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Kvetnansky R, Sabban EL, Palkovits M. Catecholaminergic Systems in Stress: Structural and Molecular Genetic
Approaches. Physiol Rev 89: 535-606, 2009; doi:10.1152/physrev.00042.2006.—Stressful stimuli evoke complex
endocrine, autonomic, and behavioral responses that are extremely variable and specific depending on the type and
nature of the stressors. We first provide a short overview of physiology, biochemistry, and molecular genetics of
sympatho-adrenomedullary, sympatho-neural, and brain catecholaminergic systems. Important processes of cate-
cholamine biosynthesis, storage, release, secretion, uptake, reuptake, degradation, and transporters in acutely or
chronically stressed organisms are described. We emphasize the structural variability of catecholamine systems and
the molecular genetics of enzymes involved in biosynthesis and degradation of catecholamines and transporters.
Characterization of enzyme gene promoters, transcriptional and posttranscriptional mechanisms, transcription
factors, gene expression and protein translation, as well as different phases of stress-activated transcription and
quantitative determination of mRNA levels in stressed organisms are discussed. Data from catecholamine enzyme
gene knockout mice are shown. Interaction of catecholaminergic systems with other neurotransmitter and hormonal
systems are discussed. We describe the effects of homotypic and heterotypic stressors, adaptation and maladapta-
tion of the organism, and the specificity of stressors (physical, emotional, metabolic, etc.) on activation of
catecholaminergic systems at all levels from plasma catecholamines to gene expression of catecholamine enzymes.
We also discuss cross-adaptation and the effect of novel heterotypic stressors on organisms adapted to long-term
monotypic stressors. The extra-adrenal nonneuronal adrenergic system is described. Stress-related central neuronal
regulatory circuits and central organization of responses to various stressors are presented with selected examples
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of regulatory molecular mechanisms. Data summarized here indicate that catecholaminergic systems are activated
in different ways following exposure to distinct stressful stimuli.

I. INTRODUCTION

A. Catecholamines: Historical View

Catecholamines (CA), the neurotransmitters and hor-
mones of the adrenomedullary, sympatho-neuronal, and
brain catecholaminergic systems, were discovered al-
ready at the beginning of 20th century. Chemical struc-
tures of the main physiologically relevant CA are shown
on Figure 1.

The concept of a sympathetic-like system is very old
and was already mentioned in the second century by the
Greek physician Galen. In 1852, Bernard demonstrated
regulation of vascular tone by the sympathetic nervous
system (31, 32). In 1895, Oliver and Schafer (463, 464)
published the first report about the cardiovascular effects
of adrenal extracts. Two years later, Abel and Crawford
(1) identified adrenaline (ADR) as the endogenously ac-
tive substance from the adrenal gland with pronounced
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FIG. 1. Structures of main catecholamines occurring in mammals.
Phenylethylamine is the parent compound. Numbers indicate the car-
bons in the ring; « and 3 letters identify the carbons in the side chain.
European literature uses the names adrenaline and noradrenaline, while
in American literature, epinephrine and norepinephrine are used.

effects on the cardiovascular system. Soon thereafter,
Takamine (637) isolated ADR in crystalline form and re-
ported its chemical structure. Thus ADR was the first
catecholamine and also the first hormone to be identified.

Another catecholamine, noradrenaline (NA), was dis-
covered in the middle of the 20th century (1946) by Ulf
von Euler (675) as the neurotransmitter in sympathetic
nerves and as the precursor of adrenaline.

The first catecholaminergic system (ADR, NA) in the
brain was discovered by Vogt (673). In 1958, Arvid Carls-
son identified dopamine (DA) as an additional catechol-
amine in the brain (75, 76).

This review is devoted to physiological, biochemical,
and molecular genetic changes of peripheral and brain
catecholaminergic systems under stress.

B. Stress Theory: Current Status

Comprehending the physiology and pathophysiology
of the autonomic nervous system depends on understand-
ing the roles of the sympatho-neural and sympatho-adre-
nomedullary systems in stress and distress. This in turn
depends on defining stress and distress in scientific terms.
Changes in activity of catecholaminergic systems after
influence of various stimuli from outside or inside the
organism (later called stressors) had already been studied
100 years ago. In spite of that, the definition of stress is
still not satisfactorily stated. Thousands of papers have
been dedicated to the topic of CA changes during stress,
and a great deal of important knowledge has been ob-
tained (97, 332, 399, 470, 703). However, we still do not
know exactly what stress is nor what are the detailed
mechanisms of activation of catecholaminergic systems
under various specific stressors. In addition, it has re-
cently been shown that single, chronic, or repeated stress
exposures are all able to affect gene expression of some
hormones and neurotransmitters activated by stress. The
molecular genetic aspects of stress responses of cat-
echolaminergic systems are the main topics of this re-
view. At the outset we would like to say a few words
about the development of the stress theory.

The physiologist Walter Cannon conducted a series
of seminal experiments on the importance of adrenal
medullary secretion of ADR during various types of stim-
ulation in animals and humans. Based on these studies, he
introduced the terms homeostasis and fight-or-flight to
the scientific literature, and these terms remain in use
today (68-70). However, he never used the term stress.
Cannon thought that the adrenal medulla and sympathetic
nervous system functioned as a unit and proposed that
ADR is not only the active principle of the adrenal gland
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but also is a neurotransmitter of the sympathetic nervous
system (71). In 1946, however, von Euler (675) correctly
identified NA as the sympathetic neurotransmitter. The
notion of a unitary sympatho-adrenal system, however,
continues in medical thinking, despite persuasive evi-
dence for separate pathways and differential changes in
sympathetic nervous and adrenomedullary activities with
various stressors (201, 341, 472, 474).

The Canadian scientist Hans Selye, born in the city of
Komarno, Slovakia, introduced the term stress and highly
popularized the stress theory as a medical and scientific
idea (571-573). According to his theory, “Stress is the
nonspecific response of the body to any demand upon it.”
“Distress” was defined as stress that is unpleasant or
harmful to the body (5672). Excessive, repeated, or inap-
propriate stress responses were viewed as maladaptive,
and Selye described it with the phrase “diseases of adap-
tation.” In 1936, Selye described a pathological triad: ad-
renal enlargement, gastrointestinal ulceration, and thymi-
colymphatic involution, which should be elicited by any
stressor (5673). In contrast to Cannon, who concentrated
on the adrenal medulla, Selye focused mainly on the
pituitary-adrenocortical axis as the key effector of the
stress response. He considered the adrenal cortex to be
the organ of integration during stress (571). Selye also
introduced the term general adaptation syndrome with
its three successive phases: the alarm reaction, stage of
resistance, and exhaustion stage. In our long-term stress
experiments, we have never seen the exhaustion stage.

Mason (395) criticized Selye’s doctrine of nonspeci-
ficity. Anxiety and fear were understood as the main
factors contributing to nonspecific responses upon expo-
sure to various stressors. Chrousos and Gold (96) modi-
fied the doctrine of nonspecificity by proposing that
above a threshold intensity, any stressor would elicit the
“stress syndrome.” They defined stress as a state of dis-
harmony or of threatened homeostasis that evokes both
specific and nonspecific responses. They included genetic
factors, which interact with the environment and previous
experience, as important determinants of individual
stress responses (96).

More than a half century elapsed before Selye’s doc-
trine of nonspecificity underwent experimental testing by
our National Institutes of Health group, which failed to
confirm it (479). We published data that were inconsistent
with Selye’s stress theory and refuted the existence of a
unitary “stress syndrome.” By now, researchers have
largely abandoned both Cannon’s and Selye’s notions of
stereotyped, nonspecific neuroendocrine responses re-
gardless of the type of stressor. More modern theories
view stress as a sensed threat to homeostasis (202, 404),
where the response has a degree of specificity, depending
among other things on the particular challenge to ho-
meostasis, the organism’s perception of the stressor, and
its ability to cope with it (197, 201).
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Goldstein recently introduced a new definition of
stress (196-198, 201). Central to his stress theory is that
the body possesses numerous homeostatic comparators,
which have been called “homeostats.” Different homeostats
can regulate the activity of the same effector system. For
instance, the osmostat and volustat share the vasopressin
effector (525). The definition of stress formulated by
Goldstein is as follows: “Stress is a condition in which
expectations, whether genetically programmed, estab-
lished by prior learning, or deduced from circumstances,
do not match the current or anticipated perceptions of the
internal or external environment, and this discrepancy
between what is observed or sensed and what is expected
or programmed elicits patterned, compensatory responses”.
According to this new view, “distress is a form of stress with
additional defining features—consciousness, aversiveness,
observable signs, and pituitary-adrenocortical and adreno-
medullary activation.” Distress could worsen some patho-
physiologic processes. For instance, because of adrenomed-
ullary activation in patients with coronary artery stenosis,
distress could elicit cardiovascular stimulation and produce
an excess of myocardial oxygen consumption, precipitating
myocardial infarction or lethal ventricular arrhythmias.
Moreover, long-term distress could augment both the risk of
amood disorder and the risk of worsening coronary disease.

Recently, the term allostasis has been introduced
into stress research (402, 403, 610). Allostasis is the pro-
cess of adaptation of the body upon the exposure to
various stressors. When mediators of allostasis, like cor-
tisol or ADR, are released in response to stressors or to
life-style factors, they promote adaptation and are gener-
ally beneficial. However, when these stress mediators are
not turned on adequately during stress, when they are not
turned off when the stress is over, or when they are
overused by many stressors, there are cumulative changes
that lead to “allostatic load or overload” (401, 402). Thus
long-term physical or mental consequences of stress
would depend on long-term effects of allostatic load.
Maintenance of allostatic states requires energy.

Stressor-specific responses of CA systems have been
described (341, 474, 479). By the term stressor, we mean
a stimulus that disrupts homeostasis. In general, stressors
can be divided into four main categories (474): 1) physical
stressors, e.g., cold, heat, radiation, noise, vibration, chemi-
cal stressors, pain, and immobilization (IMO); 2) psycholog-
ical stressors that affect emotional processes and may
result in behavioral changes such as anxiety, fear, frus-
tration, in animals handling, restraint, etc.; 3) social stres-
sors, reflecting disturbed interactions among individuals,
e.g., unemployment, marital separation, death of partner,
in animals dominancy, etc.; and 4) stressors that chal-
lenge cardiovascular and metabolic homeostasis, e.g., ex-
ercise, orthostasis, upright tilt, hypoglycemia, hemor-
rhage, etc. In terms of duration, stressors may be either
1) acute stressors (single, intermittent, time-limited expo-
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sure) or 2) chronic or repeated stressors (continuous
long-term prolonged exposure, intermittent long-term ex-
posure).

The ability to determine stressor-specific responses
of CA systems became available after development of a
sensitive radioenzymatic assay for separate measurement
of low basal plasma NA and ADR levels and subsequent
differing changes after exposure to various stressors. A
new view of the concept of stressor specificity began to
emerge, in which NA levels, and thereby overall sympa-
thetic nervous activity, would play a key role, such as
during exercise, orthostasis, cold exposure, blood loss,
locomotion, altered salt intake, water immersion, etc.
Adrenaline levels, and thereby specific sympatho-adreno-
medullary hormonal system activation, would respond to
global or metabolic threats, such as hypoglycemia, hem-
orrhagic hypotension, exercise beyond an anaerobic thres-
hold, asphyxiation, emotional distress, shock, etc. There
are also different patterns of sympatho-neural, sympatho-
adrenomedullary, and hypothalamo-pituitary-adrenocorti-
cal responses to different stressors (198, 201, 474). An
important feature of successful coping with stress is that
physiological systems are not only turned on efficiently by
a particular stressor but are also turned off again after
cessation of the stressor to conserve resources.

Recent data fully support the view of the high spec-
ificity in responses of the organism to various stressors
not only at the level of plasma CA (341, 474, 479) but also
at the level of gene expression and transcription factors of
enzymes involved in CA biosynthesis (317, 328, 338, 370,
549, 555, 556, 696). With the use of more detailed func-
tional immunocytochemistry, pathways of specific stres-
sors are being elucidated.

There are, however, many critical questions that still
have to be answered. For example, what are the molecu-
lar mechanisms for transition from short-term beneficial
to long-term adaptive or maladaptive response of the
organism? How does adaptation to one type of stressor
alter the response to a subsequent stressor of the same
(homotypic) or different (heterotypic, novel) type of
stressor? The mechanisms of these phenomena have to be
clarified.

II. PHYSIOLOGY, BIOCHEMISTRY, AND
MOLECULAR BIOLOGY OF
CATECHOLAMINES

Catecholamines influence virtually all tissues and
many functions. Together with other neuronal and hor-
monal systems they significantly participate in regulation
of a multitude of physiological processes. Catecholamines
are highly involved in regulation of secretion of many
peptide and steroid hormones and may also alter hor-
mone synthesis through effects on gene transcription. For
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details on CA function, see review articles (197, 199, 473,
705).

It is important to understand correctly the function of
CA systems under both basal and stressful conditions. In
contrast to Cannon’s original concept of a unitary sympa-
tho-adrenal system (68, 69), today it is clear that there are
several catecholaminergic systems that can be differently
regulated by various stressors. According to the new con-
cept, there are at least three distinct peripheral CA sys-
tems, each with different effectors, regulation, and roles
(197, 198). The peripheral catecholaminergic systems are
sympatho-adrenomedullary system, sympatho-neural sys-
tem, and DOPA-dopamine autocrine/paracrine system.
Brain catecholaminergic systems are divided into norad-
renergic system, adrenergic system, dopaminergic sys-
tem, and L-DOPA neurons.

Many original views especially on CA release, trans-
port, and metabolism have recently been revised. There-
fore, in this review, we first describe the new aspects of
the basic physiological and biochemical processes in the
CA systems under normal and stressful conditions. We
then describe and discuss the stress-induced molecular
genetic changes of these systems.

A. Catecholamine Biosynthesis

The catecholamine biosynthetic pathway is summa-
rized in Figure 2. Catecholamines are synthesized from
the amino acid precursor L-tyrosine. There are two pri-
mary sources of tyrosine, from the diet and from hydroxy-
lation of the amino acid phenylalanine in the liver.

Upon entry into an adrenal chromaffin cell, sympa-
thetic or brain catecholaminergic nerve terminals, ty-
rosine is converted to dihydroxyphenylalanine (DOPA) by
the soluble cytoplasmic enzyme tyrosine hydroxylase
(TH; EC 1.14.16.2). TH is an iron-containing, biopterin-
dependent amino acid hydroxylase. It utilizes tyrosine,
tetrahydrobiopterin (BH4), and molecular oxygen to gen-
erate DOPA, dihydrobiopterin, and water. The cofactor
BH4 is resynthesized from dihydropterin by the enzyme
dihydropteridine reductase. Since BH4 is present in sub-
saturating levels, TH activity depends on its availability
(reviewed in Ref. 444). For the de novo biosynthesis of
BH4, the enzyme GTP-cyclohydrolase I catalyzes the rate-
limiting step (reviewed in Refs. 444, 456, 651).

Under most conditions, TH is intricately regulated in
the short and long term. There are a number of excellent
reviews on TH activity (172-174, 281, 282, 312, 443, 550,
553). In the short term, TH enzymatic activity is regulated
by feedback inhibition; thus TH is inhibited by catechols
(DOPA, NA, DA). TH is also regulated by allosteric regu-
lation and phosphorylation. TH can be phosphorylated by
a variety of kinases at several serines (positions 8, 19, 31,
and 40) in the NH,-terminal domain. The phosphorylation
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FIG. 2. Pathway for catecholamine biosynthesis and its enzymatic
steps. The steps of conversion from L-tyrosine to L-noradrenaline are
typical for sympathetic and some brain neurons, and the conversion of
L-noradrenaline to L-adrenaline is typical for the adrenal medullary cells
and some peripheral and brain neurons.
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has been a topic of extensive research (reviewed in Ref.
137). In the medium to long term, TH can be regulated by
enzyme stability, transcriptional regulation, RNA stability,
alternative RNA splicing, and translational activity. Change in
TH gene expression is a major mechanism whereby the
catecholaminergic system responds to stress and is dis-
cussed in considerable detail in later sections of this
review.

In humans, several isoforms of TH can arise from
alternative splicing of a single primary transcript (441,
445) (see sect. 1F). Primates exhibit only two of these
isoforms, and lower animals have only one (253). The
significance of these isoforms, the physiology of the alter-
native splicing, and whether it is affected by stress is not
clear.

DOPA is converted into DA by a nonspecific enzyme,
aromatic r-amino acid decarboxylase (AAAD; EC 4.1.1.28).
The activity of AAAD depends on levels of its cofactor,
pyridoxal phosphate.

Dopamine is taken up from the cytoplasm into stor-
age vesicles and converted into NA by dopamine-g-hy-
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droxylase (DBH; EC 1.14.17.1), an enzyme found in solu-
ble and membrane-bound forms within storage vesicles.
Both forms are encoded by the same mRNA (168, 363).
DBH activity utilizes copper, ascorbic acid, and molecular
oxygen. A portion of DBH is released by exocytosis with
NA and ADR, and DBH is present in plasma and cerebro-
spinal fluid (CSF) (683, 684).

NA is then converted into ADR by the soluble cyto-
plasmic enzyme phenylethanolamine N-methyltransferase
(PNMT; EC 2.1.1.28) that uses S-adenosyl-methionine as
the cofactor. PNMT is inducible by glucocorticoids.
PNMT is mainly localized in the adrenal medulla; how-
ever, sympathetically innervated organs and some brain
areas are also able to synthesize small amounts of ADR.
Separate populations of adrenal chromaffin cells contain
NA and ADR as the final products of CA biosynthesis
(687). PNMT gene expression was found also in some
nonneuronal cells in the heart, skin, etc. (247, 248, 288,
333, 522, 713).

The biosynthesis of CA is greatly increased under
stress (350). Activities of CA biosynthetic enzymes other
than AAAD were found to be highly elevated under long-
term stress situations (324, 326, 351, 649). Detailed mech-
anisms of increases in CA biosynthesis, gene expression,
activity, and protein levels of CA biosynthetic enzymes in
the adrenal medulla as well as sympathetic and brain
catecholaminergic neurons in stress are discussed in de-
tail in later sections of this review.

B. Release of Catecholamines

Currently, more than 30 biologically active substances
have been localized in adrenal chromaffin, sympathetic
neuronal, and brain catecholaminergic cells, and a num-
ber of them are released following depolarization of the
cell membrane. In addition, various biologically active
neuropeptides are colocalized with acetylcholine within
sympathetic preganglionic nerve terminals [e.g., substance P,
neuropeptide Y (NPY), vasoactive intestinal polypeptide
(VIP), enkephalins, PACAP, and others], and they appear to
act as neuromodulators or cotransmitters of cholinergic
transmission (124, 705).

The process of CA release is similar in the adrenal
medulla and the sympathetic nerve endings. Acetylcho-
line released from sympathetic preganglionic nerve termi-
nals binds to nicotinic cholinergic receptors and leads to
a depolarization of cell membrane, resulting in an in-
crease in membrane permeability to sodium. This initiates
a series of events that lead to an increase in the influx of
calcium. Then, CA storage vesicles fuse with the chromaf-
fin or sympathetic neuronal cell membrane and, via exo-
cytosis release their contents of CA, together with chro-
mogranins, other neuropeptides, ATP and a fraction of the
soluble DBH, via exocytosis (see reviews in Refs. 197, 268,
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446, 612, 705). The exact mechanism of Ca®"-evoked exo-
cytosis is, however, not clear.

Several proteins play an important role in the process
of exocytosis, e.g., synapsin, synexin, synaptophysin, syn-
taxin, etc. The membrane protein synexin has been sug-
gested to be a transducer that mediates fusion of the
vesicle with the cell membrane (512). Some of these
proteins show inhibitory effects on CA secretion, e.g.,
catestatin (290). Adrenomedullary cells secrete CA di-
rectly into the bloodstream.

NA and ATP are stored in both small synaptic and
large dense-core vesicles, but neuropeptides are stored
only in the large ones. Release of NPY, therefore, does not
parallel that of NA and ATP, as exocytosis from small and
large vesicles is regulated differently (95, 382, 717). Neu-
ropeptides (such as VIP, PACAP) play a role in stimula-
tion of CA release (VIP), in modulation of responses to
acetylcholine (enkephalins, substance P), and they also
exert systemic effects. NPY may be the sympathetic tro-
phic factor (718) and recently has been described as the
factor responsible for stress-induced obesity (313, 314).
After exocytosis, the vesicle membrane is retrieved from
the plasma membrane and recycled into newly formed
vesicles.

Sympathetic nerve endings can release NA also by
calcium-independent, nonexocytotic mechanisms, e.g., by
reverse transport through the neuronal uptake carrier
(315, 569, 612). However, this process occurs in vivo
mainly in extraordinary circumstances such as during
ischemia (315, 569). Catecholamines at varicosities on
sympathetic fibers could diffuse to surrounding tissue by
volume transmission (631).

Following exocytosis, CA that escape reuptake and
local metabolism diffuse into circulation and constitute
the circulating pool of CA. Plasma CA turn over very
rapidly. The half-time of disappearance is ~2.5 min (162).
Under resting conditions, low levels of CA are released
into the blood from the adrenal medulla and sympathetic
nerve terminals. During stressful stimulation, however, a
huge amount of ADR (~95%) and a significant amount of
NA (which may comprise up to 30% of the total circulating
NA) may be released from the adrenal medulla. The re-
maining 70% of NA is released from sympathetic nerve
terminals and enters blood capillaries from the site of
release at the neuroeffector junction.

Thousands of papers have described changes of
plasma CA levels under different specific stress condi-
tions (132, 133, 327, 339, 341, 347, 352, 474, 479). Our
stress model of IMO triggers discharge of ADR from the
adrenal medulla and NA mainly from the sympatho-neural
system. Plasma ADR levels reach peak values that are
~40-fold greater than in control undisturbed rats at ~20
min IMO and then decline to about one-third the peak
levels (347). Plasma levels of NA are increased about
sixfold throughout the IMO (347). Because decapitation
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of animals produced by itself an 80-fold increase in
plasma ADR and an 8-fold increase in plasma NA levels,
these values were obtained from blood collected via per-
manently inserted arterial catheter. In decapitated rats,
IMO shows only threefold increase in plasma CA (347).
Even minor disturbances like handling or transfer of an-
imals produce highly significant increases in plasma ADR
and NA levels (347). Many stressors, including IMO or
gentle handling, rapidly increase not only plasma CA lev-
els, but also the CA precursor DOPA and the CA metab-
olites (DHPG, DOPAC, MHPG, etc). Plasma DA levels and
the DA metabolite homovanilic acid (HVA), however, re-
main unchanged (320, 327). This indicates not only a rapid
stress-induced increase in plasma CA levels but also rapid
increases in CA synthesis, release, and metabolism.

Adrenal medullectomy completely prevents the stress-
induced increases in plasma ADR but reduces plasma NA
levels only by about 30%. Combined adrenal medullec-
tomy and sympathectomy almost completely abolishes
plasma NA. Therefore, during stress, the increment in
plasma ADR is derived almost completely from the adre-
nal medulla, whereas most plasma NA (about 70%) is
derived from sympathetic nerves (352).

There is a very close interaction of the sympatho-
adrenal (SAS) and hypothalamo-pituitary-adrenocortical
(HPA) systems (323, 340). Biosynthesis of CA and activa-
tion of CA biosynthetic enzymes (including their gene
expression) is regulated by neuronal and humoral mech-
anisms (318, 344, 551). An intact HPA axis is essential for
the activity of PNMT, the enzyme responsible for ADR
synthesis (318, 330, 344, 551, 689, 691, 698).

Regulation of ADR and NA release is highly stressor-
specific. Adrenal medullary ADR release is mainly in-
duced by hypoglycemia, glucopenia, IMO, emotional
stressors, etc. (341, 479). Conversely, cold or pain (forma-
lin) exposure does not activate ADR release but highly
stimulates NA release from the sympathetic terminals
(341, 479).

When IMO stress is applied daily for several weeks,
the baseline levels of plasma CA are significantly elevated,;
however, the stress-induced increment is reduced com-
pared with animals after the first stress exposure (339).
Reduced plasma CA response to subsequent exposure to
the same stressor is seen in a wide variety of stressors
(339, 614). Even repeated handling (for 14 days) led to
reduction of plasma ADR as well as ACTH levels, while
NA levels increase to the same extent as after the first
handling procedure (128). When handling-adapted ani-
mals are handled by a different person, ADR levels are
again elevated. This dissociation of plasma ADR and NA
responses is another example of differing control of sym-
patho-adrenomedullary and sympatho-neural systems by
specific stressors.

Rats exposed to repeated IMO have significantly in-
creased plasma DBH activities (339, 684). The physiolog-
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ical meaning of this finding is not clear. An exaggerated
response of plasma CA has been found in rats adapted to
a homotypic stressor after the exposure to a heterotypic
novel stressor. This is a new, important phenomenon that
must be investigated in future studies. Novel stressors are
discussed in section vAS3.

C. Inactivation and Uptake of Catecholamines

The biological effects of CA released into the synap-
tic cleft are terminated very rapidly by uptake back into
the sympathetic nerve endings and/or to effector cells, or
by conversion of CA to inactive metabolites. The mecha-
nism of inactivation of catecholamines by both neuronal
reuptake (21) and by enzymatic degradation (18) was
discovered by Julius Axelrod.

Sympathetic nerve endings take up CA from the ex-
tracellular fluid by a process distinct from the intraneu-
ronal uptake of CA by the storage granules. Neuronal
uptake is known as “uptake 1” (see Ref. 144) and the
uptake by nonneuronal tissues as “uptake 2” (263).

Uptake 1 (Ul) serves at least to recapture locally
released NA or circulating NA to save it by intraneuronal
storage for reuse. Uptake 1 is energy requiring and carrier
mediated. The carrier can transport CA against large con-
centration gradients. This uptake plays a less important
role in the inactivation of circulating ADR. Uptake 1 in-
creases in parallel with increase NA release during expo-
sure to stressors (145, 147). About 90% of released NA is
reuptaken to neurons (145, 147, 148, 155).

The neuronal uptake is mediated by noradrenaline
transporter (NET) and dopamine transporter (DAT) pro-
teins. Transport by NET and DAT is a Na*- and temper-
ature-dependent process that displays high affinity, but
relatively low capacity for CA. Since Ul functions as a
first-order kinetic process, the rate of NA reuptake in-
creases in parallel with increases in NA release (145, 147).
Among CA transporter substrates there are differences:
NA is translocated by NET about twofold more effectively
than ADR. This explains why sympathetic nerves take up
NA more efficiently than ADR. Dopamine is a much better
substrate for DAT than NA or ADR (144). Sympathetic
nerves do not take up O-methylated CA metabolites, such
as normetanephrine and methoxyhydroxyphenylglycol
(MHPG) (146).

Molecular identification of the structure of NET and
DAT followed their cloning in the early 1990s from several
species including rats. These two transporters show close
homology and share several structural features: 12 puta-
tive transmembrane domains, several similarly configured
intracellular and extracellular loops or regions with re-
spective phosphorylation and glycosylation sites (see re-
view in Refs. 49, 144). The ADR transporter that was
cloned from sympathetic ganglia of the frog (12) shows
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close homology to NET and DAT and translocates ADR
more efficiently than NA and DA. However, whether an
ADR transporter is expressed also in mammals has not
been established.

In brain, TH and DAT are considered characteristic
markers for dopaminergic neurons. While DAT is ex-
pressed mainly in brain dopaminergic cells, neither NET
nor DAT expression is restricted to central or peripheral
noradrenergic neurons (144). Uptake of NA by NET also
takes place in some extraneuronal cell types that express
the same NET that is expressed in noradrenergic neurons.
Extraneuronal sites of NET expression are in the chro-
mafin cells of adrenal medulla, in lung, placenta, etc.
Extraneuronal DAT expression was found in the gastro-
intestinal tract, pancreas, kidney, etc. (see review in Ref.
144). Information on brain CA transporters in stress situ-
ations is presented in section mFE.

Extraneuronal uptake 2 (U2) is an active process of
transport into nonneuronal cells. The extraneuronal
monoamine transporter of U2 (EMT), initially described
by Iversen (263), has little if any stereospecificity and has
low affinity (higher K,,) and specificity for CA. U2 favors
ADR over NA, shows a higher maximum rate of CA up-
take (higher V,..), and is not a Na™- and Cl~-dependent
process (see Refs. 144, 197). U2 is sensitive to inhibition
by CA O-methylated metabolites normetanephrine, meta-
nephrine, and by corticosteroid (50). U2 is responsible for
formation of CA metabolites in liver, kidney, and lung and
is highly sensitive to inhibition by glucocorticoids (657).

It now appears that there are at least three nonneu-
ronal CA transporters functioning at extraneuronal loca-
tions. The classic transporter is corticosterone-sensitive
EMT, the U2 transporter, recently also referred as OCT3
“organic cation transporter.” Another two extraneuronal
organic cation transporters, which also transport CA,
were identified as OCT1 and OCT2. Among the CA, these
transporters have the highest substrate specificity for DA.
Similar to neuronal CA transporters, EMT has 12 putative
transmembrane domains but has a different primary
structure and represents a different family of transporters
(see review in Ref. 144).

Vesicular monoamine transporters (VMAT): varicosities
in peripheral sympathetic neurons or in catecholaminergic
neurons in the brain contain cytoplasmic vesicles. These
vesicles actively store synthesized or recaptured cytoplas-
mic CA by specific carrier proteins called VMATs (276).
Cloning studies revealed the existence of two isoforms of
this transporter: VMAT-1 (the “neuroendocrine” isoform)
and VMAT-2 (the “neuronal” isoform) (143, 570). Neurons,
whether at the periphery or in the brain, express only
VMAT-2. In contrast, adrenal medullary chromaffin cells
express both isoforms with VMAT-1 major in rodents and
VMAT-2 major in humans. Paracrine SIF cells of sympa-
thetic ganglia express predominantly the VMAT-1 isoform
(143). All catecholamines (DA, NA, and ADR) are, in
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general, better substrates for VMAT-2 than for VMAT-1
(197).

VMAT gene has 12 predicted transmembrane do-
mains. The localization of the COOH-terminal tail to the
cytoplasm is the only established structural feature.
VMAT is member of the TEXAN family of transporters
(see Ref. 143).

The energy for vesicular uptake by VMAT is provided
by the proton gradient established by the H" transporter.
This is in contrast to transport of neurotransmitters
across the plasma membrane (NET), which is sodium
dependent.

Fast inactivation of CA released into the synaptic
cleft is a prerequisite for fine control over the effector
system. Contrary to the usual depictions, vesicular stores
of CA do not exist in a static state simply waiting for
exocytotic release. Rather, they exist in a highly dynamic
equilibrium with the surrounding cytoplasm, with passive
outward leakage of CA, counterbalanced by inward active
transport under the control of VMAT (152).

Monoamine transporters play an important role in
metabolic and physiological functions of CA removed by
neuronal or extraneuronal uptake, which are then trans-
ported into storage vesicles or metabolized by mono-
amine oxidase (MAO) in the cytoplasm of neurons or
by catechol-O-metyltransferase (COMT) in nonneuronal
cells.

In spite of the fact that this process is highly acti-
vated by stress, the studies on stress-induced changes in
activity and gene expression of CA transporters located in
the peripheral neurons are quite rare. Very few reports
deal with NET transporter protein and gene expression
during oxidative stress in PC12 cells (393, 394). These
results support a functional role of oxidative stress in
mediating the neuronal NA uptake associated with reduc-
tions in NA uptake binding sites and NET protein produc-
tion, without changes in NET gene expression. The effect
of oxidative stress on NET is a posttranscriptional event
(394).

Cardiac NA uptake is reduced in cardiomyopathy and
is associated with a decrease in NET receptor. This pro-
cess can be reproduced in PC12 cells by high extracellular
NA. Administration of NA decreases glycosylated NET in
both membrane and cytosolic fractions and increases
cytosolic unglycosylated NET protein. Antioxidants pre-
vent the downregulation of NET proteins. Accordingly,
the downregulation of membrane NET by NA is mediated
by decreased N-glycosylation of NET proteins secondary
to induction of endoplasmic reticulum stress pathways by
NA-derived oxidative metabolites (393).

Eisenhofer et al. (152) have shown increased rates of
NA release and reuptake versus the unchanged rate of NA
leakage from storage vesicles under conditions of exer-
cise. These data indirectly show increased activation of
NET and VMAT during stress.

KVETNANSKY ET AL.

Thus, surprisingly, peripheral CA transporters have
not been extensively studied under stress conditions.
Stress-induced changes in transporter levels and their
gene expression in the brain are discussed in section mkE.

D. Degradation and Vesicular Leakage
of Catecholamines

Catecholamines are subjected to chemical degrada-
tion by 3-O-methylation (COMT; EC 2.1.1.6), oxidative
deamination (MAO; EC 1.4.3.4), and by conjugation as
sulfate and glucuronide. Neuronally released CA are in-
activated by Ul in combination with enzymatic degrada-
tion by MAO, a mitochondrial flavoprotein located in the
outer membrane of presynaptic neurons. Circulating CA
are inactivated by U2 and enzymatic degradation by
COMT, located in effector cells (Figs. 3 and 4).

After neuronal reuptake, cytoplasmic NA can un-
dergo metabolism catalyzed by MAO to form dihydroxy-
phenylglycol (DHPG) or translocation back into the stor-
age vesicles via the VMAT (149, 200). The later constitutes
the predominant pathway.

MAO catalyzes deamination of amines, with produc-
tion of aldehydes that are metabolized to carboxylic acids
or alcohols (Fig. 3). MAO-A subtype has a higher affinity
for NA and ADR and is highly localized in brain neurons.
MAO-B is responsible for degradation of DA. Both MAO-A
and MAO-B have been localized in liver. MAO significantly
participates in regulation of NA storage in the nerve ter-
minals (442, 592).

COMT is primarily an extraneuronal enzyme, but
some of the enzyme may also be localized intraneuro-
nally. Adrenal chromaffin cells express abundant COMT
(153), which explains why all plasma metanephrine de-
rives from O-methylation of CA within the adrenal me-
dulla (154). This fact is used in the detection of pheochro-
mocytoma, the tumor that synthesizes CA and expresses
COMT (150, 360, 473). The enzyme utilizes S-adenosylme-
thionine as a cofactor. COMT metabolizes circulating cat-
echols mainly in the liver and kidney. Figure 3 depicts
details of CA metabolism.

Phenolic hydroxyl groups of CA can be conjugated to
sulfates or glucuronides as another mechanism of CA
inactivation. Glucuronide is the principal conjugate in
rats, and sulfate predominates as the conjugate in hu-
mans.

Eisenhofer and co-workers (151, 152) have recently
demonstrated a new view of CA metabolism in normal
and stress conditions. Importantly, most metabolism of
CA takes place within the same cells in which the amines
are synthesized. This mainly occurs secondary to leakage
of CA from vesicular stores into the cytoplasm. These
stores exist in a highly dynamic equilibrium, with passive
outward leakage counterbalanced by inward active trans-
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FIG. 3. The main pathways of catecholamine metabolism. The end products of noradrenaline (NA) and adrenaline (ADR) metabolism in effector
cells are 3-methoxy-4-hydroxyphenylglycol (MHPG) and vanillylmandelic acid (VMA), and of dopamine metabolism homovanillic acid (HVA). In
sympathetic nerve terminals, the end product of NA and ADR metabolism is 3,4-dihydroxyphenylglycol (DHPG), and 3,4-dihydoxyphenylacetic acid
(DOPAC) is the end product of the dopamine metabolism. The aldehyde intermediates exist only transiently and are rapidly metabolized to
corresponding glycols by the enzyme aldehyde reductase (AR) or to acids by the enzyme aldehyde dehydrogenase (AD). The majority of the
metabolites are conjugated at the position of phenolic hydroxyl group with sulfate or glucuronide. MAO, monoamine oxidase; COMT, catechol-O-

methyltransferase; DHMA, 3,4-dihydroxymandelic acid.

port controlled by VMATSs. In sympathetic nerves, the
aldehyde produced from NA by MAO is converted to
DHPG and not to 3,4-dihydroxymandelic acid (DHMA).
Subsequent extraneuronal O-methylation leads to produc-
tion of 3-methoxy-4-hydroxyphenylglycol (MHPG) and
not to vanillylmandelic acid (VMA) (Figs. 3 and 4). This
acid is instead formed in the liver by oxidation catalyzed
by alcohol and aldehyde dehydrogenases. Compared with
intraneuronal deamination, extraneuronal O-methylation
of NA and ADR represents a minor pathway of CA me-
tabolism.

Most of the MAO metabolite DHPG, produced under
resting conditions, comes from NA leakage from vesicles.
In the resting human heart, ~73% of NA turnover is due to
intraneuronal metabolism of NA leaking from storage
vesicles (150, 151, 153).

Under conditions of exercise (at 50% of maximal
work capacity), rates of NA release and reuptake exceed
the rate of NA leakage from storage vesicles, which as a

passive process operates independently of exocytotic re-
lease and remains relatively constant (Fig. 5). Vesicular
leakage may therefore be viewed as a stress response
coping mechanism, where the large and constant contri-
bution of vesicular leakage to CA turnover reduces the
requirement during sympathetic activation for relative
increases in CA synthesis to match those in release. Be-
cause the ability to increase TH activity is limited, this
leakage mechanism provides sympathetic nerves with a
capacity for a more extended range of sustainable release
rates than would otherwise be possible (151, 152).

E. Molecular Genetics
of Catecholaminergic Systems
1. Catecholamine biosynthetic enzymes

A) TH. Human TH is encoded by a single gene local-
ized to chromosome 11, comprising 14 exons and 13
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Non-Neuronal Effector Cell

Bloodstream

FIG. 4. Schema of events at the sympathetic nerve terminals and nonneuronal effector cells. Catecholamine biosynthesis begins with uptake of

tyrosine into the sympathetic neurons. Tyrosine is converted to DOPA by tyrosine hydroxylase (TH), and DOPA is then converted to dopamine (DA) by
L-aromatic amino acid decarboxylase (AAAD). Cytoplasmic DA is taken up into vesicles and hydroxylated by dopamine-B-hydroxylase (DBH) to
noradrenaline (NA). In dopaminergic neurons, DA is the end product of catecholamine biosynthesis and is stored in vesicles or may be metabolized
by monoamine oxidase (MAO) to dihydroxyphenylacetic acid (DOPAC) which is released into blood. Similar events are also present in the
chromaffin cells of the adrenal medulla where NA is further converted by PNMT to ADR. Neuronal stimulation causes exocytotic release of NA from
vesicles into the synaptic cleft. Released NA can bind to receptors, be taken back up into nerve terminal (uptake 1; Ul) or into nonneuronal cells
(uptake 2; U2), or diffuses into blood. By far, the predominant fate of the released NA is its reuptake into the nerve terminals by Ul, via the
noradrenaline transporter (NET). Uptaken cytoplasmic NA is taken back into vesicles by vesicular monoamine transporter (VMAT), or converted
by MAO deamination to dihydroxyphenylglycol (DHPG). This metabolite diffuses into blood or traverses the nonneuronal cell membrane and is
converted to 3-methoxy-4-hydroxyphenylglycol (MHPG) by catechol-O-methyltransferase (COMT). NA uptaken by extraneuronal monoamine
transporter (EMT; U2) into nonneuronal cells can be metabolized by COMT to form normetanephrine (NMN) or can form DHPG and MHPG or in

humans vanillylmandelic acid (VMA), the end product of NA and ADR metabolism. [Modified from Kvetnansky et al. (340).]

introns within 12.5 kb (519). The human gene undergoes
alternative splicing, and at least eight TH mRNAs with
variations in the sequence coding for the NH,-terminal
domain of the protein have been described. These involve
the inclusion or omission of a 12-bp sequence encoded by
the 3'-terminal portion of the first exon or the 81-bp
sequence of the second exon (210, 280, 357, 460). Addi-
tional mRNA variants by alternative splicing of exon 3
were reported and overexpressed in progressive supranu-
clear palsy patients (134). Variants with omission of exon
4 in normal adrenal medulla were described (462). Splic-
ing of exons 8 and 8+9, outside the NH,-terminal region,
were recently observed in patients with neuroblastomas
(495). While some differences in functional characteris-
tics have been found among these isoforms, it is not yet
clear whether regulation of either isoform expression or
alternative splicing is an important mechanism for the
regulation of TH during physiological manipulations.
Since rodent TH does not appear to undergo alternative
splicing, this mode of regulation is not pertinent to most
of the experiments on stress.

The promoter of TH, given its major regulatory role
in CA biosynthesis, has been studied in great detail. Most
of these studies have concentrated on the proximal region
of the promoter within the first few hundred base pairs
upstream of the start site. This region is sufficient for
specific expression in catecholaminergic cells and for
response to many external stimuli in cell culture. How-
ever, more upstream regions of the promoter are required
for TH expression in catecholaminergic cells in vivo.
Lengthening the 5’ -flanking sequences to 4.5 kb or longer
produced CNS TH expression in transgenic mice with
minimal ectopic expression (26, 369, 421).

A diagram of the proximal rat TH promoter is shown
in Figure 6. It contains several verified and putative reg-
ulatory elements. A perfect consensus cAMP response
element (CRE) at —45 and a noncanonical AP1 element at
—205 are particularly important for basal expression of
TH. Mutations of these motifs in a 5.3-kb promoter con-
structs prevented expression in catecholaminergic neu-
rons of adult transgenic animals (659). In cell culture, this
site was found to be the most crucial for regulation of TH
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FIG. 5. Noradrenaline turnover in human cardiac sympathetic nerve endings under resting conditions and during exercise (50% of maximum
work capacity). Individual processes contributing to NA turnover are expressed in nmol/h. Efficiencies of neuronal reuptake and vesicular
sequestration are very similar during exercise-induced increase in NA release. The constant contribution of leakage (700 nmol/h) to turnover of NA
at rest and during exercise is important. Due to such a constant leakage, the observed 10-fold increase in NA release with exercise results from only
a 3.4-fold increase in NA turnover (270 vs. 80 nmol/h), which approximately matchs with the 3-fold increase in NA synthesis (240 vs. 80 nmol/h).

[Modified from Eisenhofer et al. (152).]

transcription not only by changes in basal expression, but
also in response to stimulation by cAMP, hypoxia, and
changes in intracellular calcium (238, 298, 362, 440). It
also overlaps with an imperfect estrogen response ele-
ment (ERE) (386) and thus may also play a role in sex
differences in the response of TH transcription to stress.
The CRE motif can bind not only CREB as homodimers,
but also heterodimers containing other ATF family mem-
bers such as ATF-1 and ATF-2 (212, 440, 625). As de-
scribed in detail later, changes in phosphorylation of
CREB, which is rapidly increased in response to stress,
are likely to function at this motif.

The TH promoter contains a functional Sp1/Egrl motif
(494, 702). Overexpression of Egrl is sufficient to trigger
activation of TH gene expression in cell culture (493). This
motif is likely also involved in the response to stress.

The AP1-like motif on the TH promoter is implicated
in regulation of TH transcription, for example, by phorbol
esters and nerve growth factor, and in some cases mod-
ulating basal expression in conjunction with the E box.
The AP1 motif can interact with the Sp1/Egrl motif in the
regulation of TH transcription, as mutation of the AP1
motif or inserting additional nucleotides between the Sp1/
Egrl and AP1 motifs, reduced the response to Egrl (447,
493).

Other sites on the TH promoter which might be in-
volved in regulating transcription include AP2-like motifs,
hypoxia inducible site (HIF), E box/dyad element, oc-
tamer(Oct)/heptamer (Hept), BBE, NBRE and dyad (D/2)
motifs. The NBRE motif is critical for the transactivation
of the TH promoter by Nurrl, while the bicoid-type bind-

ing element (BBE) is needed for the regulation of TH by
Ptx3. Both Ptx3 and Nurrl are pivotal for development of
the midbrain dopaminergic system (80, 297).

While TH gene transcription is markedly regulated by
glucocorticoids, at least in isolated cell cultures (180), a
glucocorticoid response element has so far only been
identified in the mouse TH promoter ~2,400 upstream
from the start site (—2435 to —2421) (215) and at about
—5.7 kb of the rat promoter at a novel CRE/AP1 motif
(526a). An androgen response element in the proximal TH
promoter (region of —1562 to —1328) has also recently
been identified (270).

The human TH promoter revealed high homology to the
rat TH promoter especially in the proximal region contain-
ing the TATA box, BBE motif and a CRE, and in a region
—2323 to —2384 (299). In addition to the regulatory motifs
on the promoter, the human TH gene contains a microsat-
ellite that is related to levels of TH gene expression. The
human THO1 microsatellite is a (TCAT),, motif localized in
the first intron of the human TH gene (513). It has been
shown that a polymorphic version of this microsatellite can
act as a transcription regulatory element (411). Polymor-
phisms in this motif have now been associated with altered
CA turnover (682), essential hypertension (587), susceptibil-
ity to high altitude edema (221), nicotine dependence (10),
and a number of cardiovascular measurements including
basal and poststress heart rate (711) and a greater hemody-
namic response to stressors in humans (28). The relation-
ship between TH polymorphisms and the human stress re-
sponses is described in detail in the recent papers (5627, 528).
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FIG. 6. Diagram of regulatory elements on proximal TH, DBH, and PNMT promoters. See text for description of the promoter elements. The

elements implicated in the response to stress are enlarged.

B) DBH. The human DBH gene is present on chromo-
some 934 (106). It contains 12 exons spanning 23 kb. A
number of polymorphisms have been reported in the hu-
man DBH gene (reviewed in Ref. 108). A C to T transition
1021 bp upstream of the transcription start codon is
strongly associated with very low DBH plasma activity. It
is postulated that this polymorphism diminishes DBH
gene transcription. However, the mechanism remains to
be determined. Genetic variations in the DBH gene have
been linked to several psychiatric disorders, such as re-
active schizophrenia, psychotic depression, alcoholism,
attention deficit hyperactivity disorders, a modulation of
smoking and other reward-seeking behaviors, and suscep-
tibility to autism and Parkinson’s disease (10, 108, 224).

Human and rat DBH mRNAs were shown to be coded
for by two mRNA species, which appear to differ in the
poly(A) addition site (303, 405). DBH is a glycosylated
protein and the only CA-synthesizing protein localized
within the neurosecretory vesicles, where it is present in
soluble and membrane forms (611). A fraction of DBH is
released by exocytosis and is present in plasma and CSF.
Transfection of DBH cDNA demonstrated that both mem-
brane-bound and soluble forms of DBH can be derived
from a single mRNA (363). Extensive studies have led to
the conclusion that DBH is anchored to the membrane

due to nonremoval of a signal sequence (168, 638) and in
some cases also by a second mechanism independent of
the signal sequence (246).

The DBH promoter is sufficient to enable specific
expression in noradrenergic tissues and cell culture. A
number of functional motifs in the proximal DBH pro-
moter, that are involved in the basal and induced regula-
tion of DBH gene expression, were identified by DNA
footprinting and regulation of reporter activity in cat-
echolaminergic cells lines (Fig. 6). A region containing
one or more negative regulatory (silencer) elements was
shown to be involved in inhibiting human (hUSR) (258,
296) or rat (rUSR) (589) DBH gene expression in nonneu-
ronal cells. A Spl motif was identified and shown to
interact with Spl transcription factor, without cell type
specificity (295). The AP2 motif is implicated in high-
affinity AP2 binding preferentially in noradrenergic cells,
and in the maintenance of neurotransmitter phenotype in
noradrenergic and adrenergic neurons and neuroendo-
crine cells (294).

There are three homeodomain (HD) motifs that bind
Arix/Phox2a and NBPhox/Phox2b (295, 701, 710), which
appear to act in concert to regulate noradrenergic traits in
both the central and peripheral nervous systems. Two of
these elements (HD1 and HD2) are contained within a mul-
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tifunctional region (DB1) that is important for basal as well
as cAMP- and phorbol ester-mediated induction of DBH
transcription (588). In addition to two homeodomain sites
for Arix/Phox2a, the DB1 motif has an overlapping or adja-
cent CRE/AP1 motif (627). In the human DBH promoter, this
motif may bind AP1 transcription factors and/or CREB and
overlaps with a potential Yin Yang 1 (YY1) site (259, 575).
While the human DBH promoter contains two adjacent
CRE-like sites, there is one nucleotide change in the more
distal CRE (hCREh) in the rat sequence, which likely ren-
ders it ineffective. This is an issue, as the majority of exper-
iments on regulation of DBH gene expression by stress (see
later sections) are performed in rodents.

The DB1 motif of the DBH promoter has been the
topic of considerable research, given its importance in
both basal and regulated DBH gene expression and the
proximity between the Arix/phox homeodomain motifs,
and overlap between the CRE/AP1 and HD1. There is func-
tional synergism among different transcription factors in the
regulation of DBH transcription, and Arix/Phox2a interacts
synergistically with cAMP to regulate DBH transcription.
There is some controversy regarding the binding of AP1
proteins and/or CREB family members to this motif. How-
ever, it was shown that binding of AP1 family members,
including c-Fos and c-Jun, to the CRE/AP1 motif are neces-
sary for transcriptional synergism of Arix with protein ki-
nase A pathway, and appears to involve recruitment of the
coactivator CBP (626, 627). AP-1 proteins, and especially
c-Jun (rather than CREB), were shown to bind to this site in
the DBH promoter in nuclear extracts from rat adrenal
medulla (5654). With repeated stress, Fos-family members,
but not c-Fos, are involved in the interaction (452).

DBH gene expression is also regulated by glucocor-
ticoids, and several putative sites have been identified in
the rat DBH promoter (252, 407). A site involved in
negative regulation by Egrl has recently been identified
between the DBH and USR sites in the rat promoter
(90a). The DBH promoter also contains motifs involved
in estrogen responsiveness (5677), which are in the pro-
cess of being mapped.

¢) pNMT. The human PNMT gene is localized on chro-
mosome 17q21-g22 (279), an area that shows positive
linkage to risk for hypertension. It spans only 2.5 kb and
has only three exons. Resequencing of the PNMT gene in a
large sample has identified a number of polymorphisms
(273). Luciferase constructs for common PNMT promoter
haplotypes indicated significant differences in their ability to
drive transcription. Selected polymorphisms in the PNMT
promoter at —353 and — 148 were used for association stud-
ies for several disorders including Alzheimer’s disease, mul-
tiple sclerosis, and obesity. The genetic polymorphisms at
—353 are implicated in the development of essential hyper-
tension in certain ethnic groups, sporadic early-onset Alz-
heimer’s disease, and multiple sclerosis (109, 391, 392).
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The 2-kb size human PNMT promoter is sufficient to
direct tissue-specific expression in the adrenal medulla
(24). In addition to its developmental and tissue-specific
expression, the PNMT gene is also regulated by several
factors (Fig. 6).

Glucocorticoids play a major role in the regulation of
the expression of the PNMT gene (692). A glucocorticoid
responsive element (GRE) was initially identified at —533
of the rat PNMT promoter (5639). Subsequently, two fur-
ther upstream overlapping GREs at —759 and —773 of the
rat promoter were found to be the primary sites involved
in the regulation of the PNMT gene by glucocorticoids
(634). The PNMT promoter also contains several Spl/Egrl
and AP2 motifs. Importantly, Egrl and AP2 transcription
factors synergistically interact with glucocorticoid activa-
tion at the two overlapping GREs (634, 693). Experiments
with the most proximal of the Spl/Egrl motifs indicate
the importance of Spl binding for tissue-specific PNMT
expression and that MAZ may compete with Spl in this
regard (230). The Spl/Egrl motifs also appear to be im-
portant for regulation of PNMT expression by protein
kinase A and protein kinase C (635, 636, 696).

An additional element (NRE) on the PNMT gene
required for response to stimulation by nicotine has re-
cently been reported (165).

2. Catecholamine-degrading enzymes

A) MAO-A AND MAO-B. The molecular genetics of MAO-A
and MAO-B have been reviewed (2, 442, 594). The genes
for both MAO-A and MAO-B are on the X-chromosome.
Both genes consist of 15 exons with an identical intron-
exon organization, suggesting that they are derived from a
common ancestral gene. The MAO-A and MAO-B genes
are closely linked and organized in opposite directions,
tail to tail 24 kb apart. They also share ~70% amino acid
sequence identity. However, they have different promoter
organizations (reviewed in Refs. 88, 594). The MAO-A
proximal promoter was shown to consist of three binding
sites for the transcription factor Spl in reverse orienta-
tions and to lack a TATA box. It is activated by Sp1 and
repressed by a novel R1 (RAM2/CDCAT71) repressor (89).
Three glucocorticoid/androgen response elements were
also found within the first 2 kb of the human MAO-A
promoter. The MAO-B proximal promoter contains a
TATA box and two clusters of Spl binding sites, sepa-
rated by a CACC box (88, 594). It was shown that the
more distal of the MAO-B Spl1 clusters can also bind to
Egrl. Thus phorbol ester treatment of cell cultures ex-
pressing both MAO-A and MAO-B induced Egrl expres-
sion and increased MAO-B, but not MAO-A gene expres-
sion.

In the human brain, MAO-A is present in catecholamin-
ergic cells while MAO-B is expressed in serotonergic neu-
rons and astrocytes. Thus regulation of MAO-A gene ex-
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pression is likely more pertinent to control of the physi-
ology of catecholaminergic cells. A functional polymorphism
in the MAO-A gene involving a 30-bp repeat ~12 kb up-
stream of the coding region, which is present in 3, 3.5, 4, or
5 copies has been described. This polymorphism was shown
to affect transcriptional activity of the MAO-A gene (557).
The apparent linkage of this polymorphism in the MAO-A
promoter to some aspects of neuropsychiatric disorders is
of great interest, but beyond the scope of this review.

B) comr. Human COMT is localized on chromosome
22q11.21. The COMT gene lies in a chromosomal region of
interest for psychosis and bipolar spectrum disorder, and
a common polymorphism within the gene alters the ac-
tivity of the enzyme. As a consequence, COMT has been
one of the most studied genes for psychosis (reviewed in
Ref. 105). Genetic variations in the COMT gene have been
associated with altered prefrontal cortex function and
higher risk for schizophrenia, but the specific alleles and
their functional implications are controversial.

Two COMT polypeptides, soluble and membrane
bound, are expressed from one gene by two separate
promoters. One promoter, P2, functions constitutively,
whereas the other, the proximal P1 promoter, is regulated
in a tissue-specific manner. The P1 promoter expresses a
1.6-kb transcript which codes for the S-COMT. The P2
promoter controls the expression of an alternatively
spliced 1.9-kb transcript, which is able to direct synthesis
of both forms of COMT (35, 383).

3. Tramsporters in catecholaminergic cells

A) VMAT. The biochemistry and molecular biology of
VMAT are reviewed (53, 228). Two homologous but dis-
tinct genes express VMAT. The human VMAT-1 gene maps
to chromosome 8p21.3 and the VMAT-2 gene to chromo-
some 10g25. Central, peripheral, and enteric neurons ex-
press only VMAT-2. VMAT-2 alone is expressed in hista-
mine-storing enterochromaffin-like cells of the mucosa of
the stomach. VMAT-1 and VMAT-2 are coexpressed in
chromaffin cells of the adrenal medulla (160).

Several gain-of-function haplotypes in the VMAT-2
gene that display significantly increased transcriptional
activity were tested for association with Parkinson’s dis-
ease and found to confer a protective effect that was
selective for females (194).

The expression of VMAT-2 mRNA and promoter ac-
tivity is increased by elevated intracellular calcium and
also phorbol esters in enterochromaffin lining cells (681).
The VMAT-2 promoter lacks TATA or CAAT box se-
quences. Both human and rat VMAT-2 promoters contain
CRE at about —40 bp, NF«B sites in the first intron, and
two Spl sites within the first 120 bp upstream of the
transcription start site (191, 700). Other further upstream
potential regulatory motifs have been identified, including
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sites that may function as AP2 and glucocorticoid regula-
tory motifs (681).

B) NET. The human NET is localized on chromosome
16q12.2. It spans 45 kb and consists of 14 exons (190, 518).
Many studies have analyzed polymorphism in the NET
gene and potential association with disease given the
importance of NET in fine regulated control over many
NA-mediated behavioral and physiological effects and
also because NET is a target of several drugs therapeuti-
cally used in the treatment or diagnosis of various disor-
ders among which depression, attention-deficit hyperac-
tivity disorder, and feeding disturbances are the most
common.

Despite the clinical and physiological significance of
NET, relatively little is known about the transcriptional
mechanisms governing its regulation. The first intron is
needed for high-level reporter gene activity. An E-box
motif residing at the junction of the first exon and intron
was shown to be critical for the promoter enhancing
activity as well as splicing of the first intron (292).

The structural organization of 9 kb of the human NET
gene has been characterized. The NET promoter (4.0 kb
of the 5'-upstream sequences) contains sufficient genetic
information to drive reporter gene expression in an NA
cell type-specific manner (293). Two positive and one
negative domains in the human NET promoter have been
identified to be potentially important for its regulation.
The most proximal domain (between —128 and —80)
contains several cis-regulatory elements in tandem, in-
cluding a homeodomain core motif which can interact
with Phox2a and HoxAb5 and is proposed to be critically
important in controlling noradrenergic specific NET gene
expression (293).

¢) DAT. The human DAT gene is localized on chromo-
some 5p15.3. Changes in human DAT gene transcription
level have been reported in patients affected by a number
of psychiatric, addictive, and neurodegenerative disor-
ders (27). The human DAT promoter region has been used
for functional analysis (307, 5568, 677). It does not contain
canonical TATA and CAAT boxes, while it displays high
GC content and several Spl binding sites in the proximal
promoter regions. The two GC boxes (—130 and —60)
were shown to be important cis-acting elements in medi-
ating DAT expression in dopaminergic cell line. Indeed,
Spl and Sp3 transcription factors are strong activators of
DAT transcriptional activity and are likely to play an
important role in regulating DAT expression in dopami-
nergic neurons (677). Human zinc protein 161 was re-
cently found to activate human DAT promoter activity
(358).

One or more nonselective negative or silencing ele-
ments were observed between —798 and —2750 bp. Sev-
eral putative NBRE motifs were identified, and DAT pro-
moter directed gene transcription was increased by Nurrl,
consistent with its involvement in dopaminergic specific
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expression (558). The first intron has been implicated in
restricting human DAT gene expression to neuronal cells
(307).

The human DAT gene contains a variable number of
tandem repeats in its 3’-untranslated region (UTR). The
linkage and association between this polymorphism of
DATI1 and various neuropsychiatric disorders have been
reported. The effect of this polymorphism in the 3'-UTR
region of DAT1 on gene expression suggests that the
3’-end polymorphism regulates DAT expression (183).

III. CENTRAL CATECHOLAMINERGIC
SYSTEMS IN STRESS

A. Specificity of Brain Catecholamine
Neurons in Stress

The brain catecholaminergic systems utilizing NA,
ADR, DA, and 1.-DOPA neurons represent anatomically
and functionally specific systems that play key roles in the
central organization of stress response. These neurons
possess a number of anatomical characteristics distinct
from any other types of neurons in the brain: 1) most of
the catecholaminergic neurons or cell groups do not re-
spect the anatomical borders of brain nuclei; 2) CA neu-
rons have a highly divergent axonal arborization with a
high number of axon collaterals and thousands of termi-
nals (synapses or axonal varicosities); 3) CA neurons
establish a high number of nonsynaptic nerve terminals
and release catecholamines in a nonsynaptic manner
(termed extra-synaptic neurotransmission); 4) CA neu-
rons also express a great variety of neuropeptides as
cotransmitters; 5) CA neurons express specific membrane
transporters for the intensive reuptake of catecholamines
from the synaptic cleft or from the extracellular space

TABLE 1.
various catecholaminergic cell groups
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around the axonal varicosities; 6) CA neurons have a high
ability to regenerate their damaged axons; and 7) CA
neurons display strong, rapid, and selective response to
stressful stimuli.

In a heterogeneous distribution, CA nerve fibers and
terminals are present in all of the areas in the CNS.
Catecholamines expressing neuronal perikarya, however,
are located only in restricted brain regions from where
their axons arise and run in compact nerve bundles (Table 1),
but more frequently in loosely arranged projections to
reach and influence, in a synaptic or nonsynaptic manner,
the activity of almost every neuronal cells in the CNS.
Applying a variety of neuroanatomical techniques, such as
histofluorescence, immunohistochemistry, or in situ hy-
bridization histochemistry, allows localization of CA neu-
rons in the brain. For the visualization of the cat-
echolaminergic system with emphasis on the differentia-
tion between DA, NA, and ADR, the expression and the
presence of their biosynthetic enzymes TH, DBH, PNMT,
and AAAD should be demonstrated at cellular, axonal,
and terminal levels.

Catecholaminergic neurons in the brain have been
classified by Dahlstrom and Fuxe (118) into 12 cell groups
(A1-A12). Later, further CA cell groups (A13-A16, C1-C3)
have been described by Fuxe and Hokfelt (185), Bjork-
lund and co-workers (43, 44), and Hokfelt et al. (242).

Stressful stimuli accelerate both release and turnover
of brain CA, which may result in depletion of stored CA.
Brain noradrenergic and adrenergic neurons are directly
involved in central processing of stress responses, while
information about the exact role of central dopaminergic
neurons in stress response is still controversial. Besides
synthesis and release, the effect of CA during stress de-
pends on their receptors and transporters that are ex-
pressed in particular brain regions. Adrenaline binds to
the same receptors as NA, and adrenergic cells may use

Magor noradrenaline-, adrenaline-, and dopamine-containing neuronal pathways from neurons in

Pathways

NA Cell Groups

ADR Cell Groups DA Cell Groups

Noradrenaline/adrenaline
Ventral noradrenergic bundle Al-A2
Dorsal tegmental bundle A6

Dorsal periventricular system A1-A2-A6
Spinal projections AB-AG-AT7
Cerebellar projections A4, A6

Dopamine
Mesocortical pathway
Mesostriatal pathway
Mesolimbic pathway
Tuberoinfundibular DA system
Spinal projections
Incerto-hypothalamic pathway
Periventricular DA systems
Olfactory DA system

C1-C2

C2-C3

C1-C2-C3

C1-C2
A9-A10
A8-A9
A10
Al2
All
Al3
Al4
Al6

NA, noradrenaline; ADR, adrenaline; DA, dopamine.
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NA transporters for their reuptake from the synaptic cleft.
Two types (« and B) and several subtypes of adrenergic
receptors have been classified and localized in different
brain nuclei. Their changes, as well as the consequences
of their changes on the activity and stress response of
brain CA neurons depend on the type, quality, severity,
and duration of stressful stimuli. Dopamine neurons ex-
press their own transporters and act through specific DA
receptors.

Acute stress leads to transient alterations in brain CA
system accompanied by transient activation of the HPA
axis. After a short period of time, depending on the char-
acter and the intensity of stressful stimuli, homeostasis
can be restored, and the activity of CA neurons returns to
“unstressed” levels. Chronic, long-lasting, or repeated
stressors may induce permanent changes and keep CA
neurons in a highly active status (390, 543, 680). However,
during prolonged stress for several weeks, the CA stores
could be exhausted, the extent of the increase in CA
turnover may not compensate the transmission, or the
activity of CA neurons may be reduced, which leads to a
deficit in CA in nerve terminals (378, 664). In the HPA
axis, the expression of corticotropin-releasing hormone
(CRH) mRNA and the corticosteroid reaction are re-
duced. However, vasopressin mRNA, which reacts mini-
mally to the acute stress in the paraventricular nucleus

A
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(PVN), shows increased activity in chronic stress situa-
tions (78). Furthermore, animals exposed to chronic
stress exhibit enhanced HPA and sympathetic nervous
system responses to novel stressors (39, 188, 317, 328,
338, 496). Long-term, repeatedly applied stressors can
result in an enhancement of TH mRNA levels in response
to novel stressors (328, 543).

Brain stem NA neurons are directly involved in re-
sponse to the majority of stressors. The activation of the
HPA axis through CA innervations of PVN neurons, how-
ever, is stressor specific (187, 472, 474). The induction and
adaptation of brain Fos expression in response to acute
stressors are varied from region to region and are depen-
dent on the intensity and duration of stressful stimuli.

B. Central Noradrenergic System: Topography
and Responses to Stressors

Noradrenaline-synthesizing perikarya in the brain ex-
ist only in the pons and the medulla oblongata (Fig. 7A)
where they have been classified into seven (A1-A7) cell
groups. NA cells in the Al, A2, A4, and A6 (locus coer-
uleus) cell groups (together with C1-C2 ADR neurons)
belong to the “ascending catecholaminergic system”
which represents the afferent arm of the central sympa-

FIG. 7. Catecholaminergic neurons and their ma-
jor projections in the rat brain (drawings on the mid-
sagittal plane of the brain). A: noradrenaline (solid
triangles and lines in red) and adrenaline (open trian-
gles and lines in green). B: dopamine (triangles and
lines in blue) and L-DOPA neurons (pink triangles). A1,
A2, A4, A5, and A7, noradrenergic neurons; C1, C2, and
C3, adrenergic neurons; A8-A16, dopaminergic neu-
rons; LC, locus coeruleus; SC, subcoeruleus area.
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thetic system projecting to the forebrain and the cerebel-
Ium. These CA neurons provide neural inputs to the so-
called integrative centers (hypothalamus, limbic cortex,
and nuclei) and influence the activity of the HPA axis
(Fig. 8). NA cells in the A5, A7 cell groups, in the ventral-
caudal portion of the locus coeruleus and the subcoer-
uleus area (together with rostral C1 ADR neurons) belong
to the “descending catecholaminergic system” (Fig. 8),
projecting to the spinal cord including the sympathetic
preganglionic neurons in the thoracic segments. These
neurons represent the efferent arm of the central sympa-
thetic system that influence the sympathetic outflow, the
activity of the peripheral sympathetic system.

1. Al noradrenergic cell group

The A1l cell group consists of the most caudal norad-
renergic cells in the caudal portion of the ventrolateral
medulla (CVLM) between the level of the obex and the
medulla/spinal cord junction (Figs. 7A and 9). It is com-
prised of large multipolar TH-positive neurons. The ma-
jority of the cells distribute in the lateral reticular nucleus
while some of the cells extend further caudally, into the
cervical spinal cord. Rostrally, Al cells intermingle with
the caudal extension of the C1 adrenergic neurons. Here,
a group of CA cells are present in a very superficial
position, along the ventral surface of the caudal medulla
(14, 118, 217, 243, 660).

Almost all of the Al neurons express NA transporters
(104, 240), and a high percentage of these neurons coexpress
NPY (164) and GABAj receptor R1 and R2 subunits (62).

These cells receive neuronal inputs from both viscer-
osensory (nucleus of the solitary tract) and somatosen-
sory (spinoreticular tract) neurons (85, 367, 490, 597).
Descending hypothalamic (paraventricular) fibers also in-
nervate Al neurons (380, 656). Ascending (efferent) fibers
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arising in Al neurons distribute in the hypothalamus (114,
491, 567) and the amygdala (274, 534). The hypothalamic
paraventricular neurons are reciprocally and bilaterally
connected with Al neurons. Fibers in both directions join
the ventral noradrenergic bundle (Fig. 7A, Table 1). Sur-
gical transections of this CA bundle or lesioning of the
caudal ventrolateral medulla result in marked decreases
in the NA content of the paraventricular and arcuate
nuclei, as well as in the median eminence (486, 491), and
they strongly reduce the stress-elicited NA release from
the paraventricular nucleus (475, 476).

Al noradrenergic cells in the CVLM are sensitive to
nociceptive stimuli and react with an immediate expres-
sion of c-fos mRNA and Fos protein (81, 485, 487, 574).
Similarly, IMO also evokes very strong c-Fos activation,
while cold stress or hemorrhage have moderate to minor
effects on Al neurons (61, 135, 485, 487). Insulin-induced
hypoglycemia fails to activate c-fos expression in these
neurons (485, 487). Footshock and audiogenic stress can
also elicit Fos activation in A1 NA neurons (226, 365, 507).
Strong increases in TH and NET mRNA levels are ob-
served in Al neurons after single or repeated immobiliza-
tion (543).

2. A2 noradrenergic cell group

The majority of TH- and DBH-positive neurons are
located along the entire territory of the nucleus of the
solitary tract (NTS) and the dorsal motor vagal nucleus
(Figs. 7TA and 9). NA cells are concentrated in the caudal
(commissural) subdivision of the nucleus. Rostral to the
level of the obex, scattered NA cells distribute close to the
fourth ventricle, while other A2 cells extend caudally into
the central grey of the cervical spinal cord. Noradrenergic
neurons overlap with adrenergic cells (C2 cells) at the
rostral portion of the NTS (14, 118, 243, 277). TH-positive,
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FIG. 8. A block diagram for the illustration of the central organization of stress responses. 1, Viscero- and somatosensory stressful stimuli; 2,
ascending pathways from spinal and medullary non-CA and medullary CA neurons to integrative centers in the hypothalamus, limbic system, and
the cerebral cortex; 3, hypothalamo-pituitary-adrenal axis; 4, circulating ACTH influences ADR synthesis in adrenal medullary chromaffin cells; 5,
hypothalamic projections to descending CA neurons in the pons-medulla; 6, premotor sympathetic projections from the hypothalamus; 7, premotor
sympathetic neurons from the descending CA cell groups to the IML; 8, sympatho-adrenomedullary system; 9, sympatho-neural system; 10,
varicosities in the sympathetic postganglionic nerve terminals. CORT, corticosterone; IML, intermediolateral cell column.
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but DBH- and PNMT-negative, neurons have been de-
scribed as dopaminergic neurons in the dorsomedial me-
dulla. However, these cells lack AAAD (267), which indi-
cates that they may use L-DOPA, rather than DA as trans-
mitter.

Over 95% of A2 neurons express NA transporter
(NET) mRNA (104, 240, 376). A fairly high percentage of
these cells also express NPY (164), and almost all of the
A2 TH-positive cells coexpress GABAy receptor R1 and
R2 subunits (62).

The NTS serves as the primary autonomic center that
receives viscerosensory inputs from the spinal cord, and
cranial nerves project to the nucleus through the sensory
trigeminal tract (412, 621). The spinal afferents cross
within the spinal cord, and they project to the NTS bilat-
erally (Fig. 9). Vagal afferents establish synaptic contacts
on ipsilateral A2 neurons (621). Through descending pro-
jections, prelimbic, infralimbic, amygdala, and hypotha-
lamic neurons innervate the NTS (208, 251, 584, 669, 676).
Paraventricular projections to A2 cells (380, 566, 629, 656)
may serve as a feedback route from CRH-containing neu-
rons that receive dense noradrenergic innervation from
the Al and A2 cell groups. Descending paraventricular
fibers cross over in the commissural subdivision of the
NTS and terminate in the nucleus bilaterally (656).

Neurons in the A2 cell group project to the hypothal-
amus where they densely innervate both magno- and par-

FIG. 9. Intramedullary neuronal circuit. 1) Inputs to the nucleus of
the solitary tract: a) through the vagus nerve, b) ascending signals from
the spinal cord (spino-solitary tract = fibers ascend in the spinoreticular
tract and leave it for the NTS), ¢) inputs from the circulation through the
area postrema (no blood-brain barrier). 2) Spinal cord inputs to the
caudal ventrolateral medulla (CVLM), to Al noradrenergic (solid trian-
gles) and Cl adrenergic (open triangles) and noncatecholaminergic
(circles) neurons (spinoreticular tract). 3) Neurons from the NTS
project to neurons in the CVLM and the rostral ventrolateral medulla
(RVLM). 4) Inhibitory inputs from the CVLM to the RVLM (to A5 and C1
premotor sympathetic neurons). 5) Projections from C1 and C3 adren-
ergic neurons to the locus coeruleus (LC).
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vocellular neurosecretory neurons and the median emi-
nence (116, 243, 486, 488, 491, 567, 644). The ascending A2
fibers join the ventral noradrenergic bundle at medullary
level (Fig. 7A) and ascend without any major decussa-
tions to the forebrain (486). NA efferents from A2 neurons
also distribute in the amygdala (709).

A2 neurons, but only in the most caudal part of the
NTS, project to the spinal cord (439, 561). TH-positive
neurons in the commissural part of the NTS innervate Al
and noncatecholaminergic neurons in the caudal ventro-
lateral medulla (85, 490).

A2 noradrenergic neurons show moderate response
to both physical and psychological stressful stimuli, as
indicated by c-Fos activation (81, 485, 487, 507). Hemor-
rhage also induces Fos immunoreactivity in A2 neurons
(135, 485, 487). Both single and repeated immobilization,
as well as cold, but not insulin, can induce TH mRNA
expression in these neurons (543).

3. A4 noradrenergic cell group

At the level of the pontine-medullary border, a few
TH- and DBH-positive but PNMT-negative neurons are
located in the roof of the fourth ventricle. They are topo-
graphically closely related to the ependymal lining and
are considered to be a dorsolateral continuation of locus
coeruleus (LC) neurons (Fig. 7A). These cells represent
the A4 noradrenergic cell group that participates in the
noradrenergic innervation of the cerebellum (118, 243).

4. A5 noradrenergic cell group

TH- and DBH-positive, PNMT-negative noradrenergic
neurons occupy the rostral portion of the ventrolateral
medulla (RVLM) and the caudal ventrolateral part of the
pons between the internal roots of the facial nerve and the
superior olivary complex (Figs. 74, 9, and 10, A and B).
NA cells here overlap with the most rostral cells of the C1
adrenergic cell group (14, 660).

All of the A5 neurons express NET (104, 240), and
many of them coexpress NPY (164), cocaine- and amphet-
amine-regulated transcript peptide (CART), GABAy re-
ceptor R1 and R2 receptor subunits (62, 63), glutamic acid
decarboxylase mRNA (615), and vesicular glutamate trans-
porter (DNPI/VGLUTZ2) mRNA (617).

A5 neurons receive neuronal inputs from the hypo-
thalamic paraventricular nucleus (244, 566, 585, 656, 660).
They may receive axon collaterals from descending fibers,
which arise in limbic cortical areas and the amygdala
through the parabrachial nuclei (64, 251, 561, 584). Pep-
tidergic nerve terminals immunostained for vasopressin,
NPY, thyrotropin releasing hormone, and calcitonin gene-
related peptide (CGRP) form a fine network around A5
neurons.

The A5 noradrenergic neurons belong to the de-
scending catecholaminergic system (Fig. 8). The spinal
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cord is the major target of the A5 noradrenergic projec-
tions (64, 182, 375, 619, 686). Descending axons from A5
neurons travel in the ventral and dorsolateral funiculi
(182) and preferentially project to target-specific sympa-
thetic preganglionic neurons that form rostrocaudally ex-
tending columns in the thoracic spinal cord (524). The
catecholaminergic innervation of the intermediolateral
cell column (IML) is quite dense, especially in the thoracic
segments 5-9 where the majority of the sympatho-adren-
ergic cells are located (Fig. 10, C and D). Axons of cat-
echolaminergic neurons establish synaptic contacts with
sympathetic preganglionic neurons in the IML (92), in-
cluding those labeled retrogradely from the adrenal me-
dulla (708). The spinal projection neurons of the A5 cell
groups are regulated by GABAergic neurons (354) that are
located in the ventrolateral medulla, in or immediately
caudal to the A5 cell group.

The RVML makes up the sympathetic vasomotor cen-
ter and mediates baroreceptor reflexes (57). The vasomo-
tor A5 neurons are tonically inhibited by GABA and gly-
cine neurons (see Ref. 624). A5 neurons also integrate
cardiovascular responses originating in the hypothala-
mus (57).

It should be noted that some noradrenergic fibers of
Ab cell origin innervate the dorsal horn of the spinal cord
and may modulate nociception (103).
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Immobilization, pain, and foot-shock, but not cold,
insulin-evoked hypoglycemia, or hypovolemic hemor-
rhage, may elicit moderate to strong c-Fos activation in
these neurons (485, 487, 507, 574). Repeated IMO very
effectively elevates TH expression, but novel stressors are
not able to elicit any further increase (543).

5. A6 noradrenergic neurons: locus coeruleus
and subcoeruleus area

The LC consists of a large compact group of cells
with four subdivisions and six cell types (distinguished by
their shape, size, and location within the nucleus, as well
as their projections) in the dorsolateral pontine tegmen-
tum under the lateral edge of the fourth ventricle (for
details, see Refs. 17, 378, 384). The LC establishes the
major NA cell pool in the central nervous system; almost
half of the NA perikarya are present there. Although the
LC represents the A6 cells group in anatomical terms, NA
cells are extended more rostral to the LC. NA cells along
the most caudal portion of the periaqueductal gray matter
also belong to the A6 cell group. Ventral to the LC, large-
sized NA cells consist of the subcoeruleus area that inter-
connects the LC with the ventrolaterally located A5 cell

group.

FIG. 10. Noradrenergic sympathetic premo-
tor neurons in the A5 cell group (A and B) and
TH-positive nerve terminals in the spinal cord
(C and D). A: coronal section through the pon-
tomedullary junction showing immunohisto-
chemical staining of A5 neurons 3 days after a
unilateral injection of retrograde {rans-synaptic
tracer, pseudorabies virus into the thoracic in-
termediolateral cell column (IML). Cells were
labeled only on one side, ipsilateral to the site of

| the injection. B: high-power magnification of
| virus-labeled A5 neurons. C: thoracic spinal
cord segments 6 (C) and 9 (D). There is a strong
TH-positive network of fibers and terminals in
the IML and around the central canal. Delicate
TH-positive fibers are present in the dorsal horn
(especially in the marginal layers), and with
somewhat less density in the ventral horn.
D: retrogradely labeled cells in the IML 3 days
after pseudorabies virus inoculation of the ad-
renal gland. A few additional labeled cells are
also seen in the neighboring areas, especially in
the central gray medial to the IML cells (arrow)
and in the lateral funiculus. c, Central canal; DF,
dorsal funiculi; DH, dorsal horn; VH, ventral
horn; VII, internal fibers of the facial nerve.
4 Scale bars: 1.0 mm (A), 200 um (B and D), and
/ 100 pm (C).
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NA transporters are synthesized by all of the TH-
positive neurons in the LC (240). Subsets of noradrenergic
neurons coexpress neuropeptides like enkephalin, gala-
nin, NPY, neurotensin, and VIP (see Ref. 17). Almost all of
the LC neurons express GABAy receptor R1 and R2 sub-
units (62).

The LC receives rich neuronal afferentations from
several brain areas (see Refs. 17, 384, 483). A great variety
of putative neurotransmitters and neuropeptides have
been localized in the LC or in the “pericoerulear region”
(see Refs. 17, 665). That is the region around the L.C where
the majority of the dendrites of LC neurons extend out-
side the nucleus, and where the vast majority of the LC
afferents terminate. GABA-, glutamate-, and glycine-im-
munoreactive fibers synapse on LC neurons, both on their
intra- or extranuclear dendrites (604). The inhibitory
GABAergic axons arise in the prepositus hypoglossal, the
glutamatergic axons in the paragigantocellular nucleus of
the medulla oblongata (158). CRH-containing axons es-
tablish synaptic contacts on dendrites of both TH-positive
and TH-negative neurons, mainly in the rostral pole of the
nucleus (665, 666). They arise in neurons of the hypotha-
lamic PVN (656) and the central nucleus of the amygdala
(665).

Viscerosensory signals reach the LC through the NTS
(84). Direct somatosensory afferents arise from cells in
the marginal zones of the dorsal horn in the spinal cord
and from the sensory spinal trigeminal nucleus (84). The
LC also receives afferents from several hypothalamic nu-
clei (paraventricular, dorsomedial, arcuate, medial preop-
tic nuclei) (380, 645, 656, 666).

The existence of ADR-containing nerve terminals in
the LC was first reported by Hokfelt et al. (242), and a
detectable amount of ADR was measured in the micro-
dissected LC (668). Adrenaline axons could be of impor-
tance for the inhibitory control of LC noradrenergic neu-
rons. The adrenergic innervation of the LC arises in the
RVLM (C1 cell group) and the C3 adrenergic cell group
(15, 158, 213, 510). Adrenergic axons of these neurons
form the ipsilateral ascending longitudinal bundle (Fig. 9)
in the rostral medulla (15). This adrenergic bundle con-
stitutes a part of the “medullary catecholaminergic regu-
latory circuit” (see sect. mF1).

All major forebrain areas (cerebral cortex, olfactory
bulb, hippocampus, striatum, thalamus, the basal fore-
brain, cerebellum) are innervated by LC neurons (see
Refs. 17, 166, 179). Neurons in the different subpopula-
tions of the LC project to well-outlined individual targets
(377, 378). Histofluorescence, tract-tracing, and electron
microscopic studies demonstrated that NA neurons in the
LC neurons participate in the innervation of the hypothal-
amus; however, their contribution seems to be minor
compared with those from Al and A2 neurons (475, 477,
491). By an electron microscopic study, nerve terminals of
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LC origin were demonstrated in the paraventricular nu-
cleus and the median eminence (488, 491).

The majority of the noradrenergic efferent fibers be-
long to the ascending catecholaminergic system (Fig. 8).
After a short run, LC fibers collected by the dorsal nor-
adrenergic bundle in the pontine tegmentum join the as-
cending ventral noradrenergic bundle to innervate the
cerebral cortex, hippocampus, basal ganglia, thalamus,
and a part of the hypothalamus (Fig. 7A). Through a
separate bundle of fibers, LC axons run into the cerebel-
lum that receives moderate noradrenergic innervation.

Some of the LC and subcoeruleus noradrenergic neu-
rons participate in the descending catecholaminergic sys-
tem, influencing peripheral CA release, as well as the
viscero- and somatomotor responses to stress (Fig. 8).
Descending axons to the spinal cord join noradrenergic
axons from A5 and A7, and descending adrenergic axons
from C1 neurons in the RVLM (Fig. 7A), enter the spinal
cord in the dorsal portion of the lateral funiculus. From
here, the destination and the distribution pattern of LC
noradrenergic axons in the spinal cord differ from other
descending catecholaminergic fibers: they mainly run
downwards in the lamina I and II, and innervate these
laminae in the dorsal horn, the intermediate zone, lamina
X (182), and IML neurons in the thoracic spinal cord (102,
385, 459). There is evidence for the LC innervation of
adreno-medullary sympathetic preganglionic neurons: 4
days after injections of neurotropic virus (pseudorabies)
into the adrenal, retrogradely infected cells were found in
the LC (619), just as after subcutaneous virus injection
into the hindlimb (482).

The LC is very responsive to stress. There is a long
list of different types of stress shown to increase firing
rate of noradrenergic neurons in the LC (reviewed in Ref.
609). Many types of stress increase TH activity, protein
and mRNA levels in the LC (reviewed in Ref. 551). Given
the important role of this NE area in responding to stress,
a detailed discussion of the stress triggered alterations in
gene expression in the LC is presented in section mG.

6. A7 noradrenergic cell group

These cells are embedded into the lateral part of the
pontine reticular formation, close to the lateral lemniscus,
and rostral to the Kolliker-Fuse nucleus (243). A complete
overlap between NET mRNA and TH-positive neurons has
been demonstrated here (240). A7 NA neurons are
densely innervated by local inhibitory GABA neurons
(458). They receive neuronal inputs from cells in the
periaqueductal central grey and the ventromedial me-
dulla.

The A7 cells provide a descending noradrenergic pro-
jection to the spinal cord (102, 182, 353, 458, 686) belong-
ing to the descending catecholaminergic system (Figs. 7A
and 8). Reportedly, their axons travel in the ventral and
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dorsolateral funiculi and mainly terminate in the ventral
horn and innervate motoneurons (182, 385). NA neurons
in this cell group react to stressful stimuli like other NA
neurons that locate in the A5 cell group (485, 487, 507,
574).

C. Central Adrenergic System: Topography
and Responses to Stressors

Some of the brain stem catecholaminergic neurons
utilize ADR and express NET as a presynaptic membrane
transporter. Using immunohistochemistry, Hokfelt et al.
(242) first demonstrated the existence of a brain adrener-
gic system in 1974. Two years later, the content of ADR
was measured in a variety of brain nuclei in rats (668).
Detailed studies revealed that the wide distribution of
adrenergic nerve fibers and terminals arise in neuronal
perikarya located in three adrenergic cell groups (C1-C3
cell groups) of the medulla oblongata (243).

The brain stem ADR-synthesizing neurons receive
direct inputs from neurons in viscerosensory relay neu-
rons in the nucleus of the solitary tract and/or from the
superficial layers of the dorsal horn. In a well-recognized
topographical pattern, C1-C3 neurons project to fore-
brain areas including all of the stress-sensitive nuclei in
the hypothalamus and the amygdala, and they contribute
to the adrenergic innervation of the periageductal gray
matter (including the dorsal raphe nucleus), the LC and
the spinal cord (14, 114, 243, 489, 510, 541, 563). Adrena-
line-containing nerve terminals of brain stem origin syn-
apse directly on sympathetic preganglionic neurons in the
thoracic spinal cord (419).

The vast majority of medullary ADR-synthesizing
neurons, including those that innervate CRH neurons in
the PVN, express glucocorticoid receptors (563).

1. C1 adrenergic cell group

Forming a chain of separate groups (217, 243), C1
ADR cells occupy a part of the ventrolateral medulla from
the level of the obex up to the pons/medullary border. In
both rostral and caudal directions, adrenergic neurons
intermingle with noradrenergic neurons of the A5 and the
Al cell groups, respectively (Figs. 7A and 9). Some of the
C1 adrenergic neurons are located very close to the ven-
tral surface of the medulla (14, 114, 277, 278).

The majority of Cl adrenergic neurons coexpress
GABAg R1 and R2 subunits (62), glutamic acid decarboxyl-
ase mRNA (615), vesicular glutamate transporter (DNPI/
VGLUT2) mRNA (617), CGRP (63), and preproenkephalin
mRNA (616). Some of the C1 neurons (~13% of the total C1
cells) express NET mRNA (104).

The C1 neurons receive viscerosensory inputs through
the NTS (567) and somatosensory inputs from the spinal
cord through the spinoreticular tract. Enkephalin- and GABA-
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containing nerve terminals of medullary origin establish syn-
aptic contacts with C1 neurons (420).

The C1 adrenergic neurons belong to both the as-
cending (caudal part of the cell group; Clc) and the
descending (rostral part of the cell group; Clr) cat-
echolaminergic systems (Figs. 7A and 8). Efferent fibers
from the Clc ADR neurons run together with noradren-
ergic fibers within the ventral noradrenergic bundle up to
the ipsilateral forebrain (Fig. 7A). Unilateral brain stem
transections eliminate adrenergic fibers and nerve termi-
nals almost completely in the PVN, the lateral hypothala-
mus, and the central nucleus of the amygdala, at the side
of the transection (489).

Adrenergic neurons in the rostral part of the cell
group provide innervations of sympathetic preganglionic
neurons of the IML in the thoracic spinal cord (419, 424,
537, 660). It has been demonstrated that some of these
sympathetic preganglionic cells innervate the adrenal me-
dulla (685).

ADR neurons in the rostral C1 cell group react sen-
sitively to immobilization stress and pain, as it is indicated
by rapid and strong Fos activation in the nuclei of these
neurons (574). Foot-shock also activates Fos expression
in the CVLM, both in noradrenergic Al and adrenergic C1
neurons (365, 507). Other stressors, like hemorrhage, also
significantly induce Fos (23, 135) and subsequently PNMT
expressions (366) in C1 neurons.

2. C2 adrenergic neurons

A relatively small number of ADR neurons distribute
sparsely to the dorsomedial medulla. The territory of C2
ADR neurons partly overlaps with that of A2 NA cells, but
the majority of ADR cells are more rostrally located,
mainly in and around the medial subdivision of the NTS
and some of them among the neurons of the dorsal motor
vagal nucleus (Figs. 7A and 9). About 10% of C2 neurons
express NET mRNA (104). The VMAT2 mRNA expressing
cells in this area, other than those that express NET, may
represent adrenergic (C2) neurons (240).

The C2 adrenergic neurons belong to the ascending
catecholaminergic system (Fig. 8). Fibers from the C2 cell
group join the ascending ventral noradrenergic bundle
(Fig. 7A) and innervate hypothalamic and amygdala nu-
clei (114, 489).

Hemorrhage, immobilization, and audiogenic stress
have been demonstrated to act on C2 neurons (226, 329,
545, 546).

3. C3 adrenergic neurons

These cells represent the most rostral adrenergic
neurons in the lower brain stem (Figs. 7A and 9). They
occur mainly in the paramedian reticular nucleus and
among the fibers of the medial longitudinal fascicle. The
periventricular portion of the C3 cells project to the hy-
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pothalamic PVN, while cells in the ventral portion project
to the spinal cord (424, 531) and innervate adrenal-pro-
jecting sympathetic preganglionic neurons in the IML
(685). In addition, a certain percentage of C3 cells inner-
vate the locus coeruleus (15, 158, 510) and the pregangli-
onic parasympathetic neurons in the dorsal motor vagal
nucleus (278, 374).

D. Central Dopaminergic System and .-DOPA
Neurons in Stress

The general knowledge about the role of brain-born
DA in the central mechanism of stress response is con-
troversial. In fact, all of the brain areas that significantly
participate in stress have strong or very strong dopami-
nergic innervations. In contrast, most of the dopaminergic
neurons in the brain (except DA cells in the hypothalamic
arcuate nucleus) fail to respond to acute stressor with
c-Fos expression.

Some of the TH-positive, DBH- and PNMT-negative
neurons, both in the forebrain and the brain stem, do not
express AAAD, the enzyme converting .-DOPA to dopa-
mine (267). These cells may use 1.-DOPA, rather than DA,
as their neurotransmitter (409) and do not express DAT
mRNA (241). They occur in the lateral part of the NTS and
the dorsal motor vagal nucleus (among A2 neurons), the
pontine tegmentum, and the ventrolateral subdivision of
the arcuate nucleus (267), and they are scattered in the
anterior and posterior hypothalamus, among A1l and A15
neurons (Fig. 7B).

Dopaminergic neurons in the brain are organized into
three major systems (Fig. 7B): mesencephalic (A8, A9,
A10), diencephalic (All, Al12, A13, Al4, A15), and olfac-
tory (A16) DA systems (42, 118, 166, 243, 628). Dopami-
nergic fibers from these cell groups run either in well-
organized and target-specific bundles (Table 1) or partic-
ipate in other neuronal pathways innervating practically
the entire CNS.

The mesencephalic DA cell groups comprise three
systems: mesostriatal (nigrostriatal), mesolimbic, and me-
socortical (for detailed distribution of DA cells and their
fine projection patterns, see Refs. 42, 243).

Hypothalamic dopaminergic axons of Al12 and ven-
trocaudal Al4 origin establish an extraordinarily dense
network of fibers and varicosities in the median eminence
and a fine distribution throughout the posterior lobe of
the pituitary. Varicose DA axons do not form synaptic
connections here, but they are in close topographical
contact with noncatecholaminergic axons, ependymal
cells (tanycytes) in the pericapillary space (4). These
dopaminergic terminals in the median eminence, along
with noradrenergic terminals from the lower brain stem
(491), support the hypothesis that in certain condition,
including acute stress response, CA released from the
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nerve terminals may influence the release of other sub-
stances from the neighboring peptidergic (releasing or
release-inhibiting hormone-containing) terminals in the
median eminence. Dopamine released into the pericapil-
lary space diffuses through fenestrated capillaries and
transported via hypophysial portal blood into the anterior
lobe. Thus CA may exert their effects on the hypothalamic
neurosecretory system in two target areas, namely, inner-
vating neurohormone-producing cells in the hypothala-
mus and influencing of the release of neurohormones
from the nerve terminals in the median eminence and the
pituitary gland.

Several conflicting results have been reported about
the possible involvement of brain DA neurons in stress
response (see Refs. 176, 233, 620). Acute stressful stimuli,
like immobilization, cold, hypoglycemia, or hypovolemic
hemorrhage, do not elicit c-Fos activations in DA neurons
in the brain. In contrast, 60 min after formalin-induced
painful stimuli some of the TH-positive tuberoinfundibu-
lar DA neurons (A12 cells) express c-Fos (474). These DA
neurons innervate the posterior pituitary.

The A13 DA neurons in the medial part of the zona
incerta that project to the hypothalamic paraventricular
nucleus and the central nucleus of the amygdala (91, 138)
do not express c-fos, while the other immediate early
genes show rapid activation in response to acute stressors
(112, 474).

DA neurons may influence the activity of sympathetic
preganglionic neurons in the IML. Besides NA and ADR,
DA also participates in the dense innervation of the IML
cell column. These descending DA fibers arise, at least
mainly, in DA neurons of the All cell group.

It should be noted that repeated immobilization
stress significantly elevates TH mRNA levels in the VTA
and the substantia nigra in rats (576, 578). Reportedly,
exercise training doubled TH mRNA levels in these dopa-
minergic cell groups of young adult but not in 24-mo-old
rats (661). Conversely, chronic cold stress leads to a
reduction of spontaneous activity in the VTA (427).

In chronic stress-induced situations (social challenges,
conditioned stimuli, audiogenic stress) as well as in psy-
chopathological conditions like depression and schizo-
phrenia, the functional significance of brain DA systems is
unquestionable. It appears that the mesocortical DA sys-
tem is more sensitive to stress than the mesolimbic or the
mesostriatal DA systems: DA neurons are activated in the
VTA in response to above-mentioned stimuli (11, 169, 226,
428, 457, 620). The mesocortical and the mesolimbic DA
pathways that arise in A10 DA cell group have been
implicated in memory, learning, and emotional processes.
Mesocortical DA also plays an adaptive role in the extinc-
tion of conditioned fear behavior and prevents excessive
physiological stress reactivity (620). DA release is ele-
vated in the medial prefrontal cortex in response to acute
and chronic stress, even handling or short mild pain in-
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duce increase in extracellular DA levels in this cortical
area (3, 171, 620).

The regional patterns of brain DA activation after
certain physical and psychological stressors in the limbic
cortical areas might relate to behavioral changes in re-
sponse to stressful stimuli.

Thus conflicting results in stress-induced changes in
DA levels and gene expression of CA enzymes and DAT
suggest that the effects depend on the severity and con-
trollability of the stressor as well as the genetic back-
round and life history of the animals.

E. Catecholamine Transporters in Stress

As indicated in section nC, the removal of CA by
active transport from the synaptic cleft back into presyn-
aptic neurons via NET and DAT is the primary mechanism
for termination of the action of released CA. VMATSs
package monoamines into synaptic and secretory vesi-
cles. After synthesis, VMATSs are localized in the perikarya
and proximal dendrites while NET and DAT are trans-
ported by NA or DA axons from the perikarya to the nerve
terminals, respectively. Thus both NET and DAT are con-
sidered characteristic markers for NA and DA neurons in
the brain. Indeed, there is a complete overlap of NET
mRNA, TH-positive, and DBH-positive neurons in all of
the brain stem noradrenergic cell groups (240, 241, 376).

NET is expressed only in a small percentage of neu-
rons that are both TH- and PNMT-positive, suggesting that
ADR cells may have their own unique transporter (104,
240, 241). In most DA cells (especially in the substantia
nigra/ventral tegmental area), DAT mRNA completely
overlaps with TH mRNA-positive neurons. In other brain
areas (in the hypothalamus and the pons), there is a lack
of one to one correspondence (101, 240, 241). Transec-
tions of catecholaminergic axons result in a complete
disappearance of CA from the nerve terminals and tem-
porary overexpression and accumulation of CA in the
perikarya and in the transected axons proximal to the
cells. In contrast, transections of NET fibers of LC origin,
or DAT fibers from A9, A10, or A13 dopaminergic cells
drastically diminish transporter expressions in the
perikarya of these cell groups after a very short period of
time (240, 241). This type of alteration in the expression of
NET or DAT in axon-transected neurons clearly indicates
that intact axons contact with the target, i.e., some sort of
feed-back signals are required for the synthesis of CA
membrane transporters in the brain.

Stress-induced changes in levels and gene expression
of CA transporters in the brain neurons were described in
numerous reports. Hemisection of the median forebrain
bundle causes coordinate changes in both DAT and TH
mRNA. However, under stress situations (immobiliza-
tion), differential increases in these two mRNAs are pro-
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duced in different DA neurons (240, 241). This suggests
stimulus-specific regulation of TH and DAT mRNA ex-
pression. A mouse model was developed in which the
DAT gene was inactivated by homologous recombination
(193) and mice lacking DAT show hyperactive behavior.

Pain-induced (subcutaneously injected 4% formalin)
stressful stimuli increased DAT mRNA expression paral-
lel with TH mRNA expression in the Al4 cell group
(periventricular nucleus) in the hypothalamus, but failed
to exert such effects on tuberoinfundibular A12 DA neu-
rons in the arcuate nucleus. The Al4 neurons represent
the periventricular-hypophysial dopaminergic system,
and axons of these neurons terminate on melanotrophs in
the intermediate lobe of the pituitary. Thus the pain-
induced stress response in these neurons could be the
consequence of increased plasma ADR level, which, in
turn, releases o-MSH from the pituitary by activation of
B2-receptors on melanotrophs (240, 241).

In contrast to pain, acute immobilization stress in-
creased both TH and DAT mRNA in the tuberoinfundibu-
lar A12 dopaminergic neurons in the dorsomedial subdi-
vision of the arcuate nucleus. In addition to these neu-
rons, elevated DAT mRNA expression was detectable in
spinal cord-projecting All and incerto-hypothalamic A13
dopamine neurons, but not in the midbrain (A8-A10) do-
paminergic system (240, 241).

Enhanced DAT mRNA together with TH mRNA levels
in the ventral tegmental area of midbrain has been found
in mice with repeated aggression experience of social
victories (winners) compared with social defeats (losers)
or to control mice (169). Thus a positive correlation be-
tween DAT mRNA and TH mRNA levels was shown.

Brain DAT binding sites were also studied in tree
shrews subjected to psychosocial stress for 28 days (260).
Chronic stress reduced the number of binding sites in the
caudate nucleus and the putamen without affecting their
affinity. This stress, however, did not influence the bind-
ing parameters in the nucleus accumbens, the substantia
nigra, or the ventral tegmental area. The chronic exposure
to psychosocial stressors decreased DAT binding sites in
motor-related brain areas, suggesting that the reduction in
locomotor activity in subordinated tree shrews is related
to the downregulation of DAT binding sites.

Rusnak et al. (543) suggested a stressor-specific and
brain area-specific regulation of TH, NET, and VMAT-2
gene expression. The data indicated that repeated expo-
sure of rats to a homotypic stressor induced an adaptation
of NA neurons, whereas a single exposure of such animals
to heterotypic novel stressors produced an exaggerated
response of the system at the mRNA level of TH (in the
locus coeruleus) and NET (in Al and A2 cell groups) in
brain areas.

NET mRNA levels were unaltered, while TH mRNA
levels were increased in LC of two strains of rats (Wistar
and Wistar-Kyoto) after exposure to an acute restraint
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stress (559). Zafar et al. (707) measured NET in several
limbic brain regions. While acute restraint stress had no
effect on NET binding sites, repeated restraint decreased
NET sites in the amygdala, hypothalamus, and the locus
coeruleus.

Behavioral responses to social stress in NET knock-
out mice were also studied (216). NET gene disruption
inhibited depression-like behavior in chronically stressed
mice tested in a situation heterotypic to the original cause
of chronic stress. The authors suggest that the behavioral
effects of NET gene disruption were overruled by expe-
rience and learning in the homotypic situations but man-
ifested fully in the heterotypic situations.

Chronic stress can precipitate depressive symptoms
in humans (219) and prolonged exposure of rats to vari-
ous stressors results in many neuroendocrine and behav-
ioral characteristics observed in human depression (55).
Chronic cold stress increased the plasmalemmal distribu-
tion of NET and the coexpression of TH in NA axons in
the prefrontal cortex (422). The proportion of NET nearly
doubled in chronically cold stressed versus control rats.
These data represented the first demonstration of activity-
dependent trafficking of NET and expression of TH under
physiological stress conditions and can have important
implications for understanding the pathophysiology and
treatment of stress-related affective disorders (422).

Exposure to repeated swim stress resulted in signif-
icant reduction in VMAT-2 density in nucleus accumbens
and some of the striatal subregions (716). The downregu-
lation of VMAT-2 in these dopaminergic regions may serve
as an adaptation mechanism in the response to prolonged
stress and may be relevant to chronic stress-induced de-
pression.

Recently, the localization of the extraneuronal mono-
amine transporters in rat brain have been described (189,
214).

Data available clearly show that the inactivation of
released catecholamine in response to stress is essential
for synaptic signal transduction. In certain conditions,
NET and DAT efficiently remove released EPI, NE, and
DA from the synaptic cleft. Several observations support
the hypothesis that physiological and behavioral re-
sponses to stressful stimuli are coordinated with cate-
cholamine transportation (release, reuptake, degrada-
tion) in the brain. For better knowledge of the coordina-
tion of action, further investigations are required to
elucidate the changes of major parameters, like timing
and brain pattern of transport mechanisms, the coordina-
tion of the rate of synthesis and metabolism of brain
catecholamines versus catecholamine transporters before
and during stress, and the possible participation of extra-
neuronal monoamine transporters in the inactivation of
the released catecholamines.

In summary, stress-induced changes in levels and
gene expression of CA transporters are good indicators of
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specific activation of different CA neurons, especially in
the brain.

F. Stress-Related Central
Catecholaminergic Pathways

Stressful stimuli may reach the central nervous sys-
tem through somato- and viscerosensory fibers of spinal
or cranial nerves. Somatosensory signals are detected by
noxious, mechanical, thermal, or specific (photic, acous-
tic, gustatory, equilibral) peripheral receptors. Visceros-
ensory signals arise from the body and may reach spinal
and supraspinal neurons through neuronal or humoral
(through the circulation) pathways. From here, sensory
signals may participate either in short-loop reflexes (spi-
nal and supraspinal) or long-loop neuronal circuits. The
spinal short loop is based on spinal reflexes: afferent
signals to the spinal sympathetic preganglionic neurons in
the IML cell column arise in primary sensory fibers of
dorsal root ganglion cells and are relayed by dorsal horn
interneurons (65). In contrast to supraspinal neuronal
circuits, CA may not be involved directly in this reflex
mechanism. The long-loop system consists of ascending
(afferent) pathways to forebrain integrative centers, like
the hypothalamus, the limbic system, and cerebral corti-
cal areas. The descending (efferent) neuronal pathways
carry stress response signals from the integrative fore-
brain centers to the periphery. The efferent (or output)
system involves two major routes: humoral (activation of
the HPA axis) and neuronal, exerting their effects through
brain stem or spinal autonomic (autonomic pregangli-
onic) and/or somatomotor neurons (Fig. 8). Descending
fibers from the hypothalamus may reach sympathetic
preganglionic neurons in the thoracic spinal cord directly
(monosynaptically), or they may be relayed in lower brain
stem catecholamine (A5, C1) cell groups (Figs. 8 and 11).
In addition, further brain stem CA neurons in the A6 and
A7 cell groups, and noncatecholaminergic neurons in the
rostral ventromedial medulla, and serotoninergic medul-
lary raphe nuclei project to the sympathetic preganglionic
neurons. All of these neurons are referred to as sympa-
thetic premotor neurons (433). The sympathetic pregan-
glionic neurons in the IML project to the para- and pre-
vertebral sympathetic ganglia (sympatho-neural system),
or to chromaffin cells in the adrenal medulla (sympatho-
adrenomedullary system) (Fig. 11). NA is released mainly
from the postganglionic nerve endings, while the adrenal
medulla is the major source of ADR in the circulation. The
majority of the sympathetic preganglionic neurons that
project to the adrenal medulla are found in thoracic seg-
ments TH-T9 (22, 142, 434, 618, 619).

Distinct populations of sympathetic preganglionic
neurons innervate ADR- or NA-synthesizing chromaffin
cells (142, 433, 434). One group of adrenal projecting IML
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neurons has little sensitivity to baroreceptor reflex stim-
ulation from the RVLM, but they are strongly stimulated
by 2-deoxyglucose. They have a role in regulation of ADR
secretion from adrenal chromaffin cells. The other group
of IML neurons is sensitive to baroreceptor reflex activa-
tion but unaffected by administration of 2-deoxyglucose.
These neurons innervate NA-producing chromaffin cells
in the adrenal medulla (434).

Catecholamines may participate in both ascending
and descending signal routes. While the ascending cate-
cholamine system, which includes Al, A2, A6, caudal C1
and C2 neurons, influences the activity of neurons in the
forebrain integrative centers during stress, the descend-
ing catecholamine system (A5, A7, some A6, and rostral
C1 neurons) serves as the major connection between the
brain and the peripheral catecholaminergic system in the
realization of stress responses (Fig. 8).

The sympathetic preganglionic neurons form a longi-
tudinal cell line in the thoracic and the first lumbar spinal
cord, at the lateral portion of the central grey matter (Fig.
10, C and D). In addition, scattered sympathetic pregan-
glionic neurons are found in the nucleus intermediom-
edialis (also called “central autonomic area”) just medial
to the IML, and in the lateral funiculus, lateral to the IML
(Fig. 10D). In the IML, preganglionic sympathetic neurons
are topographically organized with respect to their tissue/
organ targets (107, 523). Sympathetic innervation to struc-
tures in the head and the neck is supplied by ganglionic
neurons primarily in the superior cervical ganglion, which
is innervated almost exclusively by sympathetic pregan-
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FIG. 11. Humoral (hypothalamo-pitu-
itary-adrenal axis) and neuronal (hypothala-
mus-brain stem-sympathetic preganglionic)
projections from the hypothalamus to the
adrenal medulla and sympathetic ganglia. A5,
Ab noradrenergic cell group; C1, C1 adrena-
line cell group; IML, intermediolateral cell
column; LH, lateral hypothalamic area; LC,
locus coeruleus; PVN, paraventricular nucle-
us; RN, medullary raphe nuclei; SG, sympa-
thetic ganglion; V, varicosities of the post-
ganglionic neuron.

glionic neurons situated in segments T1-T4 (107, 526).
They are located mainly in the medial and intermediate
aspects of the IML cell column (524). Sympathetic pregan-
glionic neurons that innervate ganglion cells in the celiac,
superior, and inferior mesenteric ganglia are located in
segments T8-T12 (107, 523).

Signals to preganglionic sympathetic neurons arise
from spinal and cranial sensory fibers via interneurons,
noncatecholaminergic descending inputs from the hypo-
thalamus and the limbic system (Fig. 11). The major input
arises from the sympathetic premotor neurons in the
rostral ventrolateral medulla, including A5 noradrenergic
and rostral C1 adrenergic neurons. In addition, some nor-
adrenergic fibers to the IML arise in the caudal portion of
the locus coeruleus (see Ref. 482). The IML cell column
also receives dopaminergic innervations, mainly from the
A1l cell group (see sect. mD).

The preganglionic efferent fibers leave the spinal
cord through the ventral roots and terminate on sympa-
thetic ganglion cells and/or chromaffin cells in the adrenal
medulla. According to their termination and functional
role, the postganglionic sympathetic system (also called
sympatho-adrenal system) can be divided into two cate-
gories: 1) chromaffin cells in the adrenal medulla consti-
tute the peripheral portion of the sympatho-adrenomed-
ullary system, which is mainly responsible for the synthe-
sis of the circulating ADR and ~30% of the NA in the
plasma, and 2) sympathetic ganglion cells in the paraver-
tebral (superior cervical, stellate ganglia) and preverte-
bral sympathetic ganglia that synthesize and release the
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vast majority of the circulating NA, called sympatho-neu-
ral system (Fig. 11). These two systems constitute the
final compartments of the effector loop in the stress re-
sponse (Fig. 8). The sympatho-adrenomedullary system
(ADR release) responds to immobilization, hypoglycemia,
hypotensive hemorrhage, emotional distress, shock, and
fear, while the sympatho-neural system (NA release)
would play key roles in response to cold exposure, exer-
cise, immobilization, active escape, nonhypotensive hem-
orrhage, pain, glucoprivation, avoidance, altered salt in-
take, and water immersion (201).

1. Brain stem neuronal circuits

The brain stem neuronal circuits represent the link
between sensory and autonomic neurons in the medulla
oblongata that finally influence the sympathetic and para-
sympathetic outflows. Noradrenergic and adrenergic neu-
rons play essential functional roles in both neuronal cir-
cuits.

A) VAGAL NEURONAL CIRCUIT. Viscerosensory signals,
through the vagus nerve, and partly through the glosso-
pharyngeal and facial nerves, reach interneurons and pro-
jection neurons in the NTS (route 1 in Fig. 12, and la in
Fig. 9). In addition, NTS neurons receive afferent input
from spinal dorsal horn neurons, (spino-reticular tract,
route la in Fig. 9) (163, 412). NTS projection neurons
provide ascending signals to forebrain integrative centers,
while the interneurons transfer information to efferent
preganglionic neurons in the dorsal motor vagal nucleus
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(route 4 in Fig. 12). These parasympathetic preganglionic
fibers terminate in intramural parasympathetic ganglia
that innervate almost all of the visceral organs in the
body. Collaterals of sensory vagal fibers also innervate
noradrenergic (A2) and adrenergic (C2) neurons located
within or around the NTS (Fig. 12). Having a high number
of collaterals and nerve terminals, these local catechol-
amine cells may innervate both projection and interneu-
rons in the NTS, as well as dorsal motor vagal neurons
(fiber 3 in Fig. 12), influencing their sensitivity to incom-
ing viscero-sensory signals, including stressful stimuli.

Some of the NTS neurons project downward and
their axons terminate in the spinal cord (solitario-spinal
tract). These neurons are not catecholaminergic. They
represent the shortest route other than the intraspinal
reflex between primary visceral afferents and viscero- and
somatomotor neurons (439).

B) DORSOMEDIAL-VENTROLATERAL NEURONAL CIRCUIT. This
neuronal circuit constitutes the morphological basis of
the supraspinal viscerosensory-visceromotor regulatory
mechanism. Catecholamines participate in this neuronal
circuit that represents one of the most important controls
of the sympathetic outflow from the spinal cord. The
RVLM contains spinal cord-projecting noradrenergic (Ab),
adrenergic (rostral Cl1), and noncatecholaminergic neu-
rons (see Refs. 538, 624). These neurons receive mono-
and multisynaptic neuronal inputs from the dorsolateral
medulla, mainly from the NTS (route 3 in Fig. 9) (85, 283,
709), from neurons located in the caudal ventrolateral

FIG. 12. Inputs of viscerosensory signals to the primary autonomic center, the nucleus of the solitary tract (NTS). Signals reach the NTS mainly
through the vagus nerve, and partly via the glossopharyngeal, facial, and trigeminal nerves. A: coronal section of the medulla oblongata at the level
of vagal nuclei and the area postrema. Luxol fast blue-cresyl violet staining. B: terminal pattern of vagal afferents: 1) Within the NTS, terminals of
axon collaterals from the vagus nerve synapse on interneurons (IN) where signals are relayed to parasympathetic preganglionic neurons (PG) in the
dorsal motor vagal nucleus (DV), representing a three-neuronal viscerosensory-visceromotor reflex arc. 2) Vagal fibers terminate on projection
neurons of the NTS. Fibers of projection neurons may terminate in brain stem nuclei (the parabrachial nuclei are the major targets) and in the
forebrain (hypothalamus, limbic areas, cerebral cortex). 3) Vagal presynaptic terminals on catecholaminergic (A2 noradrenergic and C2 adrenergic)
neurons (CA) located in the territory, or in the close vicinity of the vagal nuclei. CA axon collaterals may innervate neurons in the NTS and the DV,
and join the ascending catecholaminergic bundles and terminate in forebrain areas (3). 4) Efferent fibers of dorsal vagal preganglionic neurons to
the visceral organs (“periphery”). AP, area postrema; DV, dorsal motor vagal nucleus; G, gracile nucleus; XII, motor hypoglossal nucleus.
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medulla (CVLM), from cells in the spinal cord relayed by
CVLM neurons (271), and descending fibers participating
in this neuronal circuit are not catecholamine but
GABAergic neurons (354, 396, 622). These cells may re-
ceive signals from the NTS (Fig. 9) (85, 490) and from
marginal cells in the spinal cord dorsal horn (spinoreticu-
lar tract) conveying noxious and thermal messages to the
caudal part of the medulla (367, 413, 642). Besides
GABAergic CVLM projections, local GABA interneurons
in the RVLM synapse adrenergic and nonadrenergic neu-
rons (420). These GABAergic interneurons in the RVLM
are innervated by CVLM neurons (route 4 in Fig. 9).

A small group of cells in the commissural part of the
NTS project to the RVLM (Fig. 9) and innervate rostral C1
adrenergic neurons (538). This input appears excitatory
and glutamatergic (624), which is inhibited locally by
GABAergic interneurons. C1 adrenergic neurons in the
RVLM, but none of those located in the CVLM, send
descending efferent projections to spinal preganglionic
sympathetic neurons (5637, 563, 660).

In addition to the NTS-CVLM-RVLM neuronal circuit,
C3 adrenergic neurons in the territory of the paragigan-
tocellular reticular nucleus receive neuronal inputs from
the NTS (route 5 in Fig. 9) and project to the LC (15, 510).
Locus coeruleus neurons receive cardiovascular informa-
tion, most likely involving NTS projections relayed
through the RVLM (Fig. 9) (249, 510).

2. Afferent signal routes to integrative centers

Brain regions that participate in the integration of
stress responses can be classified into two major catego-
ries: the neuroendocrine hypothalamus and the limbic
system. Both of them are bilaterally connected with the
lower brain stem and the spinal cord, with brain stem
catecholamine neurons, and are also interconnected with
each other.

A) ASCENDING NEURONAL PATHWAYS. Visceral and somatic
sensory signals are carried to the central nervous system
by spinal and cranial afferents. Spinal viscerosensory af-
ferents converge onto dorsal horn neurons and in lamina
X around the central canal. Axons from neurons in the
lamina VII and X ascend and provide direct and relayed
inputs to the nucleus of the solitary tract, lower brain
stem, and the hypothalamus.

Three major types of fibers ascend from the spinal
cord and the lower brain stem to the forebrain integrative
centers: 1) noncatecholaminergic spinal, 2) noncat-
echolaminergic brain stem, and 3) catecholaminergic
brain stem neurons (Fig. 8). In certain conditions, all of
these three cell types may relay stressful signals to fore-
brain neurons. Furthermore, neurons in these three sys-
tems may interact, anatomically and functionally, both at
spinal/medullary and forebrain levels.
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1) Direct (monosynaptic) pathway from spinal sen-
sory neurons terminates in the hypothalamus (spino-
hypothalamic tract), and multisynaptic pathways reach
limbic and neocortical areas (spino-thalamic and spino-
reticulothalamic tracts). The majority of fibers in the
spino-hypothalamic tract synapse in the lateral hypotha-
lamic area and relayed to various hypothalamic nuclei,
mainly around the paraventricular nucleus.

2) The ventrolateral medulla (peritrigeminal and lat-
eral reticular nuclei) contains stress-sensitive, TH-nega-
tive neurons. Some of these neurons constitute the med-
ullary thermoregulatory area and respond to cold stress
by rapid c-Fos activation (56). Viscerosensory informa-
tion enters the medulla via trigeminal, facial, glossopha-
ryngeal, and vagus nerves that terminate in a topograph-
ically oriented pattern throughout the NTS (560). In addi-
tion, spinal somatosensory fibers also terminate on peptidergic
neurons of the NTS (spino-solitary tract). These non-CA
NTS neurons, in turn, project to Al, A5, and Cl1 CA
neurons in the ventrolateral medulla (Fig. 9), to the hy-
pothalamus and different compartments of the limbic
system (see Refs. 86, 233, 484). Some of the afferent
signals reach the NTS and neurons in the ventrolateral
medulla through the area postrema (route lc in Fig. 9)
(115, 586).

3) The ascending catecholamine system includes Al,
A2 A6 (locus coeruleus) noradrenergic, and C1, C2 ad-
renergic neurons (Fig. 8). These neurons project to the
forebrain and terminate in the hypothalamus and various
compartments of the limbic system (484, 491, 503, 530).
Axons from caudal medullary neurons travel in the ven-
tral noradrenergic bundle, while fibers from the LC as-
cend in the dorsal tegmental bundle (Table 1). At the
hypothalamic levels, axons from both of these pathways
follow their way in the dorsal periventricular system to
their hypothalamic, limbic, or cortical destinations. Le-
sions of the ventral noradrenergic bundle block or atten-
uate responses to various physical, viscerosensory, and
somatosensory (161, 187, 476, 486) but not psychological
or emotional stressful stimuli (365).

B) STRESS-RELATED NEURONAL AFFERENTS TO THE HYPOTHAL-
AMUS. Several hypothalamic nuclei participate in the orga-
nization of responses to different stressors (see Refs. 129,
231, 233, 474, 477, 564, 565). A great variety of stressors
activate neurons in the parvocellular subdivisions of the
PVN. These neurons synthesize CRH and vasopressin and
release them into the median eminence and represent the
neuronal compartment of the so-called final common
pathway in the neurohormonal regulation of the ACTH-
corticosterone and ACTH-ADR systems in the anterior
pituitary and the adrenal gland (Fig. 12). Glucocorticoids
inhibit the HPA axis activity by a negative-feedback mech-
anism (227, 231, 254, 262, 388).

CRH mRNA expression is tonically stimulated by NA
and ADR pathways (302). The central CA system stimu-
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lates the HPA axis both at perikaryonal (synthesis in the
PVN) and also at terminal (release from the median emi-
nence) levels. One of the most extensive excitatory inputs
to the PVN arises in medullary NA neurons. NA nerve
terminals of lower brain stem origin are also present in
the median eminence (488). Here, NA facilitates CRH
(632) and vasopressin release into the portal vessels of
the median eminence, from where they are transported
into the anterior pituitary. Acute stress activates the NA
system, which is accompanied by transient activation of
the HPA axis.

Neurons in the magnocellular paraventricular and
supraoptic nuclei, in the preoptic periventricular nucleus
are sensitive to stressors influencing body water and elec-
trolyte homeostasis (hypovolemic stress). Neurons in the
preoptic area are very sensitive to thermal stressors. The
pain- and restraint-sensitive supramamillary neurons con-
stitute one of the major links between the hypothalamus
and the limbic (septo-hippocampal) system.

Selected caudal ventrolateral (Al) and dorsomedial
(A2) medullary NA neurons project to the hypothalamus
(see Refs. 116, 233, 474, 482, 484, 567). These neurons
express TH and a,-adrenergic receptor, an inhibitory au-
toreceptor located presynaptically in NA terminals in the
hypothalamus. Adrenergic axons with hypothalamic des-
tinations arise in neurons located in the caudal portion of
the C1 cell group and in some of the C2 neurons (114). CA
nerve terminals establish synaptic contacts on parvocel-
lular neurons of the PVN (368).

Neurons in the rostral subdivision of the LC neurons
also participate in NA projections to the hypothalamus
(116, 491, 567, 630). There are a fairly high number of
stressful stimuli that increase the firing rate of NA neu-
rons in the LC (see Refs. 543, 608).

There is a great deal of evidence for the stimulatory
role of brain stem CA on the activity of the HPA axis
promoting CRH and ACTH release and CRH gene tran-
scription through activation of adrenergic receptors in
response to stressful stimuli (121, 231, 233, 261, 474).
Interruption of brain stem projections to the PVN blocks
the responses of the HPA axis to physical but not emo-
tional or psychological stressors (365). Unilateral brain
stem transections demonstrate that NA fibers travel with-
out any further decussations from the lower brain stem to
the hypothalamus. The concentrations and the release of
NA as well as the expression of CRH and CRH receptor
mRNAs are reduced significantly on the lesioned side of
the PVN, but remained unchanged contralateral to the
knife cut (388, 476, 478, 486, 562). Glutamatergic interneu-
rons in the PVN may serve as excitatory relays in the
afferent NA fibers on CRH secretion (167). At high con-
centrations, NA can be inhibitory on CRH neurons by
acting via B-adrenergic receptors (see Ref. 176).

CRH neurons are directly innervated by GABAergic
neurons around the PVN (so-called peri-PVN region). The
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majority of CRF neurons express multiple GABA, recep-
tor subunits (110). GABA inhibits the HPA axis, and an
inhibitory GABAergic tone exists in the PVN. Excitatory
(mainly glutamatergic) inputs to the peri-PVN region from
limbic areas, like ventral subiculum, prefrontal (infralim-
bic) cortex, or amygdala can block the GABA inhibition
on the HPA axis (232-234, 251).

PVN neurons receive input from other hypothalamic
cell groups, such as the medial preoptic area, the dorso-
medial, arcuate, ventromedial or suprachiasmatic nuclei
(111, 112). They may act through interneurons in the
peri-PVN zone or act inside the PVN. Stressors crucial for
immediate survival may act directly on PVN neurons (ac-
tions more likely through CA). The hypothalamus, espe-
cially the PVN, receives additional neuronal inputs from
limbic and cortical regions (see below).

C) STRESS-RELATED SIGNALS TO THE LIMBIC SYSTEM. Both
cortical and subcortical limbic structures are sensitive to
stressful stimuli, and they are involved in the integration
of stress response. A great variety of behavioral responses
to stressful stimuli are organized by the limbic system.
The subcortical limbic areas include the amygdala, the
bed nucleus of the stria terminalis, the septum, one part of
the nucleus accumbens, and the substantia innominata,
while the medial prefrontal (pre- and infralimbic cortex),
anterior cingulate and piriform cortex, as well as the
hippocampus (including the ventral subiculum) are clas-
sified as limbic cortical areas. Several components of the
limbic system are connected to the hypothalamus (207).
The septum constitutes an interface between the hypo-
thalamus and the hippocampus: the supramamillary-lat-
eral septal-hippocampus pathway is frequently activated
by different stressors.

The amygdala is a key structure within the limbic
neuronal circuits. It receives inputs from the hippocam-
pus and the prefrontal cortex that are crucial for acquisi-
tion, consolidation, and modulation of memories relative
to stressful stimuli (33) and is also widely regarded as
being involved in the integration of responses to stressful
stimuli. The different amygdaloid nuclei operate in a
stress-specific manner. It is more likely that the central
nucleus of the amygdala is involved in the neuronal cir-
cuitry necessary for associative learning, organizing emo-
tional, anxiety- or fear-related behavioral responses, but
not in mediating of responses to physical stressors. Psy-
chological stress elicits an increase in the expression of
CRH mRNA in the central nucleus of the amygdala but not
in the PVN (389). It is more likely that the central nucleus
plays a stressor-specific modulatory role in regulation of
HPA axis promoting both CRH synthesis and release in
the PVN (see Ref. 235). Recent studies, however, suggest
that the central nucleus of the amygdala may modulate
the activity of the HPA axis, but is not essential to the
stress response. Lesions of the central amygdala nucleus
do not affect corticosterone or ACTH secretion induced
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by acute stress. The basal CRH mRNA expression is in-
creased in the PVN of central amygdala lesioned rats, but
acute restraint does not elicit increased CRH mRNA ex-
pression. (5620). Adaptation to repeated stress is only mod-
estly dependent on the amygdala (78).

In contrast to the central nucleus, the medial nucleus
of the amygdala activates the HPA axis responses to
emotional stressors (122, 157, 506).

The noncatecholaminergic inputs from the lower
brain stem to the amygdala arise in the NTS. Viscerosen-
sory information from the NTS is relayed in the lateral
parabrachial nucleus to the central nucleus of the amyg-
dala (see Refs. 560, 561). Furthermore, the amygdala has
access to multimodal sensory inputs from the thalamus
and the neocortex.

The locus coeruleus provides the major NA innerva-
tion to the amygdala (166). In addition, caudal ventrolat-
eral (Al) and dorsomedial (A2) medullary noradrenergic
neurons also project to the amygdala (274, 503, 534). The
relatively dense network of ADR fibers arises in both C1
and C2 neurons (489). Acute or repeated immobilization
(471), as well as foot-shock (223), increases NA release in
the central nucleus of the amygdala. Lesions of the amyg-
dala result in higher c-fos expressions in Al and A2 neu-
rons in response to restraint (123).

The bed nucleus of the stria terminalis (NIST) inte-
grates inputs from the amygdala and ventral subiculum,
and it projects to the PVN and the peri-PVN zone. This
connection is one of the major links between the limbic
system and the HPA axis. Psychological stressors, like
foot-shock, that activate CRH neurons in the central nu-
cleus of the amygdala, act also in the NIST. Foot-shock
increases CRH mRNA expression in the dorsolateral sub-
division of the NIST, in a cell group that projects directly
to the PVN (389).

Several reports imply that the lateral septum has an
inhibitory role on HPA activity through the peri-PVN zone
and other, PVN-projecting hypothalamic GABAergic neu-
rons (234). Lateral septal neurons show strong c-Fos ac-
tivations in response to psychological stress (see Ref.
235).

The hippocampus is very important in response to
stress, especially in adjustment to repeated stressful ex-
perience (275). It has an inhibitory action on the HPA axis
(234). Excitatory (mainly glutamatergic) inputs to the
peri-PVN region from ventral subiculum are relayed in the
NIST. Stimulation of hippocampal neurons leads to a
depletion of basal and stress-induced glucocorticoid lev-
els in the plasma. In contrast, lesions of the hippocampus
or the ventral subiculum, or transections of the fimbria-
fornix pathway, result in increased CRH and vasopressin
mRNA expressions in the PVN (232, 233). The hippocam-
pus represents one of the critical target sites for the
negative-feedback effects of glucocorticoids. The high
concentrations of circulating glucocorticoids downregu-
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late the activity of the HPA axis by acting at the level of
the hippocampus (275).

D) LIMBIC CORTICAL AREAS. The medial prefrontal cortex,
the anterior cingulate cortex, the piriform, and the ento-
rhinal cortex are considered to be members of the so-
called limbic cortex. The medial prefrontal cortex can be
further divided into prelimbic and infralimbic cortex. The
medial prefrontal cortex modulates stress and behavioral
responses as well as emotion regulation, and it is impor-
tant in conditioned stress responses through the interac-
tion with the amygdala (33). Afferent CA pathways,
mostly from the mesocortical DA system originating in
the A10 DA cell group (ventral tegmental area), modulate
prefrontal activity during stress. The medial prefrontal
cortex contains high levels of glucocorticoid receptors
(see Ref. 620) and acts as a negative-feedback site that
suppresses the continued activation of the HPA axis
(127). Damage of the medial prefrontal cortex activates
stress response, while activation of this area has an in-
hibitory effect on the HPA axis in response to some of the
physical (restraint, pain), but not psychological stressors
(127, 235). Neurons in the medial prefrontal cortex, like
neurons in the other limbic cortex, manifest strong c-Fos
expression following different stressful stimuli (112, 506,
574). Reportedly, foot-shock increases the DA metabo-
lism in the medial prefrontal cortex of rats (256). Lesions
of the cingulate cortex are associated with increased
plasma levels of both ACTH and corticosterone following
restraint stress (127). This finding is consistent with the
hypothesis that the limbic cortex mediates inhibitory ef-
fect of glucocorticoids on stress-induced HPA activity.

The hippocampus and limbic cortical areas receive
NA inputs from the LC (243, 377, 378, 384). The functional
significance of NA in these regions is well indicated by
observations in TH transgenic mice. In these animals,
memory deficits could be restored by NA applications
(305).

3. Efferent signal roules in stress response

Neurons in the forebrain integrative centers do not
send direct neuronal inputs to the body and the visceral
organs (Fig. 8), but they may exert their effects through
action on cranial (bulbar) and spinal motoneurons (so-
matomotor output), or on brain stem and spinal sympa-
thetic or parasympathetic preganglionic neurons (viscer-
omotor output). Preganglionic neuronal cell groups con-
stitute one of the major outputs in the effector loop of
stress responses (Figs. 8 and 11). The cholinergic pregan-
glionic neurons in the medulla (dorsal motor vagal nu-
cleus) and the spinal cord (IML) are activated by almost
all of the types of stressful stimuli that influence the
parasympathetic or sympathetic outflows, respectively.
Depending on the stressors and their actions on forebrain
integrative centers, the efferent routes of stress response
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may arise in the hypothalamus, the amygdala, the cortical
areas, or two or three of them combined. The sympathetic
nervous system influences stress response through two
different pathways, the sympatho-adrenomedullary and
the sympatho-neural system (Figs. 8 and 11).

A) HYPOTHALAMIC EFFERENT ROUTES. Besides catecholamin-
ergic and noncatecholaminergic neuronal inputs, the hypo-
thalamus is innervated by limbic and cortical fibers (Fig. 8).
The hippocampus lacks significant direct projections to the
PVN. The inhibitory action of the hippocampus on PVN
neurons is conveyed from the ventral subiculum through the
fimbria/fornix system. The amygdala does not have substan-
tial direct (monosynaptic) neuronal input to the PVN (207).
Projections from these limbic and cortical areas to the hy-
pothalamus mainly terminate in the peri-PVN zone, an area
heavily populated by GABAergic interneurons (see Ref.
23b).

The efferent neuronal pathways from the hypothala-
mus can be classified into two groups (Figs. 8 and 11):
1) direct, monosynaptic projections from hypothalamic
neurons to preganglionic neurons in the lower brain stem
and the spinal cord (156, 245, 381, 517, 585, 629, 656, 660);
and 2) hypothalamic projections to brain stem cat-
echolaminergic neurons in the rostral ventrolateral me-
dulla that innervate IML neurons in the thoracic spinal
cord (64, 244, 585) (Figs. 8 and 11). One-third of the PVN
neurons innervate both RVLM and IML neurons (585).
Descending fibers from the PVN to autonomic pregangli-
onic neurons contain oxytocin, vasopressin, CRH, en-
kephalin, and dynorphins (82, 566, 630). CRH, in addition
to governing the HPA axis, may mediate transmission
through central neuronal pathways that regulate auto-
nomic outflow and visceromotor activity.

In addition to neuronal efferents, the hypothalamus
establishes a special neuroendocrine outflow route, the
neurohumoral HPA axis (Figs. 8 and 11). Both the neuro-
nal and neurohumoral efferent routes are crucial in the
realization of stress responses.

In addition to the neurohormonal (HPA) and neuro-
nal outputs from the PVN, neurons in other hypothalamic
nuclei also participate in several other hypothalamic reg-
ulatory circuits, such as control of body temperature
(preoptic area), energy homeostasis (dorsolateral hypo-
thalamus), body fluid and mineral balance (anterior hy-
pothalamus), which are in certain conditions, also in-
volved in the central organization of responses to stress-
ful stimuli (82, 156, 646, 667).

B) LIMBIC EFFERENT ROUTES. The limbic stress circuit
operates in a stress-specific manner. Stress responses to
predicted homeostasis challenges are called “anticipatory
responses” (233). These responses are under the control
of the limbic system but activate the HPA axis (Fig. 8).
The significant sources of limbic output signals arise in
central amygdala neurons. These neurons could alter the
neuroendocrine (through the HPA axis) and the auto-
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nomic outflow (through brain stem/spinal neuronal pro-
jections). They may initiate autonomic responses to emo-
tional challenges such as fear or anxiety. Among the
projection fibers, only a small percentage consists of
monosynaptic projections to the lower brain stem and
spinal cord. The majority of the amygdaloid efferents to
preganglionic neurons are largely confined to the NIST
and the parabrachial nuclei (208). Although neurons in
the descending catecholaminergic system receive inner-
vations from the amygdala (676), their influence on the
activity of the amygdala brain stem pathway in response
to stressful stimuli has not yet been elucidated.

The stress-sensitive cortical areas are anatomically
and functionally interconnected to certain limbic and hy-
pothalamic nuclei (175). The ventral prefrontal cortex
(ventrolateral orbital and insular cortex) receives sensory
and affective signals and projects to the pre- and infral-
imbic cortex, known as visceromotor cortex (83). The
visceromotor cortical areas also receive afferent inputs
from the amygdala and the hippocampus and provide
outputs to the hypothalamus and brain stem areas to
activate the behavioral, neuroendocrine, and sympathetic
autonomic systems in response to stressful stimuli (see
Ref. 620). They do not establish direct, monosynaptic
connections with sympathetic preganglionic neurons, be-
cause virtually all limbic cortical projections to the auto-
nomic nervous system require at least one interneuron.
Projections from the dorsal part of the visceromotor pre-
frontal cortex are relayed in the RVLM, while axons from
the ventromedial part are relayed in the PVN (251, 584,
670). Psychological stress or repeated stressful stimuli
may gain access to limbic or cortical circuits, and they
may act on the PVN indirectly (Fig. 8). Most of these
interneurons are GABAergic.

4. Neuronal feedback routes

Hypothalamic (mainly paraventricular) and some of
the limbic neurons that receive noradrenergic innerva-
tions from Al and A2 TH-positive neurons send descend-
ing back to these cells (Fig. 13). These NA cells do not
project to the body or the organs, and they are not in-
volved in the organization of the efferent loop of stress-
responding pathways. Thus their innervations by hypotha-
lamic or limbic peptidergic (mainly CRH-immunoreac-
tive) neurons (Fig. 13) can be considered feedback signals
to cells in the ascending catecholaminergic system. The
hypothalamic efferents arise mainly in the PVN (656),
some others from the arcuate, perifornical, and dorsome-
dial nuclei, as well as from neurons in the retrochiasmatic
and lateral hypothalamic areas. The limbic “feedback”
signals arise mainly from the amygdala relayed by neu-
rons in the bed nucleus of the stria terminalis (see Ref.
482). Neurons in the infralimbic, prelimbic, and the ante-
rior cingulate cortex also project to the NTS (233, 669).
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FIG. 13. Possible feedback signals from the hypothalamus to brain
stem during stress response. A: block diagram indicating projections and
bilateral neuronal interconnections between the hypothalamic paraven-
tricular nucleus (PVN) and brain stem CA cell groups and vagal nuclei
(NTS and dorsal motor vagal nucleus). B: injection of anterograde
tracer, Phaseolus vulgaris leucoagglutinin (PHA-L) into the paraven-
tricular nucleus. Labeled varicose PHA-L fibers in the NTS, on and
around TH-positive (A2 cells) neurons. Scale bar: 25 pm.

5. Central pathways of selective stressors

The organization of stress responses appears to be
circuit dependent: different stressors may act on different
brain areas, and stressful stimuli may reach these areas
through diverse neuronal pathways (107, 187, 472, 474,
477). Various stressors utilize different neuronal path-
ways to elicit stress responses (Fig. 8). Brain stem NA
neurons are involved in the central feed-forward drive to
the HPA axis. Some of the psychological stressors, like
immobilization/restraint, disturbing noise, foot-shock, as
well as physical stressors, like immune challenge, pain,
nonhypotensive hemorrhage, electrical stimulation, exer-
cise (forced swimming), heat or cold exposure strongly
activate brain stem NA neurons, which is followed by the
activation of the HPA axis. Both NA turnover and release
increase with stress in the PVN, as well as in limbic areas
(see Refs. 129, 474). Upon exposure to metabolic stres-
sors (hypoglycemia, hypotensive hemorrhage), PVN NA is
only slightly elevated, and it plays a minor role in the
activation of the HPA axis.

Many stressors activate the limbic system. Psycho-
logical stressors have been found to activate neurons in
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the medial amygdala, ventral subdivisions of the bed nu-
cleus of the stria terminalis, and the caudal neurons in the
Al and A2 NA cell groups. In contrast, physical stressors
activate the central amygdala, dorsomedial NIST, and the
rostral neurons in the Al and A2 cell groups (107).

A) ACUTE AND REPEATED IMMOBILIZATION. Acute (1-3 h)
immobilization, considered one of the strongest stressors,
is a combination of physical and psychological stimuli. It
activates the synthesis and the acute release of both
central and peripheral CA, as well as the HPA axis (329,
336, 342, 545). Immobilization stress leads to significant
increases in PVN NA and plasma ACTH levels (479),
indicating that activation of HPA axis depends on both
PVN noradrenergic and PVN or extra-PVN non-CA mech-
anisms.

Immobilization induces anxiety and conditioned fear
through upregulation of CRF, receptors in the hippocam-
pus. In response to IMO, neurons in the hypothalamus,
the limbic system, the thalamus, the cortical areas, and in
the NA and ADR cell groups express c-Fos in very high
levels (81, 94, 485, 487, 543, 574). Even a 5-min IMO was
found effective in eliciting c-Fos activation in the LC
(225). IMO elicited large elevation of TH mRNA and
GTPCH mRNA levels in the rostral, medial, and caudal
parts of NTS (5680). Immobilization stress also activates
non-CA neurons in the dorsomedial medulla (see Ref.
474).

Immobilization produces a rapid and marked in-
crease in NA concentrations in the extracellular fluid of
the PVN and the central nucleus of the amygdala (471).
Immobilization increases CRH mRNA expression in the
PVN, but not in the central nucleus of the amygdala (476).
During IMO, strong c-Fos activation can be observed in
hypothalamic and limbic nuclei and cortical areas (see
Ref. 474).

The efferent routes in response to IMO stress could
be neurohumoral (routes 3 and 4 in Fig. 8) and neuronal
involving hypothalamic, limbic, and cortical neurons that
activate motor and autonomic output systems (routes 5
and 6 in Fig. 8). The components of the descending loop
are interconnected with each other (limbic-hypothalamic,
limbic-brain stem, hypothalamic-brain stem fibers) to co-
ordinate responses to stressful stimuli. During IMO, com-
partments of the descending CA system are strongly ac-
tivated. Separate lesions of one of the efferent routes may
not block the immobilization-induced activation of the
sympatho-adrenomedullary and the sympatho-neural sys-
tems. Electrolytic lesions of the A5 or A7 cell groups, or
transections of selected neuronal pathways in the lower
brain stem (321) did not reduce immobilization-elicited
high plasma ADR and NA levels. It was hypothesized that
more than one brain area and efferent pathway are in-
volved in the organization of responses to immobilization
stress, and the elimination of just one of them might be
compensated by others (321).
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Immobilization also activates the somatomotor sys-
tem in the brain as indicated by the strong c-Fos activa-
tion in neurons of the cortico-pontine-cerebellar circuit,
brain stem, and spinal cord motoneurons (485).

B) RESTRAINT. Although the restraint is a milder version
of the IMO with minor and gender-specific nociceptive
responses (188), exposure of rats to a 1-h restraint results
in the activation of the HPA axis (78). Restraint triggers
c-Fos activation in the amygdala nuclei, the thalamus, and
the PVN (39, 78, 90, 94). Some of the other hypothalamic
nuclei are also sensitive to restraint stress. Monosodium
glutamate-induced selective damage of the hypothalamic
arcuate nucleus potentiates corticosterone secretion into
the plasma in response to restraint. Immediately after
30-min restraint, levels of NA, dopamine, and serotonin
increased significantly in the plasma (379) and DA and
serotonin levels in the hypothalamic dorsomedial nucleus
(379).

Although previous studies indicated a role of the
central amygdala on HPA axis in stress response, it is
more likely that this nucleus may play a stressor-specific
modulatory role in regulation of HPA function (520). Neu-
rons in the subdivisions of the bed nucleus of the stria
terminalis that innervate the PVN differently act on the
HPA axis in response to restraint stress (93). Acute re-
straint increases CRH and vasopressin mRNA expression
in the PVN, which is not affected by lesions of the central
amygdala nucleus (5620). Neurons in the medial prefrontal
cortex are sensitive to restraint. Lesions of this cortical
area, which removes a negative-feedback effect, result in
elevated plasma corticosterone levels following restraint
azm.

Restraint stress increases TH mRNA expression in
the locus coeruleus (559). A1 and A2 NA, few C1 but not
C2 ADR neurons respond to restraint stress by increased
c-Fos expression (107). In all of the segments of the
thoracic spinal cord, restraint activates the sympathetic
preganglionic neurons (107). Repeated restraint stress
markedly increases Fos expression in the PVN, medial,
but not in the central amygdala nucleus, the lateral sep-
tum, the lateral preoptic and lateral hypothalamic areas,
in the LC and the Barrington nucleus (90, 107).

C) NOCICEPTIVE STIMULI (PAIN). Like other nociceptive
stimuli (81, 492), subcutaneous injections of formalin
elicit an acute NA response and activate the HPA axis (see
Refs. 437, 474, 484). Pain-related signals activate neurons
in the ascending CA system leading to the hypothalamus
where they evoke marked c-Fos expression and increases
in the extracellular levels of NA in the PVN (475, 486).
formalin has a depressive effect on plasma ADR both in
intact and immobilized rats. This decrease is present in
the first phase (extensive acute pain) of the formalin test
(436).

Central CA neurons react sensitively to formalin-
induced pain. Sixty minutes after unilateral subcutaneous
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injection, strong bilateral c-Fos labeling is seen in all of
the CA and ADR cell groups in the brain stem (485, 487),
indicating that the ascending catecholaminergic system is
strongly involved in the pain-evoked stress signal routes
(Fig. 8) (see Ref. 474). Painful stimuli resulted in marked
c-Fos expression in the hypothalamus, particularly in the
PVN, as well as in the preoptic and supramamillary nuclei
(see Ref. 474). Brain stem hemisection strongly attenuates
formalin-induced elevation in the ipsilateral PVN (486).

Other painful stimuli (mechanical pain, mustard oil
or capsaicin injections) are also used to investigate pain-
induced activation of neurons in the central nervous sys-
tem. Each of them elicits dose-, intensity-, and time-de-
pendent c-Fos activations.

The stress response is manifested through all of the
three possible routes of hypothalamic efferents (Fig. 8):
activation of the HPA axis (route 3 in Fig. 8), activation of
the descending CA system (route 5), and direct inputs to
the preganglionic sympathetic neurons in the spinal cord
(route 6). The role of PVN neurons is significant in all
these routes. Thus formalin elicits large elevations of
corticosterone, ACTH, NA and ADR levels in plasma, and
increased TH and CRH mRNA levels in the PVN (see Refs.
474, 484). As a painful stimulus, formalin evokes c-Fos
activation in the thalamus (mainly in the midline thalamic
nuclei), in the limbic and the somatosensory cortex. Con-
sequently, the cortical stress efferent routes (Fig. 8) are
also activated, mainly through the limbic cortex and the
hypothalamus.

D) coLD STREsS. Maintaining homeostasis in an organ-
ism exposed to cold stress does not require significant
activation of the HPA but rather the hypothalamo-pitu-
itary-thyroid axis (184, 341, 479). Cold stress affects met-
abolic, endocrine, autonomic, and limbic systems. Several
brain regions and neuronal pathways are involved in re-
sponse to thermal stimuli. Signals from peripheral ther-
moreceptors are carried by sensory neurons to the spinal
cord and the sensory trigeminal nucleus in the medulla.
From here, thermal signals reach medullary and pontine
neurons that relay signals to the medial preoptic nucleus
(484). Noncatecholaminergic neurons in different brain
regions are activated by either cold or heat stress (see
Refs. 474, 484). Cold and heat stress increase c-fos mRNA
expression in the ventrolateral medulla and in the preop-
tic area (56). Chronic cold stress elevates TH and NA
transporter levels in the prefrontal cortex (422).

Cold exposure exerts only a minor effect on c-Fos or
TH activation in central CA neurons (479, 485, 487, 500,
543). The high NA levels in the plasma indicate the activ-
ity of the sympatho-neural system (184, 341), while little if
any increases in plasma ADR levels are detectable (479).

The efferent (descending) loop of the cold stress
response has not yet been topographically localized. Neu-
rohumoral and neuronal routes from the hypothalamus
(Fig. 8) are suggested (474). The neurohumoral route may

Physiol Rev « VOL 89  APRIL 2009 « WWW.PIV.0rg



CATECHOLAMINES AND STRESS: MOLECULAR GENETICS

consist of projections from medial preoptic neurons to
the PVN where thyrotropin releasing hormone (TRH)-
synthesizing neurons (hypothalamo-pituitary-thyroid axis)
are activated. The neuronal efferent route consist of de-
scending axons from the medial preoptic neurons to the
lower brain stem (see Ref. 474).

E) IMMUNE CHALLENGE. Immune challenge [lipopolysac-
charide (LPS), interleukin-183 (IL-1B)], a physical stressor,
increases plasma ACTH and CORT levels, CRH mRNA
expression in the PVN, and proopiomelanocortin (POMC)
mRNA expression in the anterior pituitary (59, 161). Sev-
eral cell groups are involved in activation by systemic
IL-1p, like the NIST, the central amygdaloid nucleus, the
lateral parabrachial nucleus, and the Al and A2 CA cell
groups (161). Central catecholamines modulate the re-
sponse of the HPA axis. Systemic IL-13 stimulates Al and
A2 neurons (60, 161) by first acting on IL-18 type 1 recep-
tors to activate prostaglandin production, which can then
excite CA neurons in the NTS through ER3 and EP4
prostaglandin receptors (see Ref. 59). Lesions or interrup-
tions of the afferent CA pathways inhibit the IL-1B-in-
duced activation of CRH and POMC mRNA expressions
(60, 161, 498).

F) HEMORRHAGE. Hemorrhage, depending on whether
hypo- or normotensive hemorrhage occurs, activates four
main systems: sympatho-adrenomedullary, HPA, renin-
angiotensin, and hypothalamic atrial natriuretic hormone-
vasopressin systems (routes 3 and 4 in Fig. 8) (see Ref.
474). Loss of more than 20% of blood volume elicits
hypotension (hypotensive hemorrhage) (206).

Neurons situated in the medulla and the pons repre-
sent the first level where cells are involved in the control
of cardiovascular and neuroendocrine functions upon ex-
posure to hemorrhage. The NTS is the principal site of
termination of cardiovascular mechano- and chemorecep-
tor afferents (see Ref. 86). These neurons, mainly noncat-
echolaminergic, relay baroreceptor information to other
regions. Their projections to the hypothalamus seem to be
monosynaptic while the amygdala and the bed nucleus of
the stria terminals receive cardiovascular information via
the lateral parabrachial nucleus. Cardiovascular signals
from the NTS to neurons in the caudal portion of the LC
are relayed in the rostral ventrolateral medulla (474).

Hypotensive hemorrhage provokes c-Fos, and conse-
quently, CRH and vasopressin expression in the PVN
(126). Hemorrhage-induced vasopressin secretion can be
abolished by muscimol-induced inhibition of neurons in
the CVLM (192). Hemorrhage elicits Fos expression in the
supraoptic and paraventricular nuclei in the hypothala-
mus, the amygdala, the NIST, in the circumventricular
organs, like organum vasculosum of the lamina termina-
lis, subfornical organ, area postrema, in neurons located
in the dorsomedial (NTS, A2 and C2 neurons) and the
ventrolateral (C1 neurons) medulla (23, 86, 107, 652).
Ascending CA neurons, mainly in the Al, A2, and C1 cell
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groups contribute to the hemorrhage-induced activation
of PVN neurons, all of which show moderate Fos activa-
tion in hypovolemic hemorrhage (61, 86, 135, 231, 366,
485, 487, 652). Rats fail to respond with c-Fos activation to
nonhypotensive hemorrhage (86). Dorsomedial medullary
lesions eliminate ACTH responses to hypovolemic hem-
orrhage (120). Transections of ascending medullary and
pontine fibers significantly reduce the hemorrhage-in-
duced responses of ACTH, renin, and vasopressin (see
Ref. 474).

In the ventrolateral medulla, spinally projecting cells
with presumed vasomotor function show strong Fos im-
munoreactivity in rats with 15% hemorrhage (86).

D) Activation of the HPA axis by hemorrhage. CRH
mRNA expression, portal plasma levels of CRH, and
plasma ACTH and corticosteroids are all increased after
exposure to hemorrhage (see Ref. 474). Reportedly, hem-
orrhage increased ACTH (26-fold) and corticosterone (9-
fold) after a single, but much less after a second, hemor-
rhage (652). Both the parvo- and the magnocellular sub-
divisions of the PVN exhibit increases in Fos expression
after hemorrhage (see Ref. 474). Dense concentrations of
Fos-immunopositive cells are present in the medial sub-
division of the parvocellular PVN that project to the brain
stem (to A5 neurons) and to thoracolumbar spinal cord
sympathetic preganglionic vasomotor neurons (Fig. 11).
In this subdivision, the high proportion of Fos-expressing
neurons was found in hypotensive hemorrhage, but in rats
with nonhemorrhage, the number of Fos-positive neurons
was still higher than that in controls (23).

II) Release of vasopressin in hemorrhage. Hypoten-
sive hemorrhage increases vasopressin and oxytocin re-
lease in the PVN, and their levels in the plasma (see Ref.
474). One of the possible pathways for regulation of va-
sopressin release upon exposure to hypovolemic hemor-
rhage involves stimulation of cardiac volume receptors.
From there, vagal fibers carry signals to the medulla oblon-
gata, stimulate NA neurons which project to the magnocel-
lular subdivision of the PVN to facilitate release of vaso-
pressin (86).

1I1) Activation of the renin-angiotensin system by
hemorrhage. Angiotensin II augments the NA system in
the brain and activates presynaptic excitatory receptors
on sympathetic postganglionic nerve endings with release
of NA. In the brain, the hemorrhage-induced increase in
the circulating angiotensin II levels acts on angiotensin II
receptors in the subfornical organ and the area postrema.
These two circumventricular organs express angiotensin
IT receptors at the highest level in the central nervous
system. Angiotensin II as well as hypotensive hemorrhage
elicit Fos expression in their neurons (474). Signals from
these areas reach vasopressin synthesizing neurons in the
magnocellular PVN and the supraoptic nucleus through
mono- or multisynaptic pathways, such as relay by atrial
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natriuretic peptide (ANP)-synthesizing neurons in the pre-
optic area.

Each component of this hypothalamic neuronal cir-
cuit receives ascending inputs from brainstem NA (Al)
and ADR (C1) neurons. Signals through angiotensin II
receptor-containing neurons in the area postrema are re-
layed by noncatecholaminergic NTS and medullary CA
neurons to the hypothalamus (474, 484).

G) INSULIN-INDUCED HYPOGLYCEMIA. Experimental hypo-
glycemia is achieved by injections of insulin. The fall in
blood glucose stimulates autonomic responses to restore
levels of circulating glucose. Insulin may not affect TH,
NA transporter mRNA levels (5643), or Fos activation (485,
487) in NA cell groups in the medulla oblongata. The very
high ADR levels in the plasma in hypoglycemia (341, 472)
clearly indicate the activation of the sympatho-adreno-
medullary system, most probably through central routes
(Fig. 8). Intracarotid injections of glucose attenuate and
ganglionic blockade or spinal transections abolish the
adrenomedullary response to hypoglycemia (51, 186).

Insulin administrations stimulate c-fos expression in
the PVN, both in neurons that project to the median
eminence and the lower brain stem (77, 485), and in other
hypothalamic neurons that project to the sympathetic
preganglionic neurons in the spinal cord (see Ref. 474).
Axons from PVN neurons also project to the dorsal motor
vagal nucleus and terminate on parasympathetic pregan-
glionic neurons that innervate the pancreas (374, 517).

Hypoglycemia increases CRH mRNA expression in
the PVN, CRH turnover in the median eminence, CRH and
vasopressin levels in the hypophysial portal and periph-
eral blood (see Ref. 474).

The insulin-induced CA secretion into the blood is
biphasic and proportional to the insulin dose used. In the
first phase, only plasma ADR levels are elevated. In the
second phase, both plasma ADR and NA levels are ele-
vated, dramatically (291). Thus the first phase could be
elicited by HPA action on the adrenal medulla (route 4 in
Fig. 8), while the second phase is neuronal, activation of
the sympatho-neural system (routes 6 and 9 in Fig. 8). The
central CA neurons (members of either ascending or de-
scending CA systems) may not be involved in this circuit,
since lesions of the ventral NA bundle fail to influence
ACTH responses to insulin (187). Insulin-induced hypo-
glycemia does not activate LC neurons (542). In contrast,
2-deoxyglucose (2DG; an antimetabolic glucose analog)-
induced glucoprivation affects DBH gene expression in
medullary CA cell groups (Al, A2, C1) (364) and increases
TH mRNA expression in the LC (542). Local injections of
2DG into the hypothalamic ventromedial nucleus evoke
rapid and marked increases in plasma levels of glucose,
NA, and ADR (52).

Ritter and co-workers (532, 533) identified the specifc
subgroups of hindbrain CA neurons that are selectively
activated by 2DG-induced metabolic challenge. TH and
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PNMT were used as the markers for NA and ADR neu-
rons. In the ventrolateral medulla, doubly labeled neurons
were concentrated in the area of A1/C1 and were predom-
inantly adrenergic in phenotype. In the dorsal medulla,
doubly labeled neurons were limited to C2 and C3 cell
groups. In the pons, some A6 neurons were Fos-positive.
Neurons in rostral C1, ventral C3, A2, A5, and A7 areas did
not express Fos-ir in response to 2DG (5633). These data
identify specific subpopulations of CA neurons that are
selectively activated by 2DG. Demonstrated connections
of these subpopulations are consistent with their partici-
pation in hyperglycemic response to glucoprivation. Pref-
erential activation of ADR neurons suggests that they may
play a unique role in the brain’s response to glucose
deficit (533). Selective destruction of hindbrain CA neu-
rons using retrogradely transported immunotoxin (anti-
DBH conjugated to saporin) revealed that spinally pro-
jecting ADR or NA neurons are required for the adrenal
medullary response to glucoprivation, while ADR/NA neu-
rons with hypothalamic projections are required for feed-
ing, corticosterone release, and reproductive responses
(5632). ADR/NA neurons coexpressing NPY may be the
neuronal phenotype required for glucoprivic feeding,
since they increase NPY mRNA expression in response to
glucoprivation and are nearly eliminated by the immuno-
toxin administration. In contrast, lesion of arcuate nu-
cleus NPY neurons does not impair glucoprivic feeding or
hyperglycemic responses (5632). Thus hindbrain ADR/NA
neurons orchestrate multiple concurrent glucoregulatory
responses. Glucoreceptive control of these neurons re-
sides within the hindbrain (5632, 643). CA neurons couple
potent orexigenic neural circuitry within the hypothala-
mus with hindbrain glucose sensors that monitor brain
glucose supply (181). Receptor cells responsive to glu-
cose deficit and capable of increasing corticosterone and
glucagon levels exist within the hindbrain, thus further
delineating central glucoregulatory neural circuitry (8).
Hindbrain neurons contribute to the control of energy
expenditure seen with food deprivation and increases in
expenditure after cold exposure or starvation (209).

H) ETHER STRESS. Ether is a strong acute stressor that
elicits high levels of corticosterone, ACTH, NA, and ADR
in the plasma. In the brain, ether induces c-fos mRNA
expression in the hypothalamus and the cerebral cortex.
Ether stress recruits more cortical neurons than other
stressors, but it does not elicit c-Fos expression in limbic
areas, including the amygdala or in the bed nucleus of the
stria terminalis (157). Limbic cortical (prefrontal) lesions
did not influence plasma ACTH and corticosterone con-
centrations in response to ether (127).

The ether-induced activation of the HPA axis can be
blocked by transections of the ventral NA bundle (187).

1) FooT-sHOCK. Although c-Fos activation in the PVN
has been reported after foot-shock (5607), it is more likely
that this stressor may not play an essential role in the
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activation of the HPA axis: neither plasma corticosterone
and ACTH levels, nor CRH mRNA expression in the PVN
are elevated after foot-shock (389). In contrast, foot-
shock elicits increased NA release (223) and increased
CRH mRNA expression in the central nucleus of the
amygdala (389).

The hippocampus and the prefrontal cortex are both
involved in the inhibition of emotional stress responses.
They represent the high level of integration of defensive
responses to the kind of stressors from which descending
input reaches the medulla where they influence the activ-
ity of CA sympathetic premotor neurons (365). It should
be noted that both single and repeated foot-shock en-
hanced CRH mRNA expression in the Barrington nucleus,
a cell group in the pontine tegmentum from where neu-
rons project to sacral parasympathetic preganglionic neu-
rons (254).

J) NOVELTY (OPEN FIELD). Exposure to novel environment
(open field), as a processive stressor that does not repre-
sent an immediate physiological threat, seems to be a
strong stimulus concerning c-Fos activation in brain re-
gions like PVN, dorsomedial and suprachiasmatic nuclei
in the hypothalamus, in the lateral septum, the medial
amygdala, and the fronto-parietal cortex (157). Chronic
social stress significantly elevates TH mRNA and TH pro-
tein levels in the LC (680). The possible role of CA in
novelty-induced changes has to be investigated.

K) AUDIOGENIC STRESS. Acute audiogenic stimuli activate
the HPA axis. Intense noise produces strong Fos activa-
tion in several brain areas, including limbic cortical areas,
auditory (temporal) cortex, PVN, amygdala, parabrachial
nuclei, some of the hypothalamic nuclei, A1 noradrener-
gic and C2 adrenergic neurons (54, 66, 67, 226). In the
PVN, CRH-immunostained neurons show Fos activation
30 min after a short-term audiogenic stimulus (226). The
efferent route (output) in the audiogenic stress response
seems to be the activation of the HPA axis (Fig. 8): strong
intensity (decibel)-dependent elevated corticosterone and
ACTH levels can be measured in the plasma immediately
after audiogenic stimuli (66, 67). The emotional responses
to loud noise are processed in the amygdala. Inputs may
arise from the posterior intralaminar (subparafascicular)
nuclei, and probably from the auditory association cortex,
as is indicated by increased c-fos expression in the baso-
lateral and central amygdaloid nuclei in response to au-
diogenic stimuli (226).

G. Molecular Mechanisms in Central
Catecholaminergic Systems in Stress

Among central CA systems, the molecular mecha-
nism of the stress response has been studied most exten-
sively in the LC. There are several reasons for this. One is
that the LC neurons comprise a broad network of projec-
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tions that extend throughout the neuroaxis and account
for ~70% of all brain NA in primates (179). Moreover, the
LC is of great interest since it is involved in controlling
attention, vigilance, and activity of the autonomic nervous
system. The LC is also implicated in opiate physical de-
pendence and withdrawal. It is likely to play a key role in
stress-associated neuropsychiatric disorders such as de-
pression (reviewed in Refs. 16, 34, 306, 455, 663a). In this
review, we will mainly focus on molecular mechanisms in
the LC.

1. Catecholamines and their biosynthetic enzymes

Acute stress releases NA in the terminal fields of
neurons localized in the LC, which leads to depletion of
NA and an increase of its metabolites (179, 226). How-
ever, during repeated stress, brain NA levels are replen-
ished, as a consequence of increased NA biosynthesis
(342, 639). In fact, animals previously exposed to repeated
stress are resistant to the depletion of NA in terminal
fields upon exposure to acute stress, a phenomena also
called immunity to stress (reviewed in Ref. 609).

Early work showed that repeated electrical foot-
shock stress increased TH activity in various brain re-
gions, especially the LC, but also in NA-terminal regions
of hypothalamus, cortex, and pons-medulla (613). Subse-
quently, many types of stressors were found to trigger
elevated TH activity and protein levels in the LC. These
include isolation, foot-shock, restraint or IMO, chronic
social stress, forced walking, and chronic cold (reviewed
in Refs. 344, 551). In addition, several studies also exam-
ined changes in DBH activity or protein levels in LC and
found them elevated by stress. For example, while DBH
activity was reduced in LC following acute cold (5-10 min
at 5°C), probably due to its release with NA, it was ele-
vated in LC following chronic repeated cold stress (4 h
daily) for 1-3 wk (119). In addition, repeated daily IMO
stress for 3 or 7 consecutive days elicited a large rise in
DBH immunoreactive protein in rat LC (5682).

The stress-triggered increase in activity of NA-bio-
synthetic enzymes is accompanied (and in some cases
preceded) by changes in their respective mRNAs (387,
438, 544, 582, 602, 678, 680). Most types of stressors
increased TH mRNA levels in LC (reviewed in Ref. 551).
However, insulin-induced hypoglycemia was an excep-
tion; conditions which induced TH gene expression in the
adrenal medulla had no effect on the LC (5642). The mRNA
levels of GTPCH, the rate-limiting enzyme in BH4, the
essential cofactor for TH, is also significantly elevated in
LC following even single as well as repeated IMO stress
(582).

Immobilization stress-induced elevation in TH gene
expression and TH protein was also found in the hypo-
thalamic nuclei, which represent important centers regu-
lating neuroendocrine and autonomic systems during
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stress, i.e., PVN, periventricular (PeV), and dorsomedial
(DMN) nuclei (301, 438). Interruption of ascending CA
pathways from the brain stem areas abolished TH gene
expression in the PVN and DMN in response to stress.
Thus the regulation of the majority of TH-positive cells in
these nuclei during stress is under a modulatory control
of brain stem and/or spinal cord (301, 438).

2. Role of transcription and
posttranscriptional pathways

Several methods have been used to study the role of
transcriptional and posttranscriptional mechanisms in the
elevation of gene expression of enzymes related to NA
biosynthesis in the LC and other brain areas.

Run-on assays of transcription with nuclei of cells
from the LC of controls or animals exposed to stress can
determine the relative rate of initiation of transcription of
different genes. Results from our group revealed that TH
transcription initiation rate increased with IMO. About a
two- to threefold increase was observed following expo-
sure of rats to 30 or 120 min of a single IMO or following
twice repeated IMO for 120 min daily. A similar elevation
was observed in transcription rate for DBH and GTPCH
genes at these times of IMO (582).

Experiments with mice, which have a transgene en-
coding a reporter gene, alkaline phosphatase under con-
trol of the TH promoter have also been used to evaluate
the role of transcription in the response to stress. There
was an increase in reporter activity in LC immediately
following exposure of mice to single, but not repeated
IMO stress (465, 467). The same stimuli increased re-
porter activity in the adrenal medulla of these animals. A
significant, but small induction of reporter activity was
also observed by these investigators in LC in response to
3 days of cold stress (467).

Since introns are only present transiently following
transcription and are absent in the mature mRNA, use of
intron-specific probes can be used to determine if there
are stress-triggered changes in transcription. By the
method of in situ hybridization with intron-specific probes,
intermittent foot-shock was shown to increase TH tran-
scription in LC (87). The increase in levels of intron
containing transcripts was rapid and returned to basal
levels, while the elevation of TH mRNA was much more
sustained. The in situ hybridization showed that there is
heterogeneity within the LC in the transcriptional re-
sponse to the foot-shock stress, with expression below
the level of detection in some of the cells. The nature of
the variation of the response within the LC remains to be
determined. Semi-quantitative RT-PCR has also been used
to measure changes in expression of different intron-
specific sequences in TH transcripts in the LC. This tech-
nique revealed that immediately following repeated IMO
stress (2 h daily for 7 days), there is a similar elevation of

KVETNANSKY ET AL.

about fourfold in both mRNA levels and in primary tran-
scripts containing intron 2 of the TH gene (622).

While there is activation of transcription in the LC
with stress, it appears that posttranscriptional mecha-
nisms, such as increased stability of TH mRNA, may also
play a role in mediating the stress-triggered induction of
TH mRNA in the LC (reviewed in Ref. 696). Following
cessation of repeated IMO, TH mRNA levels remained at
least twice above control levels even 2 days later, while
primary transcripts containing intron 2 had declined and
were no longer significantly different from levels in con-
trol animals (622). Similarly, TH mRNA remains elevated
1 day after intermittent foot-shock stress, although levels
of primary transcripts detected by intron-specific probes
had declined to basal levels (87). The mechanisms medi-
ating these posttranslational effects remain obscure, and
many involve stabilization of the mRNA by proteins bind-
ing to the 3’ -UTR and/or possibly coding sequence (5,
117, 53b). It is possible that the stress enhances the tran-
scription of these proteins, which can enhance mRNA
stability.

3. Transcription factors responsive to stressors

While the relative contribution of direct transcrip-
tional actions compared with posttranscriptional mecha-
nisms remains to be determined, stress has been found to
activate or induce a number of transcription factors in
brain areas, especially in LC. Figure 14 depicts the
changes in expression and/or activation of several tran-
scription factors in the LC, which can regulate TH and
DBH gene transcription in response to single or repeated
stress as well as signaling pathways that may be involved.

Many studies have determined that exposure to a
stressor activates gene expression of c-fos, which has
been used to map stress responsive brain locations (re-
viewed in Ref. 484). The induction of c-Fos expression in
a number of brain regions has been shown to depend on
the intensity and duration of exposure to an acute stress.
In the LC, c-Fos was increased after 30 min of mild
(restraint) or severe (IMO) stress and remained elevated
during an entire 4 h stress, while it had already declined in
other brain areas (94). Our results revealed that even 5
min of exposure to IMO stress elicits a significant increase
in c-Fos (225).

Upregulation of c-Fos was observed following re-
peated IMO or restraint stress for 6-14 consecutive days
(90, 94, 408). The c-Fos was newly induced in response to
the most recent exposure to the stress, as evidenced by
the fact that levels of c-Fos declined to control values 24 h
after the removal of stress and were reinduced following
subsequent exposure to another IMO (225). However,
following several weeks of prolonged exposure to the
same homotypic stressor, the induction of c-Fos mRNA in
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FIG. 14. Diagram of stress-induced signaling events leading to the
induction of TH and DBH gene transcription in LC. Membrane receptors,
such as receptor tyrosine kinase (RTK), G protein-coupled receptors
(GPCR) and cytokine receptors, receive cues from external stress
events. These cues are transferred to the nucleus by way of several
kinases signaling pathways, such as extracellular signal-regulated pro-
tein kinases 1 and 2 (ERK1 and ERK2), protein kinase A (PKA), protein
kinase C (PKC), mitogen-activated protein kinase molecular mass 38
kDa (p38), c-Jun NH,-terminal kinase (JNK1 and JNK2/3), and mitogen-
stimulated kinase 1 (MSK1). Within the nucleus, transcription factors,
including Elk-1, Fos-related antigen 2 (Fra2), c-Fos, activating transcrip-
tion factor 2 (ATF2), cAMP response element binding protein (CREB),
and c-Jun mediate gene transcription by binding to specific elements
within TH and DBH gene promoters. Changes with both single and
repeated stress are shown in yellow, and those with repeated stress only
in red. Factors not changed or induced in LC are shown in blue.

the LC is reported to be reduced compared with naive not
previously stressed animals (664).

Transgenic mice with disruption of the c-fos gene
were used to examine whether the induction of c-Fos is
essential for the stress-triggered elevation of transcription
of CA biosynthetic enzymes. Following repeated IMO
stress (2 h daily for 3 consecutive days), there was no
induction of DBH mRNA in the brain stem in the c-fos null
animals, despite a normal response in the adrenal glands
(683). TH and PNMT mRNA levels in the adrenal medulla
of c-fos knockout and wild-type mice were elevated to the
same extent by a single IMO exposure (311). These results
suggest that c-Fos is involved either directly or indirectly
in regulation of DBH gene expression in the LC. However,
the precise cellular localization, the effect of shorter-term
stress, and whether a similar effect is observed on the
response of TH have not yet been examined in c-fos-
deficient animals.

In addition to c-Fos, another Fos-related family mem-
ber, Fra-2, was found to be elevated in the LC especially
in response to repeated IMO stress (225). Overexpression
of Fra-2 is capable of inducing TH and DBH promoter-
driven reporter activity in cell culture (452). Interestingly,
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the levels of Fra-2 mRNA are reportedly elevated in post-
mortem tissue from the LC of individuals with major
depressive syndrome, suggesting that elevated fra-2 gene
expression may be linked to the sustained upregulation of
TH gene expression in both stress situations and in de-
pression.

Changes in the expression of c-Fos and Fos-related
antigens (Fras) in rat LC during space flight and following
return to earth were observed. The largest elevations of both
c-Fos and Fras were observed in the LC 1 day after landing.
In this study, the antiserum used was for the entire Fra
family (cross-reacted with Fos, Fra-1, Fra-2 and FraB), and
since the changes were based on immunocytochemistry,
they were unable to determine changes in specific Fras
(514).

CREB also may mediate the transcriptional response to
stress: CREB is one of the transcription factors of the CREB/
ATF family that then binds as dimers to the cAMP response
element (CRE) on a variety of genes, including TH (see sect.
nE). CREB is well characterized in learning and memory,
since it is a crucial mediator of experience-based neuroad-
aptations (for reviews, see Refs. 74, 397, 398, 591, 704).

CREB phosphorylation (on serine-133, necessary for
transcriptional activation) was elevated in the LC during
exposure to single and repeated IMO stress (225). This was
accompanied by elevated CREB protein levels. The stress-
related induction of phospho-CREB was localized primarily
to TH-immunoreactive neurons as evidenced by coimmuno-
fluorescence (225). Increased phosphorylation of CREB
as well as levels of CBP were also observed in the LC with
exposure to single restraint stress (596). In contrast to
CREB, another family member ATF-2 was not changed in
the LC with single or repeated immobilization stress
(225).

Noteworthy is the absence of induction of Egrl, a fac-
tor that can enhance TH transcription (493). Immobilization
stress-triggered changes in Egrl in an area adjacent to the
LC, but it did not overlap with TH-expressing cells (225).
This contrasts with the large stress-triggered induction of
Egrl in the adrenal medulla as described in section E.

4. Signaling pathways

Since AP-1 factors and CREB, but not Egrl and ATF2,
are implicated in mediating the response of the LC to IMO
stress, the effects on several upstream kinases that may
be involved in mediating these changes were examined
(Fig. 14). The phosphorylation of CREB and induction of
c-Fos can be mediated by several of these upstream ki-
nases including members of the MAPK family: ERK1/2,
JNK1/2/3, and p38 (125, 398). A single IMO led to a modest
change in phosphorylation of JNK. However, repeated
IMO triggered a robust increase in phosphorylation of all
isoforms of JNK. The phosphorylation state of MAPK p38
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was not significantly altered by single IMO, but was acti-
vated in response to repeated IMO stress (225).

The phosphorylation of CREB can be mediated by
several other kinases including cAMP-dependent protein
kinase (PKA), protein kinase C (PKC), calmodulin (CaM)
kinase II/IV, or mitogen-activated protein (MAP) kinases
by way of MSK-1. Activation of the cAMP system in the
LC, which is characterized by increased levels of adenylyl
cyclase and PKA activities, was demonstrated in response
to chronic cold stress (410).

Regarding MAP kinases, upregulation of phospho
ERK in the LC was reported following restraint and IMO
stress (225, 255, 596). ERK1 is the predominant isoform of
ERK in the LC; however, ERK2 was the major phosphor-
ylated form following IMO. A single episode of IMO did
not noticeably alter ERK signaling in the LC. In contrast,
repeated IMO stress produced significant changes in the
levels of phosphorylation of ERK1 and especially ERK2.
Following 30 min of twice daily repeated IMO, levels of
both phosphorylated ERK isoforms were induced by 50—
100%. Within 5 min of stress on a sixth consecutive day,
phospho-ERK1 and phospho-ERK2 rose to over 250% of
control levels. At 30 min of the sixth daily IMO, the
phosphorylation of ERK1 and ERK2 was over fourfold
that measured in unstressed animals and remained signif-
icantly high throughout the sixth daily exposure to stress
(225).

The increase in phospho-ERK1/2 following IMO
stress was specifically localized to noradrenergic neurons
of the LC using TH coimmunofluorescence. The pERK1/
2-immunoreactive neurons within the LC of repeatedly
stressed (IMO, for 2 or 6 consecutive days) rats were
increased in terms of the number of labeled neurons
detected and in the intensity of labeling compared with
the LC from control animals.

Hence, acute and repeated IMO differentially regu-
late the activation of several transcription factors and
kinases in the rat LC (Table 2). Multiple MAP kinase
pathways are activated, including ERKs, JNKs, and p38.
This was especially evident with repeated IMO stress.
Among the transcription factors that can regulate TH, a
single exposure to IMO elicits induction of c-Fos and
activation of CREB, without changing expression of Egrl,
Fra-2, or phosphorylation of ATF-2. Repeated IMO con-
tinued to trigger activation of CREB, which was accom-
panied by increased CREB levels. Transient inductions in
c-Fos were also observed with repeated stress exposures.
Furthermore, repeated IMO led to a significant induction
of Fra-2 (Table 2).

The observed induction and/or activation of tran-
scription factors and kinases are likely to take part in
mechanisms involved in plasticity of the noradrenergic
system following exposure to stress. Stress-induced
increase in TH mRNA and TH protein in the LC after
single or twice repeated stress may reflect an adaptive
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TABLE 2. Summary of the changes in locus coeruleus of
rats exposed to 2 h of immobilization stress once
(single IMO) or on 6 consecutive days (repeated IMO)

Comparison of Changes in Locus Coeruleus With Single and Repeated IMO

Single IMO Repeated IMO
Transcription factors
1 P-CREB 1 P-CREB
1 c-Fos 1 1 c-Fos
(No change in Fra-2) 1 Fra-2
Activity of MAP kinases
1 Erk1/2
(No Phos. of MAP kinases) 1 IJNK1/2/3
1 p38

Gene expression of CA biosynthetic enzymes

1 TH, transcription, mRNA 1 TH, transcription, mRNA, protein
1 DBH, transcription, mRNA 1 DBH, transcription, mRNA, protein
1 GTPCH, transcription, mRNA 1 GTPCH, transcription, mRNA

MAP, mitogen-activated protein; TH, tyrosine hydroxylase; DBH,
dopamine-B-hydroxylase; CA, catecholamine.

regulatory response, perhaps serving to increase the
synaptic capacity of the noradrenergic system in antic-
ipation of subsequent stress and to induce the ability to
invoke appropriate behavioral adaptation. With pro-
longed stress, the response may reflect a relatively
greater impact of stressful stimuli on noradrenergic
neurons of LC resulting from long-term adaptation to
stress or failure to initiate appropriate behavioral strat-
egies and may contribute to the susceptibility to stress-
related pathology. These distinct alterations in tran-
scriptional pathways following repeated, compared
with single stress, may be involved in mediating long-
lasting neuronal remodeling and are implicated in the
mechanisms by which acute beneficial responses to
stress are converted into prolonged adaptive or mal-
adaptive responses.

IV. PERIPHERAL CATECHOLAMINERGIC
SYSTEMS IN STRESS

A. Sympatho-Adrenomedullary System in Stress

1. Responses of adrenal medullary catecholamines
and their biosynthetic enzymes to stressors

The effects of various stressors on adrenomedullary
CA levels have been determined in early studies. Expo-
sure to a single episode of IMO stress for up to 2 h is
accompanied by a significant decrease of 15-20% in the
total adrenal medullary content of ADR without signifi-
cant changes in NA (335). Following repeated exposures
to the same stressor, the CA levels in the adrenal medulla
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eventually return to normal and even establish new basal
levels, significantly higher than in naive animals (351).

The increased adrenal CA content, urinary excretion,
and plasma secretion (132, 335, 339, 347, 400), together
with increased maximal adrenal TH, DBH, and PNMT
activity (326, 339, 351, 551), suggest that the adrenal me-
dulla responds to repeated IMO stress with an increased
capacity to synthesize CA. The administration of labeled
CA precursors clearly demonstrated a substantial in-
crease of in vivo biosynthesis of adrenal CA in repeatedly
immobilized rats (350). Using differently labeled precur-
sors ([*C]tyrosine and [PH]DOPA) revealed that the in-
creased CA biosynthesis is primarily dependent on the
step of tyrosine conversion to .-DOPA, catalyzed by TH;
however, after repeated IMO, when DA formation is mark-
edly accelerated, the step catalyzed by DBH, conversion
of DA to NA, may also become rate limiting (350).

Given that the synthesis of ADR within the adrenal
medulla involves participation of several different en-
zymes, studies have focused on measurement of activity
of three key catecholamine-synthesizing enzymes: TH,
DBH, and PNMT. Activity of AAAD, in contrast, is un-
changed with stress (468, 648). Several reviews deal with
various aspects of the regulation of CA biosynthetic en-
zymes activity, protein levels, gene expression, and mo-
lecular genetics in response to stress (304, 312, 331, 344,
345, 548, 550, 551, 696).

Adrenal TH activity under conditions of stress was
also characterized by measuring kinetic parameters, such
as K, for the substrate and cofactor (45, 239). Exposure
of rats to a single IMO does not change either K., or V.
compared with the unstressed control group. After re-
peated IMO, the K, values remain unchanged, whereas
Voax for both substrate and cofactor are significantly
increased. These data confirmed the idea that repeated
IMO stress induces an increase in TH protein synthesis,
and this in turn results in elevated TH activity, while the
affinity of the enzyme for both substrate and cofactor
remains unchanged (45, 239).

Early studies confirmed that alterations in TH activ-
ity induced by IMO or cold stress resulted from increases
in the amount of enzyme protein and its synthetic rate (99,
100, 239, 350, 351, 649). Repeated or chronic exposure to
stress was also found to increase activity of DBH and to
a lesser extent PNMT (325, 326, 351, 648, 649). There is a
very good correlation between elevated adrenal TH and
DBH measured in vitro (351) and the rate of CA synthesis
measured in vivo in control and immobilized rats (350).

Other stressors also affect catecholamine biosynthe-
sis and enzyme activities. Thus continuous exposure to
cold (4°C) increases adrenal TH, DBH, and PNMT activity;
however, the response is transient. After several weeks of
continual cold exposure, the activity is no longer signifi-
cantly elevated (29, 30, 324). Intermittent cold exposure
(4h, 21 days) elevates TH activity but not PNMT activity
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(40). The cold-induced increase in adrenal TH activity is
reduced after administration of adrenomedullin, a peptide
that elicits a long vasorelaxation (706).

Intermittent repeated swimming at a water tempera-
ture of 15°C increases TH activity in the adrenal medulla
(468). Elevated activity of adrenal TH and other enzymes
after swimming or long-term physical load has also been
reported by others (38, 497, 536). Psychosocial stimula-
tion (20, 229, 509), isolation of animals (647), hypokinesia
(46), restraint (37) and chronic foot-shock (613) also trig-
ger elevations of TH activity.

Glucoprivation after administration of insulin or
2-DG increased TH activity to a very high extent, similar
to IMO stress (177, 178, 300, 346, 598). However, while
Kuzmin et al. (316) reported a huge increase in CA secre-
tion from the adrenal gland measured by microdialysis in
immobilized and 2-DG-treated rats and elevated TH activ-
ity in immobilized animals, they did not observe changes
in TH activity after administration of 2-DG.

The only situation in which a reduced adrenal TH
activity has been reported is chronic exposure to heat at
34°C (504).

The elevations in TH activity are associated with
increased expression of CA biosynthetic enzymes (re-
viewed in Refs. 331, 345, 551). Early work observed that
following several days cold at 4°C, adrenal TH mRNA
levels are about three to four times basal levels, and TH
protein and activity levels nearly doubled (529, 605, 640).
Subsequently, it was shown that chronic or repeated ex-
posure to many types of stressors affect gene expression
of CA biosynthetic enzymes and lead to elevated RNA
levels. These include physical stressors such as IMO
stress (317, 406), exercise (662), hypoglycemia (671), and
the chronic mild stress model of depression (136). DBH
and PNMT gene expression are also markedly induced by
chronic or repeated stress (406, 672). While the majority
of these studies were performed in rats, an immobiliza-
tion-induced increase in TH, DBH, and PNMT mRNA lev-
els in the adrenal medulla of mice was also reported (311,
330, 466, 583).

Social stress and housing conditions also affect gene
expression of adrenal CA biosynthetic enzymes. Animals
that were group housed were found to have lower PNMT
mRNA levels (431). Pohorecky et al. (511) reported that in
rats housed in triads, adrenal gene expression of CA
biosynthetic enzymes is higher in subordinate compared
with dominant and subdominant animals. Alcohol con-
sumption raised plasma CA levels and CA biosynthetic
enzymes gene expression, and potentiated the IMO-in-
duced increase in adrenomedullary TH, DBH, and PNMT
gene expression (501).

In addition to changes in CA biosynthetic enzymes,
there is also upregulation of biosynthesis of the cofactor
tetrahydrobiopterin (BH4), essential for TH activity. Gene
expression of GTPCH, the rate-limiting enzyme for BH4
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biosynthesis, is markedly induced by stress. The rat ad-
renal medulla expresses both the 1.2- and 3.6-kb isoforms
of GTPCH mRNA, and the expression of both are in-
creased by exposure to IMO stress (581). Furthermore,
cold stress was found to lead to a doubling of biopterin
content (30).

Besides the rise in CA biosynthesis, stress also trig-
gers elevated expression of a number of neuropeptides in
the adrenal medulla, such as mRNAs for NPY (220, 237).
The deprivation of glucose, caused by either insulin- or
2-DG-induced hypoglycemia, increases not only TH, but
also NPY and proenkephalin mRNA levels (355, 671). Cold
stress also elicited a large rise in NPY mRNA levels (220,
313, 314).

Thus an abundance of studies confirm that increase
in expression of CA biosynthetic enzymes in the adrenal
medulla is a prevalent and likely key response to many
types of stress.

2. Duration of homotypic stress

An important research question has been how the
adrenal medullary response to acute stress differs from
that of chronic exposure to stressful situations. When
does the response becomes maladaptive? An animal or
human experiencing sustained exposure to an acute stres-
sor does not know when the stressor will be terminated,
and once terminated, if or when the stressor will begin
again. In the face of this uncertainty, how does the adre-
nal medulla meet the immediate needs of replenishing
supplies of ADR and NA in adrenal chromaffin cells and
what, if any, provisions are made for an uncertain future?

The duration or repetition of the stress has a marked
effect on the changes in gene expression of CA biosyn-
thetic enzymes. This has been studied in great detail in
response to cold and IMO stress.

A) coLD sTREss. When examining the effect of cold as a
stressor, the response differs depending on duration. Ex-
posure to cold stress for several hours triggers elevation
of adrenal medullary TH mRNA levels. The immunoreac-
tive protein is maximal only after several days of the cold
exposure, while maximal TH activity required several fur-
ther days of continual cold stress (30). However, with
very prolonged cold (a month at 4°C), TH expression
(mRNA levels and the enzyme activity) had returned to
levels similar to those observed in the adrenal medulla of
unstressed animals (328). These results suggest that there
is a habituation of this response with chronic cold stress.

B) IMMOBILIZATION STRESS. Even an acute exposure to
IMO stress triggers a large rise in mRNA for CA biosyn-
thetic enzymes. Compared with values in unstressed con-
trols, TH mRNA levels increased ~7 times, DBH mRNA
levels ~2.5 times, and PNMT mRNA levels ~5 times
following a single 2-h IMO stress (334, 406, 635, 672, 691).
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TH and PNMT mRNA levels were almost as high as ob-
served with repeated IMO.

While TH mRNA levels are substantially increased
following a single exposure to IMO, this is not reflected in
comparable changes in TH protein or activity levels (450,
699). The reason for this discordance remains unclear. It
might reflect the time of sampling, and the elevation of
protein levels might occur at later times than those ex-
amined. Posttranscriptional mechanisms may also be in-
volved, either in terms of mRNA stability or differences in
translational control (641, 694, 696). The possibility of a
translational mechanism is supported by the finding that
following a single IMO stress a larger percentage of TH
mRNA is not associated with polysomes, compared with
RNA from controls or rats exposed to repeated IMO (696,
699). Alternatively with single IMO, the elevation of TH
mRNA may not be sustained long enough to be reflected
in a marked change in protein levels. The rise in mRNA
levels for adrenal CA synthesizing enzymes in response to
a single 2-h period of IMO stress reach peak levels 3 h
after the IMO is completed, but is short-lived. Twenty-four
hours following a single 2-h period of IMO stress, they had
returned toward baseline levels and were no longer sig-
nificantly different from unstressed control levels (334,
450, 672, 691) (see Fig. 15).

However, surprisingly, even with only a second ex-
posure to the same stressor, there is “memory” of the first
experience such that the increase in TH mRNA is now
much more prolonged and is sustained for longer periods
of time after termination of the stress. Repeated, rather
than single, IMO were also required for maximal elevation
of DBH mRNA levels (406). Chronically repeated stress, in
contrast to single stress, triggers persistent activation of
TH, DBH, and PNMT genes in the adrenal medulla, which
should be crucial for the adaptation (or perhaps malad-
aptation) to the stressful situation. Compared with un-
stressed controls, rats repeatedly exposed to IMO stress
for 2 h per day for 7 consecutive days have significantly
elevated mRNA levels of TH, DBH, and PNMT in the
adrenal medulla even 24 h after the last stress exposure
(334, 406, 450, 672). In addition, TH, DBH, and PNMT
enzyme activities and protein levels are already signifi-
cantly increased, and these changes persist for quite a
while afterwards. In fact, the excess TH activity in the
adrenals of repeatedly stressed rats declines toward basal
levels with first-order kinetics and a half-life of ~4 days
(351).

The relationship between the changes in PNMT
activity and protein levels with repeated stress are less
correlated. Following single IMO, PNMT protein is up
compared with unstressed controls, but after repeated
IMO for 7 days, PNMT protein levels have declined
(635). This may be indicative of desensitization to the
stress or posttranscriptional regulatory effects. How-
ever, the interpretation is complicated since the mea-
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sures of mRNA and protein represent steady-state lev-
els of expression, comprised from both synthesis and
degradation and not just synthesis alone. Although the
mRNA levels are still high on the day following a re-
peated IMO stress, there is still a further elevation
when animals chronically exposed to IMO for 6 days
are subjected to an additional IMO (334) (Fig. 16). TH
and PNMT levels of mRNA still responded to even a
42" (6 wk) daily IMO stress (317, 343), indicating that
for induction of TH and PNMT mRNA, in contrast to
cold stress, there is no habituation of the adrenal me-
dulla to this stressor.

The increases in adrenal TH protein levels induced
by repeated IMO decline after cessation of the stress with
a half-life of ~2.5 days and return to basal levels by 14
days (351). On the other hand, after cessation of the stress
stimuli, the repeated IMO-induced increases in TH mRNA
levels (5- to 10-fold) return back to prestress levels faster,
within 5-7 days (406, 450).

Thus, with cold stress, the observed differences in
TH and PNMT mRNA levels in the adrenal medulla of rats
exposed to short- and long-term cold suggest an adapta-
tion or habituation with respect to changes in gene ex-
pression. However, rats exposed to long-term repeated
IMO stress do not show such a habituation.

3. Heterotypic or novel stressors

Nowadays, one of the key questions in stress re-
search is how the same stressor can elicit a variant or
altered response depending on prior experience with the
current or different stressor. It was found that when
cold-acclimated or repeatedly immobilized rats were ex-
posed to a new acute stressor, the rise of plasma ADR and
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FIG. 15. Kinetics of effect of a single immobili-
zation stress on TH, DBH, and PNMT mRNA concen-
trations in the adrenal medulla and stellate ganglia.
Rats were subjected to immobilization stress (IMO)
for 2 h and killed at different intervals after immobi-
lization. Results are expressed as amol/ng of total
RNA (means *= SE; n = 7-10). Note the different
scales used for the adrenal medulla and ganglia.
[Modified from Kvetnansky et al. (334).]
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NA in response to this novel stressor was substantially
higher than the response of naive animals to the same
stressor (132, 133, 339). Thus a heterotypic novel stressor
triggers an exaggerated elevation in plasma CA in animals
previously subjected to long-term cold stress exposure.
When animals previously cold stressed for nearly a month
are immobilized, the elevation of plasma NA is more than
double that observed in naive rats. A similar exaggerated
response is obtained whether the novel stressor is IMO
stress, insulin-induced hypoglycemia, or glucopenia after
2-DG administration (133). With the novel stressor,
plasma ADR reaches a similar level in both groups of
animals at the initial phase of stress exposure but remain
higher for longer duration of the novel stress in the cold-
pretreated animals.

Long-term immobilized rats also show greater activa-
tion of the adrenomedullary system when exposed to
novel heterotypic stressors than the control previously
unstressed group do. Repeatedly immobilized rats ex-
posed to a heterotypic novel stressor have exaggerated
plasma CA levels most probably because such animals
increasingly utilized their tissue CA stores (132). Repeat-
edly immobilized rats respond also to acute experimental
trauma with substantially higher plasma ADR and NA
levels than intact rats that have never before been
stressed (339). Rats acclimated to high mountain condi-
tions (1-yr stay outdoors at an altitude of 1,350 m) show
significantly higher levels of plasma CA in response to
IMO than control rats (25).

An exaggerated response to a novel stressor is also
evident in adrenal TH and PNMT gene expression of
chronically cold-stressed rats. While exposure to cold
stress at 4°C for a number of days elevates adrenal TH
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mRNA, protein, and enzyme activity, by 28 days the levels
return to baseline (328). PNMT mRNA in adrenal medulla
is also elevated by 1 day of cold stress, but returns to
control values with chronic continued exposure to cold
(317). However, there is “memory” of the stress as indi-
cated by an enhanced or exaggerated response for gene
expression to a different type of stressor. The novel stres-
sors (IMO, insulin-induced hypoglycemia, and 2-DG-in-
duced glucopenia) induce an exaggerated elevation of TH
mRNA levels, and while a single exposure to these stres-
sors is not sufficient to trigger increased TH protein or
activity in naive animals, a significant elevation is ob-
served in the cold-pretreated rats (328). A similar exag-
gerated response to these novel stressors in cold-preex-
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posed rats is also observed at the level of induction of
PNMT mRNA (317).

In addition to sensitization to a heterotypic stressor
in cold-prestressed animals, another example of the im-
portance of prior experience is revealed in a study com-
paring the induction of TH mRNA levels in adrenals of
rats with or without prior exercise. In this study, TH
mRNA levels were elevated by stress (shaking) only in
long-term voluntary exercised rats (361).

Rats acclimated to high-altitude conditions living out-
doors for 1 year display a large IMO-induced increase in
adrenal TH activity and greater reduction in CA levels
than rats that are not adapted to high altitude (25). Similar
changes in rat adrenomedullary activity are seen after the

STELLATE GANGLIA

*kk

FIG. 16. Effect of repeated exposure to immo-
bilization stress on TH, DBH, and PNMT mRNA
concentrations in the adrenal medulla and stellate
ganglia of rats. Animals were immobilized 1 or 7
times for 2 h daily and killed 3 h after the immobi-
lization. The repeatedly stressed control group (or-
ange) was immobilized similarly except for the last
(7th daily IMO) and killed 24 h after the sixth IMO.

Data are expressed as amol/ng of total RNA, except
- for PNMT mRNA in ganglia, because of the very low
mRNA levels (means *+ SE; n = 7-10). Statistical
significance: *P < 0.05, **P < (.01, **P < 0.001
compared with absolute control group. [Modified
from Kvetnansky et al. (334).]
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long-term space flight of 18.5 days on board the biosatel-
lite Cosmos 1129 (349). Although adrenal TH activity is
unchanged in rats immediately after landing, exposure of
such animals to repeated IMO (5 days) induces a much
bigger increase in TH activity than observed in rats not
subjected to space flight (349). Thus, although weightless-
ness and other factors associated with space flight do not
change adrenal TH activity, they sensitize the adrenal
medullary system to a greater response to a novel stressor
on Earth. In consequence, it is the readiness of the organ-
ism exposed long term to a homotypic stressor to respond
to a heterotypic stressor by an exaggerated activation
of CA that we consider to be an important adaptive phe-
nomenon of the sympathetic-adrenomedullary system in
rats.

In contrast to the above-mentioned findings, TH
mRNA and PNMT mRNA levels in the adrenal medulla of
repeatedly immobilized rats have elevated levels com-
pared with control naive rats, and no exaggerated re-
sponse is seen after acute exposure to novel stressors
(317, 343). This finding might be explained by the quality
and especially intensity of the stressor used. Immobiliza-
tion is considered one of the most intensive stressors, and
therefore, the gene expression is, even in long-term im-
mobilized animals, still significantly activated. An expo-
sure of such animals to a novel weaker stressor is not able
to exaggerate gene expression that is already increased
compared with control unstressed animals. The system is
already prepared to manage the new situation evoked by
a novel stressor, and the exaggerated response is not
necessary. The results suggest that novel stressors elicit
exaggerated responses in prestressed animals when the
novel stressor is of equal or greater intensity or duration
and/or it is repeated.

The influence of prior experience with homotypic or het-
erotypic stressors on reactivity of the catecholaminergic
system in stress has recently been reviewed (556).

4. Factors and pathways initiating changes in
calecholamine enzymes gene expression

Since there is stressor specificity in the mechanism of
regulation of gene transcription in the adrenal medulla,
for example as described in detail above to the stressors
of cold and IMO, it would be expected that there are
different upstream inputs eliciting these diverse path-
ways. The importance of the HPA axis and splanchnic
neuronal innervation has been investigated in consider-
able detail regarding activation of the adrenal medulla by
various stressors (reviewed in Ref. 453).

Substantial evidence supports the importance of the
activation of the HPA axis for regulation of PNMT gene
expression. For example, hypophysectomy prevents the
IMO-triggered induction of PNMT gene expression (672).
Glucocorticoids have been proposed to regulate PNMT in
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at least two ways, posttranscriptionally and transcription-
ally (634, 635, 692, 696). The PNMT promoter contains
strong glucocorticoid response element(s) (373, 634) and
also weak one (5639) (Fig. 6). The glucocorticoid receptor
interacts with the PNMT promoter alone and also syner-
gistically with Egrl and AP2 transcription factors (693).

Glucocorticoids appear to regulate the availability of
S-adenosylmethionine, the cofactor for PNMT, by regulat-
ing its metabolic enzymes. In turn, S-adenosylmethionine
binds PNMT and protects it from degradation (697).

CRH-deficient mice were used to clarify the impor-
tance of regulation of the HPA axis in the changes in
PNMT gene expression observed with stress. In the adre-
nal medulla of CRH-deficient mice, the induction of PNMT
mRNA triggered by both single and repeated IMO is
greatly attenuated compared with wild-type animals.
There is no response of PNMT protein to IMO in these
CRH-deficient mice, compared with a more than doubling
of PNMT protein in the wild-type mice. Interestingly, not
only is the response of plasma corticosterone to IMO
nearly absent in these mice, but the induction of Egrl
protein by IMO is greatly reduced in the adrenal medulla
of CRH-deficient mice (330).

The role of the HPA axis is less important for the
regulation by stress of TH in the adrenal medulla. In CRH
knockout mice, IMO induces a similar increase in TH and
DBH mRNA levels as seen in wild-type mice (311). There
is alarge induction of TH mRNA in response to IMO stress
even in hypophysectomized rats (450). However, hypo-
physectomy prevents the IMO-triggered elevation of
mRNA for GTPCH, the rate-limiting enzyme cofactor BH4
(5681), and consequently can have an indirect effect on TH
activity.

The importance of the splanchnic neuronal input on
the stress-evoked regulation of gene expression in the
adrenal medulla was extensively investigated. The in-
crease in PNMT mRNA levels by cold stress is diminished,
but not abolished, by splanchnic nerve section or by the
cholinergic antagonists chlorisondamine and atropine
(29). However, adrenal denervation does not significantly
alter the elevation of PNMT mRNA in response to a single
IMO stress (672).

The induction of TH mRNA triggered by hypoglyce-
mia or cold stress is prevented by splanchnic nerve sec-
tion or by the nicotinic antagonist chlorisondamine (29,
606, 671). In contrast, splanchnic cholinergic innervation
is not essential for the induction of TH or PNMT mRNAs in
response to a single IMO stress (337, 345). While the
induction of adrenal medulla mRNA coding for NPY is
inhibited, neither splanchnic nerve section, nor cholin-
ergic antagonists, chlorisondamine nor atropine, nor their
combination are able to prevent the elevation of TH
mRNA by a single IMO. In fact, chlorisondamine admin-
istration actually increased basal TH mRNA levels in the
adrenal (337).

Physiol Rev « VOL 89  APRIL 2009 ¢ WWW.PIV.0rg



578

The splanchnic innervation is cholinergic but also
includes innervation by other transmitters and multiple
neuropeptides, such as PACAP, which can regulate ex-
pression of CA biosynthetic enzymes (218, 373, 690). The
effects of modulation of the nicotinic cholinergic system
on the stress response have been examined. Prior pro-
longed nicotine infusion to rats, which is expected to lead
to desensitization to nicotinic receptors, is one of the few
treatments found to reduce the elevation of adrenal TH
mRNA in response to a single IMO stress. It also prevents
the IMO stress-triggered induction of DBH and PNMT in
rat adrenal medulla (576). However, it is not known
whether or not this is a direct effect on the adrenal
medulla.

Collectively, experiments with many different stres-
sors indicate that regulation of transcription in the adre-
nal medulla is an important adaptive process. However,
there is selectivity based in part on the specific CA bio-
synthetic enzyme regulated, the type and duration of the
stress, and prior experience with the same or different
stressors.

B. Sympatho-Neural System in Stress

The main neurotransmitter of the sympatho-neural
system is NA, which is released at sympathetic nerve
endings and triggers its physiological actions by way of
adrenergic receptors on target tissues. The sympatho-
neural nervous system is a very important mediator of the
response to stressors and is implicated in many of the
pathophysiological responses to stress, such as hyperten-
sion and other cardiovascular events, gastrointestinal dis-
eases, carcinomas, etc. In spite of its importance, the
sympatho-neural system has been much less studied in
stress conditions than the adrenal medulla, and little is
known about mechanisms of gene expression of CA bio-
synthetic enzymes in sympathetic neurons following stressful
stimulation.

1. Changes in catecholamine biosynthetic enzymes
during stress

Cell bodies of peripheral NA neurons are localized in
the sympathetic ganglia. Early studies have established
that exposure of rats to a variety of stressors triggers
increased TH and DBH enzymatic activity in a number of
sympathetic ganglia, including the superior cervical
(SCG) and stellate (StG) ganglia. This includes cold stress
and swimming stress (425, 468, 599, 649, 650). There is no
significant change in AADC activity (468, 650). Electric
stimulation of preganglionic nerves increases TH and
DBH activity but does not affect AAAD activity in the
superior cervical ganglia, with maximum increase 3 days
after stimulation (714).
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TH, but not DBH, activity in these ganglia was found
to be elevated in aged rats (499). Other studies also reveal
differences in the response of TH in the SCG to cold stress
in young and old animals (9).

In vivo hypoxia (10% O, for 7 days) increases density
of SIF cells immunolabeled for TH and VIP in SCG (505).
These data provide evidence that in the sympathetic gan-
glia not only neuronal cell bodies but also SIF cells are
activated under stress. However, sustained and intermit-
tent hypoxia does not signficantly affect TH or DBH ex-
pression in SCG (250).

An elegant study by Kiran and Ulus (300) reveals
selectivity in the response of TH activity in different sym-
pathetic ganglia to exposure to various stressors. These
investigators exposed rats to several stressors: 1) IMO
stress (6 h daily for 4 day), 2) glucopenia after 2-DG
administration, 3) hypercapnia (20% CO,, 25% O,, and 55%
Ny), and 4) cold stress (64 h). In all cases the animals
were Kkilled 1 day after termination of the stress, and TH
activity was assayed in a variety of sympathetic ganglia
and compared with untreated controls. IMO stress signif-
icantly increased TH activity mainly in the lumbar and
sacral ganglia, and slightly (~30%) in the cervical ganglia,
but no changes of TH activity in the thoracic ganglia were
seen. In contrast, hypocapnia increased TH activity in
celiac ganglia and primarily in thoracic and first two
lumbar ganglia, but not in sacral ganglia. Prolonged ex-
posure to cold had a significant effect in the celiac, L2, T9
and 10 and cervical inferior ganglia, but not on other
thoracic or lumbar ganglia. Glucopenia, which increases
TH activity and gene expression in adrenal medulla and
brain catecholaminergic locations, did not significantly
alter TH activity in any of the sympathetic ganglia. Swim-
ming stress (15 min daily for 4 days) also showed selec-
tivity and activated TH activity especially in stellate gan-
glia and coeliac ganglia, but not in SCG (663). These data
show selectivity of specific ganglia to particular stressors.
It also reveals that stressors can increase TH activity
selectively in particular ganglia without triggering changes in
all portions of the sympatho-neural system.

The stress-evoked increase in activity of NA biosyn-
thetic enzymes in response to IMO or cold stress is asso-
ciated with elevated TH immunoreactive protein and ele-
vated levels of TH and DBH mRNAs in StG and SCG (334,
417, 449). Exposure to even a single IMO increases TH
mRNA levels two- to threefold in both SCG and StG with
more pronounced changes in SCG. Because this change is
induced within 2 h of a single IMO, elevation of ganglionic
TH mRNA most probably results from transcriptional ac-
tivation of the gene. Peak levels, however, are reached
24-48 h after the stress exposure (334). Repeated IMO
further enhances the expression of TH gene in sympa-
thetic ganglia, eliciting an additional increase approxi-
mately twofold over the elevations attained with a single
episode of this stressor. Under conditions of repeated
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IMO, increased TH immunoreactivity is observed in both
StG and SCG (449).

Thus increased CA biosynthetic capacity in the
sympathetic nervous system likely helps mediate the
stress-triggered elevation of NA in plasma and in target
tissues.

Recently, a stress-induced increase in AAAD gene
expression was observed in sympathetic ganglia of mice
exposed to repeated, but not to single IMO stress (309).

PNMT activity was detected in sympathetic ganglia
of newborn rats (159, 372, 480). Culman et al. (113) de-
tected PNMT activity also in the SCG of adult rats, and
the activity increased after corticosterone administra-
tion. Using an in situ hybridization technique, Schalling
et al. (668) observed PNMT mRNA in rat SCG. SIF cells
of the paracervical ganglion were shown to contain all
enzymes required for ADR biosynthesis, including
PNMT (521). These results show that ADR may be a
transmitter for SIF cells and that cholinergic neurons
can modulate the SIF cell activity via activation of
muscarinic receptors (521). Cultured SIF cells from rat
SCG are glucocorticoid dependent, displayed PNMT
protein, and synthesized and stored ADR in large gran-
ular vesicles (100-300 nm) (131). Glucocorticoids in-
crease TH, DBH, and PNMT protein levels in SIF cells
of cultured SCG (47, 480).

Nevertheless, convincing data concerning PNMT gene
expression in stellate ganglia of adult rats and mice were
published only recently (310, 330). PNMT gene expression
and PNMT protein levels in the stellate ganglia are ele-
vated after exposure to a single and especially after re-
peated IMO stress (310).

2. Factors involved in regulation of gene expression

The importance of trans-synaptic nerve stimulation
for regulation of CA biosynthetic enzyme gene expression
in the sympatho-neural system has been well demon-
strated. Preganglionic nerve stimulation elicits increases
in TH and DBH activities and elevated TH protein and
mRNA levels in rat SCG (41, 257, 714). Denervation of
preganglionic inputs prevents the elevation of TH in re-
sponse to reserpine. However, contribution of trans-syn-
aptic inputs to the stress-triggered changes are less cer-
tain. Decentralization of SCG in young rabbits greatly
reduced basal TH activity, but nevertheless, exposure to
cold stress triggers a large induction in TH activity in SCG
even following decentralization (9). This study shows that
TH activity is induced in the SCG in the absence of
preganglionic input, demonstrating a nonsynaptic regula-
tory mechanism.

The activation of the HPA axis by stress also appears
to be involved in the regulation of the CA biosynthetic
enzymes in the sympatho-neural system. Early studies
showed that administration of a single dose of the syn-
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thetic glucocorticoid dexamethasone increases TH activ-
ity (222, 633) and TH mRNA (607) and enhances the
response to cold (469) in sympathetic ganglia.

Furthermore, injections of ACTH to rats is as effec-
tive as IMO stress in triggering elevation of TH and DBH
mRNAs in SCG (449). Further exposure of the ACTH
treated animals to a single IMO stress does not lead to an
additional increase. The effect of ACTH appears to occur, at
least partially, by an adrenal independent mechanism.
Adrenalectomy, which as expected, eliminated circulating
ADR and increased plasma ACTH, also markedly raised
plasma NA levels (340). The adrenalectomized rats dis-
play an exaggerated rise of plasma NA and its metabolites
in response to stress (323). Moreover, TH and DBH
mRNAs in rat SCG are high in adrenalectomized rats (5647,
579). ACTH injections still increase TH and DBH mRNA in
SCG in adrenalectomized rats in which CORT levels are
clamped with CORT pellets to keep basal plasma ACTH
near control levels (579).

These findings indicate that ACTH can have a direct
effect on gene expression in sympathetic ganglia. Both rat
SCG and StG were found to express the MC-2 receptor
mRNA (451). Thus the response of the sympathetic gan-
glia to ACTH may not require the elevation of adrenocor-
tical glucocorticoids. Although the synthetic corticoste-
roid dexamethasone is effective in increasing TH activity
and mRNA in the SCG (222, 607, 633), three other glu-
cocorticoids (corticosterone, hydrocortisone, and triam-
cinolone) failed to elevate TH activity in the SCG. The
effect of dexamethasone was proposed to occur at the
preganglionic cholinergic terminals (633). In this regard,
infusion of cortisol does not stimulate the expression of
TH or DBH gene expression in the SCG (449).

The HPA axis is also important in regulation of PNMT
in the sympatho-neural system, and PNMT in stellate
ganglia is elevated by IMO stress in wild-type but not in
CRH-deficient mice (310, 330).

3. Comparison to the adrenal medulla

A comparison of the regulation of gene expression
for CA biosynthetic enzymes in sympathetic ganglia and
the adrenal medulla (reviewed in Ref. 555) clearly shows
that in contrast to the original designation of the “sympatho-
adrenal” systems, these are clearly two distinct systems.

Quantitative evaluation of gene expression of CA
biosynthetic enzymes was recently determined. In the
adrenal medulla, the basal concentration of TH mRNA is
~0.5 amol/ng total RNA. DBH mRNA is ~12 times higher
(6.0 amol/ng RNA) and PNMT mRNA ~56 times higher
(28.0 amol/ng RNA) than TH mRNA. In stellate ganglia,
the basal concentration of TH mRNA (0.02 amol/ng RNA)
is ~25 times lower than in the adrenal medulla, but DBH
mRNA in ganglia (2.6 amol/ng RNA) is present at similar
concentration as in the adrenal medulla (334).
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Repeated IMO (2 h daily for 7 days) keeps levels of
TH and DBH mRNA elevated both in sympathetic ganglia
and the adrenal medulla, but does not produce further
increase compared with already elevated levels in adapted
control group (immobilized for 6 days, 2 h daily, and killed
22 h later) (334, 417) (Fig. 16). PNMT gene expression is
also increased after repeated stress both in StG and the
adrenal medulla of rats and mice (310, 330, 334) (Fig. 16).

Thus gene expression of CA biosynthetic enzymes in
sympathetic ganglia is, similarly to the adrenal medulla,
markedly elevated, which is a part of the adaptation
mechanism of the organism to long-term exposure to a
homotypic stressor.

Although stress induces CA biosynthetic enzyme
gene expression in both the adrenal medulla and sympa-
thetic ganglia, there are important differences. The extent
of IMO-induced elevation of TH mRNA and DBH mRNA
levels in the two sympathetic ganglia where it was exam-
ined, SCG and StG, is about two- to threefold of basal
levels (417, 449), which is lower than the maximal induc-
tion observed in the adrenal medulla. PNMT mRNA levels
in stellate ganglia are also significantly elevated by IMO
stress (310, 330).

The time course of the mRNA level changes is differ-
ent in sympathetic ganglia compared with the adrenal
medulla (see Fig. 15). In stellate ganglia, the time course
of the elevation of TH and DBH mRNA levels was more
gradual and the extent of elevation more modest than in
the adrenal medulla. Maximal changes in StG are ob-
served 24 h after cessation of exposure to a 2-h IMO (334,
417). Our unpublished data have shown highly elevated
mRNA levels in the StG even 48 h after a single IMO
stopped. In contrast, in the adrenal medulla there is a
rapid change in TH gene expression with only a single
exposure to IMO stress. This rise of about sevenfold
above basal levels is maximal 3 h after cessation of 2 h of
IMO (450), and returns to near basal levels 1 day later, a
time when TH and DBH mRNA in StG are greatly elevated
(Fig. 15).

Although stress-induced PNMT gene expression is
regulated by the HPA axis in both the adrenal medulla and
sympathetic ganglia of rats and mice (310, 318, 330), the
involvement of the HPA axis in the IMO-triggered increase
in TH and DBH gene expression also differs between
sympathetic ganglia and adrenal medulla. While injections
of ACTH increase TH and DBH mRNAs as much as IMO
stress in SCG, they have no effect on expression of TH or
DBH in the adrenal medulla (449), and MC-2 receptor
mRNA is not expressed there (451).

In summary, the sympatho-neural system, at least as
it relates to TH and DBH, is regulated distinctly from the
adrenal medulla. Further work needs to be done to clarify
the mechanism of stress-triggered changes in the different
components of the sympatho-neural system.
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C. Nonneuronal Adrenergic Systems

1. Extra-adrenal nonneuronal adrenergic systems
in stress

The enzyme PNMT, which catalyzes N-methylation of
NA to ADR (19), is largely restricted to the adrenal me-
dulla where the majority of body’s ADR is synthesized. In
small concentrations, ADR is found in almost all organs of
the body (73). NA can also be N-methylated by a less
specific N-methyltransferase (NMT) which N-methylates
many amines including DA (713).

In the past, it was believed that ADR in the heart is
taken up mainly from circulation by sympathetic nerve
endings (6, 236). However, some investigators predicted
that a portion of the heart ADR might be synthesized
directly in the cardiac tissue (19, 139-141, 508, 655).
Several groups have observed that both rats and humans
maintain nearly normal basal levels of blood and urinary
ADR following adrenalectomy or medullectomy, which
removes the major source of ADR (289, 655, 674). More-
over, Kvetnansky et al. (352) found a slight, but significant
elevation of plasma ADR levels in adrenal medullecto-
mized rats exposed to stress, suggesting an extra-adrenal
source of ADR. It appears that at least one-third of the
ADR in the heart is produced there. The extra-adrenal
source of ADR is also proposed in humans, since after
adrenalectomy patients maintained nearly normal levels
of urinary ADR (674). Patients with heart transplants
maintain adequate cardiac function even in the absence of
sympathetic reinnervation (203, 540, 590). Abnormal car-
diac ADR production in patients with heart failure may be
derived in part from sources other than the uptake from
plasma or sympathetic nerves, because enhanced cardiac
ADR spillover into the coronary circulation is unrelated to
stress-induced cardiac sympatho-adrenal activation (284).

PNMT serves as a marker for tissues and cells pro-
ducing ADR. Besides the adrenal medulla, low PNMT
activities have been found in various tissues, e.g., in heart
(139-141, 247, 248, 286, 289, 308, 330, 333, 508, 712),
spleen (285, 502), kidney (285), lung (286, 502), thymus
(679), skeletal muscles (288), skin (522), human red blood
cells (285), and different parts of the brain, especially in
the brain stem (48, 502, 545) (see sect. mC).

In the majority of these tissues, PNMT gene expres-
sion has recently been detected as well, which suggests
the presence of cells synthesizing PNMT protein. PNMT
mRNA has been found in cardiac atria and ventricles (203,
308, 330, 333), spleen (7, 269, 679), thymus (7, 679), and
very recently also in the sympathetic ganglia (310, 330)
and skin (522). Transient PNMT expression was also de-
scribed in cardiomyocytes during embryogenesis, prior to
establishment of the sinoatrial and atrioventricular nodes
and sympathetic innervation (140, 141, 508). ADR might
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serve in a pacemaker capacity during early stages of
cardiogenesis (140, 141, 508).

In 1996, a new type of cardiac cell capable of adren-
ergic paracrine signaling was identified in mammalian
hearts. These cells, which do not have neuronal or chro-
maffin cell ultrastructural morphology, were named ICA
(intrinsic cardiac adrenergic) cells (247, 248). They con-
tain mRNA and proteins of enzymes involved in CA bio-
synthesis (mainly PNMT) and may participate in cardiac
regulation independently of sympathetic innervation. ICA
cells are capable of CA synthesis, release, and uptake,
since NET is also localized in these cells (247). They are
also able to release ADR (141). Adrenaline released from
ICA cells has been shown to play a significant role in the
regulation of the rate of beating of cardiac myocytes (247,
248). ICA cells may provide an alternative adrenergic
supply to maintain cardiac contractile and pacemaker
function at rest and during stress in the absence of sym-
pathetic innervation. ICA cells occur in fetal myocardium
in much higher abundance compared with adult heart
(141).

Recently two types of catecholamine-containing in-
trinsic ganglionic neurons have been observed: in addi-
tion to the SIF cells, there are also large-diameter neurons
(601). SIF cells exhibit TH and also tryptophan hydroxy-
lase-IR immunoreactivity, but they are not positive for
DBH. In contrast, large-diameter intrinsic TH-positive
neurons also display DBH-IR and PNMT-IR, thus indicat-
ing the capacity for the synthesis of NA and also ADR. A
majority of these large-diameter intrinsic neurons also
show NPY-IR (601). Recent detection of expression of
DBH and PNMT genes in cardiac atria supports these
findings. The large-diameter neurons are much more nu-
merous within the left atrial plexus than in right one,
which is in good agreement with distribution of PNMT
mRNA levels (308). Thus SIF cells are most probably
dopaminergic, whereas large-diameter intrinsic cells seem to
represent a subpopulation of NA and/or ADR-secreting neu-
rons.
Types SIF I and SIF II cells were described in detail
(130, 131). They seem to share some similar characteris-
tics with cardiac intrinsic ganglionic neurons. The small
ganglionic neurons with the catecholaminergic phenotype
seem to be equivalent to SIF cells of sympathetic ganglia
(601).

Even if TH-IR has been clearly shown in ICA and SIF
cells (247, 248, 601), TH gene expression was detected
only in fetal rat hearts before sympathetic innervation
(247, 248) and not in the heart of adult animals. TH mRNA
levels in the cardiac areas are most probably below the
detection limit of the available RT-PCR techniques. It is
possible that there exists in the heart a special system
synthesizing ADR from uptaken DOPA or NA, which is
N-methylated by PNMT located in ICA cells and most
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probably also extra-neuronaly in cardiac muscle cells (289,
308, 333).

These findings have definitely confirmed an extra-
adrenal presence of an ADR-producing system including
the enzyme PNMT in various tissues mainly in the heart.
The findings have also suggested that cardiac PNMT is an
extra-neuronal enzyme (287, 308, 333, 6564, 713). PNMT
was localized immunofluorescently in isolated cardiomyo-
cytes (6564).

The extra-adrenal systems producing ADR are also
affected by stress. Stress exposure induces PNMT gene
expression not only in the adrenal medulla (330, 334, 551,
672, 695), but also in the cardiac atria and ventricles (308,
330, 333) and in spleen (269). The study of Krizanova et al.
(308) established for the first time that PNMT gene ex-
pression occurs in cardiac atria and to a smaller extent
also in ventricles of adult rats and that PNMT mRNA
levels in heart tissues are severalfold increased by IMO
stress. Both Southern blot and sequencing verified the
specificity of PNMT detected by RT-PCR. PNMT gene
expression was modulated differently in cardiac atria and
ventricles (653). In atria, PNMT mRNA levels are in-
creased by hypoxia but decreased by cold stress. In ven-
tricles, no significant changes are observed (653). In atria,
gene expression of PNMT is clearly modulated by glu-
cocorticoids, because adrenalectomy or hypophysectomy
prevent the increase in PNMT mRNA levels in response to
IMO stress (308). In ventricles, the effect of glucocorti-
coids on PNMT gene expression is not so clear (330).

Recently, the first data on presence and distribution
of the PNMT protein in hearts of adult rats and mice
exposed to stress have been reported (330, 333). PNMT
mRNA and protein levels are detected in all parts of the
heart that were studied (atria, atrial ganglia, ventricles,
septum), with the highest levels in the left atrium and its
ganglionic part. Single IMO stress exposure increases
gene expression of PNMT in right and left atria, but
surprisingly, the ganglionic parts of the atria do not re-
spond to stress stimulation (330, 333). Levels of PNMT
mRNA remain elevated in cardiac atria of repeatedly im-
mobilized rats (416) and mice (330). This finding suggests
that increased ADR synthesis in the heart of mammals is
a part of the adaptation process of the organism to
chronic or repeated stress exposure.

PNMT mRNA levels were also measured in samples
of human myocardium obtained from the right ventricle at
regular routine endomyocardial biopsy performed for di-
agnosis of graft rejection in 18 patients, 0-10 yr after
heart transplantation (203), and were significantly higher
during the first 3 yr compared with further periods after
the transplantation. In addition, a decrease of the average
heart rate and an increase of the heart rate variability
were documented. Levels of PNMT mRNA do not corre-
late with blood pressure, left ventricular systolic function
at rest, or rejection. The authors speculated that the in-
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creased PNMT transcription in human myocardium in
early intervals after the heart transplantation reflects “au-
tonomous sympathicotrophy” (203). A decrease in the
PNMT gene expression with years after transplantation
could be a consequence of the reinnervation process.

Recent data have shown that PNMT gene is also
expressed in lymphoid tissues such as spleen and thymus
(7, 269). However, the ratio of PNMT mRNA levels (7) and
also PNMT activity (502) in adrenal medulla to those in
spleen is ~200-fold. PNMT mRNA in spleen was found to
be present in the white pulp. Immobilization stress pro-
duced a robust rise in spleen PNMT mRNA levels (269).
We have recently documented that PNMT gene expres-
sion in rat thymus is also significantly activated by expo-
sure to stressors.

PNMT mRNA levels have also been recently detected
in the stellate ganglia and were found to be elevated by
stress (310, 330). PNMT activity has been detected in
sympathetic ganglia especially of newborn rats (159, 372,
429, 480, 481). Culman et al. (113) found PNMT activity in
the superior cervical ganglia of adult rats, which in-
creased after a corticosterone administration. Several au-
thors have reported presence of immunoreactive PNMT
in sympathetic ganglia, mainly in early postnatal periods
of life (159, 481). However, the levels are low, and only
one paper showed gene expression of PNMT in superior
cervical ganglia measured by in situ hybridization tech-
nique after reserpine administration (568). Recently, PNMT
mRNA levels were detected in sympathetic ganglia of adult
rats or mice by RT-PCR method (310).

These studies clearly suggest that ADR produced by
extra-adrenal medullary tissues plays an important role in
the handling of stress situations.

2. Peripheral DOPA-dopamine autocrine/paracrine
system (199)

As indicated earlier, DA plays an important role as a
neurotransmitter in the brain (see sect. mD). However,
understanding of DA functions in the periphery has lagged
behind. Even if plasma levels and urinary excretion of DA
exceed those of NA, DA seems to function neither as a
neurotransmitter released from putative dopaminergic
nerves or coreleased with NA from sympathetic nerves,
nor as a hormone released from the adrenal medulla along
with ADR. Instead, most of DA production in the body
occurs in nonneuronal cells, e.g., in kidneys where DA
appears to depend mainly on uptake of its precursor
L-DOPA from the circulation with conversion to DA by the
enzyme L-aromatic-amino acid decarboxylase in proximal
tubular, i.e., nonneuronal and nonchromaffin cells (58,
688). Dopamine exiting the nonneuronal cells then ap-
pears to act as an autocrine/paracrine substance, promot-
ing natriuresis by local inhibition of Na*-K"-ATPase.
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More DA production and metabolism takes place in
the mesenteric organs than in the brain, sympathetic
nerves, or adrenal chromaffin cells (150). Presence of
dopamine and its receptors are described also in the
stomach, pancreas, and other mesenteric organs (414,
415). It is possible that locally produced DA contributes to
regulation of gastrointestinal motility. The function of this
system in stress situations is, however, not clear.

D. Catecholamine-Degrading Enzymes in Stress

Surprisingly, unlike the CA biosynthetic enzymes, the
activity and especially gene expression of MAO and
COMT have not been extensively studied under stress
situations. The papers dealing with the stress-induced
changes in CA degrading enzymes are discussed in this
section.

Activities of CA-degrading enzymes were investi-
gated in liver of rats after stress exposure. Immobilization
stress decreased both MAO-A and MAO-B activities (461).
Exposure to cold decreases liver MAO-A activity and also
the ratio of MAO-A to MAO-B, which suggests that cold,
but not IMO, changes the proportion of these forms of
MAO activity. Decreased MAO-A activity and unchanged
MAO-B activity are also observed in hearts and brains of
rats exposed to foot-shock (359).

MAO and COMT activities were measured in sepa-
rated adrenal cortex and adrenal medulla of rats exposed
to a single or repeated IMO stress (348). In controls, the
activities of both enzymes are higher in the adrenal cortex
than in the adrenal medulla. The MAO activity was un-
changed in the adrenal medulla of stressed animals. After
a single IMO, activity of COMT is decreased in the adrenal
cortex but increased in the adrenal medulla, while ani-
mals immobilized repeatedly show lower COMT activity
in both parts of the adrenal. Thus the decreased activity of
COMT both in adrenal cortex and medulla of repeatedly
immobilized rats might reflect participation of this CA-
degrading enzyme in the increased levels of CA found in
the adrenals of repeatedly stressed rats (335).

MAO and COMT activities were also studied in the
adrenals of rats that spent 18-20 days in space on board
three COSMOS biosatellites. The data suggest that a pro-
longed stay in microgravity (weightlessness) does not
appear to be a pronounced stressful stimulus for the
catecholaminergic systems including CA-degrading en-
zymes (349).

MAO activity was measured also in superior cervical,
stellate, and nodose ganglia of rabbits with different
resistance of cardiovascular function to IMO stress expo-
sure. MAO activity declines in sympathetic ganglia of
stress-predisposed animals, while in stress-resistant ani-
mals it increases (205). In the nodose ganglium, the MAO
activity is unaffected by this stressor (204).
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Concerning CA degradation in the brain, MAO activ-
ity is unchanged or slightly decreased during IMO, while
COMT activity is very rapidly (by 5 min) increased in all
the hypothalamic nuclei studied (322). In repeatedly IMO
rats, there is a further decrease in MAO activity and a
reduction of COMT activity in all the hypothalamic nuclei
studied, together with highly elevated NA levels. The re-
duction of CA levels in the hypothalamic nuclei of rats
exposed to an acute stressor correlates well with the
changes in the activity of CA-degrading enzymes, partic-
ularly with the increased COMT activity. In addition to the
increased synthesis, a decreased degradation of CA may
also participate in the increased NA concentration seen in
the hypothalamic nuclei of repeatedly stressed rats (322).

In another study, immobilization stress increases ac-
tivity of MAO-A and decreases MAO-B activity in the brain
of rats (516). Preadministration of actinomycin D com-
pletely prevents the changes in activity of both MAO,
indicating transcriptionally mediated regulatory pathway
of MAO activity during stress. The investigators did not
find a regulatory effect of corticosterone in regulation of
MAO activities during an acute stress exposure (516).
Infusion of MAO inhibitors into the LC region of the brain
eliminates both the large depletion of NA in this area and
the behavioral depression (measured by swim test) that
otherwise results from exposure of animals to uncontrol-
lable shock (600).

Levels of mRNA coding for MAO-A and MAO-B in
brain dorsal raphe nucleus of monkeys categorized as
high, medium, or low stress resistant were found to be
significantly reduced in the stress-sensitive (low-resis-
tant) group (36). Stress-induced reduction in gene expres-
sion of these enzymes could participate in increased neu-
rotransmitter levels, which might be a part of the mech-
anism leading to development of diseases such as anxiety,
depression, as well as cardiovascular and immune dis-
eases, etc.

Thus stress-induced changes in CA-degrading en-
zyme activity are not uniform and certainly are dependent
on the strain of the animals, on particular brain regions,
model of stress, timing of stressor, and many other fac-
tors.

An intriguing question arose concerning a response
to stressors in the absence of MAO. A line of transgenic
mice has been generated in which the gene that encodes
MAO-A is disrupted. MAO-A knockout mice have elevated
brain levels of 5-HT, NA, and DA and manifest aggressive
behavior (79, 592, 593, 595). Mice deficient in MAO-B by
homologous recombination have also been generated
(593). Interestingly, MAO-B knockout mice show in-
creased phenylethylamine (PEA) levels only and do not
exhibit aggression. MAO A/B double-knockout mice dis-
play fear, anxiety, hyperreactivity, and dysregulation of
heart rate in novel environment (592, 595). Their levels of
NA, DA, serotonin, and PEA are increased much more
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than in MAO-A or MAO-B single-knockout mice. Both
MAO-A-deficient mice (79) and MAO-B-deficient mice
(211) show an increased reactivity to stress in the forced-
swim test, most probably because of the elevated brain
NA and DA levels in MAO-A knockout mice and PEA
levels in MAO-B knockout mice.

Does MAO-A knockout affect activity of HPA? The
effect of the absence of the gene encoding MAO-A in
transgenic mice on corticosterone response to a single or
repeated exposure to various stressors, e.g., restraint,
cold, water deprivation, and psychosocial stress, has been
recently described (515). MAO-A knockout display an
attenuated adrenocortical response to these stressors ex-
cept for the response to psychosocial stressors. The de-
creased stress response in MAO-A-deficient mice is due to
central mechanisms regulating stress-induced ACTH re-
lease rather than to the adrenocortical responsiveness to
ACTH. Morsink et al. (435) recently reported that gene
expression of MAO-A in hippocampus is rapidly down-
regulated by glucocorticoids via glucocorticoid receptors
(435). Pretreatment with the GR antagonist RU 38486
reversed this effect, illustrating the GR specificity of tran-
scriptional regulation by corticosterone. Three glucocor-
ticoid/androgen response elements were found within the
first 2 kb of the MAO-A promoter (88, 594); however, the
exact mechanism of regulation of MAO gene expression
by HPA is not known yet.

There is scant information concerning COMT gene
expression under stress conditions. A threefold decrease of
COMT mRNA levels is found in the midbrain of the ag-
gressive mice-winners, compared with control mice (170).
The absence of changes in COMT mRNA in defeated mice
suggests an involvement of COMT in the mechanism of
aggressive behavior. COMT-deficient heterozygous null
mutant male mice also exhibited increased aggressive
behavior (195). COMT activity (319) and also COMT
mRNA levels are significantly decreased in liver of adult
mice exposed to IMO stress (418). In aged mice, however,
the effect of stress on COMT mRNA levels in liver is
absent (418).

Genetic differences in COMT have been shown to
underlie individual differences in response to psycholog-
ical and physical stressful challenges (603, 715). A signif-
icant association between COMT genotype and history of
violent behavior was shown in humans (356). Jabbi et al.
(264) examined the effects of the COMT polymorphism on
psychological stress. Their observations support a possi-
ble role for COMT polymorphism in endocrine and psy-
chological stress responses and may qualify COMT as a
possible candidate gene involved in the pathogenesis of
major depressive disorders. Thus COMT is considered to
be in close correlation with several psychiatric disorders
including schizophrenia (264, 356).

Polymorphic variations in genes coding for COMT
and MAO-A influence also the regulation of HPA axis

Physiol Rev « VOL 89  APRIL 2009 ¢ WWW.PIV.0rg



584

response to acute psychological and endocrine challenges
(265).

Therefore, to evaluate a possible function of CA-
degrading enzymes in the organism after exposure to
stress, we suggest that the activity of MAO and COMT in
different organs is preferentially reduced. The reduced
degradation process, together with stress-induced in-
creases in CA production, release, and secretion, might be
involved in the enhanced availability of CA for adrenergic
receptors and for increased activity of metabolic and
physiological processes under stress.

E. Molecular Mechanisms of Peripheral
Stress Response

1. Role of transcription

It is important to determine the mechanism by which
stress triggers long-term changes in gene expression.
Transcription plays a major role in the regulation of gene
expression of CA biosynthetic enzymes in the adrenal
medulla. A number of experimental approaches have
been used to establish that the adrenal medulla responds
to stress with changes in transcription of CA biosynthetic
enzymes.

Early studies tested the requirement for transcription
with inhibitors. Administration of the transcriptional in-
hibitor actinomycin D to rats blocks the stress-evoked
increases in activity of adrenal CA biosynthetic enzymes.
As early as 1971, it was shown that the increase in adrenal
DBH activity is blocked in immobilized rats pretreated by
actinomycin D (326). The increase in TH activity induced
by 2-h swimming stress in cool water (15°C) is also inhib-
ited by actinomycin D if added during the stress or shortly
thereafter, but not a day later (468). Treatment with acti-
nomycin D also prevents the IMO stress-triggered eleva-
tion of TH and PNMT mRNA levels as well as their enzy-
matic activities (450, 672).

While inhibition studies with actinomycin D indicate
that transcription is required, they did not determine
whether the increase in transcription is occurring specif-
ically in the adrenal medulla. They also did not rule out
the possibility of a requirement for transcription of a
modulatory factor or coenzyme rather than transcription
of the genes for the CA biosynthetic enzymes themselves.

More direct methods were used to determine that the
stress-elicited change in transcription involves the genes
of the CA biosynthetic enzymes. Run-on assays of tran-
scription were performed with nuclei of cells from adre-
nal medulla of controls and rats exposed to IMO stress.
The results demonstrate that there is an increase in the
initiation of both TH and DBH specific transcripts (454).
Both single and repeated IMO stress lead to increased
initiation of TH and DBH gene transcription to levels
about threefold higher than in control animals.
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What is especially interesting about the transcrip-
tional pathways is the finding that even brief exposure to
a stressor (5-min IMO) is sufficient to increase adrenal TH
and DBH gene transcription to levels (3-fold over con-
trols) similar to the ones observed with repeated stress.
However, this rise is transient if the stress is not pro-
longed. With intermediate duration (30 min) of a single
immobilization, the transcriptional activation of TH is
more stable and still elevated four times above basal
levels 90 min later, while DBH transcription is still tran-
sient. Following repeated stress (2 h daily for several
consecutive days), the activation of TH and DBH tran-
scription is stabilized and significantly elevated even a day
later (453). These results reveal that transcriptional mech-
anisms are also involved in the sustained upregulation of
adrenal TH and DBH gene expression in response to
repeated stress.

The persistence of elevated TH transcription in the
adrenal medulla following repeated IMO stress was also
shown with intron-specific probes (623). Following re-
peated IMO stress (2 h daily for 1 wk), primary transcripts
are increased about three times levels in controls and
remained high even 2 days after cessation of the stress
(623). They correlate with the sustained rise in mRNA
levels following repeated IMO.

Transgenic animals in which the reporter activity is
under control of the 4.5 kb of the TH 5’-flanking region of
the TH promoter confirm that this region of the gene is
sufficient to mediate increased transcription in response
to stress. Chloramphenicol acetyltransferase or alkaline
phosphatase reporter activity under control of the TH
promoter increases severalfold in adrenal medulla upon
exposure to cold or IMO stress (466, 467). Comparable
experiments have not yet been performed for DBH or
PNMT promoters.

These experiments clearly show by a variety of inde-
pendent methods that elevated transcription of CA bio-
synthetic enzymes plays an important role in adrenal
medullary response to stressors.

2. Factors involved in transcriptional activation

A) ADRENAL MEDULLA. Recent work has begun to identify
different transcription factors associated with brief or
intermediate duration of a single stress or with repeated
stress, suggesting that there is a dynamic interplay in
converting short-term transient activation of transcription
to prolonged potentially maladaptive changes in gene ex-
pression (reviewed in Ref. 551). This has been studied in
considerable detail for IMO and cold stress.

A diagram of the proximal TH, DBH, and PNMT
promoters, and the presence of several characterized reg-
ulatory motifs which may be involved in mediating
change transcriptional activation are shown in Figure 6.
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B) IMMOBILIZATION STRESS. The very rapid activation of
transcription of genes for TH and DBH which were al-
ready greater than threefold basal levels after only 5 min
of IMO is too soon to reflect de novo synthesis of induced
transcription factors. Thus a swift increase in transcrip-
tion may be mediated by rapid phosphorylation of preex-
isting transcription factors. In this regards, increased
phosphorylation of CREB (detected with an antibody spe-
cific for the Ser-133 phosphorylated form of CREB, re-
quired for activation) is observed in the adrenal medulla
of rats immobilized for only 5 min (553) (Fig. 17). As
described in section 1F, the activation of CREB at the
CRE motif of the TH promoter is a well-characterized
mechanism that is important for activation of TH gene
transcription (298, 362). It also is implicated in the regu-
lation of DBH transcription at the CRE/AP1 motif (575).
With longer exposure to a single IMO, the amount of
phosphorylated CREB decreased gradually, and after 2 h,
the levels were similar to those of control animals. The
phosphorylation of CREB on Ser-133 can be mediated by
a number of kinases, including PKA, MAP kinases, and
CaM kinase (426). Activation of the MAP kinases ERK
detected by increased phosphor-ERK1/2 in rat adrenal
medullary extracts after 5 min of IMO may mediate this
rapid activation of CREB (552).

In intermediate duration of a single episode of stress,
de novo synthesis of transcription factors can play a role.
AP1 factors (e.g., c-Fos) and Egrl are among the likely
candidates for mediating the transcriptional responses of
TH to intermediate episodes of stress. Single IMO stress
induces immunoreactive c-Fos in the adrenal medulla,
which is correlated with its increased binding to the AP1
like sites on the TH and DBH promoters (423, 448, 450).
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FIG. 17. Changes in phosphorylation of CREB in the adrenal medulla
with different durations and repetitions of immobilization stress. Represen-
tative immunoblots of IMO-induced changes in levels of P-CREB protein
are shown on the upper panel. Blots were stripped and reprobed for B-actin,
which was used as a loading control. Summary data of the experiments are
shown on the lower panel. *P < 0.05 vs. absolute control (AC); §P < 0.05
vs. 1xIMO; #P < 0.05 vs. handled control (HC). [Modified from Sabban et al.
(552), with permission from Springer.]
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However, c-Fos does not appear to be essential for
the IMO stress-triggered elevation of gene expression of
CA biosynthetic enzymes. In fact, even in c-fos-deficient
mice, IMO stress was able to elevate adrenal TH, DBH and
PNMT gene expression to a similar extent as in wild-type
animals (311, 583).

The c-Fos is probably not the only AP1 factor mani-
festing the second wave of gene expression in response to
stressors. In this regard, another Fos-family member Fra-2
protein level is also induced even with single IMO and
may be compensating for the c-Fos deficiency. The immo-
bilization stress-triggered induction of Fra-2 is slower
than the phosphorylation of CREB and is not significantly
changed during the first 30 min of IMO (552). After 2-h
IMO, however, Fra-2 is significantly elevated, which may
lead to elevated TH and DBH gene transcription, since
overexpression of Fra-2 in cell cultures of adrenomedul-
lary origin led to elevated TH and DBH promoter activities
(452). The increased levels of Fra-2 seen after the first
IMO are even potentiated by repeated IMO stress. This
might be one of the mechanisms involved in permanently
elevating TH mRNA levels in the adrenal medulla of re-
peatedly immobilized rats. The importance of Fra-2 in the
regulation of TH gene expression in the adrenal medulla is
also evident in elegant studies with specific angiotensin
receptor blockers (13, 272).

The immediate early gene Egrl is also induced in rat
adrenal medulla by a single stress exposure. Increased
expression of Spl transcription factor and its ability to
form protein/DNA complexes is also observed already with
single IMO (635). These transcription factors may mediate
the changes in TH as well as PNMT gene expression. They
require phosphorylation for their binding and transcriptional
activation, hence changes in their phosphorylation state is
also a crucial determinant of their regulatory function (72,
98, 266). The importance of Egrl in regulation of PNMT
transcription, either alone or in combination with glucocor-
ticoids, and AP2 factors is demonstrated by Wong and co-
workers (693, 695). Reduced levels of Egrl in the adrenal
medulla of CRH knockout mice exposed to IMO stress cor-
relate well with reduced PNMT mRNA levels in those ani-
mals (330). The role of Egrl in cholinergic stimulation of
PNMT promoter in the adrenal gland was described (430,
432). Egrl can also regulate transcription of the TH gene.
Overexpression of Egrl in PC12 cells elevates reporter ac-
tivity under control of the TH promoter and could play an
important role in the regulation of TH transcription (493).
Egrl appears to interact with AP-1 factors to regulate TH
transcription (447, 493). In contrast, Egrl was found to
reduce DBH promoter-driven transcription (90a).

Many of the transcription factors changed with IMO
in the adrenal medulla are also implicated in the response
of the LC to stress (see sect. mG). This includes CREB,
c-Fos, and Fra-2. However, the transcriptional response to
stress in the LC is not identical to that of the CA-synthe-
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sizing cells of the adrenal medulla. Of particular note, in
contrast to the adrenal medulla, Egrl is not induced by
IMO in the TH-positive cells of the LC (225).

To obtain a broader picture of the changes in gene
expression in the adrenal medulla in response to a single
episode of stress, microarray profiling was used (371).
Following a single IMO stress for 2 h, several hundred
genes are significantly up- and downregulated (>2-fold).
Among the upregulated defined genes, ~20% are tran-
scription factors. Interestingly, an analysis of the direct
interactions among the genes affected by stress indicate
that Fos, Egrl, and nuclear receptor family member
NR4A1 (also known as Nurr 77 and as NGFI-B, which can
interact with NBRE motif on TH promoter) are likely to
play a central role in interacting with many of the adre-
nomedullary genes regulated by a single episode of IMO
stress (Fig. 18).

A comparison of the time course of changes of sev-
eral transcription factors during the course of first, sec-
ond, and sixth daily IMO stress reveal that with the re-
peated episodes of stress, some of the same transcription
factors induced by single stress, such as Egrl, are still
induced (695).

Not only is there induction of new transcription fac-
tor expression, but also sustained phosphorylation of
CREB throughout the entire course of the repeated stress
as shown in Figure 7. Adrenal medullae of rats exposed to
chronically repeated IMO stress (6X IMO) display an
enormous elevation of P-CREB (~60-fold over unstressed
controls and ~3-fold over handled controls) even by 5
min of the sixth IMO, and the levels remain very high for
an entire 2 h of IMO (552).
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Repeated stress also triggers an enormous induction
of Fra-2 (370, 452, 552). Fra-2 is also phosphorylated with
the repeated stress (370). This elevation in Fra-2 is colo-
calized with TH in chromaffin cells and displays several
forms that differ in the extent of phosphorylation (370).

Microarray analysis of the changes in the adrenal
medulla with repeated IMO (6X, 2 h daily) revealed that
fewer transcription factors are induced with repeated
compared with single IMO (371). About half the genes
induced by repeated IMO are also elevated by single IMO.
The experiments provide new mechanistic insights and
potential new biomarkers for the adrenomedullary re-
sponse to stress.

The adrenal medulla does not appear to desensitize
after repeated episodes of IMO stress, and even with
exposure to 2 h of daily IMO stress for 42 days, the final
stressor still triggered induction of TH mRNA and Fos
related antigens such as Fra-2 (338).

¢) coLp STRESS. Cold, like IMO stress, triggers elevation
of TH transcription in the adrenal medulla; however, the
transcription factors modified were very different. Like
IMO, cold exposure for 1-48 h triggers increased binding
to AP1 motif of the adrenal TH promoter (423), and a
transient elevation of c-Fos observed within the first few
hours of cold exposure (370). However, there are no
significant changes in phosphorylation of CREB or induc-
tion of Egrl at any of the time points examined from brief
(2 h) to prolonged (28 days) exposure to cold (370). Fra-2
is induced by cold stress, but the time course of changes
in Fra-2 differed from that observed with c-Fos. Levels of
Fra-2 are not significantly changed with 1 or 7 days of cold
stress but are about double basal levels after 28 days of

FIG. 18. Results of pathway analysis
for direct interactions among top —70 up-
and top —50 downregulated genes al-
tered in rat adrenal medulla by 2 h of
immobilization stress. The upregulated
genes are shown in red and the down-
regulated genes in green. BDNF, brain-

. derived neurotrophic factor; CALCA, cal-

) citonin/calcitonin-related polypeptide al-
pha; CCL2, chemokine (C-C motif) ligand
2; CXCR4, chemokine (C-X-C motif) re-
ceptor 4; GATA2, GATA binding protein
2; JUNB, Jun-B oncogene; NFIL3, nuclear
factor interleukin-3 regulated; NR4Al,
nuclear receptor subfamily 4 group A
member 1; NTS, neurotensin; PARG,
poly(ADP-ribose) glycohydrolase; PLAUR,
plasminogen activator urokinase recep-
tor; PTGS2, prostaglandin-endoperoxide
synthase 2; SERPINEI], serine (or cys-
teine) proteinase inhibitor clade E mem-
ber 1; USF1, upstream transcription fac-
tor 1.
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continual cold stress (370). This is still much smaller than
the changes in Fra-2 with repeated IMO stress.

Initial microarray analysis reveals that IMO and cold
activate a very different repertoire of transcription factors
in the adrenal medulla. Cold stress triggers significant
changes in expression of fewer genes than IMO stress.
There is overlap in only ~5% of the genes up- or down-
regulated by IMO stress (Fig. 19).

Thus specificity of response of the organism exposed
to various stressors is confirmed even at the molecular
genetic level of expression of different genes.

D) HETEROTYPIC NOVEL STRESSOR. To determine whether
the exaggerated response of TH to the heterotypic stres-
sor is manifested in terms of transcription factor induc-
tion or activation, rats with and without prior exposure to
28 days of cold stress were subjected to IMO (370). A
greater response is observed with respect to P-CREB,
Egrl, and Fra-2. Rats preexposed to 28 days of cold stress
display a significantly higher elevation of P-CREB in re-
sponse to the IMO, even though cold stress did not alter
basal levels of CREB. The increase in phosphorylation of
CREB in the cold-preexposed rats following 30 min of
IMO was nearly double the response of the naive rats.

The IMO-triggered changes in Egrl levels are also
markedly influenced by cold preexposure. The induction
of Egrl in response to IMO is more pronounced and
prolonged in the cold-preexposed rats. The maximal lev-
els attained are about three times higher than in the naive
rats. Even 3 h after cessation, the levels of Egrl in cold-
preexposed rats are still significantly elevated.

Fra-2 is dramatically affected by IMO in both groups.
Prolonged cold stress triggers about a two- to threefold
elevation in Fra-2, and IMO leads to a tremendous (10- to
15-fold) elevation in Fra-2 (370) (Fig. 20). While the extent
of the induction of Fra-2 by IMO is similar in both groups

Overlap of Genes Changed by Cold
and Immobilization Stress

Up-regulated Down-Regulated

2h IMO

28 da
in RT £

2h IMO
Cold

in RT
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FIG. 19. Comparison of genes in rat adrenal medulla altered by
immobilization and cold stress. The overlap is shown in genes whose
transcripts were significanly up- or downregulated by 2 h of immobili-
zation stress (IMO) at room temperature (RT) or 28 days of cold stress.
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FIG. 20. Immobilization stress elicited induction of Fra-2 protein
levels in the adrenal medulla of rats with or without cold preexposure.
A: rats at room temperature (cold unexposed) or 4°C for 28 days (cold
preexposed) were subjected to IMO (30 min or 2 h) and killed immedi-
ately, or 3 h after 2 h IMO (2h+3h). Short- and long-term exposure of
representative Western blots for Fra-2 levels are shown. B: summary
data (means *= SE) of Fra-2 protein levels are shown. The area compris-
ing all the phosphorylated forms [multiple bands observed on Western
blots (A)] of Fra-2 was scanned from each sample and normalized to the
values from control untreated rats (0). *P < 0.05, **P < 0.01, **P < 0.001
versus respective unimmobilized controls (0), or by the indicated compar-
isons. [From Liu et al. (370), with permission from Elsevier.]

of rats, there is substantial phosphorylation of Fra-2 es-
pecially with 2 h of IMO of the cold-preexposed animals.

Thus, when cold-adapted rats are exposed once to
the heterotypic stressor of IMO, there were great differ-
ences in terms of the dynamics or magnitude of induction
and/or phosphorylation of the transcription factors exam-
ined.

E) SYMPATHO-NEURAL SYSTEM. The molecular mechanisms
mediating the stress-triggered changes in gene expression
of the sympatho-neural system are not as well studied as
in the adrenal medulla. It remains to be determined
whether the changes observed in mRNA levels in sympa-
thetic ganglia are due to increased transcription of TH,
DBH, and PNMT genes or to changes in mRNA stability.
Another difference relates to the potential involvement of
AP1 transcription factors. The marked induction of AP1
factors, c-Fos, and Fra-2 observed in adrenal medulla
(450, 452) do not appear to be important in sympathetic
ganglia, as binding to the AP1 motif of the promoter is
barely detectable with nuclear extracts from SCG follow-
ing IMO stress (555) or in response to reserpine (658). The
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c-Jun NH,-terminal kinase (JNK) is also selectively in-
duced in adrenal medulla, but not in SCG (555).

However, IMO stress was found to increase CREB
binding at the CRE element on the TH gene promoter in
extracts of SCG (5655), suggesting increased expression of
CREB and related transcriptional mechanisms are likely
involved. In contrast in the adrenal medulla, the same
stressor did not alter CREB levels, but rather triggered
increased phosphorylation of CREB (555).

Thus we can speculate that an induction of CREB or
a family member plays a critical role in the response in
stress in the SCG, and this might mediate a sustained
elevation of transcription of TH, DBH, and other CREB-
responsive genes.

V. CONCLUSIONS AND FUTURE DIRECTIONS

A large body of previous research has confirmed that
the catecholamine systems, especially the noradrenergic
and adrenergic, both in the periphery and in the CNS, play
key roles in mediating the physiological responses to
stress situations. Within the past decade the anatomical
pathways for response to specific stressors have been
mapped. Data summarized here indicate that different
types of stressors involve discrete regions and pathways,
as well as their combinations in the brain. Moreover,
responses for many types of stressors involve several
brain structures. Knowledge about the existence of stres-
sor-specific pathways and neuronal circuits may help us
to understand the mechanism of action of various stres-
sors and to elucidate those specific target areas in the
brain that participate in orchestrating stress responses.
Whether these same pathways are altered with repeated
exposure to the same homotypic stressor or to a novel
heterotypic stressor remains to be determined.

The rapid development of brain-imaging techniques
will enable researchers to apply this neuromorphological
knowledge to clinical practice, to recognize the target
sites of chronic stressors in the brain as well as their
morphological and functional consequences. It will open
new directions and perspectives regarding more specific
diagnosis and treatment of stress-related disorders.

It is now evident that there are important differences
in the molecular mechanisms of stress responses in vari-
ous catecholamine locations. This is exemplified in the
differences between stress-triggered changes in expres-
sion of catecholamine biosynthetic enzymes in the adre-
nal medulla compared with the sympatho-neural system,
or even within different sympathetic ganglia. While this is
promising from a selective therapeutic perspective, much
work still needs to be done to determine tissue and stres-
sor specific mechanisms.

The repertoire of the stress-triggered alterations in
gene expression and the mechanisms mediating these

KVETNANSKY ET AL.

changes is just beginning to be elucidated. Future studies
are needed to broaden our understanding of the adapta-
tion and especially maladaptation of the catecholamine
systems to stress. Much of the neuroanatomical mapping
has concentrated on expression of the immediate early
gene c-fos, but as studies have shown, so far primarily in
the adrenal medulla, this is only one aspect of the tran-
scriptional changes triggered by stress.

An understanding of the mechanisms of various
stressors and of the individual response to different stres-
sors can be extraordinarily important in systems biology,
physiology, and applied molecular genetics. It is also cru-
cial to understand the mechanism whereby the response
to a particular stressor is influenced by prior experience
with stress. Reprogramming of gene expression within
stressor specific neurons may lead to habituation to a
particular stressor. These changes to mild responses in
specific neurons could potentially make the target cells
resistant to the next, dangerously strong stressor. Such
preconditioning for surviving extreme conditions is fre-
quent in nature (hibernation, accommodation to extreme
heat or pain), and the potential clinical use of this phe-
nomenon now becomes realistic. However, the mecha-
nism whereby there can be habituation to a particular
stressor and nevertheless an exaggerated response or
sensitization to a novel heterotypic stressor remains to be
better deliniated.

It has become clear that exposure to stress triggers
long-term changes in gene expression in catecholamine
neurons. It still remains unclear which of these changes
are beneficial (protective) adaptive responses mediating
resilience to stress and which are detrimental leading to
vulnerability to the many stress-related disorders. These
changes should be a focus for future research.

Given the essential role for allostatic changes to en-
able survival of the species throughout human history, it
is not surprising that it is so complex. We hope that we
have provided a good summary of current knowledge that
will help to determine the future directions of the journey
towards a comprehensive understanding of stress-trig-
gered regulation of catecholamine physiology.
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