process stimulates both opponent and

proponent processes, as we have seen in some of the discussion

already, and as we further indicate later in the section on the

sensitization of the stress response by intermittent opioid

administration. The modulation of transfer functions among

signaling agents more realistically may be region- and

situation-dependent. Serial stimulation of GCs and CRF could

underlie activation of multiple incentive systems. Whether or

not GC-induced CRF activation is the prime mover, all of these

neuromodulatory systems are known to be involved in incentive

processes, and each tends to be positively regulated by stress,

hunger, and GCs.
7. GCs in learning and memory

In addition to recruiting critical central motive systems, thus

influencing arousal and reactivity to external incentives,

stressors and corticosteroids result in brain plasticity, with

varying effects that depend on chronicity. Acutely, corticoster-

oids influence the storage of information (de Kloet et al., 1999;

Hui et al., 2004; McGaugh et al., 1996; Roozendaal, 2002;

Roozendaal et al., 2001; Rose, 1995; Sandi and Rose, 1994a,b),

particularly emotionally arousing information. Thus, it should

come as no surprise that many of the same nodes that serve

central networks of aversive and appetitive incentive motiva-

tion also serve critical memorial systems in addition to those

mentioned above. Chronically, however, GCs tend to grossly

remodel brain structure in ways that may be detrimental to

executive processing, but which may allow continued and

perhaps amplified emotional memorial processing.

7.1. Fear conditioning

The transfer of control from reactive to predictive

responding is an associative form of plasticity based on the

influential hypothesis that contiguous neurons firing simulta-

neously will strengthen synaptically (Hebb, 1949). To

determine the neuronal substrates of predictive control, many

researchers use Pavlovian conditioning paradigms, in which a

discrete, arbitrary, but noticeable to-be-conditioned stimulus

(CS), such as a tone or light, is paired with a biologically

significant unconditioned stimulus (US), such as a foot shock.
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The initial reaction to the CS is an orienting response, whereas

the initial reaction to the US is an unconditioned response (UR),

such as jumping, vocalizing, and freezing. After even a single

pairing of, e.g., tone-shock, a conditioned response, such as

freezing to the tone, occurs in the absence of further shocks. A

good deal of evidence supports the view that specific regions of

the brain critically mediate different nodes of CS-US

associations (Steinmetz, 2000). Neuronal networks involved

in fear conditioning are well characterized, and include the

critical involvement of amygdalar nuclei (Fendt and Fanselow,

1999; LeDoux, 2003; Maren, 2001).

For Pavlovian fear conditioning, much evidence indicates

that thalamic and cortical areas serving various aspects of the

sensorium project to the sensory interface of cortical amygdalar

regions, particularly the lateral amygdala (LA), where CS and

US are associated. The LA then projects directly and indirectly

through basal and accessory basal nuclei and intercalated nuclei

to striatal amygdala output regions (e.g., the CeA) which then

critically influence the expression of responses in the

behavioral, autonomic, and neuroendocrine axes (Blair et al.,

2001; Fanselow and LeDoux, 1999; LeDoux, 2000; Maren,

2001; Rosen et al., 1991). Typically, rapidly acquired, easily

measured, fast behavioral responses, such as startle (Brown

et al., 1951; Davis et al., 1993), freezing (Blanchard et al.,

1975), or defensive burying (Bevins and Ayres, 1992; Treit

et al., 1981), or the interruption of other ongoing behaviors

(Millenson and Leslie, 1974) are used to assess the efficacy of

conditioning (Fendt and Fanselow, 1999), but autonomic

measures, such as heart rate (LeDoux et al., 1984) and blood

pressure (Iwata et al., 1986; LeDoux, 2000; Maren, 2001;

Romanski and LeDoux, 1992), or neuroendocrine measures,

such as HPA axis activity (Coover et al., 1973b; Goldman et al.,

1973; Levine and Coover, 1976; Levine et al., 1972; Sullivan

et al., 2004) can also be used to measure conditioned motor

activity. Various lesion studies, including reversible lesions,

and pharmacological studies indicate that the basolateral

amygdala are critical for acquisition, whereas the CeA appear

to be critical for expression of conditioned fear responses (for

reviews see Fanselow and LeDoux, 1999; Fendt and Fanselow,

1999; LeDoux, 2000; Maren, 2001).

While the CeA appear to be essential for the behavioral

expression of learned fear, different pallidal or brainstem

pathways downstream from the CeA control the output to

different motor systems. For example, lesions of the LH prevent

conditioned autonomic but not behavioral responses, whereas

lesions of the PAG interfere with behavioral but not autonomic

responses (Iwata et al., 1987). The BNST appear to be one

downstream pathway for conditioned HPA responses (Gray,

1993). The specific pathway downstream of cortical structures

that mediates a response may further depend on the nature of

the predictive stimulus. For example, whereas lesions of CeA

disrupt expression of conditioned adrenocortical and behavioral

responses, regardless of the type of predictive stimulus used,

lesions of the BNST disrupt conditioned corticosterone and

behavioral responses only when contextual stimuli predict

shock, but not when discrete cues predict shock (Sullivan et al.,

2004), suggesting additional hippocampal influences in the
case of context conditioning that are mediated by the BNST

(Anagnostaras et al., 2001; Bechara et al., 1995; Fanselow,

2000; Phillips and LeDoux, 1992).

7.2. Influences of GCs on memory

We have already mentioned that physiological elevations in

GC in brain following stressful events correspond to changes in

brain activity, such as increasing CRF concentrations in

amygdala (Cook, 2002, 2004). The importance of elevations in

GCs in the brain in the immediate aftermath of stress can be

seen in work that demonstrates the effects of corticosterone on

memory.

ADX, GC synthesis inhibition with metyrapone, or selective

corticosteroid receptor blockade all impair memory for

aversive tasks (Borrell et al., 1983; Liu et al., 1999; Oitzl

and de Kloet, 1992; Roozendaal et al., 1996a,b; Roozendaal

and McGaugh, 1996b), whereas ADX-induced memorial

deficits are reversed by GCs (Roozendaal et al., 1996c). It is

often the case during in vivo learning or when testing the

neuronal correlates of learning in vitro that the effects of GCs

are dose-dependent, with moderate doses being most effective,

and highest doses being less effective or detrimental (Cordero

et al., 1998; Cordero and Sandi, 1998; de Kloet et al., 1998;

Diamond et al., 1992; Joels, 2000; Pugh et al., 1997; Sandi and

Rose, 1994a, 1997). Detrimental effects of the steroid on

memory can be ameliorated or reversed by making the learning

task itself less aversive (Sandi et al., 1997). However, the

degrading effect of high GCs appears to hold true more often in

hippocampus than in amygdala (see below), and chronic

treatment with corticosterone prior to training facilitates

resistance to the extinction of contextual fear and increases

CRF mRNA in the CeA (Thompson et al., 2004).

Frequently, GCs positively influence memory only when

given immediately post-training, but not when given hours

before or after training (de Quervain et al., 1998; Flood et al.,

1978; Roozendaal, 2002; Sandi and Rose, 1994b). Partly as a

result of this effective time window, GCs have been said to

influence consolidation of memories (McGaugh, 2000, 2002,

2004; McGaugh et al., 2002). Given before testing, GCs appear

to impair retrieval for already acquired responding (de

Quervain et al., 1998). Such a temporal arrangement would

seem to make functional sense, given that one would want to

encode whatever salient event had just elicited the stress

response in the first place.

Given both the consolidation view, which posits critical

time windows for acute GC effects on memory enhancement,

and the more general finding that chronic stress seems to

impair cognitive functioning, there would seem to be

inconsistent data from reports wherein a single restraint

stress given days before acquisition (Cordero et al., 2003), or

repeated restraint stress (up to 21 days) resulted in facilitated

performance on contextually or discretely cued aversive tasks

(Conrad et al., 1999; Sandi et al., 2001). However, it may be

that some prior stressors facilitate HPA axis responses to later

novel training episodes, just as heterotypic stress can result in

facilitation, increasing post-stress adrenocortical output, thus
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influencing consolidation at a later training trial (Cordero

et al., 2003).

The cortical amygdalar nuclei are again implicated in the

memory consolidating effects of GCs insofar as infusions of

GR agonists into BLA, but not CeA enhance retention of

inhibitory avoidance, whereas lesions of the BLA, but not CeA

reverse any positive effects of GC treatment (Roozendaal and

McGaugh, 1996a, 1997; Roozendaal et al., 1996c). Positive

effects of GR agonists in BLA may be mediated in part by NE,

insofar as b-adrenoreceptor antagonist infusions into BLA

prevent the effects of high steroid (Quirarte et al., 1997;

Roozendaal, 2003).

Interestingly, peripheral injections of the adrenomedullary

hormone, epinephrine, which does not readily cross the blood–

brain barrier, also improves memory for emotional stimuli

(Liang et al., 2001, 1986; McGaugh et al., 1990). The argument

has been made that peripheral epinephrine stimulates b-

adrenoreceptors on the vagus which then tranduces the signal to

medullary NTS and thus directly to amygdala, or via the

paragigantocellularis nuclei and then directly to the amygdala,

or still less directly, via the LC to the amygdala. This view is

supported by the facts that post-training vagal stimulation

improves and inactivation degrades aversive memory (Clark

et al., 1998), GR agonists infused into the NTS improve

learning and can be revoked by b-adrenergic antagonism

(Roozendaal et al., 1999b), footshock increases NE release in

amygdala (Galvez et al., 1996), and blockade of b-adrenor-

eceptors in BLA prevents this (Quirarte et al., 1997), whereas

NE infusions enhance memory storage (Ferry et al., 1999;

Quirarte et al., 1998; Roozendaal, 2002; Roozendaal et al.,

1999a). Such evidence points to a complex loop between

peripheral and central stress hormone secretion that leads to

modifications in the storage of memory. However, at least one

study in humans using peripheral injections of two b-blockers,

one that crosses the blood–brain barrier (propranolol) and one

that does not (nadolol), concluded that only the antagonist with

central actions interfered with memory for emotional events

(Van Stegeren et al., 1998).

Similar to post-training GC administration, post-training

CRF manipulations also modulate memory. CRF delivered into

amygdala post-training enhances memory (Liang and Lee,

1988), whereas CRF antagonists delivered specifically to BLA,

but not CeA, immediately, but not 3 h after training impair

learning (Roozendaal et al., 2002). This finding is interesting

considering that amygdalar cells expressing CRF mRNA or

staining immunopositive for CRF are mostly restricted to CeA

(Gray and Bingaman, 1996; Uryu et al., 1992). Because the

BLA projection neurons do express CRF receptors (Chen et al.,

2000; Van Pett et al., 2000), it was suggested that CRF diffusion

from the CeA into the BLA most likely accounted for these

effects (Roozendaal et al., 2002).

It appears that dopamine (DA) also plays a significant role in

this network controlling value-laden memory. DA agonists

attenuate thalamically driven neuronal activity in BLA, but

enhance sensoricortical driven responses in BLA (Rosenkranz

and Grace, 1999). In contrast, mPFC stimulation inhibits BLA

activity driven by electrical stimulation of sensory cortex
(Rosenkranz and Grace, 2001) or presentation of conditioned

stimuli (Rosenkranz et al., 2003). The NACC also plays a role

in this system, insofar as memory for inhibitory avoidance is

enhanced by simultaneous DA receptor activation within the

BLA and the shell (but not core) of NACC (LaLumiere et al.,

2005). These findings suggest a scenario in which mesopre-

frontal DA activity regulates drive from the sensorium to BLA,

while concurrent DA-ergic activation in NACC shell and BLA

promotes memory for associable events (Grace and Rosenk-

ranz, 2002). In any case, it represents further layers of dynamic

complexity in incentive memorial systems acted upon by GCs.

7.3. Expectancy and non-reward

Once learning has taken place, expectancies themselves

contribute to HPA output. Several types of non-reward

situations appear to modulate HPA axis activity, or are

modulated by HPA axis activity. Reductions in expected

primary reward, e.g., sucrose concentrations, are accompanied

by increased adrenocortical responding (Flaherty et al., 1985;

Mitchell and Flaherty, 1998). Extinction of runway behavior is

also accompanied by elevated corticosterone (Kawasaki and

Iwasaki, 1997). In these last two cases, the elevation of

corticosterone was curiously delayed by 1 and 3 days,

respectively. Given the suppressive effects of positive

expectancy on HPA output, such delays might be ascribed to

the persistence of a positive expectancy of reward during the

initial phase of non-reward. In the latter two cases, the

elevations were in addition to elevated basal levels resulting

from deprivation. The function of increased adrenocortical

output during the extinction of operant behavior (Coover et al.,

1971a,b), may be the invigoration of instrumental behavior,

insofar as the so-called ‘‘operant burst’’ or ‘‘extinction spike,’’

is eliminated by ADX (Thomas and Papini, 2001). Similar

alterations in adrenocortical output occur under the control of

conditioned stimuli. Generally, a relative shift from positively-

to more negatively-cued reward environments increases

adrenocoritcal activity, and vice versa (Coover et al.,

1973a,b, 1974, 1971a,b, 1977, 1980; Coover, 1983, 1984;

Goldman et al., 1973; Levine and Coover, 1976; Levine et al.,

1972). Increased adrenocortical output during worsening

reward cues and the invigoration of responding with enhanced

corticosterone concentrations may explain the curious phe-

nomenon of animals producing robust response rates to produce

and observe discriminative cues indicating lower probabilities

of reward (Lieberman, 1972). Such a view would predict that

clamping corticosterone at low levels would blunt or prevent

such observing responses to low probability cues.

In summary, HPA axis function plays important roles in

learning and memory. The more general finding is that GCs are

elevated in the aftermath of value-laden or emotional events

and tend to promote memory consolidation, particularly in

cortical amygdala-based plasticity. However, opposite findings

often obtain for hippocampal-based plasticity. There also

appear to be GC dose functions that may vary with brain region,

as well as varying effects of acute versus chronic elevations of

steroid. Other neuromodulators acted upon by GCs, including
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CRF, NE, and DA also appear to play roles in amygdala-based

learning. Like GCs, these neuromodulators tend to have

positive effects on memory consolidation in the amygdala, and

are likely to have additional functions related to the gating of

information to and from various other brain regions. Once

learning has taken place, expectancies formed subsequently

influence HPA output in ways that feedback on brain and

promote rapid alterations in ongoing behavior, and possibly

further influence memorial systems.

7.4. GCs on brain remodeling

In addition to the recruitment of incentive systems and

influencing acute changes in neuronal plasticity, stress and GCs

also more broadly sculpt the brain, resulting in volumetric

changes in major structures, reflecting a more global

architectural plasticity. With chronic stress, the nature of this

remodeling is generally as follows: structures supporting

flexible executive thinking, decision-making, reasoning, plan-

ning, and declarative memorial processes are progressively

degraded, whereas structures supporting basic impulses,

anxieties, moods, reactivities, and value-laden memories are

progressively enhanced.

Hippocampal function has been associated with declarative,

or episodic and semantic memory (Eichenbaum, 2003), spatial,

navigational and contextual memory (Eichenbaum et al., 1990;
Fig. 33. (A–E) Effects of stress and GCs on neuronal architecture in the hippocam

enhances spinogenesis in CA1 dendritic fields, which is blocked by RU38486, and un

Panels B and C show destructive effects of repeated restraint on dendrite length (pan

Watanabe et al., 1992). Panel D: Constructive effects of 21-day GC treatment in cing

distal portions of the arbor (data adapted from Wellman, 2001). Panel E: Inhibitory

Radley et al., 2005b).
Morris et al., 1982), working memories, and sequential learning

(Eichenbaum et al., 1990; Lisman, 1999), as well as the

impaired regulation of the HPA axis with aging (Sapolsky,

1992; Sapolsky et al., 1986). In patients with Cushing’s disease,

impaired verbal recall and declarative memory tests correlate

with reduced hippocampal volume and average cortisol levels

(Starkman et al., 1992; Wolkowitz, 1994). In animal models,

stress blocks hippocampal long-term potentiation (LTP), which

is a neuronal correlate of learning (Foy et al., 1987; Kim and

Diamond, 2002).

Acutely, GCs may influence hippocampal architecture

positively. For example, in vitro, synthetic GCs rapidly (within

an hour) induce spinogenesis in CA1 dendritic fields

(Komatsuzaki et al., 2005). Fig. 33A shows the effects of

100 nM dexamethasone applied to hippocampal slices on spine

density in CA1 apical dendrites. Compared to controls, 1 h

treatment with dexamethasone (DX) rapidly induced spinogen-

esis, which was blocked by pretreatment with the GR

antagonist RU38486. Because the effect was not blocked by

the protein synthesis inhibitor cyclohexamide (CHX), and in

light of the rapid induction, GC-mediated spinogenesis may

involve membrane receptor mechanisms (Komatsuzaki et al.,

2005).

Unlike the acute administration of GCs, chronic stress and

chronic administration of GCs tend to impair hippocampal

architecture. The dentate gyrus is one of the main inputs to the
pus and neocortex. Panel A: 1-h treatment with dexamethasone (DEX) acutely

affected by cyclohexamide (CHX; data adapted from Komatsuzaki et al., 2005).

el B) and arborization (panel C) in CA3 hippocampal fields (data adapted from

ulate cortex on apical dendrites near the soma, with destructive effects on more

effects of chronic stress on cingulate cortex spinogenesis (data adapted from
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CA3 hippocampal field and exhibits neurogenesis (about 9000

neurons/day) throughout adult life in rats; this is potently

suppressed by chronic stress (Gould et al., 2000; McEwen,

1999a,b, 2003). A complete loss of GCs via ADX also impairs

neuronal morphology in dentate gyrus (Gould et al., 1990). A

21-day regimen of restraint also decreased the complexity and

arborization via retraction and atrophy of CA3 dendritic fields,

including reducing dendritic length (Fig. 33B) and the number

of branch points (Fig. 33C; McEwen, 2004; McEwen and

Magarinos, 2001; McEwen et al., 2002; McKittrick et al., 2000;

Watanabe et al., 1992). These same effects are mimicked by

chronic administration of corticosterone (Wellman, 2001). In

addition, overall hippocampal volume is reduced by chronic

stress, and can be alleviated by administration of antidepres-

sants (Czeh et al., 2001). Although basal levels of GCs may be

permissive to hippocampal structure, and acute elevations can

induce spinogenesis, chronically elevated stress and GCs tend

to negatively impact hippocampal structure.

Like the hippocampus, neo-cortical function has been

associated with executive functions, such as working and

long-term memory (Goldman-Rakic, 1987a,b), managing

attentional resources (Shallice, 1982), monitoring of affective

or motivational state (Bechara et al., 1994; Damasio, 1994;

Nauta, 1971), planning, conflict resolution, response selection,

and inhibition of inappropriate responses (Miller and Cohen,

2001; Mishkin, 1964). Although less studied than stress-related

hippocampal anatomy and function, the neocortex, too, is

vulnerable to stress, which causes retraction and atrophy of

dendrites and reduces excitatory synapses (Radley and Morrison,

2005; Radley et al., 2005a,b, 2004; Wellman, 2001). Wellman

(2001) gave rats corticosterone (B) injections (10 mg) once daily

for 21 days and measured dendritic reorganization in pyramidal

neurons of the cingulate cortex that were reconstructed in three

dimensions, using the number of intersections in three virtual,

concentric spheres as a measure of complexity. Corticosterone

(B) treatment actually increased the number of dendritic

intersections in the sphere most proximal to the soma, but

caused retraction and atrophy in middle and distal spheres

(Fig. 33D). There was also some indication that the injections

alone were stressful, compared to untouched controls, perhaps

indicating the sensitivity of prefrontal cortex to stressors

(Wellman, 2001). Repeated stress has similar consequences

for prefrontal architecture (Cook, 2004). A later study showed

that a 21-day regimen of restraint also significantly reduced spine

density in this same region of brain, particularly in more distal

arbors (Fig. 33E) (Radley et al., 2005b). Thus, as in

hippocampus, stressors and GCs reduce the complexity of

apical dendrites, particularly in their distal regions. Also, as in

hippocampus, stressors block LTP in cortex (Diamond et al.,

2004). Compromised prefrontal function has been associated

with increased distractibility, difficulty grasping complex issues

or mastering new tasks (Rylander, 1939), difficulty changing

strategies when response contingencies change (Hauser, 1999;

Jouandet and Gazzaniga, 1979), marked changes in personality,

social disinhibition, hyper-aggressiveness and sexuality,

euphoria, impulsivity, irresponsibility, and poor social judge-

ment (Hecaen and Albert, 1978; Sapolsky, 2004).
Importantly, stress does not universally impair brain

structure and function. In amygdala, stress appears to produce

changes that are opposite to those that occur in prefrontal and

hippocampal cortices (Mitra et al., 2005; Vyas et al., 2002).

Vyas et al. (2004) gave rats a 10-day regimen of 2-h

immobilization stress followed by a 21-day recovery period.

Fig. 34A shows the increase in dendritic length in BLA at all

distances relative to the soma compared to unstressed controls.

In addition, because hippocampal CA3 dendrites were restored

to control levels by the end of the recovery period (not shown),

it would appear that not only does BLA exhibit hypertrophy to

stress, this hypertrophy is long-lasting relative to the

hippocampal atrophy (Vyas et al., 2004). Fig. 34 also shows

that the same regimen increased spinogenesis in both primary

(Fig. 34B) and secondary (Fig. 34C) dendritic branches (Mitra

et al., 2005). Whereas chronic stress increases both dentritic

arborization and spinogenesis in BLA, acute stress more

selectively increases spinogenesis only. In contrast, although

acute stress did not increase dentritic arborization, it did

increase synaptogenesis (Fig. 34D) in BLA, and this effect was

even greater 10 days after the stress than after 1 day, reflecting

some sort of augmentation and consolidation of stress-induced

remodeling over time (Mitra et al., 2005).

Consistent with such architectural changes, LTP in

amygdala (Chapman et al., 2003; Maren and Fanselow,

1995) is enhanced by stress (Goosens and Maren, 2002;

McKernan and Shinnick-Gallagher, 1997; Rodriguez Manza-

nares et al., 2005; Rogan et al., 1997). Just as the same chronic

stress produces divergent effects on dendritic remodeling in

hippocampus and amygdala (Vyas et al., 2002), the same

chronic stress also has divergent effects on hippocampal and

amygdalar LTP by enhancing only amygdalar LTP (Mesches

et al., 1999; Vouimba et al., 2004). Interestingly, whereas the

serotonin reuptake inhibitor tianeptine reverses the detrimental

effects of stress on hippocampal LTP, it fails to prevent

enhancement of stress-induced amygdalar LTP (Diamond et al.,

2004; Rocher et al., 2004; Shakesby et al., 2002). Such

differences may partly account for the fact that stress can result

in powerful, yet inaccurate memories (Metcalfe and Jacobs,

1996).

Finally, chronic stress has some similar hypertrophic effects

on neuronal architecture in the extended amygdala. Using the

10-day, 2-h/day immobilization paradigm, it was shown that

like the BLA, the BNST also increases dendritic complexity

(i.e., branch points; Fig. 34E) as a function of chronic stress,

and tended to increase dendritic length (Fig. 34D), as well,

although this latter effect was not significant. In contrast, no

such effects were obtained in CeA (Vyas et al., 2003). The site-

specific differential responses may indicate a sensitization of

the substrates of anxiety relative to the substrates of fear (Davis,

1998).

With respect to the effects of GCs on neuronal plasticity on

executive versus emotional processing, it appears that stress,

and particularly chronic stress, institutes memorial and

architectural enhancements that favor emotional, or value-

laden responding, whereas GCs tend to be detrimental to

hippocampal and prefrontal-based learning and architecture.
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Fig. 34. (A–E) Facilitating effects of immobilization on neuronal architecture in the extended amygdala and neocortex. Panel A: 10-day immobilization increases

dendritic length in basolateral amygdala (BLA) when measured 21 days after final stress (data adapted from Vyas et al., 2004). Chronic immobilization stress also

increases spinogenesis in BLA dendrites on both primary (panel B) and secondary (panel C) dendritic branches. A single acute immobilization (panel D) also

increases spinogenesis in BLA, but the effects are even greater 10 days after the final stress compared to 1 day later (data adapted from Mitra et al., 2005). Chronic

immobilization stress also increases dendritic branch points (panel E) and slightly enhances dendritic length in bed nucleus of the stria terminalis (panel F; data

adapted from Vyas et al., 2003).
The structural and functional remodeling of the brain by

chronic stress paints a portrait of a thoughtful, flexible, multi-

tasking executive giving way to a more impulsive, anxious,

irritable, and inflexible phenotype operating on potent, but

perhaps inaccurate emotional memories—the transmogrifica-

tion of Prospero into Caliban.

8. The appetitive phenotype revealed by reduced

feeding and stress

Psychologists have worked for more than a century on issues

of learning and motivation, and have used two time-tested

methods to motivate their subjects: food (or, similarly, water)

deprivation and stressors (e.g., footshock, forced swim,

avoidance schedules). Therefore, the vast majority of this

literature involves procedures that have caused major altera-

tions in HPA axis output under the conditions of study. In the

process of discovering, tuning, and repeating the effective

procedures of experimentation to make them reliable and

expeditious, experimenters have indeed found a key: manip-

ulations of the GCs are extremely relevant to issues of motives,

motorics, and memory. In addition, for many studies, that

involve food deprivation and feeding reward during the

experiment, it is not uncommon that the supplemental meal

is given to the animals immediately following a training

session, thereby also instituting a restricted feeding paradigm

that induces resetting of the FEO (Section 2.2.2), and thus
brings about anticipatory peripheral drive states, including

increased HPA axis and autonomic output, and central incentive

preparedness.

Experimental psychology provided the initial clues to the

phenotypic engineering of motive states that result from

elevated glucocorticoids by using food deprivation as a routine

preparatory manipulation that theoretically increases the

motivation to work. Some experiments sought to demonstrate

relationships between the level of drive and the degree of

performance or learning by either attempting to measure drive

directly, or testing hypotheses concerning the ‘‘reward’’ or

‘‘reinforcement’’ value of drive reduction. Learning was

thought to be a consequence of drive reduction. For many, a

reduced food allowance is largely and implicitly entrenched in

appetitive research, so that variability is reduced and results are

hastened, without reference to ad libitum fed controls. We focus

here on food- and water-related, if not purely appetitive

paradigms and the evoked phenotype, because there is little

doubt that aversive paradigms result in averse phenotypes.

Early attempts to measure drive directly came from the work

of Warden (1932) using the Columbia obstruction apparatus.

Animals were deprived of some incentive, such as water, food,

or access to a sexual mate. At night, they were allowed 20-min

sessions in which they could cross an electrified grid in order to

obtain 30 s of commerce with the incentive. For water, the

number of grid crossings rose rapidly from 6 to 12 to 24 h of

deprivation; aversive grid crossings peaked at 24 h, before
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Fig. 35. Effects of ADX and GC replacement on wheel running. ADX severely

retards wheel running relative to shams, and is reversed by corticosterone (B)

replacement via daily injections. Intact rats pair-fed to ADX rats show moderate

increases in wheel running probably due to elevated GCs (data adapted from

Leshner, 1971).
slowly declining over the next 6 days. Similarly for food, grid

crossings increased over first 2 days, remained at a peak until 5

days of deprivation, then slowly declined over the next 3 days.

Grid crossings for access to a sexual mate reached asymptote on

the first day and never declined. Due to the nature of the

competing fear reactions, and notwithstanding the HPA axis

activation probably produced by the shocks, the increases in grid

crossings for food and water were consistent with an increased

tissue need and drive, whereas their subsequent decline in

performance appeared to be due to inanition, because the sex

drive never waned when food and water were freely available

(Warden, 1932). In the 1970s it was shown that water restriction

altered the daily rhythm in corticosterone in rats so that it peaked

just prior to the water-reward trials (Gray et al., 1978; Johnson

and Levine, 1973), and that the same is true for restricted feeding

(Krieger, 1974). Thus, several factors, including repeated

intermittent stress, deprivation, and circadian drive, appear to

have conspired to increase HPA outflow in such studies.

8.1. General activity

Because drive was thought to involve primarily non-specific

energizing effects on behavior, i.e., increases in non-directed

activity, experimenters were quite interested in what they

viewed as non-directed behaviors, such as increases in general

activity, wheel running or exploration that are typically

obtained in impoverished, cue-poor environments. Food

deprivation increases general activity, such as wheel running

(Bolles and Petrinovich, 1956; Reid and Finger, 1955; Wald and

jackson, 1944), and such activity is highly correlated with the

percentage loss in body weight (Bolles, 1963; Moskowitz,

1959; Treichler and Hall, 1962), and particularly protein

utilization (Koubi et al., 1991); low protein diets, which cause

weight loss, also increase activity (Hitchcock, 1928).

It has been known for decades that starvation promotes

substantial sensitization of locomotor activity in rats as it

proceeds (Moorcroft et al., 1971). There is evidence that such

effects are dependent on adrenal activity (Durrant, 1924; Islam

et al., 1995; Richter, 1927). Leshner’s (1971) careful study on

wheel running compared adrenal demedullated, sham-oper-

ated, and pair-fed rats to ADX rats with daily s.c. corticosterone

or vehicle injections. The paired feeding regimen was

employed because of a potential confound between the reduced

chow intake that accompanies ADX. Fig. 35 shows data from

ADX, intact rats pair-fed to ADX, ADX + corticosterone

(5 mg/kg), and sham-operated rats in that study (Leshner,

1971). Corticosterone-replaced ADX rats showed substantial

increases in wheel running across days that were comparable to

intact controls. In contrast, activity in ADX rats was

substantially blunted with little acquisition, whereas the intact

pair-fed shams receiving saline showed intermediate levels, a

moderately facilitating effect that probably depended on

increasing GCs, as the body weight was reduced (Leshner,

1971). This is one of the earlier studies showing a positive effect

of GCs on appetitive structure.

Some have reported that food deprivation decreases

exploration, and these findings are not functionally counter-
intuitive. Unfamiliar environments may produce ‘‘forced’’

exploration, whereas familiar environments allow ‘‘free’’

exploration, or alternatively, differences in anxiety levels.

Under conditions of ‘‘free’’ exploration, food deprivation

decreases the latency of out-of-nest episodes (Bolles and De

Lorge, 1962). Increases in activity may also depend on the

viability of incentive cues. One study reported that the

energizing effect of deprivation depended on available

incentive cues, such as a change in exogenous stimulus

conditions, like lighting, whereas a plain, monotonous

environment did not increase activity (Campbell and Sheffield,

1953). One might fail to find increases in exploration with

deprivation simply because the incentive cues are entirely too

familiar and predictably hopeless, so that the underweight

animal is better off conserving energy.

Although directed behavior is often thought to depend on

reward, deprivation alone without reward provokes efficient

search in rats on an eight-arm radial maze (Timberlake and

White, 1990). Timberlake and White compared the efficiency

of maze search in two groups of food-deprived rats. For one

group, all arms of the maze were baited with a 45 mg Noyes

pellet, whereas for the second group the maze was always

unbaited. A third group was non-deprived and non-rewarded.

Both deprived groups chose a greater number of novel arms in

the first eight choices than the non-deprived group, but the

rewarded group was no more efficient than the non-rewarded

group in choosing novel arms until after 15–18 once-daily

trials. An analysis of adjacent choices revealed that the

efficiency was not based on any simple ‘‘win-shift,’’ or in this

case, ‘‘look-shift’’-type of strategy, because the behavior only

developed slowly across sessions, possibly indicating an

improvement in memorial, rather than algorithmic processes.

Like many phenomena coming from the learning laboratory,

the effect appears to rely on pre-existing abilities that are

recruited by deprivation. ‘‘The major determinants of efficient

maze search are clearly independent of local food reward,’’ the

authors concluded (Timberlake and White, 1990).
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We found a similar effect (Pecoraro and Dallman,

unpublished) with ADX rats that were replaced with varying

doses of corticosterone and allowed to drink sucrose for 5 min

on a plus maze. When freely fed, the animals replaced with

corticosterone showed little interest in drinking sucrose

(<0.5 ml/day over 7 days) in the context of the maze, and

there were no differences in drinking among the groups. We

also estimated the efficiency of maze search by counting how

many of four novel arms they entered, and multiplied this by

how many arms the animals entered before they exhausted all

four arms. An animal entering all four arms in four attempts (4/

4), had a perfect score of 4. Although there was probably a

ceiling effect because of the simplicity of the maze, the high

steroid animals did show increased efficiency, suggesting that

the increased search efficiency that is seen in hungry rats is at

least partly a consequence of high GCs on cognitive systems

and/or path-following behaviors. This is consistent with reports

of differing behavioral strategies that depend on differential

occupation of MRs and GRs (Oitzl and de Kloet, 1992). Thus,

GCs not only modify overall activity, but also influence the

directedness of behavior.

8.2. Evoked behaviors

As mentioned above, hunger and stress can result in

behavioral inflexibility, intractability, or impulsiveness, char-

acteristics that are often displayed by experimental subjects. It

has been customary to refer to responses conditioned by

Pavlovian procedures as ‘‘elicited,’’ implying some particular

skill on the part of the experimenter. By definition, Pavlovian

procedures have no response requirement, and no shaping of the

response, aside from the selection of the stimuli, schedule, and

apparatus. Both the unconditioned and conditioned responses to

a stimulus situation are essentially prepared, or at least self-

organize under reigning stimulus conditions, and perhaps

‘‘evoked’’ is a more appropriate descriptor.

Many interesting evoked behavioral phenomena carry exotic

names reflecting the theoretical surprise with which they were

greeted upon their demonstration, e.g., so-called ‘‘super-

stitious’’ behaviors, which in reality appear to be reliably self-

organizing between-reinforcer, or interim behaviors (Morse

and Skinner, 1957; Skinner, 1992; Staddon and Simmelhag,

1970). Even instrumental procedures can involve evoked bar

pressing for food while free food is provided, a phenomenon

known as ‘‘contra-freeloading,’’ because the animal appears to

work for food when it could just as easily ‘‘free-load’’

(Osborne, 1977). Such self-organizing behaviors frequently

emerge despite explicit response requirements to the contrary,

and include phenomena such as negative sign-tracking (Hearst

and Jenkins, 1974), or autoshaping (Williams and Williams,

1969), and misbehavior (Breland and Breland, 1961; Timber-

lake et al., 1982). Essentially, hungry animals engage in many

species-specific food handling or preparatory behaviors that

delay or prohibit reinforcement under reigning stimulus and/or

response contingencies, and thus ‘‘work to avoid food.’’ Being

thus untrained, difficult to withhold, and frequently maladap-

tive in terms of the homeostatic considerations of the animals,
these behaviors may be considered as not only prepared, but

even obligatory, resembling modal action patterns evoked by

sign stimuli (Gardner and Gardner, 1988). A great number of

these evoked and prepared or self-organizing responses are

sensitive to energy balance.

Deprivation clearly increases the intensity of evoked

responses. The prototypical Pavlovian evoked response, the

ratio of conditioned to unconditioned salivation, increases with

deprivation (Zener and McCurdy, 1939). The skeletal action

pattern of mouse killing by rats is also amplified by deprivation:

non-killer rats become killer rats, and killers become more

intense killers (Albert et al., 1985; Malick, 1975; Russell et al.,

1983). Thus, a fuller phenotype emerges with energy deprivation.

Further, a number of prepared responses show particular

resonances with scheduled reward presentation. Moreover,

certain reward schedules, aimed at stimulating one particular

system induce coupling with other motivational systems and,

hence, ‘‘adjunctive’’ behaviors appear to be dragged along as

‘‘pleiotropic’’ side-effects, that are amplified by deprivation

(Falk, 1966b, 1971). Many of these so-called adjunctive

behaviors appear to have a functional linkage to intermittent

events.

One of these behaviors is schedule-induced polydipsia (SIP).

Food-restricted adult rats presented with intermittent food

pellets on an interval schedule with freely available water often

develop excessive, non-regulatory water drinking (Falk, 1961)

consuming up to 20 ml in a 30 min session (Lopez-Grancha

et al., 2006), or commonly up to 100 ml in a 3 h session

compared to the 10 ml they would drink if provided with the

same number of pellets en masse (Falk, 1961, 1966a). Over-

drinking is only slightly decreased when the rats are pre-loaded

with water. Although feeding and drinking are clearly coupled

in the rat, and drinking could be thought of as a functional

interim behavior, the amounts drunk are excessive. SIP does

resemble interim behaviors that emerge at particular times

between reinforcers (Staddon and Simmelhag, 1970). It peaks

within the first 12 s after pellet procurement on a fixed interval

(FI) 60 s paradigm, before rapidly giving way to increased

locomotor behavior (Mittleman et al., 1992). SIP exhibits a

bitonic function with the optimal interval length for maximal

drinking being around 60 s (Falk, 1971), and thus it appears to

exhibit some sort of resonance with the schedules. SIP is

enhanced by weight loss and is dramatically reduced, if not

abolished, by free-feeding (Falk, 1969; Roper and Nieto, 1979;

Wayner and Rondeau, 1976). CRF appears to have positive

effects on SIP (Cole and Koob, 1994). Such periodic food

presentation is also associated with ever-increasing DA efflux

in the NACC (Church et al., 1987; McCullough and Salamone,

1992), which is probably amplified by the GCs. 6OHDA

(dopamine-depleting) lesions of the NACC impair the

acquisition of SIP (Robbins and Koob, 1980), without affecting

later performance once acquired (Robbins et al., 1983).

Removing adrenals from rats halfway through the acquisition

period leaves SIP at pre-ADX levels (Mittleman et al., 1992).

Thus, adrenocortical activity and central CRF and DA-ergic

activation are involved in aspects of the acquisition and/or

maintenance of SIP that also appear GC-dependent.
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Despite the demonstrated involvement of adrenal activity in

SIP, the nature of that involvement remains controversial. A FI

30 s schedule that was shown to produce SIP in one group of

rats was correlated with greater adrenal activity in food-

deprived controls unable to engage in drinking (Lopez-Grancha

et al., 2006). Because endogenous corticosterone is inversely

correlated with SIP (Mittleman et al., 1988), and post-session

levels of corticosterone are lower than pre-session levels, some

have argued that SIP is a coping response to frustrating intervals

of non-reward (Brett and Levine, 1979; Levine et al., 1979).

This view finds support with physiological measures of arousal

(Mittleman et al., 1990). Others have argued that adrenal

activity modulates SIP, based on finding an increase in

corticosterone when water was available on a fixed time (FT)

60 s compared to when it was not (Mittleman et al., 1988).

Further discrepancies with respect to adrenal function

during SIP exist, but another issue may be critical for the

interpretation of future studies. Though it seems unlikely that a

FI 30 s or FT 60 s using 45 mg chow pellets will entrain the

FEO in shorter sessions, based on known caloric thresholds for

FAA, any post-session supplemental feedings certainly would

entrain the FEO; thus, these would have consequences for the

corticosterone response before and after SIP sessions. Even

though endogenous corticosterone is inversely related to SIP, it

appears to be necessary for the response, because ADX prior to

learning attenuates the development of SIP in a corticosterone-

reversible fashion (Cirulli et al., 1994). Reduced adrenocortical

output favoring the coping hypothesis is difficult to assess,

primarily because it is seldom reported when the supplemental

meals are given or at what threshold session-obtained food will

reduce corticosterone output in food-deprived rats, or whether

food alone or food plus water are required to reduce

corticosterone in hungry rats anticipating meals. Presently,

further information is required. Studies that have manipulated

CRF, DA, and GCs, point to an interpretation of ‘‘sensitized

evocation,’’ whereas measurement of GCs when animals are

engaged in consummatory activity point to the ‘‘coping’’

hypothesis. Regardless of one’s view, SIP is empirically a GC-

dependent process.

Another motivation that is sensitive to schedules and

deprivation is aggression. Schedule-induced aggression (in

pigeons) that results from periodic food presentation also

increases with the degree of deprivation (Dove, 1976). It is

unclear if freely feeding animals would show it, as they were

not included in that study. Schedule-induced aggression may be

related to the more general finding that food deprivation or the

thwarting of food expectancies increases aggression generally

toward conspecifics (Lore et al., 1986). Attacks upon passive

‘‘dummy’’ animals are particularly vicious (Azrin and

Hutchinson, 1967). Schedule-induced aggression has also been

shown to occur in rats, monkeys, and humans (Azrin et al.,

1968; Fredricksen and Peterson, 1977; Hutchinson et al.,

1968a,b). Other schedule-induced phenomena in rats include

wheel running (Collier and Levitsky, 1968), and air-puff

‘‘drinking,’’ (Hendry and Rasche, 1961; Treichler and

Hamilton, 1967). Like SIP, schedule-induced attack shows

properties of interim behaviors, and appears commonly in
animals on interval schedules, predominantly after food

delivery and ingestion (Flory and Smith, 1983).

Schedule-induced aggression is interesting not only because

of its potential functional value in competitive feeding

situations, but because stressors seem to strongly promote

aggression in many species, including humans (Barnett et al.,

1991; Tardiff, 1992). In rats, interference with the actions of

ACTH or of corticosterone inhibits aggression (Haller et al.,

1996; Kruk et al., 2004) and this inhibition is reversed by

supplying exogenous corticosterone (Mikics et al., 2004).

Stimulation of the hypothalamic attack area results in HPA axis

activation in intact rats, even in the absence of an opponent, and

replacing ADX rats with corticosterone rapidly reduces the

electrical thresholds for stimulated attack (Kruk et al., 2004).

Thus, aggression could exhibit positive feedback properties

with stress, which may have functional value in cases where

contests escalate, such as competitive foraging in areas where

food becomes scarce. Such an interpretation is consistent with

the observation that some schedules of food presentation, either

by resonating with appetitive structure and/or by becoming

leaner schedules, stimulate the HPA axis and corticosterone

(Coover, 1983; Coover et al., 1971a; Levine and Coover, 1976;

Lopez-Grancha et al., 2006), which can rapidly (Cook, 2002,

2004) elevate brain CRF and DA levels.

Another evoked behavior, Pavlovian autoshaping occurs

when an animal trains, or ‘‘shapes’’ itself to make a response

(Brown and Jenkins, 1968), such as bar pressing, when a

conditioned stimulus, such as insertion of the bar, is paired with

food. Bar ‘‘pressing’’ (often biting and tugging at it, if the bar

affords this) self-organizes reliably, without explicit shaping of

the response by the experimenter using the method of

successive approximations (hence ‘‘autoshaping’’) even though

no response requirement exists, and responding does not affect

outcomes (hence Pavlovian). When rats are required to

withhold responding in order to obtain the next pellet, they

have difficulty doing so, apparently because occasional food

presentations re-ignite responding (Williams and Williams,

1969). Autoshaping also depends on timing, and is clearly

amplified by deprivation (Campbell and Carroll, 2001). The

acquisition of autoshaping by rats is accompanied by elevated

corticosterone concentrations (Tomie et al., 2002), suggesting a

contribution of GCs to this behaviour, as well.

8.3. Eating

One obvious sequel to food deprivation or weight loss due to

restricted feeding is an increase in food intake when the

opportunity arises. The duration of deprivation (or weight loss)

increases the proportion of time that is allocated to remaining in

proximity to the feeding area, even when other activities are

available (Allison and Rocha, 1965; Timberlake and Birch,

1967), decreases the latency to eat (Bolles and De Lorge, 1962),

and increases meal size (Dufort and Wright, 1962), although it

may not always correlate with next meal size (Le Magnen and

Tallon, 1963).

GCs facilitate saccharin (Bhatnagar et al., 2000), lard (La

Fleur et al., 2004), and sucrose (Pecoraro et al., 2005b) intake,
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Fig. 36. Intake of sucrose in once daily 5 min sessions in rats restricted to 85%

free-feeding weights. One group drank 32% sucrose for 12 days prior to being

shifted to a 4% solution for 2 days (32-4), whereas two unshifted controls drank

either 32% sucrose only (32-32) or 4% (4-4). The suppression of intake by the

shifted group is called a negative contrast effect, and indicates that although 4%

sucrose is normally reinforcing, it is actively rejected if the animals has

experience with a preferred concentration, indicating that incentive value is

relative to previous experience.
and each of the central incentive networks downstream of GCs

(see Fig. 31), particularly DA, NE, and EOPs, are likely to play

roles in various aspects of both appetitve and consummatory

amplification. Although CRF is usually found to be antag-

onistic toward feeding (Ciccocioppo et al., 2003a; Smagin

et al., 1999), this view is not monolithic, and some studies

indicate that CRF (type 1 receptor) agonists increase chow

intake at low doses, whereas receptor antagonists inhibit chow

intake induced by tail pinch stress (Samarghandian et al., 2003).

Furthermore, a positive role for CRF has also been shown in

studies of the reinstatement of palatable food-seeking following

yohimbine-induced stress (Ghitza et al., 2005). Moreover, CRF

injected into the NACC shell promotes motivation for sucrose

(Pecina et al., 2006). Such findings should not be surprising

given the capacity of CRF to stimulate other pathways, as well

as the general overlap among neuromodulatory systems.

Thus, the behavioral phenotype appears to be very similar

under conditions when glucocorticoids are known to be

elevated: during stress, negative energy balance, and exogen-

ously administered GCs. There appears to be a general

amplification of ‘‘drive,’’ locomotor behaviors, and evoked

responding under these conditions. While much of our

discussion has focused on the role of stress, hunger, and

GCs on the amplification of evoked responding, parallels exist

in instrumental behavior, as well (see Bolles, 1975), as will be

seen later in the section devoted to self-administration. The

emphasis on evoked behaviors in this section was intentional, as

pre-organized behavioral and motivational ensembles may be

viewed as the building blocks of other forms of behavior. By

extension, their amplification by stress, hunger, and GCs

indicates that these variables act upon a core, primary, or

species-specific phenotype, perhaps summoning this phenotype

particularly under conditions of stress.

9. Incentive relativity with normal incentives

Incentives are evaluated in relation to one another.

To establish a normative basis with respect to how stress

might promote a runaway sensitivity to or evaluation of

incentives, we have been investigating a microcosm of

adaptation that results from incentive relativity processes

under conditions of natural reward. The term ‘‘negative

contrast’’ refers to abrupt alterations in motor outputs when

animals are shifted from more- to less-preferred rewards. One

standardized procedure involves the use of different concen-

trations of sucrose. Fig. 36 shows the intake of sucrose solutions

in brief, 5-min, once daily sessions in three groups of food-

restricted rats with time. One group drank 32% sucrose for 12

days before being shifted to a 4% solution during the last two

sessions. Two unshifted control groups drank 32% or 4%

sucrose throughout the experiment. As is often the case, the 4%

group drank nearly as much solution as the 32% groups,

showing its acceptability. On the day of the first shift to 4%, the

shifted group strongly inhibits intake relative to controls, vastly

undershooting the intake levels of the 4% sucrose control. Thus,

4% sucrose that is otherwise normally acceptable is rejected if

the rat has had experience with a preferred solution. The term
‘‘negative contrast’’ derives from this undershooting, and may

be considered analogous to perceptual contrast, e.g., as occurs

in the visual system walking from a bright garden into a dark

basement, except that the phenomenon is based on memorial,

rather than sensory adaptation. By the second day after the shift

in solution concentration, there is some recovery of the

suppression in intake, and the recovery continues for several

days until the shifted animals re-achieve control levels of

intake.

Such contrast effects are asymmetrical in that shifting an

animal in the opposite direction from 4% to 32% sucrose only

elicits mild, if any positive contrast (reviewed in Flaherty,

1996). Going from better to worse evokes much more

‘‘depression’’ than going from worse to better evokes

‘‘elation.’’ The suppression of intake by concentration

reductions is accompanied by a suite of search behaviors,

including nose-down whisking locomotion, sampling of other

food sites, and orienting responses. The search behavior is

directed as shown by a preference to search in the original target

location only when the target location is predictable (Pecoraro

et al., 1999). In addition, physiological adaptations occur

following the shift to the 4% solution that depend on the day of

the shift. In Fig. 36 it is clear that some recovery of drinking

occurs by the second day after the shift. Fig. 37 shows

adjustments in visceromotor output between the first and

second days of the shift to 4% sucrose. Panel A (redrawn from

Flaherty, 1986) shows adrenocortical output in the minutes

following the shift on the first and second days for one shifted

group and two unshifted controls. Adrenocortical output

increases in the shifted group on the second, but not the first

day relative to controls (Flaherty et al., 1985; Mitchell and

Flaherty, 1998). Panel B shows data for body temperature only

in shifted animals between the preshift baseline period and the
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Fig. 37. Daytype-specific alterations in two motor outflows following a shift

from 32% to 4% sucrose. Panel A shows an increase adrenocortical output in

shifted animals (32-4) only on the second day of the postshift period compared

to two unshifted controls (data were adapted from Flaherty et al., 1986). Panel B

shows successive adaptation in temperature output in shifted animals across

three 6 h periods after drinking sucrose, including the final preshift ingestion of

32% sucrose and the 2 subsequent days of drinking 4% sucrose. On the first shift

to 4% sucrose, rats show a 2 h temperature burst compared to their preshift post-

ingestive profiles. By the second day of drinking 4% sucrose, this response has

normalized, and the animals cannot rescue body temperature during the light

period without 32% sucrose. Along with similar daytype specific changes in

somatomotor output and pharmalogical profile, the data indicate a massive one-

trial learning episode concerning the governing of energy policy. Data adapted

from Pecoraro and Dallman (2005).
first and second postshift days (Pecoraro et al., 2003). When

rats were shifted from 32% to 4% sucrose, they exhibited a

substantial increase in body temperature between the first and

second hour after drinking relative to the preshift levels, and

this elevation persisted for up to 6 h relative to their response on

the second day after the shift that also lacks the initial burst.

Pharmacologically, many agents that are effective in reducing

contrast, e.g., benzodiazepines, are effective on the second, but

not the first day of the shift (Flaherty, 1996). In sum, all lines of

evidence indicate that an important, one-trial learning process

occurs as a result of the first thwarted food expectancy that

recruits or optimizes a new energy policy. Although incentive

relativity effects occur weakly in freely feeding animals, they

are amplified by food restriction, again suggesting interactions

with elevated GCs.

9.1. GCs and incentive drive

To further test whether GCs influence incentive relativity

effects, we employed the negative contrast paradigm described

above in adrenalectomized rats with varying levels of
corticosterone replacement on a four-arm radial maze. The

subcutaneous replacement pellets were 100% cholesterol

(ADX 0), 30% corticosterone (ADX 30), 80% corticosterone

(B, ADX 80), or the animals were sham ADX (Sham). Animals

were placed on the center platform in a holding pen, and were

then allowed to freely traverse the maze for 5 min and drink a

32% sucrose solution baiting one of the four arms. After some

period of acquisition they were shifted from the 32% to a 4%

sucrose solution for 2 days. Our model predicted that sucrose

intake during the preshift period, intake suppression during the

postshift, and postshift location changes would all vary dose-

dependently with corticosterone (B). In addition, it predicted

that remodeling of energy toward adipose tissue would occur

with increasing corticosterone.

By the end of the experiment, insulin and relative adiposity

were positively and dose-dependently related to corticosterone

replacement levels (not shown), indicative of peripheral

remodeling. Fig. 38A shows sucrose intake in 2-day blocks

for each group during the last 2 days while drinking 32%

sucrose, when they had achieved 85–90% of initial body

weight, and the first 2 days after provision of 4% sucrose. The

dose-dependent stimulation of sucrose drinking by steroid

replacement is very similar to what we saw previously when

saccharin solutions were used (Fig. 16). Following the shift to

4% sucrose, all groups suppressed their intake substantially

(Fig. 38A), as is typical when consummatory contrast effects

are explicitly demonstrated by the use of unshifted controls. We

examined the amplification of the contrast-like effect by

comparing the difference between terminal preshift and

postshift drinking between groups. Fig. 38B shows these

difference scores that indicated a dose-dependent increase in

contrast-like effects (relative intake suppression) as the steroid

dose increases. Again, ADX 80 is indistinguishable from Sham.

Although this appears to be an amplification of incentive

contrast, it is possible that the effect was derived purely from

the elevation in preshift drinking, rather than some effect on

comparator mechanisms or emotional reactions to the

unexpected solution. On the other hand, it remains possible

that postshift intake represents a floor effect that obscures

effects of the steroid. It may be possible to test this latter

hypothesis by reducing the concentration disparity of the

postshift solution to alleviate the magnitude of suppression that

typically covaries with concentration disparity.

In addition to effects on physiological remodeling, sucrose

intake, and consummatory contrast-like effects, corticosterone

replacement also appeared necessary for postshift search

behaviors. Fig. 39A shows locomotor responses to the shift for

each group during the terminal preshift and the first postshift

session. While there were no differences in locomotor activity

during the preshift, the increase in postshift locomotion, was

entirely corticosterone-dependent, but not dose-dependent,

suggesting the sufficiency of MR occupancy for this response.

As previous studies have shown that this increase in locomotor

behavior is accompanied by orienting and sampling behaviors

resembling search (Pecoraro et al., 1999), we also tested

whether this increase in corticosterone-dependent locomotion

resulted in an increase in dwell time and entries to all other
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Fig. 38. Intake of sucrose solutions in corticosterone (B)-clamped rats and sham ADX. B dose-dependently increased intake of the 32% preshift sucrose solution,

whereas it did not alter drinking of the 4% postshift solution (panel A). Panel B shows the change in intake following the shift to 4% sucrose, and suggests that B may

dose-dependently enhance incentive relativity effects. Note the parity between high steroid rats and food-restricted shams. Data adapted from Pecoraro et al. (2005b).
platforms of the maze. Fig. 39 also shows the change in dwell

time (panel B) and entries (panel C) to each platform, including

the target platform compared to the average non-target

platform, between preshift and postshift sessions. Whereas

cholesterol replacement resulted in no change in time or entries

to other platforms, corticosterone replacements (and sham

surgery) all led to increased time and entries to all non-target

platforms, suggesting that the corticosterone-dependent loco-

motion resulted in systematic search.

Taken together, these data show the pervasive, system-wide

effects GCs have on metabolic remodeling and appetitive

structure. Such steroid replacement strategies appear to result in

a largely dose-dependent kind of phenotypic remodeling.

Steroid replacement not only resulted in dose-dependent

remodeling of energy stores toward fat (not shown), they also

dose-dependently amplified sucrose intake and contrast effects,
Fig. 39. (A–C) The effects of corticosterone (B) clamps on preshift and postshift loc

changes were observed. During the shift to 4% sucrose, increases in locomotor behavi

of activity during the postshift on a four-arm maze as a function of B replacement. Pan

target platform (TP), and increased time on the average non-target platform. Panel C

animals only. Rats without B (ADX 0) did not show such systematic search. Data
and corticosterone was required for the typical, reflex-like

evocation of search behavior following the reduction in sucrose

concentration. Thus, corticosterone biases the phenotype

toward a state of greater metabolic efficiency peripherally,

while centrally it facilitates consummatory and appetitive

functions.

9.2. GCs and memory for food

One ambiguity that often arises from deletion and

replacement studies is that they frequently do not determine

whether an outcome occurs as a consequence of GC effects on

ongoing performance, per se, or whether it is the result of

enhanced learning that carries forward into later performance.

If one observes enhanced performance only while the steroid is

elevated, then such transience would indicate effects on
omotor behaviors. Panel A: During the final preshift, no differences in location

or (location changes) was completely B-dependent. Panels B and C: Distribution

el B shows that B replacement and Sham ADX resulted in decreased time on the

shows that entries to the average non-target platforms increased in B replaced

adapted from Pecoraro et al. (2005b).
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ongoing performance alone, e.g., an increase in the salience of

ongoing stimulation. However, if a GC elevation enhanced

performance relatively permanently, even in its later absence,

then a case can be made for the involvement of memorial

processes, e.g., sensitization or associative learning processes.

The importance of this issue is obvious, for at least two reasons:

(1) cues associated with prior stressors may trigger stress-

related central networks in the absence of elevated stress

hormones, or (2) a single stress-related experience could

permanently sensitize a stress-related behavior such that it

never returns to its original state. Thus, a propensity to engage

in palatable feeding may depend on either a concurrent

elevation of steroid, a triggered memorial event, permanently

sensitized states, or some combination of these.

Few studies have examined the role of GCs in learning of

natural appetitive rewards. An interesting older study claimed to

show a dexamethasone-reversible saccharin aversion following

ADX (Silva, 1977). However, this ‘‘aversion’’ failed to

materialize in animals that experienced the saccharin solution

before ADX, suggesting that some sort of consolidation process

had occurred during the initial presentation of saccharin that

carried over into later experience in the absence of steroid.

As an initial test to distinguish between effects of memory

and performance in the contrast paradigm, rats were ADX and

given pairings of corticosterone injections (666 ml/kg or

equivolume vehicle) known to produce stress levels of plasma

corticosterone with presentation of a 32% sucrose solution.

They were then later tested for sucrose drinking in the absence

of steroid to avoid any potential performance effects of elevated

steroid during testing. In addition, to test whether there was an

effect of trial frequency, i.e., the number of learning

experiences, rats were given 0 (unpaired), 1 (1P), or 3 (3P)

pairings of corticosterone and sucrose. On days when

corticosterone and sucrose were unpaired, only one or the

other agent was presented, and one day intervened between

further presentations. Sham ADX rats received three presenta-

tions of sucrose and saline injections. Intake was limited to

avoid differences in intake. Two days after training a testing

period commenced consisting of once daily access to 32%

sucrose for 5-min for 12 days, followed by 2 days of access to

4% sucrose as a further test for contrast effects.
Fig. 40. Effect of pairings of subcutaneous corticosterone (B) injections and 32% suc

compared to shams. Panel A shows that a single pairing B of and sucrose drinking

animals drank 32% sucrose. Panel B shows that the suppression of intake following t

Pecoraro et al. (2005a).
Fig. 40A shows intake of 32% sucrose on the first test and the

final session in which 32% sucrose was available. The first test

day is critical to measuring memory based on training alone,

insofar as there have been no further intervening training trials.

On this ‘‘virgin’’ test, the group that had received a single

pairing drank more sucrose relative to other groups. The low

intake by Shams may be attributable to their basal corticoster-

one levels at this time of day, and their free-feeding status,

whereas the intake advantage conferred by the single pairing

can only be attributed to the pairing regimen itself in the

absence of any performance effects of corticosterone. All

groups increased sucrose drinking on the succeeding days, and

by the final session, the 1-pairing group still retained an

advantage over the sham ADX rats and the ADX rats receiving

unpaired presentations of sucrose and corticosterone during

training, but did not differ from the group that had received

three pairings during training.

Fig. 40B shows the suppression of intake upon receipt of 4%

sucrose in the postshift phase as difference scores, i.e., postshift

intake minus terminal preshift intake. Again, there was greater

suppression of intake by the 1-pairing group than by the other

ADX rats, but in this case the Sham ADX rats were similar to

the 1-pairing group. Thus, contrast effects, presumably due to

enhanced encoding and expectancy of 32% sucrose were also

amplified by the single pairing, despite their temporal

remoteness from original training.

This experiment revealed that the effects of corticosterone

on memory can be complex. Clearly, the memorial effect was

dependent on the pairing of sucrose and corticosterone, and this

could imply either associative or non-associative processes.

The effect was also frequency dependent, in that the

strengthening of memory by the single pairing appeared to

be largely revoked, at least in early testing, by multiple pairings.

Loosely related examples of memory impairment by repeated

elevations of GCs can be found in studies wherein acute stress

facilitates (Goosens and Maren, 2002; McKernan and

Shinnick-Gallagher, 1997; Rodriguez Manzanares et al.,

2005; Rogan et al., 1997), whereas chronic stress impairs

cognitive function (Starkman et al., 1992; Wolkowitz, 1994),

brain plasticity (Cook, 2004; Wellman, 2001), the expression of

cell adhesion molecules (Sandi and Loscertales, 1999), and
rose solutions during training on later drinking performance in the absence of B

increased intake on the first and last days of the preshift training period when

he shift to 4% sucrose was also amplified by a single pairing. Data adapted from
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various in vitro neuronal correlates of learning (Foy et al., 1987;

Kim and Diamond, 2002). One might also consider that

retrieval deficits brought on by the GCs themselves (Roozen-

daal, 2003) during repeated pairings might have interfered with

reconsolidation on subsequent trials (Amorapanth et al., 2000).

One also cannot rule out the possibility that there was a relevant

procedural difference, namely that the contexts of sucrose

drinking differed for the pairing groups between training and

testing, potentially resulting in differences in retrieval or

proactive interference, but this has yet to be explored.

These initial results on the efficacy of GCs to influence

memories for natural rewards highlight many procedural and

theoretical issues of learning and performance that may interact

to influence GC-dependent learning, expectancies, and reward

relativity. The findings suggest that GCs influence not only

appetitive performance, but appetitive memory as well, and that

these memories carry over into performance over remote

intervals to influence the comparison of incentive value, even

after a single trial.
Fig. 41. c-Fos immunoreactivity following the first and second days after the shift

drinking 32% (32-32) or 4% (4-4) sucrose throughout. Freely feeding, room contro

‘‘postshift’’ days c-Fos responses occurred in rats drinking 32% sucrose in the nucleu

B), and the supraoptic nuclei (SO; panel C) whereas rats shifted to 4% and unshifted

Bottom right: A hypothetical circuit diagram (panel D) of brain regions activated by d

primarily brainstem regions involved in palatable feeding and parasympathetic activa

central nucleus of the amygdala (CeA), and paraventricular (PVHmg) and supraopti

Pecoraro and Dallman (2005).
9.3. Expectancy, incredulity, and recovery

To examine brain structures activated by sucrose shifts that

may underlie the observed alterations in somatomotor,

neuroendocrine, and autonomic outputs, we compared the

effects of an incentive shift on c-Fos expression in shifted (32-

4%) and unshifted (32-32% and 4-4%) controls on the first

(Shift 1) and second (Shift 2) days after exchanging the 32%

sucrose solution for a 4% solution (Pecoraro and Dallman,

2005). Rats were food deprived to 85% of their free-feeding

weights and drank the preshift solutions for 12 days before

being shifted (or not shifted) to their postshift solutions. Half of

the rats from each group were killed 1 h after Shift 1, whereas

the other half were killed 1 h after Shift 2.

Two major patterns emerged. Fig. 41 shows the pattern of c-

Fos activation in three structures, the NTS (panel A),

parasubthalamic nucleus (PSTN; panel B), and the supraoptic

nuclei (panel C) in the groups drinking 32% sucrose on both

days compared to unshifted 4% drinkers and shifted animals.
from 32% to 4% sucrose in shifted animals (32-4) and two unshifted controls

ls (RC) that were not given sucrose are shown for visual comparison. On both

s of the solitary tract (NTS; panel A), the parasubthalamic nucleus (PSTN; panel

4% controls do not. The same pattern occurred in a few other brainstem areas.

rinking a calorically rich and hypertonic 32% sucrose solution includes minimal,

tion, such as parasubthalamic nucleus (PSTN) and the dorsal vagal complex and

c (S0) magnocellular neurons controlling fluid homeostasis. Data adapted from
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Untouched, freely feeding room controls (RC) are included for

reference. Essentially identical activation of c-Fos emerged in

the dorsal motor nucleus of the vagus, PVN magnocellluar

neurons, and there was partial activation in CeA. Thus,

receiving an expected and calorically substantial 32% sucrose

solution primarily activated a few brainstem regions involved in

palatable taste (Glass et al., 1999, 2000), visceral feedback (Fox

and Powley, 1992; Powley, 2000; Powley et al., 2001), fluid

homeostasis (Grinevich et al., 2001; Renaud et al., 1987;

Rinaman et al., 1997), and parasympathetic activation

(Berthoud and Powley, 1991, 1992; Goto and Swanson,

2004; Jarvinen and Powley, 1999). Fig. 41D shows a diagram of

pathways activated by the expected 32% sucrose solution.

In contrast, thwarting the expectancy of receiving 32%

sucrose by reducing sucrose concentrations to 4% resulted in c-

Fos activation in vastly different brain areas in different

temporal patterns. Subjects shifted from 32% to 4% sucrose

showed much more extensive, but selective activation that

ranged from cortex to cerebral nuclei (striatum and pallidum) to

brainstem, and this activation was almost exclusively observed

on only the first, but not second shift day. Cortical areas of

activation included the insular and cingulate cortices that are

likely to be involved in initial taste comparison (Cechetto and

Saper, 1987; Shi and Cassell, 1998) and conflict processing

(Van Veen and Carter, 2002), and the fronto-temporal system,

involving the orbital cortex and basolateral amygdala, which

has been implicated in learning about changing reward values

(Balleine and Dickinson, 1998, 2000; Schoenbaum et al., 1998,

2003). In all cases, the robust fos-like-immunoreactivity (FLI)

seen on Shift 1 was absent on Shift 2, consistent with evidence

for rapid (1-trial) changes in all major motor outputs mediated

by an abrupt change in expectancy.

Fig. 42A–D shows that the same patterns of c-Fos activation

occur in structures likely to be involved in motor output
Fig. 42. A sample of successive descending brain regions involved in visceromotor o

day of the shift include the medial prefrontal cortex (panel A), lateral septum (p

hypothalamus (panel D), indicating a one-trial learning phenomenon likely related t

Pecoraro and Dallman (2005).
processing using representative regions from each major

successive descending brain division, including mPFC, LS,

BNST, and DMH. See Pecoraro and Dallman (2005) for a

comprehensive list of structures activated for each group by day

of activation. Note that in contrast to the group drinking 32%

sucrose, which showed FLI in the same regions on both days,

the shifted group shows FLI almost exclusively on the first day

of the shift, which encompassed all major divisions of brain.

Fig. 43 shows a diagram of a potential processing block that

includes known connections between brain levels that are likely

candidates to mediate top-down control over changes in

visceromotor output. Please note that at the pre-motor output

level, all three nuclei that showed significant c-fos activation,

including the parastrial (PS), anterodorsal preoptic (ADP), and

DMH, are all nodes of Thompson’s and Swanson’s (2003)

putative HVPG (Thompson and Swanson, 2003). We have not

yet determined which specific structures require GCs for their

involvement in GC-dependent learning or performance issues,

and as of this writing, we have only begun investigating

whether, as we expect, GCs are influencing adaptive changes in

motor outputs on successive shift days as animals recover to

control levels of drinking.

In summary, although GCs have long been known to manage

peripheral energetics, our initial studies indicate that they have

equally profound effects on the brain’s governance of

energetics, influencing both consummatory and appetitive

structure, and having effects on memorial systems, as well.

Most of these effects of GCs appear to incline the animal toward

greater engagement with appetitive incentives, by being

permissive of, or amplifying engagement, and perhaps by

amplifying the perception or responsiveness to the relative

reward value of incentives. As we have repeatedly shown

throughout this review, GC-dependent processes also include

suites of somatomotor, neuroendocrine and autonomic out-
utput activated by shifts from 32% to 4% sucrose on only the first but not second

anel B), bed nucleus of the stria terminalis (panel C), and the dorsomedial

o alterations in motor output by the second day of the shift. Data adapted from
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Fig. 43. A hypothetical diagram of top-down control over visceromotor

adaptation following a shift from 32% to 4% sucrose based on c-Fos data

and arranged according to Swanson’s (2000) global view of triple-descending

anatomy and fast transmitter function that include excitatory glutamatergic

transmission from cortex and two descending inhibitory GABAergic inputs

from striatum and pallidum to brainstem pattern generators. See text for details.
flows. It is very likely that the adaptive dynamics of these

outflows, particularly as they are integral to incentive, and

altered by memorial processes, are also to some degree

dependent on elevated GCs. It is unclear to what extent such

effects obtain equally under conditions of hunger, stress, or

artificially elevated steroid. In some cases, such as stress-

induced palatable feeding, it appears that stress-induced

amplification of appetitive value can occur despite, or even

because of the concurrent evocation of aversive states.

Although GCs appear to promote fairly broad drive states,

the generality of GC-dependent drive, or the dominance of

particular drive states under any particular circumstance, will

require a great deal of further study, but GC-dependent drive

clearly interacts with incentive relativity effects.

10. Stress, hunger, and supernormal incentives

In the realm of natural selection, sensory biases for certain

forms of stimulation have been routinely exploited by

conspecifics, predators, and prey for selfish purposes, as in

the cases of sexual selection for certain traits, such as the

peakcock’s exotic plumage, and the aggressive mimicry of

firefly sexual signaling by different species for the purposes of

predation (Lloyd, 1965). In a related type of exploitation,

supernormal incentives are stimuli artificially exaggerated in

some dimension that call forth preferred or exaggerated

responding. Behavioral examples include male beetles pre-

ferring to mate with shiny orange beer bottles rather than

female beetles, butterfly preferences for impossible color

saturations or wing flicker rates, and the oystercatcher’s

preference to brood over impossibly large eggs (Gwynne and

Rentz, 1983; Tinbergen, 1951).

Some types of stimulation that bypass normal sensory

transduction pathways to directly stimulate the brain may also

be considered supernormal incentives, including drug and
electrical brain stimulation, insofar as they produce addictive

behaviors. By definition, addictive behaviors involve high

motivation for procurement and use, difficulty limiting

voluntary use, and continued use despite negative side-effects

(Association, 1994; Volkow and Li, 2005). The fact of

addiction strongly implies that drug-related incentives become

over-valued relative to other normal incentives. One of the

most compelling lines of research relating HPA axis activation

to the induction or amplification of central incentive motive

states generally concerns manipulations of hunger, stress, or

GCs on addictive responding. Evidence to date strongly

implicates the HPA axis in the progression from the drug-naı̈ve

phenotype to the drug-dependent, drug-sensitized, compul-

sively self-administering, and drug-relapsing phenotype. Like

many reinforcers, drugs of abuse stimulate the HPA axis, but

also directly stimulate central incentive networks, without

providing the usual shut-off mechanisms, such as satiety

signals. The synergy between direct stimulation of central

pathways by drugs and the amplification of these processes by

stressors and glucocorticoids appears to result in the drug-

sensitized phenotype. In the process, the drug-sensitized

phenotype appears to become cross-sensitized to stressors,

resulting in further mutually stimulating feedback loops,

which can lead to the runaway process of ever more

compulsive drug use.

10.1. Drug sensitization

10.1.1. Behavioral sensitization

Repeated administration of psychostimulants, particularly at

intervals longer than a day, frequently enhances subsequent

drug-induced bouts of locomotion, a process referred to as

behavioral sensitization (Kuczenski and Segal, 2001; Kuc-

zenski et al., 1997; Robinson and Becker, 1986). Findings

regarding the role of adrenal steroids in this phenomenon are

more variable for chronic than for acute administration, perhaps

due to changing GR levels in brain over time (Shilling et al.,

1996), or perhaps for procedural reasons. Rivet et al. (1989)

gave rats three injections of amphetamine over 6 days, with

ADX occurring between the first and second injections.

Supplemental corticosterone injections were given in the

evenings to otherwise normalize the rats metabolically. ADX

rats showed decreases in sensitization relative to shams, and

this was reversed by dexamethasone (Rivet et al., 1989).

Curiously, sensitization may be blunted when injections are

given in the home cage (Badiani et al., 1995a,b,c), suggesting

some potential roles of novelty, contextual cues, and perhaps

stressors (Piazza et al., 1990a,b). In contrast to the Rivet study,

using amphetamine in a comparison of home cage controls to

rats in a novel compartment, Badiani et al. (1995a,b,c) found

that both home cage and novel cage animals became sensitized,

with rats in novel compartments showing greater absolute

responses than rats in home cages. However, there was no effect

of ADX on sensitization, per se, as both groups increased

activation over days. In short, there were clear ADX-induced

reductions in overall activation on three different behavioral

measures, but sensitization remained evident.
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In contrast to the Rivet study, only one of the Badiani et al.

studies included nocturnal availability of corticosterone in the

drinking water, and there were probably differences in the

metabolic derangement due to ADX. Similar to Rivet et al.,

however, Badiani et al. provided a DA agonist to adrenally

intact animals prior to ADX. Badiani et al. used an

apomorphine screen in adrenally intact animals prior to

ADX to test for rotational behavior following unilateral DA

denervation. Potential carryover effects of the initial pairing of

the DA agonists and a presumed adrenal responses seem

problematic for and unequivocal demonstration of the lack of

effect of GCs on sensitization, given that one-trial learning is

mediated by GCs. A single training trial in rats with adrenals

could have lasting consequences for the later development of

sensitization, such as is seen in SIP; pretreatments with

stimulants are in any case known to facilitate later sensitization

(Horger et al., 1990; Piazza et al., 1989; Pierre and Vezina,

1997; Valadez and Schenk, 1994), and self-administration

(Woolverton et al., 1984). Overall, with any countervailing

exceptions mentioned above, there appears to be remarkably

strong evidence for a role of glucocorticoids in sensitization of

locomotor activity to psychostimulants (Deroche et al., 1995,

1993, 1992; Deroche-Gamonet et al., 2003; Marinelli et al.,

1998b; Piazza et al., 1990a).

Administration of morphine to rodents also results in bouts

of locomotor activity, but sensitization has been less studied

with opiates than with psychostimulants. To test whether

chronic stress potentiates morphine-induced locomotion, Stohr

et al. (1999) gave intact rats daily restraint, brief handling, or

repeated social stress for several days, and then gave a

challenge dose of morphine several days later. Following

repeated restraint (or not), saline-injected controls responded

minimally, whether they were restrained or basal, whereas

morphine-treated animals showed robust locomotor activation,

which was significantly amplified at lower doses of morphine

by prior restraint, although the differences were obliterated at

the highest dose, probably by its sedating effects. Thus, only the

excitatory limb of the morphine dose-response was affected by

stress. Brief handling and social stress also increased locomotor

responses to morphine. Similarly, both repeated DEX admin-

istration and implanted corticosterone pellets also increased

locomotor responses to morphine injection (Stohr et al., 1999).

When morphine is injected systemically or centrally into VTA,

ADX blunts the locomotor response and this is reversed by

stress levels of corticosterone (Marinelli et al., 1994). Thus, as

with psychostimulants, GCs appear to promote behavioral

sensitization to opioids.

10.1.2. Neuroendocrine sensitization and suppression:

post-traumatic stress disorder?

The nexus of stress, opioids, energy balance, addiction, and

HPA axis function is profound and complex. We have

previously argued that cyclic, escalating morphine adminis-

tration is itself a stressor. Remarkable changes in energy

balance and HPA axis function occur during the course of

intermittent administration and withdrawal from morphine.

Unlike chronic constant morphine exposure via implanted
pellets, which does not activate the rat HPA axis (Eisenberg,

1985; Laorden et al., 2000; Milanes et al., 1997, 1993; Sarnyai

et al., 2001), twice-daily injections of morphine at 12-h

intervals in escalating doses (10–100 mg/kg s.c.) appear to

serve as a potent chronic stressor (Houshyar et al., 2001, 2003,

2004). During the course of a 4-day morphine regimen, body

weight gain is blocked, and chow intake and caloric efficiency

are reduced. Twelve h after the final morphine injection,

morphine-treated rats have markedly elevated ACTH and

corticosterone responses to restraint stress relative to saline-

injected controls (Houshyar et al., 2003). Morphine treated rats

also show increased adrenal weight 12 h after the final

injection. About 36 h after the last injection, morphine-treated

animals undergo a sudden, catastrophic crash in body weight

and caloric efficiency that lasts for about 36 h. This is followed

by a rebound in body weight gain, feeding, and caloric

efficiency.

The panels in Fig. 44 show metabolic and HPA-related

phenomena in rats that received an 8-day escalating morphine

regimen followed by an 8-day withdrawal period. The vertical

dotted line running through the left panels marks the end of

morphine treatment. During treatment, body weight gain stops

(top, left panel), chow intake (mid, left panel) is reduced, and

caloric efficiency (bottom, left panel) decreases. Following the

energetic crash in morphine-treated animals at 2 days, chow

intake recovers, and growth and caloric efficiency rebound to

values above those of the saline-injected controls.

Interestingly, the HPA responses of morphine-treated animals

tested a day before the crash (12 h after the last injection) and

following the recovery (8 days after the last injection) differ

remarkably, and appear to correspond to the metabolic stages of

withdrawal and rebound recovery. The right hand panels of

Fig. 44 show ACTH (top panels) and corticosterone (B; bottom

panels) responses to 30 min restraint at 12 h and 8 days after the

final morphine injection. At 12 h, the morphine treated rats

hyper-respond with ACTH to restraint, compared to controls,

whereas at 8 days, they are relatively hypo-responsive.

Corticosterone also hyper-responds at 12 h in morphine-treated

rats, and is not different from saline-injected controls at 8 days.

The main thing to note is the reversal of central HPA drive from

hyper- to hypo-responsiveness.

Based on the ACTH and caloric efficiency data, it might be

surmised that a negative energy budget, probably resulting from

sympathetic activation during withdrawal, resulted in the

hyper-responsive central drive of the HPA axis, whereas the

rebound in energy efficiency to levels above control may have

given rise to central hypo-responsiveness. At 12 h, CRF mRNA

in PVN is elevated in morphine-treated compared to control

rats, consistent with this view. However, stress-induced CRF

mRNA remained facilitated at 8 days in morphine treated rats,

marking a dissociation between central drive and plasma

ACTH, and suggesting some intervening inhibition, perhaps

through feedback at the level of median eminence or pituitary.

These profiles bear some resemblance to those in humans with

post-traumatic stress disorder (PTSD).

Humans diagnosed with PTSD are prone to substance abuse,

including opioid dependence (Clark et al., 2001). In addition,
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Fig. 44. Effects of twice daily, intermittent and escalating morphine injections on metabolic parameters and HPA function. Panels on the left show changes in body

weight (top panel), chow intake (middle panel) and caloric efficiency in animals treated with morphine or vehicle. The dotted line drawn through the panels indicates

the end of morphine treatment. The saline treated animals showed steady growth, chow intake, and caloric efficiency. Morphine treated animals do not gain weight

during morphine treatment, and at about 36 h after withdrawal, exhibit a profound metabolic crash, involving body weight, chow intake, and caloric efficiency.

Shortly after the crash, these variables rebound. HPA responses to restraint stress (right hand panels) appear to correspond to these differing post-withdrawal

metabolic modes. At 12 h of withdrawal, ACTH and B responses hyper-respond in morphine treated animals, whereas at 8 days of withdrawal, central drive becomes

relatively blunted, and adrenal sensitivity appears to increase. Data adapted from Houshyar et al. (2004).
humans with PTSD appear to have a hyperactive central CRF

system judged from cerebrospinal fluid measurements, but are

stress hypo-responsive, and have super-suppression of the HPA

axis after dexamethasone treatment (Jacobsen et al., 2001).

Thus, it appears that intermittent morphine treatment is a

chronic stressor, and can result in PTSD-like symptoms. At face

value, intermittent administration of morphine in rats appears to

more closely model human drug usage than chronic implants

via pellets, and may result in daily cycles of withdrawal that

recruit central stress networks. Energy budgets may be involved

in both the HPA axis hyper- and hypo-responsive stages of

withdrawal. However, it appears that with some severe

stressors, such as intermittent morphine, central stress networks

may remain hyperactive even after downstream elements of the

HPA axis fall into hypo-responsiveness.

10.2. Self-administration of super-normal stimuli

10.2.1. GC self-administration

In direct support of the view that GCs engage incentive

pathways is the finding that corticosterone itself is self-

administered intravenously by rats to the point of raising

plasma concentrations to stress levels (Piazza et al., 1993). In

that study, animals were freely feeding, and thus free of

metabolic need, and the response was not merely increased

general activation, because the instrumental response (nose

pokes) was discriminated on active and inactive nose-poke

holes. Despite the potential negative side effects of inducing

stress levels of GC in plasma, such as potential anxiety or
edginess noted with GC treatment (Erickson et al., 2003),

euphoric effects of GCs have been reported frequently by

humans (Doerr et al., 1979; Goodwin et al., 1992; Hall et al.,

1979; Klein, 1992; Ling et al., 1981; Mendelson et al., 2002;

Plihal et al., 1996; Swinburn et al., 1988). Moreover, GCs are

self-administered, and chronic treatment may result in

dependence, evident as withdrawal symptoms upon cessation

of treatment (Hochberg et al., 2003; Swinburn et al., 1988).

Correlates of GC self-administration indicate shared

substrates to those involved in self-administration of drugs

of abuse. When rats were empirically divided into sensation

seekers or non-seekers (high responders and low responders),

their preferred patterns of corticosterone self-administration

partitioned as well. High responders tended to have high

endogenous corticosterone, high DA responses in NACC to

corticosterone, and were high novelty seekers. Low responders

had low endogenous corticosterone, lower accumbal DA

responses to corticosterone, and were low novelty seekers. The

high-responders showed greatest self-administration of low

doses of corticosterone, whereas the low-responders showed

greatest sensitivity to higher doses of corticosterone (Piazza

et al., 1993).

10.2.2. Self-administration of drugs

Stress and food restriction both increase drug self-

administration, and self-administration tends to co-vary with

circulating GCs (Cabeza de Vaca and Carr, 1998; Carr, 2002;

Carroll et al., 1979, 1984; Marinelli et al., 1998a; Piazza et al.,

1996a; Piazza and Le Moal, 1998). Stressors that increase self-
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administration have varied from tail pinch (Piazza et al.,

1990b), footshock (Goeders and Guerin, 1994, 1996a,b), and

isolation (Schenk et al., 1987), social stress (Maccari et al.,

1991), to aggression (Haney et al., 1995; Tidey and Miczek,

1997). For an example relevant to humans, Maccari et al. (1991)

housed rats in colonies with stable or unstable membership, and

found that membership in unstable colonies gave rise to

prolonged corticosteroid responses and increased propensities

to self-administer amphetamine (Maccari et al., 1991). Studies

have also shown that the predictability of stress is relevant.

Compared to controllable stress (escapable footshocks),

uncontrollable stress (footshocks in yoked rats) lowered

thresholds for cocaine self-administration, and there also

appeared to be a correlation between plasma levels of GCs and

the propensity to self-administer (Goeders and Guerin, 1994).

Such findings are consistent with long-held views concerning

the role of social-psychological factors in HPA axis function

(Levine, 2000; Mason, 1968, 1971).

ADX completely blocked the acquisition of cocaine self-

administration in naı̈ve rats, while leaving food acquisition

intact (Deroche et al., 1997; Goeders and Guerin, 1996a),

whereas inhibition of steroid synthesis with metyrapone or

ketoconazole both retarded self-administration in experienced

rats (Goeders, 1997), suggesting that there are effects of GCs on

both acquisition and performance. When exogenous corticos-

terone is administered to rats, it lowers thresholds for self-

administration of cocaine (Goeders and Guerin, 1996b).

Similar to overt, exogenous stressors, food restriction

(Carroll and Lac, 1993; Carroll et al., 1984; De Vry et al.,

1989), a history of food restriction (Specker et al., 1994) or GC

administration also increase the rates of cocaine self-admin-

istration, some of which can be reversed by ADX (Deroche

et al., 1993) and metyrapone (Marinelli et al., 1996). In one

study (Campbell and Carroll, 2001), freely feeding and food-

restricted rats were employed in an autoshaping task for

acquiring either intravenous cocaine or food pellets. For

cocaine self-administrators, free-feeding severely blunted

acquisition, reducing the number of animals achieving criterion

(40%) and increasing the number of days to criterion. In

addition, ketoconazole treatment was without effect in freely

feeding rats. In contrast, 100% of the food-restricted animals

receiving vehicle acquired criterion, whereas only about 80% of

the ketoconazole treated, food-restricted animals did. In

addition, keotconazole severely retarded the rate of acquisition.

These data are unsurprisingly consistent with the powerful

positive effects of corticosterone on motivation and/or learning

that are reversible by the inhibition of corticosterone secretion.

Surprisingly, the food-restricted, food-rewarded rats

appeared to acquire the task at least as rapidly as the food-

restricted, drug-reinforced animals, with a slight, non-

signifcant effect of ketoconazole. The main difference between

drug- and food-reinforced animals appeared to be the fact that

the food-reinforced animals may have received extra food in the

form of 45 mg pellets. Food restriction was achieved by giving

a fixed percentage of the chow freely feeding rats consumed.

Thus, the food-reinforced animals received up to 33% more

chow than the drug-reinforced rats. In addition, the drug-
reinforced animals may have actually lost more weight than

intended due to thermogenic effects of the drug. Actual body

weights were not reported. Finally, within session, moment-to-

moment variations of corticosterone are likely to be different

under the drug- and food-reinforced conditions in the presence

of food-restriction, and rapid, non-genomic effects of

glucocorticoids on DA function have been observed (Figlewicz,

1999b; Mittleman et al., 1992).

As with psychostimulants, GCs also facilitate opioid self-

administration. Hypophysectomy results in decreased oral

intake of morphine, which can be restored to normal by

replacement with ACTH or corticosterone (Van Ree and

Niesink, 1978). The increase in heroin self-administration that

is seen with food restriction is also reversible by inhibition of

steroid synthesis (Carroll et al., 2001). Restraint stress increases

the locomotor response to morphine, but only in animals with

intact adrenals (Deroche et al., 1992). Isolation stress also

increases locomotor activity after morphine, and the response is

blocked by ADX (Deroche et al., 1994).

A good deal of evidence also implicates a role for GCs in

alcohol drinking. High basal levels of corticosterone are

associated with alcohol intake in rats (Prasad and Prasad, 1995).

Interfering with GCs also generally impairs alcohol drinking.

Rats exposed to ethanol inhalation chambers for 3 weeks

subsequently develop a preference for alcohol drinking, but

only if adrenally intact (Lamblin and De Witte, 1996). In

contrast, making rats dependent by forcing alcohol through a

single drinking tube (10% EtOH), failed to result in differences

between intact and ADX rats (Lamblin and De Witte, 1996).

Since the two types of alcohol pre-exposures were not equally

forced, the first consisting of a non-contingent exposure and the

second one consisting of a forced operant, aversive qualities

may have been associated with the instrumental response in

training that carried over to later testing, perhaps similar to the

potential aversiveness of forced palatable feeding. The

suppression of corticosterone by metyrapone reduces con-

sumption of alcohol (Fahlke et al., 1994). Alcohol intake

increases under food restriction in intact, but not ADX rats

(Hansen et al., 1995). The effect appears to involve occupancy

of GRs, because intact animals given cyanoketone, which

blocks stress-induced but not basal corticosterone secretion

(Akana and Dallman, 1992), also largely prevented the hunger-

induced increases in intake (Hansen et al., 1995). Infusions of

GCs i.c.v. (Fahlke et al., 1996), or GCs implanted into ventral

striatum, but not hippocampus, septum or thalamus (Fahlke and

Hansen, 1999), also increases alcohol intake compared to

controls. There is at least one report that administration of a GR

blockade reduces alcohol intake (Koenig and Olive, 2004).

10.2.3. Intracranial self-stimulation

The robust self-administration of electrical pulses via

electrodes placed directly in brain (intracranial self-stimula-

tion, or ICSS) has been used as prima facie evidence for the

induction of central motive states (Bindra and Campbell, 1967;

Olds, 1976; Olds and Milner, 1954; Olds and Fobes, 1981;

Trowill et al., 1969). The exact nature of the ICSS-stimulated

central motive state, e.g., its persistence, specificity, and
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whether it results from effects on performance or learning

continue to be debated, and may depend on the precise area

stimulated, drive state, and the availability of incentive stimuli.

Nevertheless, self-stimulation of a number of brain regions that

are believed to be involved in ‘‘reward circuits,’’ e.g., meso-

limbic-prefrontal dopamine pathways, particularly the medial

forebrain bundle, can clearly induce very high levels of

responding that may exclude other normally rewarding

activities, such as eating. In addition, like many rewarding

events (Goeders, 1997; Merali et al., 1998; Redgate et al., 1974;

Szechtman et al., 1974), ICSS acutely increases sympathetic

and HPA axis outflows (Burgess et al., 1993; Terry and Martin,

1978). Interestingly, whereas non-contingent VTA stimulation

resulted in increased sympathetic outflow, only response-

contingent stimulation resulted in increased HPA output

(Burgess et al., 1993). Like other reward paradigms, ICSS is

sensitive to endogenous factors that indicate altered energy

balance or stress.

ICSS has been shown in many instances to be amplified by

weight loss. For example, using electrodes placed directly in the

LH, it has been shown that the amount of self-stimulation

increases with weight loss, particularly when the electrode was

placed in perifornical LH (Blundell and Herberg, 1968; Cabeza

De Vaca et al., 1998; Shizgal et al., 2001). Thresholds for

supporting self-stimulation, e.g., the necessary current inten-

sity, are reduced with chronic administration of high doses of

corticosterone in rats with intact adrenals (Barr et al., 2000).

However, it is unclear what caused the threshold reduction.

First, the reduction of thresholds was not apparent until around

the 6th day of treatment, at about the time the animals had

begun to show significant weight loss as a consequence of

steroid treatment. Second, testing was carried out 3–6 h

following injections of supraphysiological doses of corticos-

terone. Third, because the animals were pre-trained intact,

learning during the initial baseline/acquisition period may have

vitiated any potential differences that might have been seen in

early testing. Fourth, it is not clear what effect supraphysio-

logical doses of corticosterone given 3–6 h before testing might

have on retrieval of this previously acquired task (de Quervain

et al., 1998; Roozendaal, 2002, 2003; Roozendaal et al., 2003,

2001). What seemed most evident was the correlation of

decreasing thresholds with weight loss, and thus the effect may

have been indirect.

Another study found no effect of ADX on cocaine-

amplified responding for lateral hypothalamic self-stimula-

tion (Abrahamsen and Carr, 1997). However, training was

again initially conducted in rats with intact adrenals that had

already acquired stable responding, suggesting only that the

loss of corticosterone did not impair performance of a pre-

learned response. This result may be similar to the effects of

ADX in SIP polydipsia, when acquisition of SIP occurs prior

to ADX animals maintain pre-ADX levels of drinking

without further sensitization of the response. A later study

did indicate an increase in thresholds for self-stimulation in

mPFC following ADX (Carr and Abrahamsen, 1998), a trend

that suggested a loss of performance effects through the loss

of corticosterone.
10.3. Stressors, relapse, and the runaway brain

10.3.1. Reinstatement

Following a period of abstinence from drug use, former

users frequently relapse. Relapse has been attributed to the need

to escape from aversive withdrawal symptoms (Akaoka and

Aston-Jones, 1991; Koob and Le Moal, 1997, 2001) and the

stimulation of incentive or memory systems (Berridge and

Robinson, 1998; Bouton, 2000; Ikemoto and Panksepp, 1999;

Robinson and Berridge, 2000; Shaham et al., 2002; Stewart

et al., 1984). Escape from aversive withdrawal symptoms has

been associated with an opponent process view of motivation

(Poulos et al., 1981; Solomon and Corbit, 1973, 1974),

according to which acute drug use incites primary physiological

processes followed by secondary counter-regulatory processes

aimed at restoring balance to the system, and contributing to

drug-tolerance (but, see this qualifying review Aston-Jones and

Harris, 2004). One opponent process to the analgesic effects of

heroin is increased sensitivity to pain in environments

associated with the drug, suggesting that some opponent

processes can be conditioned. It has been argued that arbitrary

stimuli, such as the sight of the drug-taking paraphernalia, even

in the absence of ongoing drug use, can evoke anticipatory

opponent responses to drugs, such as increased pain sensitivity,

or dysphoria, thus leading to an increased desire to escape

through drug use. As drug taking escalates to counter the

opponent processes, the opponent processes also increase

(Ehrman et al., 1992; Eikelboom and Stewart, 1981, 1982;

Hinson and Siegel, 1983; O’Brien et al., 1992a,b,c; Stewart

et al., 1984; Wikler, 1973a,b). By contrast, the incentive view of

relapse has been referred to as a craving or proponent model, in

which stimuli associated with drugs (or drugs themselves)

evoke drug-like states, such as pleasure or wanting, that, when

primed, serve to engender further seeking (Robinson and

Berridge, 1993; Stewart et al., 1984; Wise and Bozarth, 1987).

Regardless of the exact merits of aversive or appetitive

emphases in each of the above views (Self and Nestler, 1998),

both significantly interact with our working model. Activation

of the HPA axis through hunger, stress, or drug-taking itself

should enhance activity in both aversive and appetitive

networks during drug taking, improve consolidation of drug-

related cues, and incite both aversive and appetitive motivation

during abstinence, whereas increased metabolic feedback

should reduce withdrawal symptoms and decrease incentive

motivation by reducing activity in central motivational

networks. The HPA axis is responsive to drugs acutely, and

frequently becomes dysregulated during chronic use. Upon

acute withdrawal, HPA axis activation is seen with nearly all

drugs of abuse (Kreek and Koob, 1998), and dysregulation can

persist well into abstinence phases (Stimmel and Kreek, 2000).

In humans, the chronic use of heroin is associated with

suppressed HPA responses, whereas hyperactivity ensues

during acute withdrawal in an opiate-reversible fashion.

Reinstatement refers to a procedure applied to study relapse

involving the acquisition, extinction, and resumption of

responding following extinction. It occurs as a consequence

of non-contingent exposure to a stimulus, such as a discrete cue,
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learning context, unconditioned stimulus, the passage of time,

or some combination thereof, that calls forth the previously

acquired behavior, and presumably the underlying central

motive states (Bouton, 2002; Bouton and Bolles, 1979; de Wit

and Stewart, 1981; Krank, 2003; Stewart, 2004; Stretch et al.,

1971).3 For example, a rat may be trained to press a lever for

drug infusions. After acquisition, lever pressing is not

reinforced. Once lever pressing extinguishes, the animal is

exposed to a stressor, a former cue, or a priming dose of the

drug, and then begins to press the lever again without any

further lever pressing-contingent reward.

Stressful stimuli appear to be powerful drug reinstatement

stimuli. Footshock (McFarland et al., 2004), food deprivation

(Carroll, 1985; Shalev et al., 2000, 2003), and the central

administration of CRF (Erb et al., 2001) all produce

reinstatement of instrumental responding for drugs. It is not

always clear if the reinstatement occurs because priming

stimuli produce HPA axis activation, which incites a state-

dependent memory, or whether HPA axis activation incites a

central motive state directly which then serves as a retrieval

cue, or whether prior HPA axis activation has augmented

memorial systems, and its current activation is no longer

required, but GCs are likely to be involved in many cases at

some level.

10.3.2. Cocaine reinstatement

Footshock or cocaine reinstates cocaine seeking after

extinction, and then again, 4–6 weeks later (Erb et al.,

2001). Saline controls showed little spontaneous reinstatement,

whereas footshock worked best, followed by cocaine. The

stressor was a more potent reinstatement manipulation than the

drug. Mantsch and Goeders (1999) found that ketoconazole did

not affect cocaine-primed reinstatement, but did prevent

cocaine-cued reinstatement (Mantsch and Goeders, 1999),

suggesting a positive effect of the HPA axis on the retrieval of

discriminative stimuli. However, Deroche et al. (1997) found

that ADX impaired cocaine reinstatement, and that the

impairment was dose-dependently remediated by corticoster-

one replacement (Deroche et al., 1997).

Cocaine reinstatement resulting from acute (21 h) food

deprivation was also attenuated by ADX. The attenuation due to

the loss of corticosterone was not reversed by low corticoster-

one replacement pellets, but was completely reversed when the

pelleted delivery was supplemented by a 4 h period of

additional access to corticosterone dissolved in the drinking

water, which was reported to result in significantly higher

plasma corticosterone concentrations, presumably resulting in

GR occupation (Shalev et al., 2003). Curiously, corticosterone

supplementation occurred in the early light cycle, whereas

training, extinction, and testing were conducted in the dark
3 Technically, this definition combines at least four procedural variants,

including reinstatement, renewal, spontaneous recovery, and reacquisition, that

have been dealt with separately by learning theorists. Our current usage is based

on the proposition that each phenomenon commonly includes priming stimuli

that serve as reminders of the former reinforcement context. See Bouton (2002)

for a proper exposition.
phase, suggesting that GR-occupancy was not required at the

time of testing, but rather maintained other processes that are

permissive to reinstatement.

10.3.3. Opioid reinstatement

Footshock (Erb et al., 1996), CRF injection, and morphine

priming are potent reinstatement manipulations for opioid self-

administration (Shaham et al., 1997). Post-training ADX

exacerbated footshock-induced reinstatement without affecting

morphine priming, suggesting a puzzling effect of ADX. First,

the animals were trained intact, when corticosterone could have

positively modulated memory consolidation. Once acquired,

the direct action of drug on proponent systems again could

render moot any further modulating actions of GCs. As for the

enhanced perfomance effects to footshock, energetic derange-

ment from ADX could disinhibit brainstem vigilance/arousal

systems leading to a greater need to escape aversive

stimulation. In the same study, the inhibition of corticosterone

via metyrapone not only failed to prevent reinstatement, it also

exacerbated it (Erb et al., 1996). One must also ask whether

some special relationship exists between metyrapone and

opioidergic tone. In humans, former heroin users maintained on

methadone exhibited withdrawal symptoms when given

metyrapone (Kennedy et al., 1991). While it is not clear that

such alternative hypotheses would hold up to scrutiny, the

numerous routes of action of GCs on brain and metabolism

suggest that they must be entertained.

10.3.4. Alcohol relapse

An advantage of alcohol research is that alcohol is legal, and

can be studied relatively freely in humans, who can provide

personal reports. Relapse is extraordinarily prevalent in

alcoholism (Breese et al., 2005a; Hunt et al., 1971; Miller

and Sanchez-Craig, 1996), and periods of abstinence are most

frequently characterized by high anxiety (Kushner et al., 2000,

1994, 2001; Willinger et al., 2002), but sometimes depression

or negative affect occur, as well. Stress is frequently reported to

increase craving, and is the most commonly reported cause of

relapse. The initiation, maintenance, progression, abstinence

and relapse to alcohol strongly resemble the opponent process

model (Koob and Le Moal, 1997, 2001). Similar to human

alcoholic progression, alcohol drinking in rats can be

significantly sensitized by repeated periods of usage and

deprivation (McKinzie et al., 1998; Rodd et al., 2003), as

deprivation further enhances anxiety-like behaviors, which do

not occur when alcohol is continuously available (Overstreet

et al., 2002), suggesting that periods of abstinence-induced

stress sensitizes or ‘‘kindles’’ the response (Breese et al., 2005b;

Duka et al., 2002). CRF content is elevated in BNST during

withdrawal (Olive et al., 2002), and 5HTagonists, CRF receptor

antagonists, and fluazenil reduce the anxiety symptoms

resulting from repeated withdrawal (Breese et al., 2004;

Knapp et al., 2004; Overstreet et al., 2004, 2003). CRF

antagonists dose-dependently attenuate alcohol reinstatement

induced by footshock in rats (Le et al., 2000). Cued

reinstatement of alcohol drinking in rats can also be attenuated

by naltrexone, but the attenuation is blunted if the animal has



N. Pecoraro et al. / Progress in Neurobiology 79 (2006) 247–340 309
experienced multiple withdrawals (Ciccocioppo et al., 2003b).

The effects of stressors and drug cues appear to be additive in

CRF and opioid pathways. For example, alcohol associated

cue-induced reinstatement is reversible by naltrexone, whereas

footshock-induced reinstatement is reversed by CRF antago-

nists. If both associative cues and the stressor are present

simultaneously, both antagonists are required to fully reverse

reinstatement (Liu and Weiss, 2002). This finding, in particular,

provides evidence that both proponent and opponent processes

can contribute simultaneously to resinstatement.

10.3.5. Face-off: normal versus super-normal incentives

We mentioned earlier that drug abuse implies that normal

rewards become devalued relative to super-normal rewards,

such as drugs. Direct evidence for this claim comes from

anticipatory contrast studies. The anticipatory contrast proce-

dure involves the pairing of two rewards, such as two

concentrations of palatable saccharin or sucrose, or some

combination thereof, wherein the preferred solution is the

second in the pairing and the interstimulus interval varies from,

say, 0 to 30 min. For example, a rat may be presented with a

saccaharin solution for 5 min, a 5-min interstimulus interval

ensues, and then a 32% sucrose solution is presented for 5 min.

Over days, as the saccharin solution is increasingly associated

with, and predictive of, the second, preferred sucrose solution,

the rat begins inhibiting intake of the first, less-preferred, but

still palatable saccharin solution relative to controls drinking

successive saccharin solutions. It is thought that the first

solution acts a conditioned stimulus for the second solution,

which in comparison to the first is better, and hence suppresses

intake of the less-liked solution by anticipatory comparison.

A similar suppression of the first solution occurs when the

first solution is paired with drugs, such as cocaine (Gomez et al.,

2000) or opiates (Gomez et al., 2000; Grigson et al., 2000).

Although it was once thought that this suppression was caused

by a taste aversion, this view began to lose tenability when it

was shown that, unlike lithium chloride-induced taste aver-

sions, suppression produced by pairing sweet solutions with

drugs did not produce orofacial movements characteristic of

rejection (Grill and Norgren, 1978; Parker, 1996, 2003). In

addition, whereas the suppressive effects of drug pairings are

lost after lesions of the gustatory thalamus, lithium chloride-

induced taste aversions are not affected (Grigson and Twining,

2002; Reilly and Trifunovic, 1999). The suppression of

commerce with a normally rewarding incentive by a drug

context appears to be a case of anticipatory contrast as occurs

with successive sweet solutions, thus showing contrast between

normal and super-normal incentives. The degree of anticipatory

suppression in the drug context also positively correlates with

plasma GCs (Gomez et al., 2000), again suggesting amplifica-

tion of this contrast by GCs.

10.3.6. The runaway brain

The evaluation of experience clearly involves strong

components of relativity. As a complex input/output device

having profound developmental transitions and memorial

capacities, the brain never returns to its original state after
experience, but the degree and permanence of the brain’s

departure from its previous state can be indexed. GCs amplify

incentive relativity effects in terms of ongoing performance and

memorial structure. Supernormal appetive or aversive experi-

ences, such as substance abuse or severe trauma, can drive the

brain to operate beyond its typical boundaries of control, in part

due to HPA activation, which promotes and helps memorialize

hypertrophic regulation of central stress and incentive net-

works. A near collision on the freeway is unlikely to make one

fearful of driving, whereas combat experience, rape, or torture,

could permanently alter one’s general assessment of safety. A

delicious meal will not significantly disincline one to other

lesser foods in the near future when hunger arises again,

whereas smoking crack cocaine once might cause permanent

hyperplastic changes in prefrontal cortical neurons that prevent

one from further fully appreciating and engaging natural

rewards (Robinson et al., 2001; Robinson and Kolb, 1997,

1999a,b). In addition, some experiences with trauma or drugs

can result in profound and long-term alterations in central stress

networks and HPA function, having features in common with

the post-traumatic stress syndrome.

11. Clinical side-effects of glucocorticoid excess

Although there are many unanswered questions, the

integrative view of GC function that is beginning to emerge

suggests significant clinical ramifications of the stress-induced

phenotype. Not only do GCs engineer the phenotype for purely

adaptive peripheral metabolic and central incentive, memorial

and motoric structure, as seen in the case of incentive systems

runaway, elevated GCs can also have adverse clinical side-

effects.

11.1. Clinical disorders exhibiting excess glucocorticoids

11.1.1. Cushing’s syndrome

Cushing’s syndrome occurs during chronic exposure to

excess GCs. The root causes of this excess can be exogenous

GC treament, ACTH-dependent (80–85% of cases), and usually

caused by a pituitary corticotroph adrenoma although rare

extra-pituitary tumors that secrete either ACTH or CRF have

been reported. Alternatively, Cushing’s syndrome can be

caused by ACTH-independent abnormalities (15–20% of

cases) stemming from excess cortisol secretion due to unilateral

adrenocortical tumors or by bilateral adrenal hyperplasia

(Arnaldi et al., 2003).

11.1.2. Obesity

Obesity is not a homogeneous condition; rather it is likely to

represent the end point of a number of metabolic disturbances.

Location of the excess body fat appears to be critical in

determining the adverse metabolic outcome. In human obesity,

basal plasma cortisol levels are not consistently elevated

(Asensio et al., 2004). However, total cortisol production rate

has been reported to be somewhat enhanced in both obese men

and women in some studies (Andrew et al., 1998; Stewart et al.,

1999) and the HPA axis response to acute stressors is often
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enhanced (Hautanen and Adlercreutz, 1993). However, in

rodent obesity, GCs appear to be criticial. For example,

adrenalectomy normalizes many behavioral and metabolic

parameters of the genetically obese ob/ob and db/db mice

(Shimomura et al., 1987). Pre-receptor steroid metabolism is

enhanced in cohorts of obese subjects. Specifically, the

expression of 11b-HSD1 is increased (Bujalska et al., 1997).

This enzyme generates active cortisol from inactive cortisone,

essentially increasing local tissue GC levels. Studies in mice

have emphasized the importance of pre-receptor steroid

metabolism in the development of obesity. Transgenic over-

expression of 11b-HSD1 results in obesity and insulin

resistance (Masuzaki et al., 2001). Conversely, transgenic

overexpression of 11b-HSD2 specifically in adipocytes, which

would act to reduce GC action in the tissue, produced mice

resistant to diet-induced obesity and the consequent insulin

resistance (Kershaw et al., 2005). Therefore, enhanced GC

action, whether it is due to an increase in circulating GC levels

or due to altered pre-GR steroid metabolism, occurs in

conditions of visceral obesity.

11.1.3. Anorexia nervosa

Anorexia nervosa is a severe eating disorder that has a high

incidence of mortality. A plethora of studies has consistently

reported that patients with anorexia nervosa display elevated

cortisol levels despite exhibiting a markedly reduced ACTH

response to CRH challenge (Licinio et al., 1996). The

hypercortisolemia can be restored by gradual restoration of

body weight, with the plasma cortisol response to CRH

challenge recovering faster than the ACTH response (Gold

et al., 1986). The consequence of the hypercortisolemia, in

concert with other hormonal changes—notably a reduction in

growth hormone, act to promote remodeling of both body fat

and body mass (Misra et al., 2005).

11.2. Adverse clinical manifestations of glucocorticoid

excess

The clinical manifestations of GC excess are considerable and

varied. For example, patients with Cushing’s syndrome exhibit

central obesity and hypertension together with many other

metabolic and neuropsychological disturbances. These include

glucose intolerance, depression, muscle atrophy and thinned skin

(Orth, 1995). Cushing’s syndrome represents extreme GC excess

and can be confused with the metabolic syndrome, also known as

syndrome X. The World Health Organisation’s working

definition of the metabolic syndrome is glucose intolerance or

diabetes mellitus and/or insulin resistance together with two or

more of the following: raised arterial pressure, raised plasma

triglycerides and/or low high density lipoprotein-cholesterol,

visceral obesity and/or high BMI and microalbuminuria. GCs

have been implicated in the pathogenesis of the metabolic

syndrome as each of the metabolic risk factors can be attributed

to GC excess (Rosmond, 2005).

While many pathological conditions exhibit excessive

endogenous GC production, it is also worth noting that

exogenous GCs are used extensively in clinical practice. This is
largely due to their desirable anti-inflammatory and immuno-

suppressive actions, however several adverse reactions can

occur. These include infection, osteoporosis, obesity, skin

thinning, glaucoma, cataract formation and the development of

neuropsychiatric disorders (Buttgereit et al., 2005). Thus,

balancing the positive and negative reactions is of the utmost

importance to prevent GC-induced pathologies from arising.

11.2.1. Insulin resistance and type 2 diabetes

Insulin resistance refers to an impaired effect of insulin in

target tissues, notably the liver, adipose tissue and muscle,

consequently resulting in altered carbohydrate metabolism. Type

2 diabetes comes about when there is a combination of insulin

resistance and insulin deficiency (Matthaei et al., 2000). The

etiology of insulin resistance is not clear, however glucocorti-

coids appear to be important in this regard. GCs can create a state

of insulin resistance by antagonizing the actions of insulin. In

adipose tissue, insulin resistance is produced by GCs by reducing

insulin stimulated glucose transporter 4 translocation to the

plasma membrane (Carter-Su and Okamoto, 1987; Oda et al.,

1995). This would consequently reduce glucose uptake and

storage as triglycerides. This occurs in the absence of any

alteration in insulin binding to the adipocte (Olefsky, 1975).

Similarly, glucose uptake into muscle is perturbed by GC action

by dysregulation of glucose transporter 4 translocation (Oda

et al., 1995). In the liver, GCs increase phosphoenol pyruvate

carboxykinase and glucose-6-phosphotase levels, the rate

limiting enzymes of gluconeogenesis, resulting in an increase

in hepatic glucose output (Argaud et al., 1996; Friedman et al.,

1993). Consequently, a greater amount of insulin is thus required

to stunt glucose production (Groop et al., 1993). GCs can also

affect the release of insulin from pancreatic b-cells in

experimental animals and reduce the frequency of insulin

release in fasted humans (Hollingdal et al., 2002; Lambillotte

et al., 1997). The glucose-associated aberrations of type II

diabetes were increased with increasing cortisol in a cross-

sectional study of type II diabetics (Oltmanns et al., 2006). When

cortisol values were divided into tertiles, those in the upper tertile

had higher glycosylated hemoglobin, systolic and diastolic

pressure, plasma insulin and glucose, and, after accounting for

marked glucosurea, abdominal obesity. Plasma lipid concentra-

tions were not associated with the tertiles in cortisol (Oltmanns

et al., 2006). Recently, a prospective study of the number of

episodes of work related stress on the incidence of the metabolic

syndrome, which is frequently prodromal for type 2 diabetes,

showed a positive dose-response relationship, and provides a

biologically plausible link between psychosocial stressors and

the metabolic syndrome (Chandola et al., 2006). Hence, chronic

stressors and GC excess can ultimately be shown to result in the

development of type 2 diabetes.

11.2.2. Adipose tissue dysfunction and distribution

Intimately associated with the development of insulin

resistance is dysregulation of adipose tissue function. GCs play

regulatory roles in the differentiation, function and distribution

of adipose tissue. GCs are critical in the differentiation of

immature preadipocytes into mature, lipid storing adipocytes in
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vitro (Rosen and Spiegelman, 2000). GCs also positively

influence the gene expression of a number of key genes,

including leptin, lipoprotein lipase, and hormone sensitive lipase

(Wang, 2005). Cortisol acutely activates lipolysis in adipose

tissue (Bjorntorp, 1996), however studies have also shown

inhibition of catecholamine-stimulated lipolysis (Lafontan and

Berlan, 1993; Ottosson et al., 2000). GCs also modulate the

release of endocrine products from the tissue, notably increasing

leptin (De Vos et al., 1995) and decreasing proinflammatory

cytokines IL-6 and TNFa (Fried et al., 1998; Zhang et al., 2001)

release. The increased release of leptin could provide a false

signal to the brain as to the amount of energy stored. TNFa and

IL-6 have been reported to be linked to the development of

insulin resistance (Kern et al., 2004), IL-6 has been strongly

correlated to insulin resistance, type 2 diabetes and is

overexpressed in obese patients (Bastard et al., 2000). TNFa

has not been consistently found to be elevated in human obesity

(Bastard et al., 2000). Lipoprotein lipase activity is critical in

determining adipocyte size due to its important role in converting

circulating triglycerides into free fatty acids for uptake into the

adipocyte (Ramsay, 1996). Differences in lipoprotein lipase

activity account for differences in the cell size of subcutaneous

versus visceral adipose tissue (Wajchenberg, 2000). Importantly,

combination of insulin and GCs in vitro increases lipoprotein

lipase expression in adipocytes, with adipocytes from the

omental fat of male subjects (Fried et al., 1993) being most

sensitive. This would consequently favor adipose tissue

development in the abdomen over subcutaneous development

a common feature of patients with Cushing’s syndrome.

11.2.3. Osteoporosis

Osteoporosis occurs when the balance of bone formation and

resorption is tilted towards excess resorption over formation.

Osteoporosis is a common side effect of GC therapy and is

associated with reduced bone formation. Clinical studies have

shown that oral GCs increase fracture risk in a dose-dependent

manner (Van Staa et al., 2000) by ultimately impacting and

reducing bone mineral density (Van Staa et al., 2000). It is

unclear if inhaled GCs have the same effect (Tamura et al.,

2004). GCs achieve the effects on bone by reducing the

proliferation and function of osteoblasts, evident by a reduction

in serum markers of bone formation (Tamura et al., 2004). GCs

increase apoptosis of osteoblasts and osteocysts (Weinstein

et al., 1998). The formation of key bone matrix components,

such as type I collagen (Delany et al., 1995), as well as

expression of key growth factors (Chang et al., 1998) are also

inhibited by GCs. The jury is still out on the question if GCs

increase bone resorption, the other key component to the

development of osteoporosis, with studies both for and against

(Tamura et al., 2004).

11.3. Cardiovascular disease: hypertension, heart attack,

and stroke

11.3.1. Glucocorticoids

Prolonged elevations of circulating glucocorticoids promote

hypertension and cardiovascular risk in a majority of patients
with Cushing’s Disease (Faggiano et al., 2003; Mancini et al.,

2004). Furthermore, when prednisolone is taken for several

years at doses>7.5 mg/day, there is a seven-fold increase in the

risk of cardiovascular disease (Wei et al., 2004). The

glucocorticoid effects appear to be directly on the vascular

bed, as well as promoting abdominal obesity (Lohmeier et al.,

2003) that also predicts cardiovascular disease (Davy and Hall,

2003; Faggiano et al., 2003; Mancini et al., 2004). Preclinical

studies show direct effects of glucocorticoids on the nucleus of

the tractus solitarius in the brainstem (Scheuer et al., 2003), and

on the baroreflex (Scheuer and Mifflin, 2001) as well as on parts

of brain that are activated by chronic stress, and feed into the

premotor cardiovascular autonomic cell groups (Li and

Sawchenko, 1998; Shepard et al., 2003). Moreover, chronic

glucocorticoid treatment increases blood pressure and the size

of experimental infarcts (Scheuer and Mifflin, 1997). Thus, in

the absence of stressors, elevated glucocorticoids affect

cardiovascular function through actions on both brain and body.

11.3.2. Chronic stress and cardiovascular disease (CVD)

The evidence that chronic stress in people, with elevated

glucocorticoid concentrations, affects cardiovascular function

is less clear, although provocative (Hemingway and Marmot,

1999; Soufer, 2004; Soufer et al., 2002, 1998). There is

evidence to support a causal relationship between chronic

stress, socioeconomic status, depression and social support and

development of coronary artery disease (CAD) (Strike and

Steptoe, 2004). However, in most human studies there is a

chicken and egg problem because there are very few

longitudinal studies that can unequivocally demonstrate that

the specific stressor precedes the development of CAD,

although this has been shown for certain types of job stress

in men (Landbergis et al., 2003). Because both CAD (Stubbs

et al., 1999) and stroke (Ahmed et al., 2004; Christensen et al.,

2004a,b; Marklund et al., 2004) are strong stressors that activate

the HPA axis, it is difficult to determine whether antecedent

stress is in any way causal to the pathology that is acutely

obvious. However, postmortem studies of CRF expression in

hypertensive individuals show that hypothalamic CRF mRNA

and peptide expression is greatly increased compared with

carefully matched controls (Goncharuk et al., 2002), suggesting

either that hypertension per se stimulates activity in the HPA

axis or that these hypertensive patients were chronically

stressed.

Depression, a condition that is frequently associated with

elevated glucocorticoid secretion, and which may be con-

sidered a chronic stressor, again is associated with elevated

hypothalamic CRF mRNA and peptide expression (Claes,

2004a,b; Raadsheer et al., 1994a), and is also associated with

the subsequent development of CVD (Brown et al., 2004;

Hemingway and Marmot, 1999; Miller et al., 2002; Musselman

et al., 1998; Wassertheil-Smoller et al., 2004); however, the

reverse process is also well known; a frequent sequela of acute

myocardial infarction is development of depression (Frasure-

Smith et al., 1993; Hemingway and Marmot, 1999; Otte et al.,

2004; Strik et al., 2004; Williams et al., 2004). Preclinical

studies make it clear that chronic stress, with elevated
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corticosteroids, has cardiovascular sequelae (Scheuer and

Mifflin, 1998; Sgoifo et al., 1999; Shively et al., 1997).

It is clear that GCs negatively affect cardiovascular function

and cause hypertension and CVD in both man and animals.

Although studies in man for the most part do not show causality

between chronic stress and CVD, some studies suggest strongly

that at least some CVD is mediated by stress-induced elevations

in glucocorticoid concentrations. In animal studies, it is clear

that chronic stressors elevate blood pressure, increase vessel

disease and augment damage caused by experimental infarc-

tion. Furthermore, the glucocorticoids act directly on receptors

in sites in brain that regulate pre-autonomic outflow.

Hypertension, dyslipidemia and a reduced fibrinolytic

potential are the main adverse effects of GCs on the

cardiovascular system (Sholter and Armstrong, 2000). These

conditions can predispose the patient to atherosclerosis,

coronary heart disease and a high cardiovascular morbidity

and mortality (Nashel, 1986). GC-induced hypertension is

caused by an increase in systemic vascular resistance, increased

extracellular volume and increased cardiac contractility. The a-

epithelial Na+ channel and serum- and GC-regulated kinase

genes appear to be important targets of GC action (Schacke

et al., 2002). GCs also contribute to endothelial dysfunction,

which frequently precedes the development of atherosclerosis.

This is associated with impaired nitric oxide generation, as well

as perturbed interactions between platelets, leukocytes and the

vessel wall, in addition to alterations in thrombosis and

thrombolysis (Girod and Brotman, 2004).

12. The hungry, impending doom

The HPA axis is a key mechanism through which the body

adjusts to environmental demand. Although the final pathway

of secretion is relatively simple, it must be viewed in the context

of its integrative complexity and the diversity of its driving

inputs. Major HPA axis drivers include the LEO and FEO

controlling daily circadian cycles of energy balance, bottom-up

inputs responding to systemic homeostatic pressures, such as

the ascending medullary systems and melanocortin system

within the arcuate complex, top-down influences involving

complex cortico-striato-pallidal-hypothalamic projections that

control HPA axis responses to adventitious psychogenic or

predicted threats, and an intra-hypothalamic network strongly

implicated in being a visceromotor pattern generator that

coordinates neuroendocrine and autonomic outflows. These

major drivers of the HPA axis are indeed as diverse as

environmental demands themselves.

The flexible operating characteristics also reflect the

diversity of function of the HPA axis. Under conditions of

normal food availability and light cycles, the LEO gracefully

controls secretion in a manner reflecting decreased glycogen

reserves and anticipated foraging sessions, ceding that control

to a secondary oscillator, the FEO, when food supplies become

short and cyclical. The HPA axis is capable of gradually

upregulating its function as starvation proceeds, and this

capability appears to reflect species-specific abilities to proceed

to inanition. The HPA axis can also respond acutely to
challenges in both systemic and psychogenic realms, and tailors

that response accordingly. Following a psychogenic threat, such

as restraint, the response is rapid and robust, but quickly

trimmed by fast feedback without further threat, thus avoiding

excessive anti-inflammatory actions, alterations in metabolism,

or feedforward effects in brain. A slowly acting systemic event,

such as PEG-induced hypovolemia, not only appears to over-

ride such fast feedback, but sustains the response by

upregulating transcription and translation of CRF mRNA as

the hypovolemia proceeds. In addition, the HPA axis is well

designed for responding to repeated stressors, in that it may

habituate to a known or practiced threat, while at the same time

upregulating central networks that allow renewed, and even

enhanced responding to an unexpected heterotypic challenge.

This review has promoted and provided evidence for the

view that the HPA axis can be profitably viewed in terms of two

primary functions, namely, correcting peripheral energetic

derangements and mounting, amplifying, and remembering

central incentive states that promote adaptive responding to

stress. Although the HPA axis has other critical roles in the

periphery, e.g., anti-inflammatory actions, its primary function

appears to be energy management, acting on metabolic

processes primarily in liver to promote gluconeogenesis, while

suppressing energetically expensive or non-essential processes

in somatic growth and immune systems to remodel the body

toward greater relative adiposity, particularly in mesenteric

depots having access to the liver, but perhaps promoting

specific depots depending on feeding status. In the absence of

GCs, metabolic derangements ensue, and key nodes of the

central stress networks are disinhibited, and the HPA axis

becomes hyper-responsive. Because metabolic derangement,

central stress network disinhibition, and HPA axis hyper-

responding following the loss of GC can be corrected by high

energy foods, it would appear that it is the management of

metabolic fluxes by GCs that provide central inhibitory

feedback. The actual metabolic signals, if they are indeed

peripheral in origin, are unknown. However, GCs do not

provide this inhibitory feedback chronically to brain, as they are

excitatory to central stress networks.

Several caveats are in order regarding metabolic feedback.

First, there are significant differences in the phenotypes

produced by different rodent vendors, particularly with respect

to growth rates, adiposity, body temperature regulation

metabolic utilization, and HPA responses under various diets.

In our experience, palatable, calorically dense food inhibits

central HPA axis drive in Charles River (Raleigh, NC),

Simonsen (Gilroy, CA), and some Harlan rats (Bantin &

Kingman), but not in other Harlan rats (Seattle, WA). The

second significant caveat, which may explain discrepancies in

the literature, is that free choice appears to be critical to obtain

the effect. Why this is true, and whether it obtains beyond

vendors of the rats tested is unknown. Overall, the metabolic

feedback aspect of the hypothesis is largely supported. The final

critical caveat is that the feedback signal may not be of

peripheral origin after all, and could reflect an upregulation, for

example, of central opioid signaling interacting with palatable

feeding and stress.
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Being smartly designed by natural selection, the HPA

system does not merely act in reactive fashion to repeated

stressors and energy deficits, but rather mounts counter-

regulatory systems in brain to meet repeated demands,

including arousal, attentional, aversive, appetitive, opponent

limbs and memorial systems of central incentive states as

needed. These adjustments include upregulating and inducing

plasticity in motivational systems involving CRF, NE, DA, and

the EOPs. Amplification of the appetitive phenotype involves

the upregulation of attention, global seach or migratory modes

(as in wheel running), enhanced focal search (as on a maze),

enhanced preference for high-energy foods, possibly through a

more generally discriminative comparison process. Amplifica-

tion of the aversive phenotype includes upregulating attention,

anxiety, fear, anger, and depressive moods.

In addition, GCs are involved in consolidating memory for

emotional events, encoding the value of significant biological

events for later retrieval. This is relevant because GCs

themselves do not appear to have intrinsic valence, and remain

ambiguous in the absence of disambiguating cues or a

predisposed phenotype. One of the key systems in brain

involved in encoding valences is the fronto-temporal system,

involving BLA and orbital/insular cortices. Prefrontal networks

can then act through the mPFC to influence visceromotor

output, whereas the BLA can act rather directly on striatal

output areas such as CeA or NACC to influence motor output.

In addition, GCs can affect glutamatergic-mediated plasticity

within the DA system directly, by amplifying CRF signaling, or

both. GCs also appear to sculpt memorial systems in terms of

inhibiting hippocampal and enhancing amygdalar LTP. GCs

literally and broadly sculpt neuronal architecture in the same

regions, in ways that are consistent with the psychological side-

effects of GC excess.

The evidence reviewed overwhelmingly commends the view

that GCs remodel the brain in a feedforward fashion, yoking the

needs of the body to the wants of the brain. Considering the

manifold temporal dimensions of HPA function, from circadian

control over energetic and motivational fluxes to gene

transcription events to moment to moment variations in HPA

output that clearly involve rapid and potent membrane-

mediated effects on central incentive networks, the HPA axis

constantly acts as a remodeling agent with respect to peripheral

energetics, central incentive systems, memorial processes, and

brain architecture.

A developmental analogy may be useful for understanding

the function of these manifold forms of stress-induced

phenotypic plasticity in adults. Consider the effects of stress

on life history transitions in the amphibian. Within the

extremely variable developmental environment of ephemeral

desert ponds in the American Southwest, various species of

desert amphibians, such as the spadefoot toad, breed

explosively after rainfall, and exhibit extreme variability in

the timing of developmental transitions, e.g., the timing of

metamorphsis, that are triggered by stressors (Denver, 1997).

After a critical post-hatching developmental stage, various

stressors, such as overcrowding, food and water availability,

predators, and other critical biotic factors (Crespi and Denver,
2005), accelerate the tadpole’s transition to adulthood through

major changes in physiology and morphology, including a

reduction in ponderal growth and body size, decreased time to

hindlimb and forelimb growth, and a shift from a small-headed

morph specialized for omnivorous feeding on detritus to a

large-headed morph specialized for carnivory (Denver, 1997;

Frankino and Raff, 2004; Pfennig and Murphy, 2000).

Developmental phenotypic plasticity in amphibians is

centrally mediated by GCs and central CRF stress pathways

acting on both the somatotropic and HPA axes (Crespi and

Denver, 2005; Crespi et al., 2004; Glennemeier and Denver,

2002). The stress-induced phenotype allows the animal to cope

with changing conditions and escape to more favorable habitats

more quickly, but has long-lasting consequences for overall

growth and reproductive timing. Essentially, the accelerated

transition functions to shunt energy into immediate coping

responses that are critical for survival, but at the expense of

long-term reproductive success. Similar, if somewhat less

dramatic accelerations occur in reponse to stress in rodent,

sheep, and human fetal development. In humans, stress-induced

acceleration in development is also associated with trade-offs,

such as reduced body size and increased increased risk for

hypertension, type II diabetes, and obesity (Barker and Clark,

1997; Barker, 1994; Matthews, 2002). Maternal corticosteroids

and CRF appear to be causative in stimulating mammalian fetal

development (Crespi and Denver, 2005; McLean et al., 1995).

Stress-modulated developmental clocks may further elaborate

on Selye’s (Selye, 1956) original observation on the adaptive

function and costs of the stress response:

Every stress leaves an indelible scar, and the organism pays

for its survival after a stressful situation by becoming a little

older.

At least in the case of the desert amphibian, getting older

faster is not merely payment for surviving the stressor—it is

part of the survival plan. Such grossly plastic stages of ontogeny

are similar to the finer scales of stress-induced tunings of the

adult phenotype. By analogy, the role of HPA function in

development might be thought of as a kind of Cantor set of life

history strategies, wherein an interval of life may be divided in

two, and each resulting subset of intervals are further divided in

two to some arbitary extent, such that the system exhibits the

self-similarity of being divided by two at all levels as one

travels from macroscopic to finer levels. The HPA axis and

central stress pathways appear to have very similar, if somewhat

proportionally scaled effects on phenotypic plasticity within

life history stages as they have across life history transitions.

Over many time scales (e.g., over the course of chronic stress,

circadian cycles, minute to hour length intervals, etc.),

fluctuations in HPA activity frequently molds the phenotype

toward responses that favor coping at the level of the time-scale

in question, and frequently at the expense of later fitness

(McEwen, 2000a,b, 2001; McEwen and Stellar, 1993;

Sapolsky, 1987a,b, 1992).

Adverse effects of chronically elevated GCs on long-term

fitness are abundant, but in a pre-agricultural state of nature, or

during war, famine, or under conditions of carrying capacity,
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when life is ‘‘nasty, brutish, and short,’’ such a fundamental

yoking of needs and wants seems appropriate. As an

environment becomes more extreme, the phenotype should

also become more extreme, both physically and psychologi-

cally. For humans in relatively peaceful industrialized societies

having a surfeit of inexpensive food, tonnages of drugs, and

complex mechanisms of psycho-social stress, faults in the

system are revealed, insofar as GCs promote many maladaptive

behaviors, such as over-eating and drug abuse, directly in

relation to these surfeits.

Even a cursory glance at the ‘‘dismal science’’ indicates that

any afflictions of relative affluence could be temporary. Aside

from the fact that massively interconnected consumer-based

economies using currencies based on perceived value and

controlled by insular, unchecked international organizations

can and do collapse catastrophically and contagiously (Krug-

man, 1999; Stiglitz, 2000), more basic issues of population

sustainability reveal disturbing trends. Between 1900 and 2000,

the United Nations’ estimates for world population were 1.6

billion in 1900 compared to more than 6 billion today.

Populations of less-developed countries are projected to

account for 87% of world population by 2050. In the early

1990s, 800 million humans were estimated to be under-

nourished (Organisation, 1992). Current wage gaps between

countries have already resulted in the inevitable outsourcing of

jobs to less-developed countries, which along with massive

migrations to richer countries, act as great leveling forces for all

but the wealthiest. Per capita grain production peaked in the

mid 1980s. Fertilizer use is increased, along with ‘‘algal

blooms,’’ ‘‘dead zones,’’ ‘‘brown slime’’ and ‘‘mahogany

tides,’’ whereas crop yield is down. Within any reasoned

approximation, the age of Peak Oil has arrived, and supplies are

dwindling while demand is accelerating, which could carry a

silver environmental lining were sweet crude not to be replaced

by sulphurous sludges and coal (Simmons, 2005). Average

sunlight hitting the earth is down 15% since 1950, dropping as

much as 37% in Hong Kong, whereas sulphur, carbon, and

nitrogen emissions are trending up (Roderick and Farquhar,

2002; Stanhill and Cohen, 2001; Wild et al., 2005). Climate

change, destruction of forests, oceans, and fisheries are all

present. The leading industrial nation refuses to acknowledge

global warming, even as giant polar ice shelves fall into the sea,

large glaciers exhibit surprising velocity doublings, and killer

hurricanes destroy whole coastlines, and rather than adopting

conservation as a mitigating strategy, has instead opted for

perhaps the most common evolutionary strategy to resource

shortages: exercising resource holding potential. Population

declines in the closest human relatives, the chimpanzees and

other great apes, are critical (Walsh et al., 2003). The human

population is rapidly approaching, or has already exceeded

carrying capacity, and the effects are being felt. Whatever the

most precise scientific evidence indicates for any specific trend,

many parts of the world are headed minimally for increased

volatility directly as a result of human population growth

(Dyson, 1999a,b, 2001). Nearly two millennia ago, similarly

bleak Malthusian observations were made by the theologian

Tertullian, who also noted the marked psychological changes
accompanying the stresses of pre-technological carrying

capacity:

What most frequently meets our view (and occasions

complaint), is our teeming population: our numbers are

burdensome to the world, which can hardly supply us from

its natural elements; our wants grow more and more keen,

and our complaints more bitter in all mouths, whilst Nature

fails in affording us her usual sustenance. In very deed,

pestilence, and famine, and wars, and earthquakes have to be

regarded as a remedy for nations, as the means of pruning the

luxuriance of the human race . . .

Tertullian (De Anima)

As humans increasingly feel the crush of asymptotic growth,

some will be infinitesimally better-suited to the the rigors of

resource competition, and thus selected for reproductive

success, no doubt due to a superior yoking of needs and

wants by the HPA axis—provided any survive the impending

doom (Kerr, 1999).
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