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The study of the neural substrates underlying stress anéhntroduction
anxiety has in recent years been enriched by a burgeonin ,
pool of genetic information gathered from rodent s’[udies.g.l-he study of the neural substrates underlying stress-
Two genera| approaches have been used to Characterize related dISOI‘derS ha.S been an active area of reseal’Ch
the interaction of genetic and environmental factors inover the past several decades. Significant efforts have
stress regulation: the evaluation of stress-related behavfocused on identifying genetic factors that might contrib-

ioral and endocrine responses in animals with targetedute to the development of stress-related psychopathology.
deletion or overexpression of specific genes and the&Several investigators have utilized rodent models to study
evaluation of changes in central nervous system gengnteractions between specific genes and environmental
expression in response to environmental perturbationseontingencies that may interact in the regulation of stress-

We review recent studies that have used molecular biologys|ated functioning. The use of preclinical animal models

and genetic engineering techniques such as in situ hybridg o hemjtted controlled evaluation of genetic and envi-

ization, transgenic animal, and antisense oligonucleotide S
9 9 ronmental factors contributing to stress-related phenom-

ene-targeting methodologies to characterize the function . . .
g getng g na. The present article discusses some of this recent

of corticotropin-releasing hormone (CRH) system genes i . . . .
stress. The effects of genetic manipulations of each e|égrecl|n|cal literature, but is not intended to be a compre-

ment of the CRH system (CRH, its two receptors, and ithensive review of the broad literature on animal models of
binding protein) on stress-related responses are summastress and anxiety disorders, which has been summarized
rized. In addition, the effects of stress (acute, repeated, oglsewhere (D'Aquila et al 1994; Gyertyan 1992; Martin
developmental) on CRH system gene expression are d&998). Rather, the focus will be on recent approaches that
scribed. The results from these studies indicate thahave been used to specifically target certain gene products
experimentally engineered or stress-induced dysregulaand evaluate their role in stress-related phenomena in
tion of gene expression within the CRH system is assoCirpdents.

ated with aberrant responses to environmental contingen- among the various peptide and neurotransmitter sys-
cies. These results are discussed in the context of NOYkmg that have been implicated in the regulation of stress
CRH system dysfunction might contribute to stress—relategS the corticotropin-releasing hormone (CRH) system.

psychopathology and are presented in conjunction Wi.thCorticotropin-releasing hormone is a 41-amino acid pep-
clinical findings of CRH system dysregulation in psychi- .- .
tide that was originally discovered as a novel hypotha-

atric illness. Finally, future research strategies (i.e., high- ) . o
throughput gene screening and novel gene-targeting metH2mic factor controlling the release of pituitary pro-

odologies) that may be used to gain a fuller understanding’Piomelanocortin peptides (Guillemin and Rosenberg
of how CRH system gene expression affects Stress_re|até{955; Saffran et al 1955; Vale et al 1981) It has since been
functioning are discussedBiol Psychiatry 2000;48: additionally found to play an important role in coordinat-
1175-1198 €2000 Society of Biological Psychiatry ing the various components of the stress response (De
Souza 1995; Dunn and Berridge 1990; Kalin 1997; Koob
Key Words: CRH, CRF, mRNA, knockout, transgenic, and Heinrichs 1999). A plethora of clinical and preclinical
antisense, stress data indicate that the CRH system is involved in mediating
behavioral, autonomic, neuroendocrine, and immune re-
sponses to stress. Interestingly, several studies indicate
that alterations in the CRH system might also be associ-
ated with stress-related psychopathology such as depres-
From the Department of Psychiatry, School of Medicine, University of Wisconsin, S_Ion and anxiety d_|sorders (fOI’ recent r.e\_/l_ews, see Arbore-
Madison. lius et al 1999; Mitchell 1998). It was initially found that
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al 1984), an observation that has been replicated in aus (PVN) is secreted into the median eminence, from
number of studies (Arato et al 1986; Banki et al 1987;where it travels into the pituitary and stimulates CRH
France et al 1988; Widerlov et al 1988). Elevated CSFeceptors. This stimulation leads to the release of adreno-
CRH has also been noted in other stress-related illnessesrticotropin hormone (ACTH) into the blood stream;
such as posttraumatic stress disorder, Tourette’'s syPACTH in turn stimulates the secretion of glucocorticoids
drome, and obsessive—compulsive disorder (Baker et di.e., corticosterone) from the adrenal cortex. Glucocorti-
1999; Bremner et al 1997; Chappell et al 1996; Fossey etoids prepare the body for acute reactions to stress and
al 1996). Recent preclinical studies in nonhuman primateglso serve to shut off the stress response by inhibiting
have indicated that increased CSF CRH levels are stronglfurther activity of the HPA system (Kaplan 1992).
correlated with extreme right frontal brain electrical activ- The various elements of the CRH system are widely and
ity, a feature that has previously been found to correspontieterogeneously expressed in cortical, limbic, and brain
to extreme fearful behavior in rhesus monkeys (Kalin et alstem structures in rodents, and in these regions are thought
1998a, 2000). Increases in CRH immunoreactivity as wello regulate behavioral responses to stress. In addition to its
as CRH messenger RNA (mRNA) have also been reportedense concentration within the PVN, CRH is found in high
in the hypothalamic paraventricular nucleus of depressedbundance in the amygdala, neocortex, and brain stem.
patients (Raadsheer et al 1995), and decreased levels Gprticotropin-releasing hormone 1 receptors are localized
CRH receptors have been reported in the frontal corticewvithin the PVN and pituitary and are thus thought to be the
of suicide victims. The latter finding is syntonic with primary mediators of CRH-induced adrenocorticotropin
receptor downregulation in response to chronically eletelease. Moreover, high levels of CRFeceptors occur in
vated transmitter levels (Nemeroff et al 1988). Elevatedthe neocortex. In rodents, CBHeceptors are nearly
brain CRH levels resulting from exposure to a stressor oabsent from those structures and are instead found in high
due to exogenous administration of the peptide lead t@bundance within subcortical structures such as the lateral
increases in measures of stress and anxiety in rodents as@ptum and the ventromedial hypothalamus. This distribu-
in nonhuman primates; when administered in high doses t§on is complementary to that of the CRieceptor and
rhesus monkeys, CRH induces a depressionlike behaviorias been previously suggested to underlie a putative
phenomenon (Kalin 1985). Conversely, the effects offunctional dissociation between the CRH receptor sub-
acute stressors are blocked by administration of CRHypes. However, in primate species, CRi¢ceptors are
antagonists into the brain, again suggesting an importarihore widely distributed and occur in higher densities in
role for the CRH system in the regulation of stress-relatectortical regions (Sanchez et al 1999). Urocortin is another
functioning (Kalin 1985; Koob and Heinrichs 1999). Thus, endogenous ligand that activates CRH receptors and has a
a large body of clinical and preclinical evidence indicatesfive- to 20-fold higher affinity for CRH receptors than
that the CRH system is critically important in the regula- CRH. Terminals immunoreactive for urocortin are found
tion of stress-related responses and that dysfunction of thi§ multiple brain regions that contain CRHeceptors

system may play a role in stress- and anxiety-relatedBittencourt et al 1999; Kozicz et al 1998). Finally,
psychopathology. CRH-BP is found within several CRH- and CRH recept-

or—expressing regions such as the neocortex, hippocam-
. . . . pus, pituitary, amygdala, and brain stem (Chalmers et al
Overview of the Corticotropin-Releasing Hormone 1996). Thus, there are multiple sites at which environmen-
System tal stressors might impinge simultaneously on the various
Corticotropin-releasing hormone and the related endogeelements of the CRH system and thereby influence the
nous peptide agonist urocortin (Vaughan et al 1995) bindexpression and function of this critical stress hormone
to the two cloned CRH receptors, designated GRHAd  under a variety of conditions.

CRH, (Chen et al 1993; Lovenberg et al 1995; Perrin etal Considering the important role of the CRH system in
1995), and to the CRH-binding protein (CRH-BP; Potter etphysiologic and behavioral responses to stress, genetic
al 1991). The CRH-BP has been postulated to function asalterations in the components of this system are likely to
an endogenous buffer for the actions of the CRH family oflead to changed and potentially maladaptive stress re-
ligands at their receptors (Potter et al 1992). Corticotropinsponses. Hence, the CRH system represents a logical
releasing hormone, its receptors, and its binding proteirstarting point at which to study the genetic underpinnings
are expressed in key structures of the hypothalamic-ef both normal and maladaptive stress responses and to
pituitary—adrenal (HPA) axis, and thereby participate ininvestigate stress-induced gene expression changes in the
mounting the neuroendocrine response to environmentddrain. Information about these two areas may ultimately
perturbations. Corticotropin-releasing hormone that is synhelp to identify the etiology of long-term maladaptive
thesized in the paraventricular nucleus of the hypothalaneural responses that develop as a result of adverse
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environmental contingencies and may offer some insightpen, bright arms), thepen field(consisting of a darker
into the systems that become dysregulated in stress andall-bordered peripheral portion vs. a brighter open-center
anxiety disorders. section), alight—dark transition box(consisting of an
The efforts to identify and characterize genetic—envi-exploratorium divided into halves, one that is dark and one
ronmental interactions in the regulation of stress havehat is bright), and adefensive withdrawalapparatus
followed two general directions in rodent studies: the(comprised of a small dark chamber that is inside of a
evaluation of stress-related behaviors in animals that haverightly lit open field) have been frequently used and
had a particular gene product over- or underexpressedalidated as paradigms that are sensitive to detecting shifts
using transgenic or antisense oligonucleotide approachef an animal’'s approach/avoidance-based conflict (File
and the characterization of gene expression changes i990).
response to environmental perturbations. In this review we
briefly summarize the;e areas w!th regard to the CR'_beneticaIIy Altered Mice
system. Moreover, we include a discussion of the advan-
tages and potential pitfalls of each of these approached.ransgenic and knockout mice are now widely used in the
The basic findings derived from these preclinical researctPngoing effort to understand the contributions of specific
strategies will also be discussed in the context of prelim-genes to psychopathology. The detailed methodology for
inary results about genetic contributions to anxiety thathe generation of these animals and their use in neuro-
have been gleaned from postmortem and gene polymoscience research has been reviewed recently (Picciotto and
phism studies in humans. Finally, some speculation reWickman 1998). Briefly, genetic alterations are intro-
garding possible future directions of research in theseluced in the embryonic stage such that the mouse devel-
areas will be provided, with an emphasis on novel high-ops with the mutation, thereby putatively providing a
throughput genetic screening methods and novel genmodel for congenital abnormalities that may contribute to
product targeting techniques that may be applied to th@nomalous functioning. With this strategy, all of the
study of genetic—environmental interactions in stresscomponents of the CRH system have been successfully
related functioning in rodents. targeted and studied for their role in mediating stress-
related behavioral effects (Contarino et al 1999b; Hein-
) richs 1999). It should be noted that, in the case of
Effects of CRH System Gene Targeting on  transgenic mice, expression of the gene of interest is not
Stress-Related Behaviors: Use of Transgenic necessarily dependent on the endogenous promoter for
Mice and Antisense Oligonucleotides that gene; hence the transgene can be spliced together with
A major approach for studying gene—environment inter-2 different promoter and can thus be expressed in whatever

actions in the regulation of stress has focused on charadiSsues that promoter is active. In CRH-overexpressing
terizing the change in an organism’s interaction with itsMice, a metallothionene promoter, which drives wide-
environment following either overexpression or underex-SPread gene expression throughout the brain and the
pression of a particular gene product. The role of CRHperipheral organs, was used; gene overexpression was thus
system genes in stress-related functioning has accordingfchieved not only in brain regions where CRH is endog-
been studied using transgenic (gene overexpressing) &@nously found, but also in other CNS regions and in
knockout (gene deleted) mice and antisense oligonucleotReripheral organs (testes, heart, and lung), where CRH is
de-treated rodents (gene underexpressing). To identify B0t endogenously found (Stenzel-Poore et al 1992). Inter-
stress-related behavioral phenotype in these animals, @stingly, two different forms of CRH-BP—overexpressing
variety of behavioral paradigms have been employedmice have been engineered. In one, CRH-BP gene expres-
Briefly, all of the paradigms presented in this sectionSion was driven by a promoter that localized transcription
measure the animal’s ratio of approach versus avoidanc® the the pituitary (Burrows et al 1998), and in the other,
behaviors by presenting a choice between an environme§RH-BP was expressed with the metallothionene pro-
that feels safe (usually a dark, enclosed, small space) aritioter throughout the CNS and periphery (liver, kidney,
an environment that seems novel but risky (usually brightand spleen), in regions where it is not normally found
wide open, large spaces). The entries into and amount dctopic expression) (Lovejoy et al 1998).

time spent in the safe environment relative to the risky

environment are used as an index of the animal’'s stress CRH OVEREXPRESSERS AND KNOCKOUTS. To

level (an increase in exploratory behaviors toward and intsstudy the consequences of permanent hypersecretion of
the risky environment indicate a relatively low level of CRH, transgenic mice with an overexpression of CRH
stress). A number of paradigms including #levated plus have been generated (Stenzel-Poore et al 1992). These
maze (comprised of safer closed, dark arms vs. riskiermice have been found not only to display the behavioral
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effects associated with acute CRH administration, but alseally unaltered wild-type control mice. Baseline locomo-
to show marked long-term alterations in endocrine andor, exploratory, stereotypic, startle, and operant learning
immune function that are associated with disease statdsehaviors are unaffected by CRH gene deletion (Dunn and
involving hypercortisolemia. Thus, CRH overexpressersSwiergiel 1999; Weninger et al 1999a). Moreover, stress-
have increased basal levels of plasma stress hormoné&sduced responses in feeding and freezing behavior and
(ACTH and corticosterone), and develop symptoms ofparadigms such as the elevated plus maze, open field, and
Cushing’s syndrome such as muscle atrophy, fat accumunulticompartment chamber (to measure stereotyped re-
lation, fur loss, and thin skin (Stenzel-Poore et al 1992) sponding) are no different in CRH knockout mice relative
Overexpression of the CRH gene also results in a marketb wild-type control mice (Weninger et al 1999a, 1999b).
decrease in immune functioning, as evidenced by overalStress-induced behavioral effects in CRH knockout mice
reductions in cell numbers and tissue weight in immuneare blocked by CRH receptor antagonists, indicating that
system organs such as the spleen and thymus gland ancegen in the absence of CRH, stress-induced behavioral
failure to mount immunoglobulin antibody responses toeffects are still being mediated through CRH receptors. It
immune challenge (Boehme et al 1997). has thus been suggested that an alternative CRH-like
Behaviorally, CRH-overexpressing mice exhibit a profile ligand such as urocortin could be subserving these effects.
that is consistent with increased levels of stress, such ds& one recent study (Weninger et al 2000), it was found
reduced baseline and stress-induced exploration of a novétat basal levels of urocortin mRNA in the Edinger—
environment, and decreased activity and time spent in thg&/estphal nucleus were markedly higher in CRH knockout
open arms of an elevated plus maze (Stenzel-Poore et alice than in wild-type control mice. It is worth noting,
1994). These effects are potently blocked by administratiomowever, that this increased level of urocortin gene ex-
of the CRH receptor antagonisthelical CRF. Corticotropin- pression in CRH knockout mice is not always seen
releasing hormone transgenic mice also show a profoun@Weninger et al 1999a). It is also possible that an entirely
decrease in sexual behaviors and significant deficits irdifferent CRH-like ligand (perhaps yet to be discovered)
learning (Heinrichs et al 1996, 1997a, 1997b). This stresslikeontributes to stress-related behavioral functioning in
behavioral profile seems to be a reproducible and reliabl¢hese animals (Dunn and Swiergiel 1999; Weninger et al
phenomenon in CRH-overexpressing mice, given that thd999a). It is noteworthy that a large number of different
multiple reports generated over the last 6 years have afparadigms were employed in the behavioral analysis of
indicated that these mice exhibit the same behavioral deficitthese animals, and that the results from each of these tests
as do rodents who have received CRH administrations (Kookvere remarkably consistent with each other. This consis-
and Heinrichs 1999). tency underscores the reliability of the behavioral profile
Interestingly, deletion of the CRH gene seems to altereported in these studies of CRH knockout mice.
certain endocrine measures, but stress-related behavioral
function in the resulting knockout mouse is relatively unaf- CRH RECEPTOR KNOCKOUTS. To examine the rela-
fected. The major endocrine effect of this gene deletion is d@ive contributions of the two known CRH receptors to
decrease in plasma glucocorticoid levels; this deficiency istress-related functioning, investigators have developed
thought to contribute to developmental abnormalities in theknockout mice that are deficient for either the CRitl the
lungs that can be fatal (Muglia et al 1999). However, with CRH, receptor genes. Mice with a null mutation for the
corticosterone replacement, normal patterns of growth, fer€RH, receptor have normal baseline levels of plasma
tility, and longevity are seen in CRH knockout mice (Muglia ACTH, probably due to a maintenance of ACTH levels by
et al 1995). Normal levels of ACTH are found in the pituitary AVP through vasopressin receptors (Turnbull et al 1999).
and plasma, but the circadian pattern for this hormone i$n response to stress, however, HPA axis activation is
disrupted in CRH knockouts (Muglia et al 1997, 2000). significantly blunted in CRKl knockout mice, which also
Stress-induced activation of the HPA axis is preserved irhave adrenal gland atrophy (Smith et al 1998; Timpl et al
mice without the CRH gene, albeit the level of activation is1998). Plasma cytokine responses to local inflammation
significantly decreased (Jacobson et al 2000). It is possiblare also exaggerated in CRHKnockout mice relative to
that this relative sparing of HPA axis function is related towild-type control mice (Turnbull et al 1999).
increases in PVN arginine vasopressin (AVP) mRNAthatare Perhaps most notable, however, are the behavioral
seen in CRH knockout mice (Muglia et al 2000). There is ansequelae of the CRHeceptor null mutation. Corticotrep
increase in the inflammatory response to external challengén-releasing hormone 1 knockout mice show increased
and a decrease in basal and restraint stress—induced epinephiploration of the open arms on an elevated plus maze and
rine levels (Jeong et al 2000; Karalis et al 1999). spend more time in the brightly lit compartment of a
In terms of behavioral effects, CRH knockout mice light—dark transition box than do wild-type control mice;
appear to be nearly indistinguishable from their genetithis pattern of behavior has been suggested to reflect a
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reduced level of anxiety in CRHknockout mice (Con  the hypotension that is normally produced by systemic
tarino et al 1999a; Smith et al 1998; Timpl et al 1998). urocortin administration was absent in CRknhockouts
Moreover, CRH knockout mice appear to be immune to (Bale et al 2000; Coste et al 2000).

the anxiogenic effects of ethanol withdrawal (Timpl et al Behaviorally, although some CRHknockout mice
1998). These “anxiolytic” effects occur in the absence ofshowed decreased open arm entries in the elevated plus
overall changes in activity levels (Contarino et al 1999a).maze (Bale et al 2000; Kishimoto et al 2000), other GRH
Finally, no overall changes in body weight or food intake null mutants failed to exhibit any change in this measure
are observed in CRHknockout mice, but the circadian of stress (Coste et al 2000). Moreover, in one study, entries
pattern of normal feeding behavior is subtly altered ininto the center of an open field were decreased in ¢RH
these animals (Muller et al 2000). When challenged withknockouts (Bale et al 2000), but in another, entries into the
an intracerebroventricular (ICV) infusion of CRH, CRH center were increased (Kishimoto et al 2000). In these
knockout mice fail to show increased locomotor activity, latter animals, however, the amount of time spent in the
but do exhibit the decrease in feeding that is typicallybrightly lit compartment of a light—dark transition box was
observed with CRH administration; this finding has led todecreased. Thus, part of the behavioral profile of GRH
the suggestion that CRHreceptors contribute to the knockouts is suggestive of increased stresslike responding,
hyperactivity associated with CRH, but do not participatebut other aspects of the behavioral profile indicate either
in CRH-mediated alterations in ingestive behavior (Con-no alteration of stress-related responding (Bale et al 2000;
tarino et al 2000). It should be noted that this “reducedCoste et al 2000) or a decrease in anxietylike behaviors
anxiety” profile in CRH knockout mice has been consis (Kishimoto et al 2000). In terms of feeding behavior,
tently observed by separate labs and across a number which has been postulated to involve CRFeceptors,
different behavioral paradigms, suggesting that it is aCRH, knockout mice are relatively insensitive to the
fairly robust and reliable phenomenon. Taken togetheranorectic effects of urocortin relative to wild types, sug-
these results support the notion that CREceptors play gesting that the CRH receptor is one of the major
an important role in the expression of stresslike behaviorainediators of urocortin-induced effects on ingestive behav-
responses and that blockade of these receptors may leaditw (Coste et al 2000). Corticotropin-releasing hormone 2
reduced baseline anxietylike states. Based on these hynockout mice also show a deficit in deprivation-induced
potheses, recent efforts have been directed toward thieeding, again suggesting that this receptor may be impor-
development of CRHreceptor antagonists for the treat tant in mediating feeding responses (Bale et al 2000). In
ment of stress-related psychiatric disorders such as depresammary, though it certainly seems that CRidceptors
sion. The first clinical trial of such a compound was play a role in ingestive behavior, the precise nature of that
recently completed, and revealed that administration of aegulation remains to be determined. It should be men-
CRH, receptor antagonist significantly reduced depressiotioned that, to date, there are no studies reporting on
and anxiety scores in depressed patients (Zobel et al 200Q)rocortin-overexpressing or urocortin knockout mice. As
Although these results are preliminary and need to bementioned above, the behavioral profile of CRkhock
replicated in a larger study, they indicate that the GRH out mice is not as clear-cut and consistent across labs as
receptor may represent a promising new target for thare the behavioral profiles of some of the other CRH
future development of anxiolytics and antidepressants. system transgenic animals.

In comparison to the CRHknockout mice, CRH Moreover, developing with a missing gene may lead to
knockout mice seem to display a different and also lesan induction of compensatory systems, making the inter-
consistent phenotype. Three recent reports detail the emretation of results with transgenic and knockout mice
docrine and behavioral effects of the CRhUIl mutation  difficult. For example, in CRH knockout mice, basal
(Bale et al 2000; Coste et al 2000; Kishimoto et al 2000).levels of urocortin and CRH gene expression are elevated,
Although certain aspects of the knockout phenotype arg@erhaps indicating a possible long-term compensatory
observed by all three labs, other facets seem to be monmesponse of the system to CRHeletion (Bale et al 2000;
variable. For example, none of the groups found anyCoste et al 2000), and suggesting a putative mechanism for
alteration in baseline locomotor activity levels in CRH the observed increases in anxietylike behaviors in these
knockouts. An increase in stress-induced ACTH andgenetically altered mice. It should be noted, however, that
corticosterone levels was observed in the mutant micéhe behavioral profile of these animals is the opposite of
(Bale et al 2000; Coste et al 2000), although basal levelshat of animals that have received acute administration of
of these hormones did not appear to be affected by th€RH antagonists to block CRHeceptors (Radulovic et al
gene deletion. The inflammatory response to thermall999). Our group has recently found that antagonizing
injury is elevated in knockouts (Kishimoto et al 2000). CRH, receptors in the lateral septum, a region that is enriched
Despite an increase in basal blood pressure in the mutants, CRH, receptors but lacks CRHreceptors, decreases
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stress-induced defensive behavior in rats (Bakshi et al 1999t is possible that these putative compensatory changes
Thus, the timing of the gene deletion may drastically influ-in CRH system gene expression contribute to the increase in
ence the nature of the behavioral phenotype that ensuesctivity levels seen in these mice (Burrows et al 1998). It is
Future studies utilizing novel inducible-knockout technolo- surprising, however, that if a compensatory increase in CRH
gies may help in clarifying the developmental versus acutexpression does indeed underlie the hyperactivity ob-
role of CRH, receptors in stress-related functioning (Stark etserved in CRH-BP—overexpressing mice, stresslike be-
al 1998). haviors are not also elevated in these animals, since doses
of CRH that produce hyperactivity also lead to increases in
stresslike behaviors (Koob and Heinrichs 1999).
This discrepancy underscores a general issue regarding
e interpretation of studies utilizing genetically altered

CRH-BP OVEREXPRESSERS AND KNOCKOUTS. Be-
sides the two cloned CRH receptors, the other major targef,

to .WhICh. C.RH and related I|g§mds can bind IS CI.N_H‘D’P'mice. It seems that the hypotheses regarding the pheno-
This entity is thought to reversibly bind CRH-like ligands types of these mice are based on the findings from
but, unlike the CRH receptors, not to activate imrace"uIarpsychopharmacologic studies that have been carried out
postsynaptic events as a result of the association. ASSOGatore the genetically altered mice have been created. For
ation of CRH Ilgands with th? binding prote!n thereby example, within the CRH field, the prediction that CRH
represents a putative mechanism through which the level, o ey nressers would display increased anxietylike behav-
of ligand for the CRH receptors to bind to is effectively j, s \yas hased on the observation that CRH administration
reduced. It has thus been suggested that the CRH-BP is 335 q,ces stresslike behaviors in rodents and primates
endogenous “buffer” for the actions of CRH and related(Ka"n 1985; Koob and Heinrichs 1999). When the out-
peptides at CRH receptors (Potter et al 1992). Transgenicyme of the transgenic studies agrees with the psycho-
and knockout mice have been generated that reSpeCt'Veb’harmacology-based prediction, the findings are taken as a
overexpress or fail to express the CRH-BP. In CRH-BP—,qfirmation of that hypothesized mechanism of action.
overexpressing mice, basal and stress-induced ACTH anhen the outcome of the transgenic studies disagrees with
corticosterone levels are the same as those in wild typegye predicted phenotype, however, concerns about possi-
regardless of whether the gene overexpression is restrictggle developmental confounds are raised. One of the most
to the pituitary gland (Burrows et al 1998) or occurs in commonly cited drawbacks of the transgenic/knockout
areas where CRH-BP is not normally expressed (Lovejoytrateqgy is that the gene being studied is altered from the
et al 1998). Alterations in HPA axis activity (either basal embryonic stage; therefore the normal development of the
or stress induced) are also absent in CRH-BP knockouinimal may be influenced. Thus, it is difficult to tease
mice (Karolyi et al 1999). apart the effects of under- or overexpression of that gene

Although manipulations of the CRH-BP gene fail to on the end points under study from effects due to com-
change HPA axis function, these manipulations do propensatory developmental changes that may have occurred
duce effects on behaviors known to be modulated by CRHas 3 result of the mutation (Contarino et al 1999b;
Thus, in CRH-BP overexpressers, there is enhanced bodgingrich and Hen 2000; Picciotto and Wickman 1998). It
weight gain relative to wild-type control mice; in contrast, thus seems that the transgenic/knockout approach may
CRH-BP knockouts have reduced body weight gain oveprovide an excellent method for modeling a congenital
several weeks (Karolyi et al 1999; Lovejoy et al 1998). Inabnormality that leads to a disease state, but that this
addition to effects on weight gain, CRH-BP knockout approach may be less useful for identifying the discrete
mice exhibited decreases in open arm entries and open arfinctions of a specific gene product because of the
time in an elevated plus maze and showed a decrease fiftoblems of interpretation that arise from the developmen-
the number of exits from a safe box in a defensivetal confound. Indeed, with regard to all of the studies
withdrawal/open field paradigm (Karolyi et al 1999), discussed in this section on genetically altered mice, it will
consistent with findings that exogenous CRH administra-e very interesting and important in future studies to delin-
tion alters these behaviors in a similar fashion (Koob anceate the compensatory alterations in the CRH and other
Heinrichs 1999). Thus, CRH-BP knockout mice display systems that may take place in response to the congenital
increased stresslike behavioral responses. Interestinglyputation and that may indirectly contribute to the phenotypes
CRH-BP overexpressers failed to show any change inhat are reported for these animals in adulthood. Future
anxietylike behaviors, but did show an increase in overalktudies utilizing novel inducible-knockout strategies will aid
activity levels, which is generally associated with height-in circumventing the developmental issue; inducible knock-
ened levels of CRH (Burrows et al 1998). Given thatouts may thus become a valuable tool for exploring the
MRNA levels of CRH and vasopressin were found to befunctions of discrete gene products for which no selective
significantly elevated in CRH-BP—overexpressing mice,ligands are available (Stark et al 1998).
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Knockdown of Specific Gene Products with ent behavioral effects of CRH system ligands. Although
Antisense Oligonucleotides there has been some progress in the development of

An alternative method of gene targeting that allows forantagonists that are selective for the CRFeceptor
temporal specificity of the gene manipulation is that of (McCarthy et al 1999), the CRHreceptor remains an
antisense oligonucleotide administration (Neumann 1997¢!usive target for drug design. Thus, the antisense gene

Wahlestedt et al 1993). In this approach, synthetic strand§n0ckdown strategy has been used by several investigators

(usually 15-21 bases) of DNA or RNA that are comple-10 @SSess the relative contributions of CRé&hd CRH
mentary to the mRNA from the gene of interest are'€CEPLOrs to stress-related functioning. Results from these

microinfused directly into the brain, usually in adult investigations have yielded some preliminary evidence for

animals. Thus, the specific contributions of that particulara possible functional dissociation between GRéhd
gene product to behavioral functioning can be evaluated it Rz receptors (Steckler and Holsboer 1999). It has been
a specific brain region in the absence of developmenta?ho_Wn that_ICV or m_tra—amyg_d_ala infusions of CRH
confounds. Although conceptually compelling, this tech_antlsen'se ollgonuclgotldes S|gn|f|pant!y decrease CRH- or
nique has been plagued with numerous meth0d0|ogiC£tress-mduced avoidance behaviors in tegts such as open
problems (see below). This method has been used by sevefif!d: elevated plus maze, or defensive withdrawal, sug-

groups to further characterize the role of various componentd€Sting that reducing CRHeceptors in regions such as
of the CRH system in stress-related functioning. the amygdala can decrease stress-related behavioral re-

sponses (Heinrichs et al 1997a; Liebsch et al 1995, 1999;
Skutella et al 1998). This profile of results is consistent
CRH KNOCKDOWN. A handful of studies have exam- with the reduced-anxiety phenotype that has been ob-

ined the behavioral and neuroendocrine sequelae of reduserved for CRH knockout mice.
ing CRH peptide levels via antisense targeting of CRH The results obtained with CRHreceptor antisense
gene transcripts (Heinrichs 1999). In general, the effects ofreatments are less clear-cut. One group has shown that
decreasing CRH tone through this method are consistenCV administration of CRH antisense oligonucleotides
with the behavioral effects that have been associategesults in a 32% decrease in hypothalamic GReéteptors
previously with the CRH system (Koob and Heinrichs and a marked reduction in CRH or urocortin-induced
1999)—namely, reducing CRH levels through antisensenorexia (Smagin et al 1998). In the same study, it was
application results in behavioral effects that are in thefound that pretreatment with the CRidelective antago
opposite direction from those that are normally seen witmist NBI27914 failed to alter feeding responses to the
administration of CRH itself. Thus, ICV administration of CRH receptor agonists. Therefore, it has been suggested
CRH antisense oligonucleotides has been reported tthat CRH, but not CRH receptors regulate alterations in
decrease stress-induced HPA axis activation, reducimgestive behavior. As summarized above, an important
stress-induced CRH gene expression in the PVN, prevenble for CRH, receptors in ingestive behavior has also
stress-induced avoidance behavior in an elevated pluseen indicated by studies of CRKnockout mice. Other
maze, and increase short-term feeding behavior (Hulsey atudies have reported either no effect on indices of stress
al 1995; Skutella et al 1994a, 1994b). Microinfusion of with CRH, antisense treatment or increased immobility in
CRH antisense directly into the PVN has similarly beena forced swim test with CR}itargeting; it has thus been
found to decrease HPA axis function and CRH immuno-suggested that CRHeceptors do not mediate anxiety per
reactivity in the median eminence (Neumann 1997; Wu ete but rather play a role in “coping” responses (Heinrichs
al 1997), and intrahippocampal administration of CRHet al 1997a; Liebsch et al 1999). It should be noted,
antisense has been found to decrease grooming behavibowever, that in studies that report a lack of an effect on
(Wu et al 1997). Reduction of CRH levels through “anxietylike” behaviors with CRHE antisense treatment
antisense administration has also been reported to affe¢teinrichs et al 1997a; Liebsch et al 1999), the level of
learning and memory processes as assayed in paradigmsreceptor knockdown was either not measured or was very
passive and active avoidance (Skutella et al 1994a; Wu etmall (approximately a 10% reduction in receptor levels in
al 1997). Therefore, it appears that decreasing the transhe lateral septum of CRHantisense—treated rats). Thus, it
lation of CRH gene transcripts results in a behavioralis difficult to definitively conclude without further exper-
profile that is syntonic with reduced levels of stress andimentation that CRE receptors do not exert effects on
anxiety in rats. indices of stress or anxiety in rodents. Recent studies from

our lab and others indicate that when CRH receptors in

CRH RECEPTOR KNOCKDOWN. From the differen- CRH, receptor—containing brain regions are acutely

tial anatomic distributions of CRHand CRH receptors, it blocked by pharmacologic antagonism, a reduction in
has been hypothesized that these receptors mediate diffestress-related behaviors can be seen (Bakshi et al 1999;
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Radulovic et al 1999). With the advent of truly selective study the effects of environmental stressors on gene
CRH, receptor ligands and the development of novelexpression patterns in the central nervous system. This
gene-targeting strategies, the precise role of GRHd  approach has been widely used in the past decade to gain
CRH, receptors in stress-related functioning will be morea fuller understanding of how specific environmental
clearly elucidated. To the best of our knowledge, noevents can activate or inhibit the transcription of various
studies to date have utilized the antisense oligonucleotidgenes that have been hypothesized to play a role in the
approach to examine the role of CRH-BP in behavioralregulation of stress-related functioning. The typical design

responses to stress. of such studies is to expose an animal to a discrete stressor
and, after a prescribed delay, sacrifice the animal and
CAVEATS OF ANTISENSE OLIGONUCLEOTIDE AP- process the brain tissue for analysis of gene expression.

PROACHES. In addition to the concerns raised above The other side of the coin is to investigate how naturally
regarding antisense study design, a number of other problenggcurring genotypic differences contribute to stress re-
have been reported to occur with antisense oligonucleotidgponsivity. To examine this possibility, investigators have
administration. Neurotoxic events including cell infiltration, examined differences in gene expression between strains
morphological abnormalities, and widespread reductions i rodents that differ in their response to stress. To date,
nontargeted proteins have been described following oligonuhe most commonly employed methods for measuring
cleotide administration. These effects are especially COMMORene expression are Northern blotting, RNase protection
with the phosphorothioate-backbone oligonucleotides, WhiC'&ssays, and in situ hybridization, all of which gauge the
have been chemically modified to enhance temporal stability,rNA Jevels of a particular gene product, albeit with
(Broberger et al 2000; Neumann 1997; Skutella et al 1994C)ytferent levels of quantitative and anatomic precision.
Thus, it appears that the “window of opportunity” between sing this approach, several investigators have charac-
efficacy and toxicity is very narrow when using the oligonu- e rizeq the effects of strain differences and environmental
cleotide infusion approach. Furthermore, similar behav'orahanipulations on the various components of the CRH
effects have been obtained with either an increase,adecreag@stem_ The following sections briefly summarize the

or no change in the protein levels of the gene targety ¢t commonly cited effects on CRH system gene expres-
indicating that antisense-induced alterations in behavior a'€ion that have been reported to occur in response to

not necessarily related to changes in the targeted 9eNtterent types of environmental contingencies.

product (Liebsch et al 1995; Skutella et al 1998). This

phenomenon mandates the careful evaluation of gene-prod- ] ] )
uct protein levels for every experiment in which behavioralStrain Differences in CRH System Gene Expression
data are collected, and also brings into question whetheThe examination of naturally occurring genetic variations
observed behavioral effects can truly be attributed to changesith regard to stress reactivity may have important impli-
in the expression of the gene of interest. Given that proteiations for the elucidation of individual differences in
levels were not examined in several of the aforementionedensitivity to stressful situations. One way in which this
studies (Liebsch et al 1999; Neumann 1997; Skutella et gksue has been studied in animals is to identify possible
1994c; Wu et al 1997), it is difficult to conclude that the differences in CRH System gene expression between
reported behavioral effects can be attributed specifically tqjifferent strains of rats. It has been found that baseline
the targeted gene product. Thus, some caution is perhapsyels of CRH mRNA are significantly higher in the
warranted when using antisense oligonucleotides to StUdeygdala of fawn-hooded rats than in either Sprague—
gene function. It is worth noting that new chemistries arepawley or Wistar rats (Altemus et al 1994; Gomez et al
currently under development to minimize toxicity and max- 1999). Fawn-hooded rats have also been reported to
imize efficacy; it is possible that some of these modifiedexnibit exaggerated behavioral responses to stress, leading
probes will be free of the aforementioned problems andg the suggestion that this strain may have utility as a
might indeed prove to be better research tools (Broberger ef,del for endogenous stress-related CRH overexpression
al 2000; Ho et al 1998). and anxiety. Strain differences, which essentially reflect
differential genetic makeups, have also been found to
influence the effects of acute environmental stressors on
regulating CRH system gene expression. Thus, the stress
of whole body restraint produces a much larger increase in
CRH mRNA levels within the PVN of Fisher rats than in
Wistars or Sprague—Dawleys (Redei et al 1994; Sternberg
One of the primary approaches for evaluating how envi-et al 1992). Similarly, the spontaneously hypertensive and
ronmental contingencies interact with genetic factors is tdorderline hypertensive strains of rats have increased basal

Alterations in CRH System Gene Expression
Induced by Environmental Manipulations:
Effects of Acute, Repeated, or
Developmental Stressors
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and stress-induced levels of PYN CRH mRNA relative toEffects of Acute Stress
the Wistar and Sprague—Dawley strains (Imaki et al 1998510 most widely reported phenomenon in the study of

Krukoff et al 1999; Mansi et al 1998). Spontaneously cppy system gene expression is the increase in CRH gene
hypertensive rats also have elevated levels of CBehe . nqorintion within the PVN in response to stress. The

expression in the PVN relative to Wistars (Imaki et al most commonly cited stress-induced gene expression

1998'): I't has thus been hypothesized thgt this increase&qamges involving the CRH system are summarized in
sensitivity of CRH system gene expression in the HPATable 1. This list is not an exhaustive compendium of all

axis contributes to the development of the hypertensivpstudies that have examined CRH system gene expression,

phenotype in these animals. Lewis rats, which are SUSCERS + rather is intended to outline some of the major
tible to athritis as a result of low circulating levels of

corticosterone. show a blunted HPA axis response to stre environmental perturbations that lead to alterations in the
andI hasve IowérS Ie\\/l\éls ol; basal and )st?es:?ndjced SCRSI—rIagulation of CRH system genes,
A wide variety of psychologic, physical, physiologic,

gene expression in the PVN than several other rat straingnd immune stressors have been found to modulate the
(Rivest and Rivier 1994; Sternberg et al 1992).

: . . expression of the CRH gene in the PVN. Briefly, increases
Finally, in comparing lean (Fa/?) and obese (fa/fa). SO .

. : in CRH gene expression in the PVN can be elicited by
Zucker rats, it has been found that the obese strain harsestraint or immobilization (a more severe form of re-
lower baseline CREIMRNA levels in the ventromedial

hypothalamus, and that obese rats have higher levels Osftralnt stress in which the animal’s limbs are immobilized)

stress-induced CRH gene expression in the PVN anjtress,goit_ ShtOCk.' hyplovo_lem;]a, hypoglycemia, and f:yto_-
other sites (Richard et al 1996; Timofeeva and Richar INes. L-orticotropin-releasing hormone gene expression in

1997). To the best of our knowledge, urocortin genethe amygdala has also been studied and has been reported
expression in these animals has no,t been reporte&o increase primarily in response to stressors that contain a
Strain differences in CRH receptor gene expressior?igniﬁcam psychologic component (restraint, or exposure
have been observed in mice as well: C57 mice hath,)funmanipulated rats to rats that have just received a foot
higher baseline and stress-induced increases in pRI—PhOCk)' Recent studies from our laboratory indicate a
receptor MRNA levels than DBA mice (Giardino et al novel anatomic substrate for stress-induced CRH gene
1996). Taken together, these findings indicate thategulation. A large distribution of CRH mRNA has been

different rodent strains, as a consequence of theifound within parts of the thalamus; exposure of rats to

distinct genetic makeups, display different baselinedcute restraint stress significantly elevates this signal,

levels of expression of CRH system genes. Moreover,suggeStin_g that the thalamus may be another ir.nportant. site
these various strains display differential responsivenes@volved in the processing of stress-related information
to stress with regard to CRH system gene regulation(HSu and Kalin 2000). The gene expression of other
The study of various rat strains may thus help tocomponents of the CRH system are less well studied, but

identify the neurogenetic differences that contribute tol"creases in CRH receptor mRNA levels have been
individual differences in stress susceptibility, and observed in the PVN in response to restraint, immobiliza-
thereby further characterize the interaction betweertion, immune, or osmotic stress. Finally, restraint stress
genes and environmental conditions in the etiology ofincreases transcription of the CRH-BP gene in the pitu-
anxiety. Although such information is useful, it remains itary and also in limbic brain regions such as the amyg-
to be determined whether or not the specific geneticdala; food deprivation increases CRH-BP gene expression
differences identified above actually underlie the dif- in the amygdala and regions of the hypothalamus.

ferent behavioral phenotypes. It is probable that a A large body of literature also indicates that CRH
number of genes in addition to those described abov&ystem gene expression is regulated in a complex manner
are differentially expressed across different rodenty glucocorticoids; this information is beyond the scope of
strains. Which other genes differ across strains, and ofhis review but has been thoroughly reviewed elsewhere
these, which ones contribute to the behavioral pheno(Schulkin et al 1998). Briefly, in the PVN, acutely
type? It is also unclear whether the differential geneadministered corticosterone decreases CRH mRNA levels,
expression patterns are the cause or the result of th¢hereas, in the amygdala, corticosterone administration
different phenotypes observed in the separate straingncreases CRH mRNA (Makino et al 1994; Shepard et al
Future studies in which behavioral phenotypes are2000). Increases in CNS CRH peptide levels (via ICV
assessed after the application of novel gene targetingnfusion or through acute stress) also have been found to
techniques to selectively disrupt or restore gene funcupregulate the expression of the CRH and the GRH
tion in these rodent strains will aid in clarifying these genes, but not the CRHyene (Imaki et al 1996; Jezova et
issues. al 1999; Mansi et al 1996; Parkes et al 1993).
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Table 1. Induced Alterations in CRH System Gene Expression

Type of stress

Change in transcript

Study

PVN
Restraint

Immobilization

Foot shock

Unshocked rats placed near
shocked rats

Hypertonic saline injection

Hypoglycemia
Hypovolemia
Food or water deprivation

Endotoxin or cytokine
injection

1 CRH mRNA
1 CRH mRNA

1 CRH, mRNA
1 CRH mRNA
No change CRH mRNA,
1 CRH, mRNA
1 CRH mRNA
1 CRH, mRNA
1 CRH mRNA
1 CRH mRNA
| CRH mRNA
No change CREImMRNA
1 CRH mRNA
1 CRH, mRNA
No change CREImRNA

Harbuz et al 1994; Herman et al 1998; Hsu et al 1998; Imaki et al 1995b, 1996;
Kalin et al 1994; Ma et al 1997b

Aubry et al 1999; Bartanusz et al 1994; Imaki et al 1992; Jezova et al 1999; Kiss
et al 1996; Pacak et al 1996

Jezova et al 1999; Kiss et al 1996; Luo et al 1995; Rivest et al 1995

Imaki and Vale 1993; Imaki et al 1991

Makino et al 1999b

Harbuz and Lightman 1989; Harbuz et al 1990; Lightman and Young 1988, 1989
Luo et al 1994, 1995

Paulmyer-Lacroix et al 1994; Suda et al 1988, 1992

Tanimura et al 1998; Tanimura and Watts 1998

Aguilera et al 1993; Hwang and Guntz 1997; Kiss et al 1994

Makino et al 1998

Laflamme et al 1999; Lee et al 1995; Rivest et al 1995; Suda et al 1990

Makino et al 1997; Rivest et al 1995

No studies measuring stress-induced changes in CRH-BP mRNA in the PVN

Pituitary
Restraint
Endotoxin

Amygdala
Restraint

Immobilization

Unshocked rats placed near
shocked rats
Food deprivation

Alprazolam (14-day
administration)
Corticosterone administration
Hippocampus
Immobilization
Foot shock

1 CRH-BP mRNA
1 CRH, mRNA

1 CRH mRNA (CeA)

1 CRH-BP mRNA
(BLA)

No change CRH mRNA

No change CREHMRNA

1 CRH mRNA (CeA),

No change CREEMRNA

1 CRH-BP mRNA
(BLA)

| CRH mRNA (CeA),

| CRH, mRNA (BLA)

1 CRH mRNA

1 CRH mRNA
No change CRH mRNA

McClennen et al 1998
Aubry et al 1997

Hsu et al 1998; Kalin et al 1994
Lombardo et al 2000

Pacak et al 1996

Nappi and Rivest 1995

Makino et al 1999b

Timofeeva et al 1999

Skelton et al 2000

Makino et al 1994; Shepard et al 2000

Givalois et al 2000
Lee et al 1996

No studies measuring stress-induced GRFRNA in the hippocampus

Thalamus
Restraint

1 CRH mRNA

Hsu and Kalin 2000

No studies measuring stress-induced GRERH,, or CRH-BP mRNA in the thalamus

Ventromedial hypothalamus
Food deprivation
Alprazolam (14-day

administration)

Edinger-Westphal nucleus
Restraint
Alprazolam (14-day

administration)
CRH or CRH, gene
deletion

| CRH, mRNA
Trend for 1 CRH,
mMRNA

1 urocortin mMRNA
1 urocortin mMRNA

1 urocortin mMRNA

Makino et al 1998
Skelton et al 2000

Weninger et al 2000
Skelton et al 2000

Bale et al 2000; Coste et al 2000; Weninger et al 2000

CRH, corticotropin-releasing hormone; mRNA, messenger RNA; CRH-BP, CRH-binding protein; PVN, paraventricular nucleus of the hypothalaraosgfeks,
central nucleus; BLA, amygdala, basolateral nucleus.

Pharmacologically induced alterations in the expressiordrugs. Cocaine oN-methyl-p-aspartate antagonists have
of CRH and related genes in the PVN have also beemeen found to increase CRH mRNA levels in the PVN,
reported with the acute administration of a variety ofand ethanol or cocaine induces CRlieceptor gene
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expression in this structure (Givalois et al 2000; Lee ancEffects of Repeated or Chronic Stress

Rivier 1997; Zhou et al 1996). In contrast, clinically |5 clear that several types of environmental perturbations
effective antidepressants have been found to decreasge gple to acutely modulate the expression of CRH
CRH gene expression in the PVN (Brady et al 1992).qystem genes (vide supra). In a clinical context, however,
Stress-induced increases in PVN CRH gene expressiofiis |ikely that conditions of prolonged or repeated stress
can be blocked by benzodiazepines, but not by serotonigye g major contributing factor to the development of
depletion (Harbuz et al 1993; Imaki and Vale 1993; Imaki syress-related psychopathology. Thus, attention has been
etal 1995a). Acute or subchronic (2 weeks) administrationocysed on the effects of repeated or chronic stressors on
of benzodiazepines decreases GRj¢ne expression in  aypression of CRH system genes. In general, the repeated
the amygdala and cortex, but ethanol increases transcriyress regimen involves presentation of an acute stressor to
tion of this gene in the PVN (Lee and Rivier 1997; Skelton gqit rats once a day for a period of 6—14 days total. Upon
et al 2000). The expression of the CRteceptor gene is  teymination of this repeated regimen, rats are sacrificed
decreased by food deprivation but increased by benzodisither 24 hours after the final stress presentation (to gauge
azepine administration. Urocortin gene expression in th‘i)ossible changes in basal CRH system gene expression) or
Edinger-Westphal nucleus (where the majority of cellafter presentation of an acute stress challenge (to deter-
bodies that synthesize urocortin are found) is similarlymine changes in responsivity to acute stress in animals that
increased by benzodiazepine administration. have had prior exposure to repeated stress). It should be
Taken together, these findings provide many differentygted that the terrhronic stresss distinct fromrepeated

pieces of information regarding how the CRH systemstressand refers to a condition in which animals are
changes in response to acute environmental perturbationgentinuously in the presence of the stressful stimulus (as
The increase in PVN CRH mRNA after exposure to acuteppposed to discrete bouts presented intermittently) for a
stress appears to be a reliable phenomenon because it h@®longed period of time (several weeks). Through studies
been reported with a wide variety of stressors and byof repeated or chronic stress, it is possible to understand
several different labs. Stress-induced elevations in CR"!;c)me of the neural genetic mechanisms under]ying regu-

mMRNA in the amygdala are less well characterized andatory responses to ongoing stress and the eventual mech-
seem to occur under a more limited set of circumstancesanisms underlying stress-related disorders.

but have been reported by at least three different labora-
tories. Information about other CRH system transcripts crH GENE EXPRESSION. As outlined in Table 1, the
within other brain regions is much more limited. It remains most common perturbation that has been used to study
to be seen which of the other preliminary results regardingtress-related CRH gene function is that of restraint or
stress-induced alterations in CRH system gene expressigmmobilization stress. To examine how CRH system gene
are reproduced in future studies. expression is regulated by repeated exposure to environ-
One problem with the state of knowledge about CRHmental perturbations, the effects of a repeated restraint or
system gene expression is that in the majority of studiesmmobilization stress regimen on levels of CRH mRNA
cited in this review, only one component of the CRH have been examined.
system was examined (usually just the CRH gene within
the PVN). Thus, much remains unknown regarding other Changes in Basal CRH mRNA Levels after Exposure to
brain regions and CRH system gene transcripts. Also, aRepeated or Chronic Stresdt has been found by several
discussed below, subtle methodological variability cangroups that a regimen of daily restraint stress exposure
significantly influence the outcome of the studies. We areresults in elevations in basal CRH mRNA levels in the
thus left with a large number of separate findings regardPVN (Bartanusz et al 1993; @wez et al 1996; Imaki et al
ing stress-induced gene expression that have been ob991; Mamalaki et al 1992; Marét al 1999). At least one
tained under different experimental conditions and focusyroup, however, has failed to observe increases in basal
on disparate themes. A challenge that remains is t®VN CRH gene expression with this repeated stress (Ma
assemble these separate pieces of information about stregs-al 1997a; Ma and Lightman 1998; Ma et al 1999). The
induced CRH system gene expression into a compreherbpasis for this apparent discrepancy is not clear, but could
sive story that will clarify how the system as a whole involve factors such as the strain of rats that was used or
responds to different types of environmental perturbationsdifferences in the restraint procedure. Nonetheless, it is
Future studies in which the multiple components of thelikely that the elevation in basal levels of CRH transcripts
CRH system are all studied at once and in various brairis a result of the long-term stress and not simply due to the
regions will aid in understanding how the individual final stress presentation because it has been shown that
elements of the CRH system coordinate their activity inPVN CRH mRNA is not increased 24 hours after a single
integrating the stress response. stress exposure but is elevated 24 hours after the final
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stressor presentation in rats that have had a prior history dfter a repeated stress regimen. Interestingly, preliminary
exposure to stress (Imaki et al 1991). Basal CRH genevidence indicates that formerly CRH-expressing neurons
expression levels in the PVN are also increased aftebegin to show increased levels of AVP transcription.
repeated exposure of rats to other types of stressors such @aken together, these findings have led to the suggestion
foot shock or hypertonic saline injections or to a repeatedhat repeated stress may cause a shift in the peptidergic
stress regimen that consists of several different types ahechanisms that regulate HPA axis responsivity to sub-
stressors presented in an alternating and random ordegequent stress (Bartanusz et al 1993; Ma et al 1997a; Ma
(Herman et al 1995; Kiss and Aguilera 1993; Sawchenkaand Lightman 1998; Makino et al 1995b). Thus, it may be
et al 1993). It is of interest to note that, although acutethat CRH gene transcription is strongly activated by
restraint stress increases CRH gene expression within thexposure to novel stressors but, as the stressor becomes
amygdala, repeated exposure to the restraint fails to affeg¢amiliar, the CRH system habituates and, instead, the AVP
basal CRH mRNA levels within this region (Hsu et al system begins to respond to the stressor. Subsequently,
1998; Kalin et al 1994; Mamalaki et al 1992). Neverthe-when a new type of stress is presented, the CRH system
less, rats that have experienced chronic social stress lyecomes activated again. This theoretical mechanism
becoming subordinate animals in a visible burrow systenyould be consistent with the finding that heterotypic but

dominance hierarChy can show blunted HPA axis aCtiVity;not homotypic stressors can increase CRH gene expres-
basal CRH mRNA levels in these rats are decreased in théion in rats that have had prior exposure to stress.

PVN but elevated in the amygdala (Albeck et al 1997).
Hence, the latter study demonstrates that basal CRH

. . CRH RECEPTOR GENE EXPRESSION. The effects of
MRNA levels in the amygdala can indeed be affected byre eated stress on CRH receptor gene expression are not
certain forms of long-term stress. P ptorg P

as well characterized as are those regarding the expression
Changes in Responsivity to Acute Stressors after gf the CRH gene. As seen in Table 1, an increase in CRH

History of Repeated Stres€Exposure of rats to a regimen rei)ceptor deNA in the PVN appears to t.)e cofngsten;ll?{
of repeated restraint stress prevents the acute stres§2>c'Ved alter exposure to an acute sessmn.o 'mmobIii-
induced elevation in CRH mRNA that is normally seen in zgtlon or restramt.stress (Aguilera et a! 1,9973 Bonaz gnd
the amygdala of rats that have not experienced prior streég'veSt 1998; Makino et al 1995a). A similar increase in

(Mamalaki et al 1992). We have found in recent studies?@Sal CRH PVN gene expression has been reported with
that this profile of gene expression is identical for therepeated stress (Makino et al 1995b) but was not corrob-

CRH-BP gene in the amygdala; a single episode o1or_ated by other groups (Aguilera_et al 1997; Bonaz and
restraint stress in naive rats increases CRH-BP mRNA, buRivest 1998). Two weeks of restraint stress has been found

this acute stress—induced effect is not observed in rats th4® decrease CRHMRNA in the pituitary (Makino et al
have previously been exposed to restraint stress for 12995a). However, this effect was not replicated by a
consecutive days (Lombardo et al 2000). This dampeniné’"fferent group (Aguilera et al 1997). In certgm strains of
of the CRH mRNA response to acute stress in animal§nice, cortical levels of CRIImMRNA increase in response
with a history of previous stress has also been seen in th® @ regimen of repeated restraint stress (Giardino et al
PVN, particularly if the acute challenge utilizes the samel996). In rats, however, CRHNRNA levels in several
stress that was employed in the repeated regimen (hom@xtrahypothalamic regions including the cortex, amygdala,
typic) (Ma et al 1997a, 1999). It should be noted, however@nd hippocampus are not affected by repeated restraint
that at least one study (Mamalaki et al 1992) failed toStress (Iredale et al 1996; Makino et al 1995a). In contrast,
demonstrate this effect. It is possible that the failure to sedvhen the repeated stress consists of a variable, unpredict-
CRH gene expression changes in response to the acu@ble, multimodal regimen, a significant reduction in CRH
homotypic stressor indicates that the system has undegene expression is observed in the cortex and a significant
gone habituation to that particular type of stressor. Wherincrease in this transcript is seen in the hippocampus of
animals are challenged with a heterotypic (different typeyats (Iredale et al 1996). Finally, to the best of our
stressor after a repeated stress regimen, however, a higfowledge, only one study to date has reported the effects
level of CRH gene transcription is seen in the PVN (Ma etof repeated immobilization stress on CRbene expres

al 1999). It has thus been suggested that after repeatesdon levels. A small (roughly 12%) decrease in CRH
stress, the CRH system may habituate, but other peptid@@RNA levels was found in the ventromedial hypothala-
systems are recruited to respond to the acute (homotypighus in rats that had been repeatedly immobilized for 6
stressor challenge. It has been found in a number of studietays (Makino et al 1999a). It can be gathered from all of
that PVN gene expression levels of AVP, the other majoithe aforementioned studies that the nature of the chronic or
releasing factor for ACTH, are dramatically increasedrepeated stress is a critical factor in determining what type
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of change (if any) is produced in CRH system geneoffspring. Given the importance of the CRH system in
expression. modulating fear and stress-related responses, and the
It can be gathered from these studies that the state afritically important nature of the interaction between
knowledge about CRH receptor gene regulation in reimother and offspring, several investigators have studied
sponse to stress is less consistent and less well charactéhe effects (short and long term) of maternal separation on
ized than that about the CRH gene. It seems that th€RH system gene expression in rodents.
findings with repeated stress and CRi¢ceptor mRNA
levels are not easily reproduced across laboratories. In STRESS HYPORESPONSIVE PERIOD AND MATERNAL
general, much less is known about the different experiDEPRIVATION. The perinatal developmental stage in
mental conditions that influence the expression of therats includes an early “stress hyporesponsive period”
CRH receptor genes. Some of the aforementioned discregSHRP; from postnatal day 3 to day 14) that is character-
ancies in the literature may derive from subtle method-zed by a diminished HPA axis response to stress (for a
ological differences between labs (i.e., rat strain, nature ofeview, see Rosenfeld et al 1992). To determine if hypo-
the stressor, hybridization conditions, probe selection)responsiveness to stress during this period reflects a deficit
Nonetheless, these results provide good starting points tt# CRH gene transcription, the effects of maternal sepa-
refine our knowledge about CRH receptor gene transcriptation during the SHRP on CRH system gene expression
tion; as additional labs attempt to reproduce these findingdyave been studied. It has been found that presentation of a
it will become more apparent which results are the mostild stressor such as an intraperitoneal injection of iso-
robust and reliable. tonic saline is not sufficient to “overcome” the SHRP and
recruit an activation of the HPA axis in rat pups (Dent et
al 2000). The more intense stress of maternal separation,
however, produces a significant increase in HPA axis
Perhaps the most significant environmental factor duringactivity if the deprivation takes place for 24 hours. Despite
the early development of mammals is the interactionthe HPA axis stimulation, this stressor seems to cause a
between the infant and its mother. A large body ofdecrease in the level of CRH gene expression in the PVN
literature indicates that, in animals and humans, separatiofbent et al 2000; Smith et al 1997; van Oers et al 1998a),
of an infant from its mother during this early developmen-which is opposite to the profile that is seen in acutely
tal phase is a significant stressor that markedly andstressed adult rats. When maternally separated rats are
negatively affects the subsequent emotional developmen{dditionally challenged with a second stressor, however,
of the infant (Bowlby 1973; Carlson and Earls 1997). Inthese animals exhibit elevations in PVN CRH gene tran-
nonhuman primates, long-term maternal separation cascription (Dent et al 2000; Yi and Baram 1994). Similarly,
result in profound alterations in stress-related behavioraincreases in CRH gene expression are observed in the
responses in the separated offspring. The seminal work a§mygdala of rat pups that have received repeated expo-
Harlow and colleagues (Harlow et al 1964) indicates thaksures to a maternal separation/cold stress protocol (Hatal-
nonhuman primates that have undergone long-term mategki et al 1998). Nevertheless, the extent to which HPA axis
nal separation as infants display enhanced fear-relategctivation in maternally deprived pups is related to CRH
behavioral responses and appear socially withdrawn. Newyene expression remains unclear. Although CRH anti-
roendocrine studies in rhesus monkeys indicate that aserum administration can prevent elevations in corticoste-
infant’s stress hormone levels are negatively correlatedone that are seen in pups after a combined maternal
with the number of offspring the mother had, suggestingdeprivation/cold stress exposure (Yi and Baram 1994), a
that, when mothers are less experienced, cortisol levels idissociation between deprivation-induced alterations in
their (early born) infants are high; elevated cortisol levelSCRH mRNA levels and HPA axis activity has also been
also correspond to increased fearful behavioral responseeported in maternally deprived rat pups (Smith et al
in the infants (Kalin et al 1998b). Similarly, in rats, 1997). Interestingly, the aforementioned adverse effects of
disturbing the prenatal environment by stressing thematernal deprivation can be prevented by providing the
mother can lead to increases in CRH gene expression ideprived pups with certain aspects of the maternal behav-
the fetal PVN, increases in CRH content in the amygdaldoral repertoire (i.e., stroking) (van Oers et al 1998b). This
of adult offspring, and potentiation of stresslike behavioralphenomenon has also been noted for maternal depriva-
responses in those rats whose mothers had undergomien—induced decreases in ventromedial hypothalamic
stress during pregnancy (Cratty et al 1995; Fujioka et alCRH, receptor gene expression (Eghbal-Ahmadi et al
1999; Takahashi et al 1992). These findings support thd997, 1999). Maternal deprivation during the SHRP also
notion that mother—infant interactions may be a criticalappears to influence the responsivity of the HPA axis to
factor in determining the future fearful disposition of the subsequent stressors that occur outside of the SHRP. Rat

Effects of Developmental Stress
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pups that are maternally deprived at postnatal day 3 havadults, show reduced HPA axis activation in response to
elevated stress-induced HPA axis responses relative tstress and have decreased levels of CRH mRNA in the
nondeprived control pups when they are tested after th®VN (Liu et al 1997). Pups that are born to mothers that
SHRP (van Oers et al 1998a; Workel et al 1997). Whematurally exhibit high levels of LG-ABN grow up into
rats that are maternally deprived during the SHRP aradults that display low anxietylike behaviors (increased
challenged with a stressor 2 weeks later, they exhibit arexploration of novel environments) and, relative to low—
increase in CRH gene expression in the PVN relative td_G-ABN offspring, have decreased levels of CRH recep-
nondeprived rats (van Oers et al 1998a), suggesting thabrs in brain regions such as the locus coeruleus that are
early postnatal environmental perturbations can have longhought to mediate stress responses (Caldji et al 1998).

lasting effects on CRH system gene expression. Taken together, these findings suggest that increased
nurturance by the mother can lead to a toned-down

LONG-LASTING EFFECTS OF MATERNAL DEPRIVA- stress-responsive system in the offspring.
TION STRESS INTO ADULTHOOD. Maternal separation In contrast, longer periods of maternal separation seem

has also been found to produce long-term changes in CRkb have the opposite effect on stress-related functioning in
system gene expression into adulthood. Interestingly, thadulthood. Rat pups that are separated from the mother for
nature of the separation determines the direction of th& or more hours (investigators have often used a 24-hour
long-term changes, as has been reviewed in detail recentieparation) show increased CRH system gene expression,
(Anisman et al 1998; Francis et al 1999b; Heim andexaggerated HPA axis responses to stress, and increased
Nemeroff 1999). Thus, brief periods of separation fromstresslike behaviors in paradigms such as the elevated plus
the mother (3—15 min per bout, once a day, for roughly 2maze (Plotsky and Meaney 1993; Rots et al 1996; Wigger
weeks) result in a profile indicative of diminished anxiety, and Neumann 1999). Other intense stressors such as an
whereas more protracted separations (3 hours or morendotoxin insult during the perinatal stage are also able to
have the opposite effect, resulting in increased stresslikproduce marked elevations in basal CRH gene expression
responses. In an elegant series of studies by Meanegnd lead to an exaggerated stress-induced HPA axis
Plotsky, and colleagues, the long-term effects of theseesponse in adulthood (Shanks et al 1995). Long-lasting
different types of maternal separation have been describedysregulation of the CRH system has also been reported in
and the behavioral and neuroendocrine mechanisms umonhuman primates exposed to adverse rearing conditions
derlying these long-term effects have been characterizedluring infancy. Coplan and colleagues (Coplan et al 1996,
It was initially found that rat pups that underwent very 2000) found that CSF levels of CRH are basally and
short periods of separation from their mothers (termecchronically elevated in adult bonnet macaques whose
handling had decreased basal levels of hypothalamianothers were exposed for 3 months to a variable foraging
CRH mRNA and median eminence CRH immunoreactiv-demand (VFD), in comparison to mothers confronted with
ity as adults relative to undisturbed control rats (Plotskyeither a high but predictable or low but predictable
and Meaney 1993). As adults, these handled rats alstoraging demand. Infants reared by VFD-exposed mothers
displayed significantly lower elevations of stress-inducedhave been found to subsequently display abnormal affili-
corticosterone levels and blunted CRH release from thative social behaviors in adulthood (Andrews and Rosen-
median eminence relative to control rats. It has since beehlum 1994). Moreover, it has recently been found that
found that the mechanism underlying this reduction inmaternal styles can be passed down through a “non-
stress-related functioning in handled rat pups involves thgenomic” mode of transmission such that offspring adopt
type of maternal behavior that is displayed after the pupshe maternal style of the dam that fostered them, regardless
are returned to the mother (Liu et al 1997), confirmingof whether or not that dam is the biological mother
earlier hypotheses that maternal behavior is the critica(Francis et al 1999a). It is likely that similar nongenomic
component in the developmental milieu of the infanttransmission of stress responsivity occurs in primates.
(Levine 1957). A brief removal of rat pups from the dam For example, in rhesus monkeys, there is a correlation
results in a significant increase in the amount of licking,between birth order and cortisol such that earlier off-
grooming, and arched-back nursing (LG-ABN) that thespring have higher basal cortisol concentrations (Kalin
mother lavishes upon the pups when they are returned; thet al 1998b).

total amount of time spent nursing and being with the It has accordingly been hypothesized that the perinatal
offspring is not affected, but rather the quality of the environment plays a critical role in “programming” or
interaction between mother and pup is altered. In nonsepdsetting” the animal's stress coping system (perhaps
rated pups, individual differences in LG-ABN predict through alterations in CRH system gene expression) for
HPA axis responsivity in adulthood such that mothers thathe remainder of its life (Anisman et al 1998; Francis et al
engage in high levels of LG-ABN have offspring that, as 1999b; Heim and Nemeroff 1999). Thus, perinatal distur-
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bances may be more influential than either acute ofike behavior in approach—avoidance conflict tasks when
repeated stressors in producing long-term alterations itested as adults (Rots et al 1996; Wigger and Neumann
CRH system gene expression. Indeed, of all the CRHL999). It remains to be determined, however, if the
system gene expression studies presented in this reviewlterations in stress-related functioning are a direct result
the studies that report on the effects of developmentabf the reported alterations in gene and protein expression
stressors perhaps tell the most complete and compellingithin the CRH system. Future studies in which the CRH
story about how stress may lead to traitlike disruptedsystem is targeted (pharmacologically or through novel
functioning in adulthood. Moreover, the effects of perina-gene transfer approaches) during development or in adult-
tal stress have been characterized at multiple levels dfiood will help in ascertaining the functional importance of
analysis within a given study (several brain regions,the mRNA and protein expression changes that have been
several gene transcripts, and concurrent behavioral analyeported. For example, would administration of a CRH
ses) and have been studied across different species. Akntagonist during maternal separation prevent the devel-
though further work is needed to clarify the mechanismsopment of the stress-sensitive phenotype in adulthood?
through which early developmental stressors produce theiflternatively, once such a phenotype develops, would
long-lasting effects, these studies can serve as a valuabRH system antagonism block the expression of stresslike
heuristic model for designing future experiments in thepehavioral responses? It should also be noted that alter-
area of stress-induced CRH system gene expressications in the level of expression of the CRH peptide have
changes. As stated earlier, one of the major weaknesses péen seen in the absence of CRH mRNA changes (Hauger
many of the studies in the previous sections is that thewt al 1994), indicating that mRNA and protein levels are
examined only one element of the system in a single braimot necessarily regulated in the same manner by a partic-
region. Moreover, few studies have integrated moleculaular manipulation or event. It is possible that posttranscrip-
and cellular analyses with behavioral observations, as hagonal events that are not yet fully understood are affected
been done in the aforementioned studies of perinatahy environmental perturbations and may thus alter the
stress, particularly with maternal separation. Thus, byfunctional impact of observed increases or decreases in
taking the multilevel, integrative approach of these matermrNA levels.
nal separation studies, one might come to better under- |n addition, as stated previously, it is important when
stand the effects of other types of stressors on CRH syste@yaluating the aforementioned studies to keep in mind that
gene expression as well. a number of methodological issues influence conclusions
regarding the strength and, perhaps, anatomic pattern of
the signal being measured. The type and duration of the
Caveats of Stress-Induced Gene Expression Studiesiressor, the poststress delay before animal sacrifice, the
It is important to note that although the aforementionedstrain and age of the subjects, and the time of day for
sections have outlined some of the major environmentalesting and sacrifice are just among a few of the many
contingencies that influence the gene expression of th&actors that can profoundly affect the nature of stress-
CRH system, further studies are necessary to evaluate theduced gene expression changes. For example, recent
functional implications of these reported alterations instudies from our lab indicate that there is a different
mRNA levels. The careful measurement of protein levelspoststress time course for the activation of CRH gene
is a critical step in understanding how environmentaltranscription in the PVN versus the thalamus such that
effects on gene expression are translated into actud@VN MRNA levels are elevated immediately but thalamic
changes in the organism’s behavior. Several studies indievels are increased only after several hours (Hsu and
cate that some of the aforementioned stress-inducelfalin 2000). One can imagine that if only a single
changes in CRH system gene expression are in fadmmediate poststress time point were examined, the
accompanied by alterations in the levels of the correspondstress-induced increase in thalamic CRH signal would
ing proteins. For example, as summarized above, probe entirely missed. Thus, there are a number of meth-
longed separation of rat pups from their mothers has beeadological sources for potential variability in reported
found to cause increases in CRH mRNA that are apparerfindings; it is quite possible that separate research
well into adulthood (Plotsky and Meaney 1993). Cortico-groups might therefore reach different conclusions
tropin-releasing hormone immunoreactivity in hypotha-about the stress-induced activation of a particular gene
lamic and extrahypothalamic structures is also increased itranscript if the methodology differs somewhat between
maternally separated rats (Ladd et al 1996; Plotsky anthe two labs.
Meaney 1993). On an endocrine and behavioral level, Itis beyond the scope of this review to characterize the
maternally separated rats exhibit a hypersensitive HP/Aubtle discrepancies in methodology and findings from the
axis response to stress and display an increase in anxietyast number of studies that have been carried out regard-
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ing stress-induced CRH system gene expression. Rathdrase that contains up to 10,000 different nucleotide se-
this article is meant to outline some of the major genequences. The amount and pattern of the hybridization
expression changes that have been observed with differesignal on the screen are then assessed; this method thus
categories of stressors under at least one set of experimepermits a rapid analysis of changes in the expression of
tal conditions, and also to alert readers to some of thenultiple genes. This technology can also be used to
methodological issues that should be considered whelentify single-nucleotide polymorphisms in a particular
evaluating potentially discrepant findings. Future studiesgene by comparing the hybridization patterns of samples
that place a strong emphasis on examining extrahypotharom different candidate populations on chips that contain
lamic brain regions in conjunction with a focus on the multiple copies of the gene of interest, each copy differing
relatively unexplored components of the CRH system (i.e.from the previous one by just one base in the sequence.
urocortin or the CRH receptor) are needed to build our Theoretically, depending on the size of the gene, it would
understanding of how the system as a whole responds thus be possible to carry out a base-by-base examination
stress. Thus, although the examination of stress-inducegf the entire gene on a single gene chip. However, it is
alterations in CRH system gene expression provides alimportant to realize that, though a broad approach can be
important first step in understanding the interface betweemaken with this technology, it may not be sensitive enough
genetic and environmental factors in stress regulation, it i$o detect small but functionally important changes in gene
critical to characterize the effects of stress at multipleexpression. This technology can be applied to preclinical
levels of analysis within the CRH system to truly under-and clinical questions regarding the complex genetic
stand the neural substrates underlying the etiology otontrol of stress and anxiety by examining event-related
stress- and anxiety-related disorders. gene expression changes and also baseline differences
in gene sequences (polymorphisms) that might contrib-
) . ute to differential stress responsivity (Watson and Akil
Future Directions 1999). This technique, along with the recent completion

Although the studies summarized in this review haveOf the Human Genome Project, not only raises the
contributed a great deal of knowledge about the behaviordpotential to simultaneously profile multiple gene ex-
sequelae of alterations in CRH system gene expressioPl€ssion systems at once, but also holds great promise
and some of the contingencies that might lead to gen(fprthe identification of completely novel genes in stress
expression changes in this system, further information igegulation.
needed to understand the precise nature of gene—environ- Perhaps a greater challenge, however, is the elucidation
ment interactions in stress regulation. It is likely that aof the functional role of these new genes in processes
particular stressor results in alterations of gene expressioi¢lated to stress and anxiety. Given this daunting task,
in myriad systems and that the overall response to streg§ethods for more specific and long-term gene targeting
involves the coordination of gene activation and/or sup-Will increasingly gain importance in neuroscience research
pression within these various systems. The pace at whicRimed at uncovering genetic dysregulation relating to
simultaneous effects of an environmental perturbation orPSychopathology. One technique that appears to be very
multiple systems can be identified is somewhat limitedpromising is that of virally mediated gene transfer, in
with the currently described technology. In situ hybridiza- which a gene of interest is cloned into a viral vector (with
tion provides an excellent method for understanding thenost of the viral genome removed to reduce toxicity and
detailed anatomic patterns of gene activation that ensui@fection) and the modified vector is then infused into a
from a particular environmental event but, on a practicalparticular brain region using standard stereotaxic proce-
level, is an inefficient method for evaluating simultaneousdures (for a review, see Simonato et al 2000). Depending
changes in multiple genes. on the gene insertion and the selection of the promoter to
Novel high-throughput technologies have recently beerdrive the expression of the gene, it is possible to obtain
developed that enable thousands of genes to be assayedeither an increase or a decrease in the amount of protein
once. “Gene chips” and “DNA arrays” are two powerful resulting from the gene of interest. This method allows for
new tools for analyzing complex multilocus genetic inter- highly selective gene regulation and thus provides a
actions associated with a particular environmental perturvaluable new tool with which to study the effects of a
bation or disease state (Chee et al 1996; Schena et phrticular gene product on stress-related functioning. The
1996). This approach and its application to psychiatryvirally mediated gene transfer approach also seems to have
research have been discussed comprehensively in a recar@rtain advantages over the current transgenic and anti-
review article (Watson and Akil 1999). Briefly, gene chip sense oligonucleotide strategies: it can be administered to
and DNA array technology involve the hybridization of the animal at any time or into any brain region, it results
gene transcripts from a tissue sample onto a glass-slidi& a fairly robust and long-lasting up- or downregulation of
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