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Abstract

The stressful quality of an experience, as perceived by rats, is believed to be largely represented by the magnitude of a
hypothalamicÐpituitaryÐadrenal(HPA) axis response. The hippocampus may be especially important for assessing the stressfulness
of psychological stressors such as novel experience. If such is the case then experience-dependent immediateÐearly gene
expression levels within the hippocampus may parallel relative levels of HPA axis activity. We examined this prospect in rats that
were placed in four different novel environments (empty housing tub, circular arena, elevated pedestal or restraint tube). Restraint
and pedestal produced the largest magnitude of increased ACTH and corticosterone secretion, arena an intermediate level
(Experiment 2) and tub the least magnitude of increase. We saw a very similar experience-dependent pattern of relative Fos protein,
c-fos mRNA and zif268 mRNA expression in the paraventricular nucleus of the hypothalamus. However, in hippocampus (and select
regions of cortex), immediateÐearly gene expression was associated with the exploratory potential of the novel experience rather
than level of HPA axis activity; pedestal and arena elicited the greatest immediateÐearlygene expression, tub an intermediate level
and restraint the least amount of expression. We conclude that the stressfulness of psychological stressors is not represented by the
amount of immediateÐearlygene induction elicited in hippocampus and cortex, nor does there appear to be a general enhancing or
depressive inßuence of acute stress on immediateÐearlygene induction in those brain regions.

Introduction

A key objectivein thestudyof stressneurobiologyis to determinethe
extentto which thereareneuralresponsesspeciÞcallyassociatedwith
stressthat constitutea central stressstate.For example,are there
speciÞc brain neurocircuits that extract ÔstressfulnessÕfrom an
experienceand coordinatestressresponses?When consideringthis
question, it may be important to distinguish betweenthe neural
processingof physicalandpsychologicalstressors(Sawchenkoet al.,
1996;Hermanet al., 2003).Althoughmanyphysicalstressorsdirectly
activatehomeostasic-relatedsensors(e.g.nociceptors,osmoreceptors,
chemoreceptorsandbaroreceptors)that havefairly direct projections
to the hypothalamicparaventricularnucleus (PVN; Watts, 1996;
Herman & Cullinan, 1997; Pacak & Palkovits, 2001), many
experiencesthat do not result in direct activation of thesesensors
also lead to activationof the hypothalamicÐpituitaryÐadrenal(HPA)
axis. These ÔpsychologicalstressorsÕare believed to represent
situationsthat are perceivedby the individual as a threat to well-
being(Dayaset al., 2001).

One strategy that has been widely used to assessthe neural
processingof stressorsis measurementof immediateÐearlygene(e.g.
c-fos) expressionin brains of animalsexposedto various stressors
(Sawchenkoet al., 1996;Kovacs,1998).ThesestudieshaveidentiÞed
stressor-associatedincreasedimmediateÐearlygene expressionpat-

ternswithin a numberof brain regionswith a focuson a networkof
subcortical limbic and brainstemstructures(Herman & Cullinan,
1997;Senba& Ueyama,1997;Pacak& Palkovits,2001).Severalof
these studies have also noted signiÞcantinduction of c-fos gene
expressionin the hippocampus(Melia et al., 1994; Cullinan et al.,
1995; Ryabinin et al., 1995; Bozas et al., 1997; Kovacs, 1998;
Chowdhuryet al., 2000; Figueiredoet al., 2002).The hippocampus
may be especiallyimportant for the higher level neural processing
required for mounting a stressresponseto psychologicalstressors
(Herman et al., 2003; Mueller et al., 2004). Moreover, there is
evidencefrom some,but not all, lesionstudiesfor thehippocampusto
modulatestress-inducedHPA axis activity (Magarinoset al., 1987;
Hermanet al., 1989; Hermanet al., 1992; Bradbury et al., 1993;
Feldman& Weidenfeld,1993;Tuvneset al., 2003).

To furtherexploretheroleof thehippocampusin neuralresponding
to psychologicalstressors,we examinedthe extent to which the
amountof immediateÐearlygeneexpressionin hippocampusreßects
the stressfulnessassociatedwith a novel experience.It is generally
believedthat themagnitudeof HPA axis responsemaybe usedasan
indicator of the relative stressfulnessof an experience(Hennnessy
et al., 1979;Armario et al., 1986;Dallmanet al., 1987).In this study
we placed rats in several different novel situations that we had
previously found to elicit a varying amountof plasmaACTH and
corticosteronesecretion(Pace& Spencer, 2005).Wehypothesizedthat
there should be a correlationbetweenthe activity levels of brain
regions(andassociatedimmediateÐearlygeneexpression)involvedin
processingthe stressfulnessof theseexperiencesand the resulting
levels of HPA axis activity. As a proof of principle, we examined
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immediateÐearlygeneexpression(c-fos mRNA andzif268 mRNA) in
the neural component of the HPA axis (PVN). We measured
concurrentimmediateÐearlygeneexpressionin hippocampalsubre-
gions and, for speciÞcitycomparisonpurposes,select regions of
cortex.

Materials and methods

Subjects

Subjectswere young adult (250Ð305g) male Sprague-Dawleyrats
(HarlanLaboratories,Indianapolis,IN, USA). For Experiment1 (see
below), rats were pair-housed in hanging wire mesh cages.For
Experiment2, rats were pair-housedin clear polycarbonatehousing
tubs(47 á 23 á 20 cm)with a woodchiplayeron theßoor. Ratswere
housedin sound-attenuatedrooms that were maintainedon a 12-h
lightÐdarkcycle (lights on at 07.00h). After arrival at the University
of Coloradoat Boulder animal carefacilities, the rats were given a
2-weekacclimationperiod beforethe onsetof experimentation.Rat
chow and water were provided ad libitum except during novel
experienceexposure.Theexperimentaltreatmentstook placebetween
08.00and11.00 (i.e. during the light periodof the lightÐdarkcycle.
All experimentswere approved by the University of Colorado
InstitutionalAnimal CareandUseCommittee.

Novel experiences

Treatmentsweregiven in a roomadjacentto the ratÕs homeroomfor
bothexperiments.Ratswereexposedto oneof four novelexperiences
(tub,arena,pedestalor restraint)or wereleft undisturbedin theirhome
cage(no-stresscontrol).Tub exposureconsistedof placinga rat in a
cleanhousingtub (47 á 23 á 20 cm) with (Experiment1) or without
(Experiment2) wood chip ßooring.A metalgratelid wassecuredon
the tub to contain the subject,which was otherwisefree to move
around.Arenaexposureconsistedof placinga rat on the ßoor of the
testroomwithin a largecircularsheetmetalenclosure(2-m diameter,
1-m-highwall). A papermat coveredthe ßoor of the arenaand the
subject was free to move around within the enclosure.Pedestal
exposureconsistedof placing rats on a linoleum-coveredwood
surface(27 cm square)that wasraised60 cm off the groundby four
wooden legs attachedto the undersideof each corner of a wood
platform. A small wood lip (1 á 1 cm) was placed around the
perimeterof the uppersideof the wood pedestal.Restraintexposure
consistedof placingratsin a well-ventilated,adjustablelength,clear
Plexiglastube(6.3 cm in diameterand15.5 ± 2.5 cm length).

Experiment 1 general procedure

The Þrst experimentexaminedthe effect of four different novel
experiences(tub, arena,pedestalor restraint)on HPA axis plasma
hormonelevelsand Fos proteinexpression(in PVN and hippocam-
pus).Ratswererandomlyassignedto six treatmentgroups(n ¼ 6Ð9),
two of which servedasno-stresscontrolgroupsandfour consistedof
different novel experienceconditions. For the novel experience
groups, rats were exposedto 30 min of one of the four different
novelexperiences.At theendof this30 min abloodsamplewastaken
from the tail prior to returningthe rat to its homecage.This required
brießy (within 1 min) placing the rats that had beenexposedto the
tub, arenaor pedestalinto a restrainer. Two hours after the end of
novel experienceexposure rats were deeply anaesthetizedand
perfused transcardiallywith solutions (see Immunohistochemistry

procedure).In previous time-coursestudies we found peak Fos
expressionin PVN and hippocampus1.5Ð2.5h after restraintonset
(Fevurly & Spencer, 2004). One group of control rats was left
undisturbedin thehomecageuntil timeof perfusion.A secondcontrol
groupwasusedto examinetheextentto which takinga bloodsample
in otherwiseundisturbedratswould affect Foslevelsat thetime-point
examined.Thoseratswereremovedfrom their homecagefor a tail
blood sample2 h before time of perfusion. Experimentationwas
conductedwith threeseparatecohortsof rats (two or threerats per
treatmentgroupper cohort).

Experiment 2 general procedure

The secondexperimentexaminedthe effect of threedifferentnovel
experienceson HPA axisplasmahormonelevelsandimmediateÐearly
geneexpression(c-fos mRNA and zif268 mRNA) in PVN, hippo-
campus and several cortical brain regions. Rats were randomly
assignedto 10 treatmentgroups(n ¼ 8 pergroup).A controlgroupof
no-stressratswerekilled immediatelyafter removalfrom their home
cage.The remainingratswereexposedto either15, 30 or 60 min of
oneof threedifferentnovel experiences(tub, arenaor restraint).The
experimentwasconductedwith two separatecohortsof 40 ratsandall
treatmentgroupswerecounterbalancedbetweencohorts.

Blood sample procedures and plasma hormone measures

Blood sampleswerecollectedinto EDTA-coatedtubeseitherfrom the
tip of the tail (Experiment1; tail clip method,300 lL samples)or
from thetrunkfollowing decapitation(Experiment2). Plasmasamples
werestoredat ) 80 !C.

Plasmacorticosteroneand ACTH were measuredby radioimmu-
noassay(Ginsberget al., 2003). The corticosteroneassaymeasures
total (bound and unbound)plasmacorticosteroneand has an assay
sensitivity of 0.5 lg Ú100 mL for a 20-lL sample. Within- and
between-assaycoefÞcientsof variability were< 5%.TheACTH assay
hasanassaysensitivityof 25 pgÚmL for a 25-lL sample.Within- and
between-assaycoefÞcientsof variability were 10 and 13%, respec-
tively.

Fos immunohistochemistry

Ratsfrom Experiment1 weredeeplyanaesthetizedwith an intraperi-
toneal injection of ketamine(75 mgÚkg) and xylazine (15 mgÚkg)
and were then perfusedtranscardiallyvia the ascendingaorta.Rats
wereÞrstperfusedwith 400 mL of 0.01m phosphate-bufferedsaline
andthen400 mL of 4% paraformaldehydein 0.1 m phosphatebuffer.
Perfusionsolutionswerekeptat 4 !C duringtheperfusionprocedure.
Brains were removedand storedat 4 !C in 4% paraformaldehydeÐ
phosphatebuffer solutionfor 48Ð72h. Brainsweresectioned(50 lm
coronal sections)using a vibratome(The VibratomeCompany, St
Louis, MO, USA). Brain sectionswereincubatedovernightin rabbit
anti-Fosantibody(sc-52;SantaCruzBiotechnology, SantaCruz,CA,
USA). Immunoreactivity was visualized using the ABC method
(Vector Laboratories, Inc.). Diaminobenzidine tetrahydrochloride
(0.2 mgÚmL), with nickel ammoniumsulphate(6 mgÚmL) intensiÞ-
cation,wasusedaschromogen.Normal goatserum(1.5%) (Vector)
and 0.3% triton-X were included in the incubations to limit
nonspeciÞcbinding of antibodiesand increasemembranepermeab-
ility, respectively.

The numberof Fos-immunoreactivecells in the PVN (" 1.8 mm
posteriorto bregma)anddorsalhippocampus(" 3.3 mm posteriorto
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bregma)weremanuallycountedfrom digitized imagesviewedon a
computermonitor with the aid of a computerizedimage analysis
program(NIH Imagev1.62).PVN cell countswereperformedon the
entire PVN (both medial parvicellular and lateral magnocellular
regions);however, the majority of the positive immunostainingwas
localizedto themedialparvicellularportionof thePVN (seeResults).

Hippocampalcell countswere performedon hippocampalsubdivi-
sions(CA1-CA2,CA3, innerbladeof dentategyrusandouterbladeof
dentategyrus)usingtheratbrainatlasof Paxinos& Watson(1998)as
a visualguide.Only cells locatedwithin theprincipalcell body layer
of eachhippocampalsubdivisionwere includedin the counts.Four
sectionsper brain region were analysedfrom eachanimal.Separate
countswereperformedfor eachhemisphere,andtheeightindependent
estimatesper brain were averaged.Sectionswere analysedin a
pseudorandomorderandtheindividualperformingthecell countswas
not awareof the treatmentgroupassignment.

In situ hybridization for c-fos mRNA and zif268

Ratsfrom Experiment2 wererapidlydecapitatedby guillotine.Whole
brainswere rapidly removed,frozen in chilled isopentane() 35 !C)
andthenstoredat ) 80 !C. Brainsweresectioned(10 lm thick) using
a cryostat (Leica, Nussloch, Germany). Sectionswere saved for
subsequentanalysis from the rostralÐcaudallevel of the PVN
(" 1.8 mm posterior to bregma),dorsal hippocampus(" 3.3 mm
posteriorto bregma)andventralhippocampus(" 5.8 mm posteriorto
bregma).Brain sectionswere thaw-mountedon polylysine-coated
slidesandthenstoredat ) 80 !C for subsequentin situ hybridization
analysis.

Sectionsfrom all three rostralÐcaudallevels of eachbrain were
assayedfor c-fos mRNA expression.Adjacent sectionsfrom each
brainat thelevelof thePVN werealsoassayedfor zif268 (alsoknown
as NGFI-A, Krox-24 and Egr-1) mRNA expression.Radiolabelled
(35S-UTP, 35S-CTP)antisenseriboprobescomplementaryto c-fos
mRNA (Dr Tom Curran, St Jude ChildrenÕs ResearchHospital,
Memphis, TN, USA) or zif268 mRNA (Dr JamesHerman) were
generatedin an in vitro transcriptionassay. Tissuewas Þxedin 4%
paraformaldehyde,acetylated(0.1 m triethanolamine,pH 8.0, and
0.25% acetic anhydride) and dehydrated prior to exposure to
riboprobe. The selected radioactive riboprobes were diluted in
hybridizationbuffer (Campeauet al., 1997) and 65 lL was placed
on eachslide (1Ð2á 106 c.p.m. per slide) and then coveredwith a
glasscoverslip.Slideswere then placedin sealedplastic incubation
chamberslined with chromotographypaper dampenedwith 50%
formamide and incubated overnight at 55 !C. After overnight
incubationcoverslips wereremovedandthe slideswashedandthen
incubatedin RNAseA (200lgÚmL) for 1 h at 37 !C. Slideswere
then subjectedto a high stringency incubation (15 mm sodium
chloride, 1.5 mm sodium citrate, pH 7.4) for 1 h at 70 !C. After
drying, slides were exposed to X-ray Þlm (Kodak XAR) for
1Ð3weeks.
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Fig . 1. Effect of four novelexperienceson HPA axishormonelevelsandFos
protein expressionin PVN. Blood sampleswere taken immediately after
30 min of novelexperience(tub,arena,pedestalor restraint)exposure.A blood
sample(BS) was also taken from one of the no-stresscontrol groups.Two
hours after the end of novel experienceexposurerats were perfusedwith
Þxative for subsequentFos immunoreactivity measures.*P < 0.05 vs. no-
stresscontrol ratswith blood sample(FLSD; n ¼ 6Ð9).

Table 1. Experiment1: Pearsoncorrelation coefÞcient (r) between the
numberof Fos-positive cells and plasmacorticosteroneor ACTH for PVN
andhippocampalsubregions

Region

Pearsoncorrelation coefÞcient(r)

Fosandcorticosterone FosandACTH

PVN 0.53*** 0.45**
CA1-CA2 0.24 ) 0.02
CA3 ) 0.10 0.03

DG
Innerblade ) 0.11 ) 0.05
Outerblade ) 0.27 ) 0.29

CorrelationcoefÞcientswerecalculatedusingdatafrom all ratsin Experiment1
excepttheno-bloodsamplecontrolrats(n ¼ 39). *** P < 0.001, ** P < 0.01.
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Imagesfrom autoradiogramsweredigitized andanalysedwith the
aid of image analysissoftware (NIH Image v1.62). Analysis was
performed without concurrentknowledge of the treatmentgroup
assignmentfor eachimage.Four brain sliceswereanalysedfor each
brain and separatemeasureswere performedfor each hemisphere
yielding eight independentestimatesper brain per brain region.The
averageof theseeight estimateswasusedasthe Þnalvaluefor each
brain. Data are expressedas either integratedgrey level (Campeau
et al., 2002)or, in caseswherethe signalwasrestrictedto a narrow
cell layer (hippocampus,piriform cortex, cortical amygdaloid),
average uncalibrated optical density within regions of interest.
QuantiÞcationof the primary somatosensorycortex (barrel Þeld),
primary motor cortex,piriform cortexand cortical amygdaloidwere
performed on the same sectionsthat containedthe PVN of the
hypothalamus.Separatesectionswerecollected,assayedandanalysed
at the level of the dorsal hippocampus(no ventral hippocampus
present)or ventralhippocampus(ventralhippocampusprominent).All
six cell layerswereincludedin analysisof theprimarysomatosensory
and motor cortex. Only the densestlayer was analysedwithin the
piriform and cortical amygdaloid. For hippocampalanalysis, the
principal cell layer was subdivided into the CA1-CA2 and CA3

subregionsand the inner and outer blades of the dentategyrus.
Approximatelocationsof brain regionswere determinedbasedon
visualcomparisonof autoradiogramswith imagesin theratbrainatlas
of Paxinos& Watson(1998).

Statistical analysis

Anova was usedto determinewhetherthe experimentaltreatments
producedan overall statisticallysigniÞcant(P < 0.05) effect on the
dependentmeasures.FisherÕs leastsigniÞcantdifferencetest (FLSD)
was usedfor post hoc comparisonsof speciÞcgroup differences.A
between-groupsone-way anova followed by FLSD was used to
analysedatafrom Experiment1. ForExperiment2, aone-wayanova
followed by FLSD was usedto determinewhich novel-experience
treatmentgroupsdifferedfrom theno-stresscontrolgroup.A two-way
anova (Novel Experienceá Time of Exposure)was then used to
compare the responseto the different novel experiences.The
correlation(PearsoncorrelationcoefÞcientr) betweenFos protein
expression(Experiment1) or c-fos and zif268 mRNA expression
(Experiment2) and plasma hormone levels was also determined.
For Experiment2, separatecorrelationswere determinedfor each

3v

Cresyl Violet

Fos Imm unoreactivity

No Stress Arena Restraint

3v 3v 3v

PaLMPaMP

250 µm

Fig . 2. Samplephotomicrographsof Fos immunoreactivity in the PVN. The top photomicrographshowsonehemisphereof PVN asrevealedby CresylViolet
staining(PaLM,lateralmagnocellularregion;PaMP, medialparvicellular region;3v, third ventricle).Thesolid line showsarepresentative region of interestfor Fos-
immunoreactivecell countswithin thePVN. NotethatFos-immunoreactivecellswithin thePVN afterarenaor restraintexposureareprimarily localizedwithin the
PaMP.
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experienceduration time-point and, in each case,values from the
no-stresscontrol group were included. All data Þguresshow the
mean± SEM for the varioustreatmentgroups.

Results

Experiment 1: effects of novel experience on plasma hormone
and Fos protein levels

Plasma ACTH and corticosterone

Therewas an overall effect of novel experienceon plasmaACTH
(F4,34 ¼ 4.1,P < 0.01)andcorticosterone(F4,34 ¼ 24.9,P < 0.001).
All experiencesproduced a signiÞcant increase in ACTH and
corticosteronelevels comparedto the no-stresswith blood sample
control group (FLSD). On a relative basis, pedestaland restraint
exposureproducedsimilar strong increasesin plasmaACTH and
corticosteronelevels whereas tub and arena produced moderate
increasesin both hormoneslevels(Fig. 1).

Fos in PVN

Therewasalsoan overalleffectof experienceon thenumberof Fos-
immunoreactivecells in the PVN (F5,41 ¼ 6.8,P < 0.001).The rank
order acrossexperiencesfor the meannumberof Fos-positivecells
and the meanlevel of plasmacorticosteronewas identical (Fig. 1).
This overallpositiverelationshipbetweenFosexpressionin thePVN
andHPA axisactivity is reßectedin a signiÞcantcorrelationbetween

thenumberof Fos-positivecellsin thePVN andplasmacorticosterone
or plasmaACTH (Table 1). Therewas a small, statisticallynonsig-
niÞcant,greaternumberof Fos-positivecells in the control ratsfrom
which a bloodsamplewastakenthanin thecontrolratsfrom which a
blood samplewasnot taken. Upon visual inspection,the majority of
Fos-immunoreactivecells were localizedto the medialparvocellular
portion of the PVN (Fig. 2).

Fos in hippocampus

Therewasalsoanoverall increasein thenumberof Fos-positivecells
in the CA1-CA2 (F5,41 ¼ 7.4, P < 0.01) and CA3 (F5,41 ¼ 14.2,
P < 0.01) subdivisionsof the hippocampusas well as in the inner
blade of the dentate gyrus (F5,41 ¼ 5.7, P < 0.01) after novel
experienceexposure(Figs 3 and 4). On the other hand, all novel
experiencesled to a signiÞcantreductionin Fos-positivecells in the
outerbladeof thedentategyrus(F5,41 ¼ 6.9,P < 0.05).Interestingly,
the between-experiencepatternof Fosexpressionin CA1-CA2, CA3
andtheinnerbladeof thedentategyrusdifferedfrom thatin thePVN
(Figs 1Ð4).Whereasrestraintresultedin thegreatestmeanamountof
Fos expressionin the PVN for the four experiencesexamined,it
produced the least mean amount of Fos expression in these
hippocampalsubregions.Moreover, Fos expressionin thesehippo-
campalsubregionsafter restraintwas no greaterthan in the control
group that was subjectedto a brief blood sample.Consequently, in
contrastto the PVN, therewasnot a signiÞcantcorrelationbetween
hippocampalFosexpressionandhormonelevels(Table1).

Experiment 2: effects of novel experience on plasma hormone,
c-fos mRNA and zif268 mRNA levels

In orderto examinefurtherthedissociationin therelativeamountsof
Fos expressionproduced by restraint compared to other novel
experiencesin the PVN and hippocampus,a follow-up experiment
was conducted.This experimentexaminedthe time-coursefor c-fos
mRNA inductionin responseto tub,arenaandrestraintexposure.Due
to the relatively large number of treatmentgroups and subjects
resultingfrom the additionof the time variablewe omittedfrom this
secondexperimentthe pedestalexperience.In an attemptto examine
threedifferent experiencesthat differed in their magnitudeof HPA
axisactivity, we decidedto dropthepedestalexperienceasin theÞrst
experimentit producedvery similarHPA axisactivity asrestraint.We
retainedtherestraintexperiencebecauseit hasbeenwidely utilized in
stressresearch.Expressionpatternsfor c-fos mRNAwereexaminedin
the PVN and hippocampus.In addition, in order to determinethe
speciÞcityof experience-dependentc-fos expressionpatternsin the
hippocampus,we alsoexaminedimmediateÐearlygeneexpressionin
neocorticalandallocorticalbrain regionspresenton brain sectionsat
therostralÐcaudallevelof thePVN. Finally, to determinetheextentto
which the differential patternof c-fos mRNA expressionobserved
generalizesto other markers of general neuronal activity, zif268
mRNA expressionwasalsoevaluatedfor someof thesebrainregions
(PVN, primarysomatosensorycortexandprimarymotor cortex).

Plasma ACTH and corticosterone

Therewasan overall effectof novel experienceexposureon plasma
ACTH (F9,70 ¼ 22.9, P < 0.01) and corticosterone levels
(F9,70 ¼ 46.4,P < 0.01).Therewasa gradedincreasein corticoster-
onelevelsfor the threeexperiences,with a small,moderateandlarge
increaseproducedby tub, arenaand restraintexposure,respectively
(Fig.5). Themeanlevelof ACTH secretioncollapsingacrossthethree
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Fig . 3. Effect of four novel experienceson Fosproteinexpressionin dorsal
hippocampus.Ratswereexposedto 30 min of novel experience(tub, arena,
pedestalor restraint).Control rats remainedundisturbed in their homecage
(Control No BS) or werebrießy removedfrom their homecagefor a blood
sample(ControlBS).Two hoursaftertheendof novelexperienceexposurerats
were perfusedwith Þxative for subsequent Fos immunoreactivity measures.
*P < 0.05vs. no-stresscontrol ratswith blood sample(FLSD; n ¼ 6Ð9).
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time-points also exhibited the same rank order for the three
experiences.

c-Fos mRNA in PVN

TherewasanoverallsigniÞcantinductionof c-fos mRNA in thePVN
in responseto novelexperienceexposure(F9,70 ¼ 10.8,P < 0.01).As
wasthe casefor ACTH levels,restraintproduceda largeincreasein
c-fos mRNA in the PVN whereasthere was a much smaller, but
statisticallysigniÞcant,increasein responseto arenaand tub (Figs 5
and6). The amountof c-fos mRNA expressionin the PVN for each
experienceduration time-point (including the no-stressvalues)was

positively correlatedwith plasmacorticosteroneand plasmaACTH
(Table2).

c-Fos mRNA in hippocampus

Analysisof the expressionof c-fos mRNA in the hippocampuswas
performed separatelyfor the CA1-CA2 and CA3 hippocampal
subregionsandthe inner andouterbladesof the dentategyrustaken
from the dorsalhippocampus(Fig. 6) and the ventralhippocampus.
The relativepatternsof resultswere very similar and did not differ
statisticallybetweenthe dorsaland ventral hippocampus.For econ-
omy of presentationpurposeswe showonly the dorsalhippocampal

CA1

CA3

Inner
Blade

Outer
Blade

Cresyl Violet

No Stress Arena Restraint

CA1-CA2

CA3

Inner Blade

Outer Blade

Fos Imm unoreactivity

Dentate Gyrus

200 µm

Fig . 4. Samplephotomicrographsof Fos immunoreactivity in the dorsalhippocampus.The top photomicrographshowsone hemisphereof hippocampusas
revealedby Cresyl Violet staining.The solid lines show representative regionsof interestfor Fos-immunoreactivecell countswithin the varioushippocampal
subregions.Samplesof Fosimmunoreactivity from threeof thetreatmentgroups(no stresswithoutbloodsample,arenaexposureandrestraintexposure)areshown
for a portionof the indicatedhippocampalsubregions.
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data.In all cases,excepttheouterbladeof thedentategyrus,therewas
a signiÞcantoveralleffectof novelexperience(F9,70 rangedfrom 3.1
to 7.2, P < 0.01). Consistentwith the resultsseenin Experiment1,
restraint produced the least amount of c-fos mRNA in the
hippocampuscomparedto the responseto the other experiences
(Figs 6 and7). Therewasnot a signiÞcantcorrelationbetweenc-fos
expressionandplasmahormonelevelsfor anyhippocampalsubregion
or experiencedurationtime-point(Table2).

c-Fos mRNA in cortical regions

The expressionof c-fos mRNA wasexaminedin four cortical areas:
primarysomatosensorycortex(barrelÞeld),primarymotorcortexand
two limbic associationcorticalareas(corticalamygdaloidandpiriform

cortex;Fig. 6). In eachcorticalregiontherewasa substantialincrease
in c-fos mRNA afternovelexperience(F9,70rangedfrom 12.8to 30.7,
P < 0.01), and the pattern of relative expressionlevels between
experienceswasvery similar for eachof thesecorticalareasandthe
hippocampus(Figs 7 and 8). Post hoc testscollapsingacrosstime
indicatethat in eachcortical regiontherewasa greaterlevel of c-fos
mRNA in responseto arenaexposurethantubexposure,bothof which
producedgreaterlevels than restraintexposure.With one exception,
therewas not a signiÞcantcorrelationbetweenc-fos expressionand
plasma hormone levels for any cortical subregionor experience
durationtime-point(Table2). Theoneexceptionwasa smallpositive
correlationbetweenc-fos mRNA in the somatosensorycortex and
plasmacorticosteroneat the15-min time-point(r ¼ 0.38,P ¼ 0.03).

Zif268 mRNA in PVN, primary motor and somatosensory cortex

Therelativepatternof zif268 mRNA expressionin thePVN wasvery
similar to that seenfor c-fos mRNA (Fig. 9). There were barely
detectablelevels of zif268 mRNA in control rats and progressively
greater increasesfor the three novel experiences,tub, arena,and
restraint,respectively(F9,70 ¼ 27.2,P < 0.01).Therewasa positive
correlationbetweenPVN zif268 mRNA andplasmacorticosteronefor
eachexperiencedurationtime-point (15-min, r ¼ 0.78,P < 0.0001;
30-min,r ¼ 0.87,P < 0.0001;60-min,r ¼ 0.87,P < 0.0001).There
was a similar positive correlationbetweenPVN zif268 mRNA and
plasma ACTH (15-min, r ¼ 0.75, P < 0.0001; 30-min, r ¼ 0.84,
P < 0.0001;60-min, r ¼ 0.77,P < 0.0001).

There were relatively high constitutive levels of zif268 mRNA
expressionin primarysomatosensoryandmotorcortexof theno-stress
controlrats(Fig. 9).Zif268 mRNA levelsincreasedsigniÞcantlyin the
somatosensorycortex (F9,70 ¼ 4.8, P < 0.01) and motor cortex
(F9,70 ¼ 12.5, P < 0.01) with novel experienceexposure.As was
thecasefor c-fosmRNA expression,theexperience-dependentzif268
mRNA expressionlevels in the primary somatosensoryand motor
cortex differed from the PVN. In these cortical regions restraint
produceda loweramountof inductionthanin tubandarena,andin the
caseof the motor cortexthe increasewasnot statisticallysigniÞcant.
There was not a statisticallysigniÞcantcorrelationbetweenzif268
mRNA levels in the somatosensoryor motor cortex and plasma
hormone levels for any experienceduration time-point (r ranged
between) 0.23 and0.26,P > 0.1).

Discussion

In thisstudyweexaminedtherelationshipbetweenhippocampalc-fos
geneexpressioninducedby four differentnovel experiences(empty
housingtub,circulararena,elevatedpedestalor restrainttube)andthe
stressfulnessof thoseexperiencesasrepresentedby HPA axisactivity.
As none of these experiencesare believed to directly activate
homeostatic-relatedsensors,the stressfulnessof thesenovel experi-
encesmust somehowbe derived from integration of the primary
exteroceptivesensoryinformation associatedwith each experience
(Hermanet al., 2003). Restraintand pedestalreliably producedthe
largest magnitudeof increasedACTH and corticosteronesecretion,
arenaan intermediatelevel (Experiment2) and tub the leastmagni-
tude of increase.Theredoesnot appearto be any simple stimulus
dimensionsuchasfeaturenovelty or enclosuresizethat canaccount
for the differentialHPA axis responseto thesevariousexperiences.
Consequently, thestressfulnessof theexperiencemaydependonhigh-
levelneuralintegrationof thesituation.Whateverfeatureprocessingis
involved, this study illustratesa remarkablyconsistentgradationof
HPA axis responseto the variousexperiencesacrossindividual rats.
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Fig . 6. Sampleautoradiogramsof c-fos mRNA in situ hybridization at therostralÐcaudal levelof thePVN or in thedorsalhippocampus.Thetopdiagrams(adapted
from Paxinos& Watson,1998)depictin bold outlineregionsof interestthatwereusedfor quantiÞcationof relativec-fos mRNA levels(M1, primarymotorcortex;
BF, barrelÞeldof primarysomatosensory cortex;Pir, piriform cortex;ACo, corticalamygdaloid).Sampleautoradiogramsarepresentedfrom ratsexposedto 60 min
of arenaor restraint,andfrom a controlno-stressrat.
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Discriminationbetweenthecomplexstimuli usedin this studyand
detectionof their noveltyundoubtedlyinvolveshippocampalprocess-
ing (Squireet al., 2004).If the hippocampuscontributesto assessing
thestressfulnessof a novelexperience,thenperhapstheoverallneural
activity (and associatedimmediateÐearlygene expression)of that
brain region correlatesclosely with the magnitudeof the HPA axis

response.As a validationof this approach,we examinedthe relative
levelsof immediateÐearlygeneexpressionin thePVN for eachof our
novel experiences.We found that there was a good relationship
betweentheamountof Fosproteinor c-fos mRNA thatwasinducedin
the PVN andthe magnitudeof the hormonalresponse.This result is
consistentwith other studiesÞnding that Fos expressionin brain
regionsthatreceivedirectsensoryinput varieswith stimulusintensity
(Campeau& Watson,1997).Within the PVN, this relationshipmay
not be maintainedwhen comparingresponsesbetweenphysicaland
psychologicalstressors(Emmert& Herman,1999).

As the rapid c-fos induction in the PVN primarily reßectsthe
increasedtransynapticexcitatoryinput to this brainregion(Morgan&
Curran,1991),similar relativelevelsof c-fos expressionmaybeseen
in otherbrainregionsthatareresponsiblefor therelativemagnitudeof
HPA axis activation.Interestingly, in the Þrstexperimentwe found a
markeddissociationin therelativelevelsof Fosexpressionacrossthe
four experiencesin hippocampuscomparedto PVN. SpeciÞcally,
whereasrestraint produced strong Fos induction in the PVN it
producedthe least Fos induction in the hippocampus.We saw the
same general pattern in all hippocampal subregions,with the
exceptionof the outerbladeof the dentategyrus in which therewas
an experience-dependentdecreasein Fos. This unusualpatternof a
decreasein dentategyrus Fos expressionafter acute experience
(restraint)hasbeenreportedbefore(Chowdhuryet al., 2000;Fevurly
& Spencer, 2004).

When reßectingon the overall low level of Fos induction in the
hippocampusafter restraint,we consideredthe possibility that this
might be a result of one importantdistinction betweenthe restraint
experienceandthe otherexperiences.Although eachexperiencewas
novel, restraintwas the only experiencein which the rat couldnÕt
engagein active exploration of the novel enclosure.Given the
important role of the hippocampusin processingnovel spatial
information(Olton et al., 1979; Knight, 1996; Jenkinset al., 2004;

Table 2. Experiment2: Pearsoncorrelation coefÞcient(r) betweenc-fos
mRNA andplasmacorticosteroneor ACTH for PVN, hippocampal andcortical
subregions

Region

Pearson correlation coefÞcient (r) after onset of novel
experience

At 15 min At 30 min At 60 min

c-fos +
CORT

c-fos +
ACTH

c-fos +
CORT

c-fos +
ACTH

c-fos +
CORT

c-fos +
ACTH

PVN 0.65*** 0.76*** 0.80*** 0.75*** 0.57*** 0.57***
CA1-CA2 0.10 ) 0.13 ) 0.03 ) 0.13 ) 0.20 ) 0.11
CA3 0.13 ) 0.07 ) 0.10 ) 0.18 ) 0.12 ) 0.01

DG
Innerblade 0.06 ) 0.15 ) 0.06 ) 0.21 ) 0.09 ) 0.04
Outerblade 0.07 0.08 ) 0.11 ) 0.04 ) 0.15 ) 0.09

Somatosensory
cortex

0.38* 0.03 0.17 ) 0.01 ) 0.03 0.12

Motor cortex 0.18 ) 0.11 0.29 0.16 ) 0.09 0.12
Cortical

amygdaloid
0.33 ) 0.03 0.26 0.07 0.02 0.12

Piriform cortex 0.32 ) 0.05 0.25 0.05 ) 0.06 0.06

CORT, plasmacorticosterone. Separatecorrelation coefÞcientswerecalculated
for thec-fosmRNA andhormonelevelspresentin rats15,30 and60 min after
onsetof novel experience.In eachcasethe valuesfor control (no-stress)rats
wereincluded(n ¼ 32). *** P < 0.001, *P < 0.05.
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Leeet al., 2005),thedifferentamountsof explorationassociatedwith
eachexperiencemay largely accountfor the correspondingrelative
hippocampalFos expression.Furthersupport for this notion is the
observationthat there was a greateramountof Fos expressionin
responseto placementin anarenaor on a pedestalthanin a relatively
small housing tub. It appearsthat c-fos gene induction in the
hippocampusprimarily reßectshippocampalprocessingof thevarious
stimulusfeaturesof anovelexperienceratherthanstressfulnessof that
experience.A study by Campeau& Watson (1997) illustratesthe
importanceof using carefully selectedcomparisonconditions to
separatethe patternof c-fos induction due to the primary sensory
processingof loud auditorystimuli from processingof the stressful-
ness of that stimuli. Whether or not stress can modulate the
experience-dependentmagnitudeor patternof immediateÐearlygene
induction in the hippocampusremainsto be determined.From our
experimentwe canconcludethatthelow amountof Fosexpressionin
the hippocampusof rats placedin a restraineris not due to some
generalinhibitory inßuenceof stressor corticosteroneon hippocampal
immediateÐearlygeneinduction.If suchwerethe casethenpedestal
exposure,which producedhigh levels of corticosteronesecretion
similar to those presentduring restraint, should also have been
associatedwith low levelsof hippocampalFosexpression.

Our secondexperimentexaminedfurther the differentialpatternof
Fos expressionin the PVN and hippocampusin responseto these
novel experiences.This experimentdeterminedwhetherthis differ-
ence would be manifest at the level of c-fos mRNA, and it
examinedthe time-courseof the c-fos induction. The c-fos mRNA
expressionpatternsparallelledvery closely the Fos protein expres-
sion patternsobservedin the Þrst experiment.Again, of the three
novel experiencesexaminedin the secondexperiment(tub, arena

and restraint), restraint produced the largest induction of c-fos
mRNA in the PVN and the smallestinduction in eachhippocampal
subregion.

In order to determine whether the relative pattern of c-fos
expressionacrossthe three novel experienceswas unique to the
hippocampus,we alsoexaminedc-fos expressionin severalfunction-
ally distinct regionsof cortex.For this comparisonwe examinedtwo
cortical areas,piriform cortex and the associatedanterior cortical
nucleusof the amygdala(Sahet al., 2003), that exhibit strongc-fos
induction with stressorexposure(Kovacs,1998; Figueiredoet al.,
2002). Theseallocortical regionsmay be important for integrating
emotionaltone with olfactory information(Majak et al., 2004).The
patternof greaterc-fos induction with tub and arenaexposurethan
with restraintwaspresentin both of thesecortical regions.

We also examineda portion of the primary motor cortex and a
region of primary somatosensorycortex that receivesthe primary
sensoryafferentsfrom vibrissae(barrel Þeld). Interestingly, we saw
verysimilarpatternsof c-fos expressionin primarymotorandprimary
somatosensorycortex, with restraint producing a relatively small
increasein c-fos mRNA and tub or arenaexposureproducingmuch
greaterincreases.It is notable that thesedifferenceswere already
pronouncedby 15 min after experienceonset, indicating that the
relative c-fos expressionpatterns were initiated very early after
experienceonset.Suchcleardifferencesbetweeneachexperiencein
immediateÐearlygeneinduction in theseprimary cortical areaswas
unexpectedastheabsoluteamountof somatosensoryinput andmotor
activity appearsto be similar for eachexperience,especiallyshortly
afterexperienceonset.Ratsplacedin a restrainttubeareinitially very
activeastheyattemptto backout, turn aroundandgenerallystruggle
to escapethe restrainers.During this time ratsalsocontinuouslyrub
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againstthe walls of the restrainer, undoubtedlyactivatingsomatosen-
sory receptorson the surfaceof their body andthoseassociatedwith
their vibrissae.Perhapsthe relativeamountof c-fos inductionwithin
theprimarysomatosensorycortexis morecloselyassociatedwith how
the sensoryinformation is used than with the absoluteamountof
sensoryinput. Similarly, within the primarymotor cortexthe relative
amount of c-fos induction may dependmore on the higher level
coordinationof motor activity than on the absolutelevel of motor
activity. A commonfeatureof neuroimagingstudiesis that greater
neural activity is elicited by stimuli during trials in which a more
activeratherthanpassiveresponseis requiredfrom thesubject.These
task-dependentdifferencesin neuralactivity level areoftenpresentin
primary sensorycortical regions,and have been interpretedas an
exampleof top-downneuralregulationof earlycorticalprocessingof
sensoryinformation (Shulmanet al., 1997). The amountof experi-
ence-dependentc-fos induction in cortical regionsseenin this study
maynot simply reßectthegeneralamountof neuronalactivity within
that brain region (Labiner et al., 1993; Hoffman & Lyo, 2002).
Instead,thec-fos inductionmaybetterreßectthespeciÞcneuralplastic
demandsof thatexperience.In eithercase,theamountof corticalc-fos
induction was substantiallygreaterfor experiencesthat allowed for
activeexplorationof the novel environment.

In the secondexperimentwe also examinedthe expressionof
anotherimmediateÐearlygene,zif268. The zif268 genehas higher
levelsof constitutiveexpressionin cortexthanc-fosandits expression
levels, at least in visual cortex, have beenshown to changemore
dynamically with ongoing steady-statelevels of neural activity
(Kaplanet al., 1996).Within the PVN, therewerebarelydetectable
levelsof zif268 mRNA in brainsfrom no-stressrats,perhapsreßecting
the low intrinsic activity of theseneuronsduring the trough of the
circadiancycleof HPA axisactivity (Dallmanet al., 1987).Therewas
a signiÞcantand rapid induction of PVN zif268 mRNA with each
experience,andtherelativeincreasescloselyparalleledthoseseenfor
c-fos mRNA in thePVN, with restraintproducingthelargestincrease.
Although therewererelativelyhigh levelsof zif268 expressionin the
primary somatosensoryandmotor cortexof no-stressrats,the levels
increasedfurtherwith eachexperienceand,aswasthe casefor c-fos,
there was greaterinduction in responseto tub and arenathan to
restraint.This resultindicatesthattheexperience-dependentandbrain
region-speciÞcpatternof c-fos mRNA seenin this study was not
uniqueto the cellular activity reportedby c-fos geneexpressionbut
was also evident with another widely expressedimmediateÐearly
gene.

It is not likely that the intensitycodingof psychologicalstressors
is determined within the PVN as the corticotropin-releasing
hormonemotor neuronsreceive limited direct input from sensory
cortical brain regions(Sawchenkoet al., 1996).Consequently, those
neurons do not receive the necessaryafferent information to
discriminatebetweenexperiencessuchasplacementin a tub, arena,
pedestalor restrainttube. The relative levels of c-fos expressionin
the PVN probably reßectrelative levels of net excitatory input to
thosecells. If this excitatoryinput comesprimarily from someother
population of cells, one would expect that those afferent cells
would also havegreaterlevelsof activity and c-fos expressionwith
more intensestressorsthan with lessintensestressors.Although the
hippocampusdoes not satisfy this condition, it may be fruitful to
look for other brain regions whose activity levels in responseto
various psychologicalstressorscorrelatesclosely with HPA axis
activation. Such brain regions may be key integrators of the
stressfulnessof an experienceand may serve as generatorsof a
stressstate.In supportof this prospect,Dayas et al. (2001) have
found that restraint and other psychologicalstressorsproduce a

subregionaldifferential pattern of Fos induction in the amygdala
and medullacomparedto somephysicalstressors(haemorrhageand
immune challenge).

In summary, the amountof immediateÐearlygeneinductionin the
PVN was positively correlatedwith the magnitudeof the HPA axis
responseto anacutepsychologicalstressor. In contrast,thepatternof
differential immediateÐearlygeneexpressionthroughoutcortex and
hippocampuswasassociatedmorewith the extentof activeexplora-
tion availablewith eachexperiencethanlevel of HPA axisactivation.
This latter result also indicatesthat the amountof immediateÐearly
geneexpressionin hippocampusandcortexwasnÕtlargelydependent
on nonspeciÞclevelsof arousalasonewould expectgreaterlevelsof
arousalwith moreintensestressors.
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