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Immediatebearlygene induction in hippocampus and cortex
as a result of novel experience is not directly related to the
stressfulness of that experience
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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
hypothalamicbpituitarybadrenalHPA) 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 immediatebBearly 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), immediatePearly 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 immediateDearlygene 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 immediatebearly gene induction elicited in hippocampus and cortex, nor does there appear to be a general enhancing or

depressive inBuence of acute stress on immediatePearly gene induction in those brain regions.

Introduction

A key objectivein the studyof stressieurobiologyis to determinehe
extentto which thereareneuralresponsespecibcallyassociatedvith
stressthat constitutea central stressstate. For example,are there
specibc brain neurocircuits that extract Ostressfulnessdm an
experienceand coordinatestressresponses®hen consideringthis
question, it may be important to distinguish betweenthe neural
processingf physicaland psychologicaktressor¢Sawchenke: al.,
1996;Hermanet al., 2003).Althoughmanyphysicalstressorslirectly
activatehomeostasic-relatesbnsorge.g. nociceptorspsmoreceptors,
chemoreceptorand baroreceptorsthat havefairly direct projections
to the hypothalamic paraventricularnucleus (PVN; Watts, 1996;
Herman & Cullinan, 1997; Pacak & Palkovits, 2001), many
experienceghat do not resultin direct activation of thesesensors
also lead to activationof the hypothalamicbpituitarybadrer{elPA)
axis. These OpsychologicabtressorsCare believed to represent
situationsthat are perceivedby the individual as a threatto well-
being(Dayaset al., 2001).

One strategy that has been widely used to assessthe neural
processingf stressorés measuremerdf immediatebearlgene(e.g.
c-fos) expressionin brains of animalsexposedto various stressors
(Sawchenket al., 1996;Kovacs,1998).Thesestudieshaveidentiped
stressor-associateédcreasedimmediateDearlygene expressionpat-
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ternswithin a numberof brain regionswith a focuson a network of
subcorticallimbic and brainstemstructures(Herman & Cullinan,
1997; Senba& Ueyama,1997;Pacak& Palkovits,2001).Severalof
these studies have also noted signibcantinduction of c¢-fos gene
expressionin the hippocampugMelia 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 especiallyimportantfor the higher level neural processing
requiredfor mounting a stressresponseto psychologicalstressors
(Hermanet al., 2003; Mueller et al., 2004). Moreover there is
evidencdrom some but notall, lesionstudiesfor the hippocampuso
modulatestress-inducedHPA axis activity (Magarinoset al., 1987;
Hermanet al., 1989; Hermanet al., 1992; Bradbury et al., 1993;
Feldman& Weidenfeld,1993; Tuvneset al., 2003).

To furtherexploretherole of the hippocampugn neuralresponding
to psychologicalstressorswe examinedthe extent to which the
amountof immediateDearlgeneexpressiorin hippocampuselects
the stressfulnesassociatedvith a novel experiencelt is generally
believedthatthe magnitudeof HPA axisresponsenay be usedasan
indicator of the relative stressfulnes®f an experience(Hennnessy
et al., 1979;Armarioet al., 1986;Dallmanet al., 1987).In this study
we placed rats in several different novel situationsthat we had
previously found to elicit a varying amountof plasmaACTH and
corticosteronsecretior(Pace% Spencer2005).We hypothesizedhat
there should be a correlation betweenthe activity levels of brain
regions(andassociate@mmediatebearlgeneexpression)nvolvedin
processingthe stressfulnes®f theseexperiencesand the resulting
levels of HPA axis activity. As a proof of principle, we examined
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immediatebearlgeneexpressior{c-fos MRNA andzif268 mRNA) in
the neural componentof the HPA axis (PVN). We measured
concurrentimmediatebearlgene expressionin hippocampalsubre-
gions and, for specibcity comparisonpurposes,select regions of
cortex.

Materials and methods
Subjects

Subjectswere young adult (250D305) male Sprague-Dawleyats
(HarlanLaboratories|ndianapolisN, USA). For Experimentl (see
below), rats were pairhousedin hanging wire mesh cages. For
Experiment2, rats were pair-housedn clear polycarbonateéhousing
tubs(47 & 23 & 20 cm)with awoodchiplayeron the Boor. Ratswere
housedin sound-attenuatetboms that were maintainedon a 12-h
lightbdarkcycle (lights on at 07.00h). After arrival at the University
of Coloradoat Boulder animal carefacilities, the rats were given a
2-weekacclimationperiod beforethe onsetof experimentationRat
chow and water were provided ad libitum except during novel
experiencexposureThe experimentatreatmentsook placebetween
08.00and 11.00 (i.e. during the light period of the lightbdarkcycle.
All  experimentswere approved by the University of Colorado
Institutional Animal Careand Use Committee.

Novel experiences

Treatmentsveregivenin aroomadjacento the rat®homeroom for
both experimentsRatswereexposedo oneof four novelexperiences
(tub,arenapedestabr restraintr wereleft undisturbedn theirhome
cage(no-stresontrol). Tub exposureconsistedf placingaratin a
cleanhousingtub (47 & 23 & 20 cm) with (Experimentl) or without
(Experiment2) wood chip Booring.A metalgratelid wassecuredn
the tub to containthe subject,which was otherwisefree to move
around.Arenaexposureconsistedf placinga rat on the Roor of the
testroomwithin alargecircularsheetmetalenclosurg2-m diameter
1-m-highwall). A papermat coveredthe Roor of the arenaand the
subject was free to move around within the enclosure.Pedestal
exposureconsistedof placing rats on a linoleum-coveredwood
surface(27 cm squarehatwasraised60 cm off the groundby four
wooden legs attachedto the undersideof each corner of a wood
platform. A small wood lip (1 & 1 cm) was placed around the
perimeterof the uppersideof the wood pedestal Restraintexposure
consistedf placingratsin a well-ventilated,adjustabldength, clear
Plexiglastube (6.3 cm in diameterand 15.5+ 2.5 cm length).

Experiment 1 general procedure

The brst experimentexaminedthe effect of four different novel
experienceqtub, arena,pedestalor restraint)on HPA axis plasma
hormonelevels and Fos protein expression(in PVN and hippocam-
pus).Ratswererandomlyassignedo six treatmengroups(n = 6D9),
two of which servedasno-stressontrolgroupsandfour consistef
different novel experienceconditions. For the novel experience
groups, rats were exposedto 30 min of one of the four different
novelexperiencedAt theendof this 30 min abloodsamplevastaken
from thetail prior to returningtherat to its homecage.This required
brieRy (within 1 min) placing the rats that had beenexposedto the
tub, arenaor pedestalinto a restrainer Two hours after the end of
novel experience exposure rats were deeply anaesthetizedand
perfusedtranscardiallywith solutions (see Immunohistochemistry

procedure).In previous time-coursestudies we found peak Fos
expressionin PVN and hippocampusl.5D2.5h after restraintonset
(Fevurly & Spencer 2004). One group of control rats was left
undisturbedn thehomecageuntil time of perfusion A seconccontrol
groupwasusedto examinethe extentto which takinga blood sample
in otherwiseundisturbedatswould affect Foslevelsat thetime-point
examined.Thoserats were removedfrom their homecagefor a tall
blood sample2 h before time of perfusion. Experimentationwas
conductedwith three separatecohortsof rats (two or threerats per
treatmengroup per cohort).

Experiment 2 general procedure

The secondexperimentexaminedthe effect of threedifferentnovel
experiencesn HPA axisplasmahormonéevelsandimmediatebearly
geneexpression(c-fos MRNA and zif268 mRNA) in PVN, hippo-
campus and several cortical brain regions. Rats were randomly
assignedo 10 treatmengroups(n = 8 pergroup).A controlgroupof
no-stresgatswerekilled immediatelyafter removalfrom their home
cage.Theremainingratswereexposedo either15, 30 or 60 min of
oneof threedifferentnovel experiencegtub, arenaor restraint).The
experimentvasconductedvith two separateohortsof 40 ratsandall
treatmengroupswere counterbalancetetweencohorts.

Blood sample procedures and plasma hormone measures

Blood samplesverecollectedinto EDTA-coatedtubeseitherfrom the
tip of the tail (Experimentl; tail clip method,300 uL samples)or
from thetrunkfollowing decapitatio{fExperiment2). Plasmasamples
werestoredat) 80! C.

Plasmacorticosteroneand ACTH were measureddy radioimmu-
noassay(Ginsberget al., 2003). The corticosteroneassaymeasures
total (bound and unbound)plasmacorticosteroneand has an assay
sensitivity of 0.5ug00mL for a 20quL sample. Within- and
between-assayoefbcient®f variability were<5%. The ACTH assay
hasanassaysensitivityof 25 pgUnL for a25uL sampleWithin- and
between-assagoefbcientsof variability were 10 and 13%, respec-
tively.

Fos immunohistochemistry

Ratsfrom Experimentl weredeeplyanaesthetizedith an intraperi-
toneal injection of ketamine(75 mgUkg) and xylazine (15 mgkg)
and were then perfusedtranscardiallyvia the ascendingaorta. Rats
were brstperfusedwith 400 mL of 0.01 m phosphate-buffed saline
andthen400 mL of 4% paraformaldehydi 0.1 m phosphatduffer.
Perfusionsolutionswerekeptat 4 ! C duringthe perfusionprocedure.
Brains were removedand storedat 4 ! C in 4% paraformaldehydeb
phosphatduffer solutionfor 48D72h. Brainsweresectioned50 pm
coronal sections)using a vibratome (The Vibratome Company St
Louis, MO, USA). Brain sectionswereincubatedovernightin rabbit
anti-Fosantibody(sc-52;SantaCruz Biotechnology SantaCruz, CA,
USA). Immunoreactivity was visualized using the ABC method
(Vector Laboratories, Inc.). Diaminobenzidine tetrahydrochloride
(0.2 mgUnL), with nickel ammoniumsulphate(6 mgUnL) intensib-
cation, was usedas chromogenNormal goat serum(1.5%) (Vector)
and 0.3% triton-X were included in the incubationsto limit
nonspecibdinding of antibodiesand increasemembranepermeab-
ility, respectively

The numberof Fos-immunoreactiveellsin the PVN (=~ 1.8 mm
posteriorto bregmaj)anddorsalhippocampug~ 3.3 mm posteriorto
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bregma)were manually countedfrom digitized imagesviewed on 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 immunostainingvas
localizedto the medialparvicellularportion of the PVN (seeResults).
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Fig. 1. Effect of four novelexperiencesn HPA axishormonedevelsandFos
protein expressionin PVN. Blood sampleswere taken immedidely after
30 min of novelexperiencétub, arenapedestabr restraintexposureA blood
sample(BS) was also takenfrom one of the no-stresscontrol groups. Two
hours after the end of novel experienceexposurerats were perfusedwith
bxative for subsequenfos immunoreactity measures*P < 0.05 vs. no-
stresscontrol ratswith blood sample(FLSD; n = 6D9).
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Hippocampalcell countswere performedon hippocampalsubdivi-
sions(CA1-CA2,CAS3, innerbladeof dentategyrusandouterbladeof
dentategyrus)usingtheratbrainatlasof Paxinos& Watson(1998)as
avisual guide.Only cellslocatedwithin the principal cell body layer
of eachhippocampakubdivisionwere includedin the counts.Four
sectionsper brain region were analysedrom eachanimal. Separate
countswereperformedor eachhemisphereandtheeightindependent
estimatesper brain were averaged.Sectionswere analysedin a
pseudorandorarderandtheindividual performingthe cell countswas
not awareof the treatmengroupassignment.

In situ hybridization for c-fos mMRNA and zif268

Ratsfrom Experiment2 wererapidly decapitatedby guillotine. Whole
brainswere rapidly removed,frozenin chilled isopentang) 35 !C)
andthenstoredat) 80 ! C. Brainsweresectioned10 pum thick) using
a cryostat (Leica, Nussloch, Germany). Sectionswere saved for
subsequentanalysis from the rostralbcaudalevel of the PVN
(=~ 1.8 mm posteriorto bregma),dorsal hippocampus(x 3.3 mm
posteriorto bregmajandventralhippocampug~ 5.8 mm posteriorto
bregma).Brain sectionswere thaw-mountedon polylysine-coated
slidesandthenstoredat ) 80 ! C for subsequent: situ hybridization
analysis.

Sectionsfrom all three rostralbcauddkvels of eachbrain were
assayedfor c-fos mMRNA expressionAdjacent sectionsfrom each
brainatthelevel of the PVN werealsoassayedor zif268 (alsoknown
as NGFI-A, Krox-24 and Egr-1) mRNA expression.Radiolabelled
(35S-UTR 35S-CTP)antisenseriboprobescomplementaryto c-fos
mRNA (Dr Tom Curran, St Jude Children® ResearchHospital,
Memphis, TN, USA) or zif268 mRNA (Dr JamesHerman)were
generatedn an in vitro transcriptionassay Tissuewas bPxedin 4%
paraformaldehydeacetylated(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 (Campeater al., 1997) and 65 pL was placed
on eachslide (1924 10° c.p.m. per slide) and then coveredwith a
glasscoverslip.Slideswere then placedin sealedplasticincubation
chamberslined with chromotographypaper dampenedwith 50%
formamide and incubated overnight at 55!C. After overnight
incubationcoverslips were removedandthe slideswashedandthen
incubatedin RNAseA (200 ugUnL) 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 exposedto X-ray bIm (Kodak XAR) for
1Bb3weeks.

Table 1. Experimentl: Pearsoncorrelation coefpcient () between the
numberof Fos-positve cells and plasmacorticosteroneor ACTH for PVN
andhippocampakubregions

Pearsorcorrelation coefpcient(r)

Region Fosand corticosterone Fosand ACTH
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

Correlatiorcoefbcientsverecalculatedisingdatafrom all ratsin Experimentl
exceptthe no-bloodsamplecontrolrats(n = 39).*** P < 0.001, ** P < 0.01.
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Imagesfrom autoradiogramsvere digitized and analysedwith the
aid of image analysissoftware (NIH Image v1.62). Analysis was
performed without concurrentknowledge of the treatmentgroup
assignmenfor eachimage.Four brain sliceswereanalysedor each
brain and separatemeasureswere performedfor each hemisphere
yielding eight independengstimateger brain per brain region. The
averageof theseeight estimatesvas usedasthe bnalvaluefor each
brain. Data are expressedas either integratedgrey level (Campeau
et al., 2002) or, in casesvherethe signalwasrestrictedto a narrow
cell layer (hippocampus,piriform cortex, cortical amygdaloid),
average uncalibrated optical density within regions of interest.
Quantibcationof the primary somatosensorgortex (barrel beld),
primary motor cortex, piriform cortexand cortical amygdaloidwere
performedon the same sectionsthat containedthe PVN of the
hypothalamusSeparatsectionsverecollected assaye@éndanalysed
at the level of the dorsal hippocampus(no ventral hippocampus
presentpr ventralhippocampugventralhippocampugprominent) All
six cell layerswereincludedin analysisof the primarysomatosensory
and motor cortex. Only the densestlayer was analysedwithin the
piriform and cortical amygdaloid. For hippocampalanalysis, the
principal cell layer was subdividedinto the CA1-CA2 and CA3

Cresyl Violet

subregionsand the inner and outer blades of the dentategyrus.
Approximatelocationsof brain regionswere determinedbasedon
visualcomparisorof autoradiogramwith imagesn theratbrainatlas
of Paxinos& Watson(1998).

Statistical analysis

Anova was usedto determinewhetherthe experimentatreatments
producedan overall statisticallysignipcant(P < 0.05) effect on the
dependenmeasuresFishe® leastsignibcantdifferencetest (FLSD)
was usedfor post hoc comparison®f specibcgroup differencesA
between-group®ne-way anova followed by FLSD was usedto
analysedatafrom Experimentl. For Experiment2, aone-wayanova
followed by FLSD was usedto determinewhich novel-experience
treatmengroupsdifferedfrom the no-stresgontrolgroup.A two-way
anova (Novel Experiencea Time of Exposure)was then usedto
compare the responseto the different novel experiences.The
correlation (Pearsoncorrelation coefpcientr) betweenFos protein
expression(Experimentl) or c-fos and zif268 mMRNA expression
(Experiment2) and plasmahormone levels was also determined.
For Experiment2, separatecorrelationswere determinedfor each
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Fig. 2. Sample photomicrogaphsof Fosimmunoreativity in the PVN. The top photomicrogaph showsone hemisplere of PVN asrevealedby CresylViolet
staining(PaLM, lateralmagnocellularegion;PaMPR medialparvicelldar region; 3y, third ventricle).Thesolid line showsa representat&region of interestor Fos-
immunoeactivecell countswithin the PVN. Note that Fos-immuneeactivecellswithin the PVN afterarenaor restraintexposurereprimarily localizedwithin the

PaMP
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experienceduration time-point and, in each case,valuesfrom the
no-stresscontrol group were included. All data bguresshow the
meant SEM for the varioustreatmenigroups.

Results

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

Plasma ACTH and corticosterone

There was an overall effect of novel experienceon plasmaACTH

(F434=4.1,P < 0.01)andcorticosterongr 34 = 24.9,P < 0.001).
All experiencesproduced a signibcantincreasein ACTH and
corticosterondevels comparedto the no-stresswith blood sample
control group (FLSD). On a relative basis, pedestaland restraint
exposureproducedsimilar strong increasesn plasmaACTH and
corticosteronelevels whereastub and arena produced moderate
increasesn both hormonedevels(Fig. 1).

Fos in PVN

Therewasalsoan overall effectof experienceon the numberof Fos-
immunoreactiveeellsin the PVN (Fs 4; = 6.8, P < 0.001). Therank
order acrossexperiencegor the meannumberof Fos-positivecells
and the meanlevel of plasmacorticosteronevas identical (Fig. 1).
This overallpositiverelationshipbetweenFosexpressionn the PVN
andHPA axis activity is reRectedn a signibpcantorrelationbetween
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Fig. 3. Effect of four novel experience®n Fos proteinexpressiorin dorsal

hippocampusRatswere exposedto 30 min of novel experiencetub, arena,
pedestalor restraint).Control rats remainedundisturted in their home cage
(Control No BS) or were brieBy removedfrom their home cagefor a blood

samplg(ControlBS). Two hoursaftertheendof novelexperienc@xposureats

were perfusedwith bxativefor subseqgant Fos immunoeactivity measures.
*P < 0.05vs. no-stressontrol ratswith blood sample(FLSD; n = 6D9).
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thenumberof Fos-positivecellsin the PVN andplasmacorticosterone
or plasmaACTH (Table 1). Therewas a small, statisticallynonsig-
nibcant,greatemumberof Fos-positivecellsin the control ratsfrom
which a blood samplewastakenthanin the controlratsfrom which a
blood samplewas not taken Upon visual inspection the majority of
Fos-immunoreactiveells were localizedto the medial parvocellular
portion of the PVN (Fig. 2).

Fos in hippocampus

Therewasalsoanoverallincreaseén the numberof Fos-positivecells
in the CA1-CA2 (Fs41= 7.4, P <0.01) and CA3 (Fs 41 = 14.2,
P < 0.01) subdivisionsof the hippocampusas well asin the inner
blade of the dentate gyrus (Fs41= 5.7, P <0.01) after novel
experienceexposure(Figs 3 and 4). On the other hand, all novel
experiencesed to a signibcantreductionin Fos-positivecellsin the
outerbladeof the dentategyrus(Fs 4, = 6.9, P < 0.05).Interestingly
the between-experiengeatternof Fosexpressiorin CA1-CA2, CA3

andthe innerbladeof the dentategyrusdifferedfrom thatin the PVN

(Figs 1b4).Whereagestraintresultedn the greatestneanamountof

Fos expressionin the PVN for the four experiencesexamined,it

produced the least mean amount of Fos expressionin these
hippocampalsubregionsMoreover Fos expressionn thesehippo-
campalsubregionsafter restraintwas no greaterthanin the control
group that was subjectecto a brief blood sample.Consequentlyin

contrastto the PVN, therewas not a signibcantcorrelationbetween
hippocampaFos expressiorand hormonelevels (Table 1).

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

In orderto examinefurtherthe dissociatiorin the relativeamountsof
Fos expressionproduced by restraint comparedto other novel
experiencesn the PVN and hippocampusa follow-up experiment
was conducted This experimentexaminedthe time-coursefor c-fos
mRNA inductionin responséo tub, arenaandrestraintexposureDue
to the relatively large number of treatmentgroups and subjects
resultingfrom the additionof the time variablewe omittedfrom this
secondexperimenthe pedestakxperienceln an attemptto examine
three different experiencegshat differed in their magnitudeof HPA
axisactivity, we decidedto dropthe pedestakxperienceasin the brst
experimentit producedvery similar HPA axisactivity asrestraint\We
retainedtherestraintexperiencéecausét hasbeenwidely utilized in
stresgesearchExpressiorpatterngor c-fos mMRNAwereexaminedn
the PVN and hippocampusin addition, in orderto determinethe
specibcityof experience-dependenifos expressionpatternsin the
hippocampuswe alsoexaminedmmediatebearlgeneexpressionn
neocorticalandallocorticalbrain regionspresenton brain sectionsat
therostralbcaudddvel of the PVN. Finally, to determinghe extentto
which the differential patternof c-fos mMRNA expressionobserved
generalizesto other markers of general neuronal activity, zif268
MRNA expressiorwasalsoevaluatedor someof thesebrainregions
(PVN, primary somatosensorgortexand primary motor cortex).

Plasma ACTH and corticosterone

Therewas an overall effect of novel experienceexposureon plasma
ACTH (Fg70=22.9, P<0.01) and corticosterone levels
(F9,70= 46.4,P < 0.01). Therewasa gradedincreasen corticoster
onelevelsfor the threeexperiencesyith a small,moderateandlarge
increaseproducedby tub, arenaand restraintexposure respectively
(Fig.5). Themeanlevel of ACTH secretiorcollapsingacrosshethree
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Fig. 4. Samplephotomicrogaphsof Fosimmunoreativity in the dorsalhippocampusThe top photomicographshowsone hemisphereof hippocampusas
revealedby Cresyl Violet staining. The solid lines show representat® regionsof interestfor Fos-imnunoreactivecell countswithin the varioushippocampal
subregdns.Sampleof Fosimmunoreactiity from threeof the treatmengroups(no stresswithoutblood sample arenaexposureandrestraintexposue) areshown

for a portion of the indicatedhippocampabubregions.

time-points also exhibited the same rank order for the three
experiences.

c-Fos mRNA in PVN

TherewasanoverallsigniPcaninductionof ¢-fos mMRNA in the PVN
in responséo novelexperiencexposurgFg 70 = 10.8,P < 0.01).As
wasthe casefor ACTH levels, restraintproduceda largeincreasen
c-fos mMRNA in the PVN whereasthere was a much smaller but
statisticallysignibpcantjncreasan responseo arenaandtub (Figs5
and6). The amountof c-fos MRNA expressiorin the PVN for each
experienceduration time-point (including the no-stressvalues)was

positively correlatedwith plasmacorticosteroneand plasmaACTH
(Table2).

c-Fos mRNA in hippocampus

Analysis of the expressiorof c-fos mMRNA in the hippocampusvas
performed separatelyfor the CA1-CA2 and CA3 hippocampal
subregionsandthe inner and outerbladesof the dentategyrustaken
from the dorsalhippocampugFig. 6) and the ventral hippocampus.
The relative patternsof resultswere very similar and did not differ
statisticallybetweenthe dorsaland ventral hippocampusFor econ-
omy of presentatiorpurposesve show only the dorsalhippocampal
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Fig. 5. Effect of threenovel experience®n HPA axis hormonelevels and
c-fos MRNA in PVN. Blood samplesandbraintissuewerecollectedfrom rats
immediatelyafter15, 30 or 60 min of novelexperiencétub, arenaor restraint)
or from no-stres¢0 min) controlrats(n = 8). *P < 0.05vs. no-streszontrol
rats(FLSD). *P < 0.05betweemovelexperiencewhencollapsingacrosgime
(FLSD).

data.In all casesexceptheouterbladeof thedentategyrus,therewas
a signibcanbveralleffectof novel experiencéFy 7o rangedfrom 3.1
to 7.2, P < 0.01). Consistentwith the resultsseenin Experimentl,
restraint produced the least amount of c¢-fos MRNA in the
hippocampuscomparedto the responseto the other experiences
(Figs 6 and 7). Therewas not a signibcantcorrelationbetweenc-fos
expressiorandplasmahormonedevelsfor any hippocampasubregion
or experiencedurationtime-point(Table 2).

c-Fos mRNA in cortical regions

The expressiorof c-fos MRNA was examinedin four cortical areas:
primarysomatosensorgortex(barrelpeld),primarymotorcortexand
two limbic associatiororticalareaqcorticalamygdaloicandpiriform
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cortex;Fig. 6). In eachcorticalregiontherewasa substantiaincrease
in c-fos MRNA afternovelexperiencéFs zorangedrom 12.8to 30.7,
P < 0.01), and the pattern of relative expressionlevels between
experiencesvasvery similar for eachof thesecortical areasandthe
hippocampugFigs 7 and 8). Post hoc testscollapsingacrosstime
indicatethatin eachcortical regiontherewasa greaterevel of c-fos
mRNA in respons¢o arenaexposurehantub exposurebothof which
producedgreaterlevelsthan restraintexposure With one exception,
therewas not a signibcantcorrelationbetweenc-fos expressiorand
plasmahormone levels for any cortical subregionor experience
durationtime-point(Table2). The oneexceptiorwasa smallpositive
correlationbetweenc-fos mRNA in the somatosensorgortex and
plasmacorticosteronat the 15-mintime-point(r = 0.38,P = 0.03).

Zif268 mRNA in PVN, primary motor and somatosensory cortex

Therelativepatternof zif268 mMRNA expressiofin the PVN wasvery
similar to that seenfor c-fos mMRNA (Fig. 9). There were barely
detectabldevels of zif268 mMRNA in control rats and progressively
greaterincreasesfor the three novel experiencestub, arena,and
restraint,respectively(Fg 70 = 27.2, P < 0.01). Therewas a positive
correlationbetweerPVN zif268 mMRNA andplasmacorticosteronéor
eachexperiencedurationtime-point (15-min, » = 0.78, P < 0.0001;
30-min,» = 0.87,P < 0.0001;60-min,r = 0.87,P < 0.0001).There
was a similar positive correlationbetweenPVN zif268 mRNA and
plasmaACTH (15-min, » = 0.75, P < 0.0001; 30-min, r = 0.84,
P < 0.0001;60-min,» = 0.77,P < 0.0001).

There were relatively high constitutive levels of zif268 mMRNA
expressiofin primarysomatosensorgndmotorcortexof theno-stress
controlrats(Fig. 9). Zif268 mRNA levelsincreasedignibcantlyin the
somatosensorycortex (Fg70= 4.8, P <0.01) and motor cortex
(Fo,70= 12.5, P < 0.01) with novel experienceexposure.As was
the casefor c-fosmRNA expressionthe experience-dependefi?68
mMRNA expressionlevels in the primary somatosensorgand motor
cortex differed from the PVN. In these cortical regions restraint
producedaloweramountof inductionthanin tub andarenaandin the
caseof the motor cortexthe increasevasnot statisticallysignipcant.
There was not a statistically signibcantcorrelationbetweenzif268
mRNA levels in the somatosensoryr motor cortex and plasma
hormone levels for any experienceduration time-point (» ranged
between) 0.23and0.26,P > 0.1).

Discussion

In this studywe examinedherelationshipbetweerhippocampat-fos
geneexpressiorinducedby four differentnovel experiencegempty
housingtub, circulararenaglevatechbedestabr restraintube)andthe
stressfulnessf thoseexperienceasrepresentetly HPA axisactivity.
As none of these experiencesare believed to directly activate
homeostatic-relatedensorsthe stressfulnessf thesenovel experi-
encesmust somehowbe derived from integration of the primary
exteroceptivesensoryinformation associatedwvith each experience
(Hermaner al., 2003). Restraintand pedestalreliably producedthe
largest magnitudeof increasedACTH and corticosteronesecretion,
arenaan intermediatdevel (Experiment2) and tub the leastmagni-
tude of increase Theredoesnot appearto be any simple stimulus
dimensionsuchasfeaturenovelty or enclosuresizethat canaccount
for the differentialHPA axis responsdo thesevariousexperiences.
Consequentlthestressfulnessf theexperiencenaydependn high-
levelneuralintegrationof the situation. Whateverfeatureprocessings
involved, this study illustratesa remarkablyconsistentgradationof
HPA axis responseo the variousexperiencesicrossndividual rats.
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No
Stress

Restraint

Fig. 6. Sampleautoradiogamsof c-fos MRNA in situ hybridizatia at therostralbcaud#evel of the PVN or in thedorsalhippocampusT hetop diagramgadapted
from Paxinos& Watson,1998)depictin bold outlineregionsof interesthatwereusedfor quantibcatiorof relativec-fos mRNA levels(M1, primarymotorcortex;
BF, barrelbeldof primarysomatosensyg cortex;Pir, piriform cortex;ACo, corticalamygdaloid) Sampleautoradiogamsarepresentedrom ratsexposedo 60 min

of arenaor restraint,andfrom a control no-stressat.
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Table 2. Experiment2: Pearsoncorrelation coefbcient(r) betweenc-fos
mRNA andplasmacorticosteroner ACTH for PVN, hippocampbandcortical
subregions

Pearson correlation coefbcient () after onset of novel

experience
At 15 min At 30 min At 60 min
c-fos + c-fos+ c-fos+ c-fos+ c-fos+ c-fos+
Region CORT ACTH CORT ACTH CORT ACTH
PVN 0.65*** 0.76** 0.80** 0.75* 0.57* Q.57+
CA1-CA2 010 )0.13 )0.03 )0.13 )020 )omn
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 )O0.04
Outerblade 0.07 0.08 )o01 )0.04 )0.15 )0.09
Somatosensypr 0.38* 0.03 0.17 )0.01 )O0.03 0.12
cortex
Motor cortex 0.18 ) 0.11 0.29 0.16 )0.09 0.12
Cortical 0.33 )0.03 0.26 0.07 0.02 0.12
amygdabid
Piriform cortex0.32 ) 0.05 0.25 0.05 )0.06 0.06

CORT, plasmacorticosteroneSeparateorrelatio coefpcientsverecalculated
for thec-fosmRNA andhormonédevelspresentn rats15, 30 and60 min after
onsetof novel experienceln eachcasethe valuesfor control (no-stressyats
wereincluded(n = 32).*** P < 0.001, *P < 0.05.

Discriminationbetweerthe complexstimuli usedin this studyand
detectionof their novelty undoubtedlyinvolveshippocampaprocess-
ing (Squireet al., 2004).If the hippocampugontributeso assessing
the stressfulnessf a novelexperiencethenperhapghe overallneural
activity (and associatedmmediateDearlygene expression)of that
brain region correlatesclosely with the magnitudeof the HPA axis
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#
#
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x o *
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Fig. 7. Effect of three novel experiencedn c-fos mMRNA levelsin dorsal
hippocampusBrain tissuewas collectedfrom ratsimmediatelyafter 15, 30 or
60 min of novel experiencdtub, arenaor restraintjor from no-stresg0 min)
control rats (n = 8). *P < 0.05 vs. no-strescontrol rats (FLSD). “P < 0.05
betweemovel experieneswhencollapsing acrosgtime (FLSD).
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Fig. 8. Effect of threenovel experience®n c-fos mRNA levelsin cortex.
Brain tissuewas collectedfrom rats immediatelyafter 15, 30 or 60 min of

novelexperiencdtub, arenaor restraint)or from no-stresg0 min) controlrats
(n = 8). *P < 0.05vs. no-stresxcontrol rats (FLSD). “P < 0.05 vs. between
novel experiencesvhencollapsing acrosstime (FLSD).

responseAs a validationof this approachwe examinedthe relative
levelsof immediatebearlgeneexpressiorin the PVN for eachof our

novel experiencesWe found that there was a good relationship
betweertheamountof Fosproteinor c-fos mMRNA thatwasinducedin

the PVN andthe magnitudeof the hormonalresponseThis resultis

consistentwith other studies Pnding that Fos expressionin brain
regionsthatreceivedirectsensoryinput varieswith stimulusintensity
(Campeawt Watson,1997). Within the PVN, this relationshipmay
not be maintainedwhen comparingresponse®etweenphysicaland
psychologicaktressordEmmert& Herman,1999).

As the rapid c-fos induction in the PVN primarily ref3ectsthe
increasedransynapti@xcitatoryinput to this brainregion(Morgan&
Curran,1991),similar relativelevelsof c-fos expressiommay be seen
in otherbrainregionsthatareresponsibldor therelativemagnitudeof
HPA axis activation.Interestinglyin the brstexperimente found a
markeddissociationin therelativelevelsof Fosexpressioracrosshe
four experiencesn hippocampuscomparedto PVN. Specibcally
whereasrestraint produced strong Fos induction in the PVN it
producedthe least Fos induction in the hippocampusWe saw the
same general pattern in all hippocampal subregions, with the
exceptionof the outerbladeof the dentategyrusin which therewas
an experience-dependedecreasén Fos. This unusualpatternof a
decreasein dentate gyrus Fos expressionafter acute experience
(restrainthasbeenreportedbefore(Chowdhuryet al., 2000; Fevurly
& Spencer2004).

When re3ectingon the overall low level of Fosinductionin the
hippocampusafter restraint,we consideredthe possibility that this
might be a resultof one importantdistinction betweenthe restraint
experienceandthe otherexperiencesAlthough eachexperiencevas
novel, restraintwas the only experiencein which the rat couldnOt
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;
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Fig. 9. Effect of threenovelexperienesonzif268 mRNA levelsin PVN, somatosensg cortexandmotorcortex.Braintissuewascollectedfrom ratsimmedidely
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Leeet al., 2005),the differentamountsof explorationassociatedvith
eachexperiencemay largely accountfor the correspondingelative
hippocampalFos expression Further supportfor this notion is the
observationthat there was a greateramountof Fos expressionin
responseo placementn anarenaor on a pedestathanin arelatively
small housing tub. It appearsthat c-fos gene induction in the
hippocampugrimarily reBectshippocampaprocessingf thevarious
stimulusfeatureof a novelexperienceatherthanstressfulnessf that
experienceA study by Campeau& Watson (1997) illustratesthe
importance of using carefully selectedcomparisonconditions to
separatethe patternof c¢-fos induction due to the primary sensory
processingf loud auditory stimuli from processingof the stressful-
ness of that stimuli. Whether or not stress can modulate the
experience-dependentagnitudeor patternof immediatebDearlgene
inductionin the hippocampugemainsto be determined.From our
experimentve canconcludethatthe low amountof Fosexpressionn
the hippocampusof rats placedin a restraineris not due to some
generainhibitory inBuenceof streswor corticosteronen hippocampal
immediatebearlgeneinduction. If suchwerethe casethen pedestal
exposure,which producedhigh levels of corticosteronesecretion
similar to those presentduring restraint, should also have been
associatedvith low levelsof hippocampaFos expression.

Our secondexperimenexaminedurther the differential patternof
Fos expressionin the PVN and hippocampusn responseo these
novel experiencesThis 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 mMRNA
expressionpatternsparallelledvery closely the Fos protein expres-
sion patternsobservedin the brst experiment.Again, of the three
novel experienceexaminedin the secondexperiment(tub, arena

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

In order to determine whether the relative pattern of c-fos
expressionacrossthe three novel experiencesvas unique to the
hippocampuswe alsoexamined:-fos expressionn severafunction-
ally distinctregionsof cortex.For this comparisorwe examinedwo
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 regions may be importantfor integrating
emotionaltone with olfactory information (Majak et al., 2004). The
patternof greaterc-fos induction with tub and arenaexposurethan
with restraintwas presenin both of thesecorticalregions.

We also examineda portion of the primary motor cortex and a
region of primary somatosensorygortex that receivesthe primary
sensoryafferentsfrom vibrissae(barrel beld). Interestingly we saw
very similar patternof c-fos expressionn primarymotorandprimary
somatosensongcortex, with restraint producing a relatively small
increasan c-fos mMRNA andtub or arenaexposureproducingmuch
greaterincreaseslt is notablethat thesedifferenceswere already
pronouncedby 15 min after experienceonset, indicating that the
relative c-fos expressionpatternswere initiated very early after
experienceonset.Suchclear differencesbetweeneachexperiencen
immediatebearlgeneinductionin theseprimary cortical areaswas
unexpecte@sthe absoluteamountof somatosensoryput andmotor
activity appeargo be similar for eachexperiencegspeciallyshortly
afterexperiencenset Ratsplacedin arestraintubeareinitially very
activeasthey attemptto backout, turn aroundandgenerallystruggle
to escapehe restrainersDuring this time ratsalso continuouslyrub

» 2005 Federatia of Europea Neuroscienc&ocieties European Journal of Neuroscience, 22, 1679D180



againstthe walls of the restraingrundoubtedlyactivatingsomatosen-
sory receptoron the surfaceof their body andthoseassociatedvith
their vibrissae.Perhapghe relativeamountof c-fos inductionwithin
the primarysomatosensomgortexis morecloselyassociategvith how
the sensoryinformation is usedthan with the absoluteamount of
sensoryinput. Similarly, within the primary motor cortexthe relative
amountof 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
activeratherthanpassiveresponsés requiredfrom the subject.These
task-dependertifferencesn neuralactivity level areoften presenin
primary sensorycortical regions,and have beeninterpretedas an
exampleof top-downneuralregulationof early cortical processingf
sensoryinformation (Shulmanet al., 1997). The amountof experi-
ence-dependentfos inductionin cortical regionsseenin this study
may not simply ref3ectthe generalamountof neuronalactivity within
that brain region (Labiner et al., 1993; Hoffman & Lyo, 2002).
Insteadthec-fos inductionmaybetterreRecthe specibaeuralplastic
demand®f thatexperienceln eithercasetheamountof corticalc-fos
induction was substantiallygreaterfor experienceghat allowed for
active explorationof the novel environment.

In the secondexperimentwe also examinedthe expressionof
anotherimmediatebearlgene,zif268. The zif268 gene has higher
levelsof constitutiveexpressionn cortexthanc-fosandits expression
levels, at leastin visual cortex, have beenshownto changemore
dynamically with ongoing steady-statelevels of neural activity
(Kaplanet al., 1996). Within the PVN, therewere barely detectable
levelsof zif268 mRNA in brainsfrom no-stressats,perhapsefecting
the low intrinsic activity of theseneuronsduring the trough of the
circadiancycleof HPA axisactivity (Dallmanet al., 1987).Therewas
a signibcantand rapid induction of PVN zif268 mRNA with each
experienceandtherelativeincreasesloselyparalleledhoseseenfor
c-fos mMRNA in the PVN, with restraintproducingthe largestincrease.
Althoughtherewererelatively high levelsof zif268 expressiorin the
primary somatosensorgnd motor cortex of no-stresgats, the levels
increasedurtherwith eachexperienceand,aswasthe casefor c¢-fos,
there was greaterinduction in responseto tub and arenathan to
restraint.This resultindicateghatthe experience-dependeandbrain
region-specib@atternof c-fos mMRNA seenin this study was not
uniqueto the cellular activity reportedby c-fos geneexpressiorbut
was also evident with anotherwidely expressedmmediatebearly
gene.

It is not likely that the intensity coding of psychologicalktressors
is determined within the PVN as the corticotropin-releasing
hormone motor neuronsreceive limited direct input from sensory
cortical brain regions(Sawchenkeet al., 1996). Consequentlythose
neurons do not receive the necessaryafferent information to
discriminatebetweenexperiencesuchas placemenin a tub, arena,
pedestalor restrainttube. The relative levels of ¢-fos expressiorin
the PVN probably rel3ectrelative levels of net excitatoryinput to
thosecells. If this excitatoryinput comesprimarily from someother
population of cells, one would expect that those afferent cells
would also have greaterlevels of activity and c-fos expressiorwith
moreintensestressorghan with lessintensestressorsAlthough the
hippocampusdoes not satisfy this condition, it may be fruitful to
look for other brain regions whose activity levels in responseto
various psychological stressorscorrelatesclosely with HPA axis
activation. Such brain regions may be key integrators of the
stressfulnes®f an experienceand may serve as generatorsof a
stressstate.In supportof this prospect,Dayaset al. (2001) have
found that restraint and other psychological stressorsproduce a
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subregionaldifferential pattern of Fos induction in the amygdala
and medullacomparedo somephysicalstressorghaemorrhagand
immune challenge).

In summarythe amountof immediatePearlgeneinductionin the
PVN was positively correlatedwith the magnitudeof the HPA axis
responseo an acutepsychologicabktressarin contrastthe patternof
differentialimmediatebearlgene expressionthroughoutcortex and
hippocampusvas associateanore with the extentof active explora-
tion availablewith eachexperiencahanlevel of HPA axisactivation.
This latter result also indicatesthat the amountof immediatePearly
geneexpressiorin hippocampusindcortexwasnOtrgely dependent
on nonspecibtevelsof arousalasonewould expectgreatetdevelsof
arousalwith moreintensestressors.
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