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Levels of c-fos mRNA were measured
with in situ hybridization to test for behaviorally
dependent
changes in neuronal activity in three subdivisions
of hippocampus
and in
components
of the olfactory
and visual systems. In rats
that performed
a well-learned
nose-poke
response
for water reward, c-fos mRNA levels were broadly increased,
relative to values in home cage-control
rats, in visual cortex,
superior
colliculus,
olfactory bulb, and, to comparable
levels, regions CA3 and CA1 of hippocampus;
hybridization
was not increased
in the dentate gyrus. In rats first trained
on the nose-poke
behavior and then required
to discriminate between two odors for water reward, the increase in
c-fos mFlNA was generally
not as great and was more regionally
differentiated.
Thus, in olfactory
bulb, hybridization was more greatly elevated in lateral than medial fields,
thereby exhibiting
regional activation
corresponding
to the
topographic
representation
of the predominant
odor sampled in the discrimination
task. In hippocampus
of odordiscrimination
rats, c-fos mRNA levels were far greater in
the region CA3 than region CAl, but remained at cage control values
in stratum
granulosum.
Interestingly,
c-fos
mRNA levels in each hippocampal
subdivision
were highly
correlated
with levels in other regions (e.g., visual cortex)
for home cage controls
but not for rats in the two behavioral groups. Thus, c-fos mRNA levels in cage-control
rats
appeared to be regulated
by some generalized
factor acting
throughout
much of the brain (e.g., arousal),
while odordiscrimination
performance
changed the pattern of expression within hippocampus,
and allowed for a differentiated
response
by olfactory
regions to emerge. These findings
suggest that hippocampus
possesses
multiple
modes of
functioning
and makes contributions
to behavior that vary
according
to task demands.
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Identifying brain systemsthat exhibit relatively higher or lower
levels of neuronalactivity in associationwith the encoding and
use of memory is an important goal of behavioral neuroscience.
Induction of the proto-oncogenec-fos hasconsiderablepotential
with regard to this problem. Depolarization rapidly stimulates
c-fos transcription in a Ca*+-dependentmanner (Greenberg et
al., 1986; Morgan and Cur-ran,1986) with the resultantincrease
in mRNA and protein providing a marker for active neurons
(Hunt et al., 1987; Morgan et al., 1987; Sagar et al., 1988); in
accord with this, in situ hybridization and immunocytochemical
studieshave establisheda correspondencebetweenc-fbs mRNA
expression,Fos staining, and the uptake of 2-deoxyglucose, a
marker for metabolicactivity (Sharp et al., 1989; Ehret and Fischer, 1991; Guthrie et al., 1993). Thesestudieson well-defined
sensory/motor systemsconfirm that areas containing neurons
with high levels of fos induction are targets of the stimuli used
as test probes.Induction of c-fos has also been obtainedin certain learning paradigms.Increased levels of mRNA were reported in hippocampusand visual cortex of rats following training on a two-way active avoidancetask (Nikolaev et al., 1992),
as were differential concentrationsin the brainstemof rabbits
after pseudoconditioningversus conditioning of the nictitating
membranereflex (Irwin et al., 1992). Enhancedc-fos expression
also occurred in the accessoryolfactory bulb of female mice in
correlation with the encodingof memory for male pheromones
(Brennan et al., 1992).
The presentstudiesused c-JbsmRNA expressionto investigate the involvement of visual, olfactory, and hippocampal
regions in the acquisition of a two-odor discrimination. Importantly, they testedthe possibility that the subfieldsof hippocampus aredifferentially active during initial learningof an olfactory
discrimination. A number of hypotheseshave been advanced
regarding the role of hippocampusin memory such as, for example, that it promotes consolidation in other brain regions
(Squire et al., 1984; Squire, 1986) or encodeslong-term information about spatialrelationships(O’Keefe and Nadel, 1978) or
the configuration of spatialand other types of cues(Wicklegren,
1979; Halgren, 1984; Squire et al., 1984; Lynch, 1986; Eichenbaum et al., 1992), or it provides for a kind of “working memory” of behaviorsexecuted in the recent past (Olton et al., 1979;
Olton et al., 1980). Lessattention has been given to the possibility that the subdivisionsof the hippocampusmight be differentially active, dependingupon task demands,allowing for the
compositestructure to play multiple roles in learning and other
behaviors. However, Winson (1984) demonstratedthat at each
juncture of the trisynaptic chain there is either a selective re-
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striction or a lack of restriction of neuronal transmission, the
effect depending on the behavioral state of the experimental animal. Along the same lines, Buzsaki (1989) proposed that the
two principal cell types of the hippocampus, the pyramidal neurons and granule cells, are maximally active during different
behaviors. Recently, Sybirska et al. (1994) found limited subfields of region CAI, but not CA3, were activated in association
with the execution of spatially defined learned behaviors. The
organization of hippocampal outputs is further suggestive of
such an idea. Field CA3 projects massively to the lateral septum
(Swanson and Cowan, 1977), which, in turn, densely innervates
the lateral hypothalamic region (Swanson, 1977). At least some
component of the latter connection is GABAergic (Stevens et
al., 1987; Gritti et al., 1994), suggesting that the CA3-septalhypothalamic circuit is inhibitory in nature. The CA1 region of
hippocampus, in contrast, sends most of its efferents to the subiculum and retrohippocampal cortex, areas that project to ventral
striatum (nucleus accumbens), anterior olfactory nucleus, neocortex (Jay and Witter, 1991), and into the Papez circuit (Witter
et al., 1989; Van Groen and Wyss, 1990). The two hippocampal
outputs are thus directed at very different targets that have been
associated with different types of behavior (Evarts et al., 1984;
Chozick, 1985; Brooks, 1988; Koob et al., 1991; Mogenson and
Yang, 1991; Salamone, 1992). This could indicate that a unitary
function of hippocampus involves coordinated actions on hypothalamic and striatally organized responses; an argument of
this kind seems reasonable, given that the great majority of CA1
afferents arise in CA3 (Amaral and Witter, 1989) and, hence, it
can be assumed that events in the two regions are tightly correlated. However, it remains possible that the several subdivisions of hippocampal formation, differentiated as they are with
regard to anatomy and physiology, provide for distinctly different operations and therefore may differentially contribute to behavior across circumstances.
It would be of considerable interest with regard to the two
broad hypotheses just described to test if the relative balance of
aggregate neuronal activity in fields CA3 and CA1 remains constant or changes as animals are presented with different types of
problems. The former result would support the idea that the hippocampus acts in a unified fashion, while the latter would suggest
that its output systems can operate somewhat independently, and
thereby selectively influence different categories of behavior.
The present experiments used C-$X expression to test if relative activity in CA3 versus CA1 shifts with behavioral demands
and to compare changes in patterns of activity in hippocampus
with extrahippocampal structures presumed to be engaged in the
learned olfactory discrimination task. Three groups of rats were
compared: (1) home cage controls (i.e., no behavioral training),
(2) animals trained to nose poke at several sites in an open field
for a water reward, and (3) a group trained first to nose poke
but then required to discriminate between two odors for reward.
Successful performance for the third group thus required a
switch from visually guided to odor-guided behaviors. Levels of
c-fis mRNA were assessed in the hippocampal subdivisions as
well as in sensory-motor structures required for performance in
the behavioral paradigms, that is, superior colliculus, visual cortex, olfactory bulb, and piriform cortex.
Materials

and Methods

Animals

YoungmaleWistarratsfrom Hilltop Laboratories (26-34.d-old at sacrifice) were used. They were housed in transparent Plexiglas cages (12

of Neuroscience,

July 1995,

E(7)

4787

X 22”) in groups of four to six on a regular 12 hr day-night cycle.
Animals were placed on a Harlan-Teklad fat sufficient test diet in order
to decrease cage odor. Food was given ad libitum, but rats were water
deprived and allowed to drink from a glass bowl placed in the cage for
-8 minld. Animals were handled for approximately 2 min/d following
behavioral training sessions.
Training apparatus
The olfactory discrimination training apparatus (similar to that described by Staubli et al., 1989) is an open wedge-shaped chamber (116
cm long, 81 cm wide, 39 cm high) with an extension at its thin end
that serves as a starting compartment (32 X 30 cm). Six holes (2 cm
diameter), spaced evenly in the horizontal plane, were placed 3.5 cm
above the floor on the opposite wall of the wedge. Six additional holes
the first, containedpro(1.5 cm diameter),placeddirectly underneath
truding glass connectors and served as outlets for the odor-carrying
tubes. Wall dividers (31 cm high, 25 cm long) were inserted between
the outlets, which created six separate short “odor alleys” (entrance
width of 13 cm). A I ml syringe was used to administer 0.025 ml water
reward through the holes for every correct response. A strobe light was
mounted 8 cm above the test apparatus and flashed for 2 set following
incorrect responses. Olfactory discrimination training was conducted in
a dimmed room.
Odors were generated by forcing 7 liters/min of air through 125 ml
flasks containing -16 ml of either pure peppermint extract (Schilling;
Hunt Valley, MD) or amyl acetate (Fisher, Tustin, CA). A 1: 12 dilution
of saturated odor vapor in air was used for both odors in the discrimination problem. These dilutions were chosen in an attempt to match
perceived odor intensities. The outlet of each flask was connected to
Tygon tubing (0.5 cm inner diameter) that carried the odorized air and
ejected it into the training apparatus through a given odor outlet during
trials. In order to interrupt the odor release between trials, the air was
diverted to an exhaust valve that was placed in the line ahead of the
odor flasks.
Odor training procedure
Nose poking. Rats were trained to poke their noses through the six large
holes (above the odor ports) for water reward. Each nose poke was
rewarded with 0.025 ml water delivered from a syringe held through
the hole. Following such a response, animals were picked up and placed
back in the starting compartment to begin the next trial. A cardboard
door separated the starting chamber from the rest of the apparatus, and
was lifted at the beginning of every trial. At this stage, nose pokes were
rewarded at every hole as long as they occurred within I min of the
beginning of the trial. However, successive pokes at the same hole (over
two consecutive trials) were not reinforced. On occasion, exception was
made to this final task criterion. This was true particularly in the case
of one rat that would become fearful and stop responding if consecutive
nose pokes in the same location were not rewarded. This animal was,
nevertheless, included in the study because its exclusion did not significantly change any of the data.
Odor discrimination. After nose-poke training, some of the animals
performed on a two-odor discrimination problem. Rats learned to nose
poke at the positive odor (peppermint), which was reinforced with water, and to avoid the negative odor (amyl acetate), poking at which
resulted in a mildly aversive 2 set strobe flash. For each trial, the odors
were randomly assigned to two of the six arms. The odors were turned
off 2 set after the nose poke. Nose pokes into unassigned holes had no
consequence. However, if no correct or incorrect response occurred
within 1 min, the trial was terminated, the odors turned off, and the
animal returned to the start chamber.
Animal treatment groups
Home cage controls (group 1). In order to determine baseline levels of
c-fos mRNA expression, five rats were killed without undergoing any
type of experimental manipulation. They were taken from the home
cage, anesthetized, and intracardially perfused with paraformaldehyde,
as described below. Cage controls were not water deprived or handled.
Nose pokers (group 2). To determine the effects on C-J% mRNA
expression of exposure to the odor-discrimination training apparatus,
actively nose poking for water reward, and being handled by the experimenters, seven animals underwent the above-described nose-poke
training for 30 min/d for 4 d. On the fifth day, they again performed
the nose-poke task, but this time were kept in the training apparatus
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until they became satiated and stopped responding (57 2 8 min; 152
+ 33 trials). Immediately following this session, animals were injected
with an overdose of sodium pentobarbital and perfused with 4% paraformaldehyde. Animals were killed over the course of several days (34 d). Therefore, in order to prevent deterioration of the nose-poking
response, those not being killed on a particular day performed an additional 15 min nose-poking session each day before the final test session.
Two-odor
discrimination
group (group3). In order to ascertain the
effect of training on a two-odor discrimination in a familiar environment, c+.s mRNA levels were examined in six animals that were taken
one step further than nose pokers. Following completion of the four
nose-poke sessions, these animals learned the odor-discrimination problem (see above). Rats performed on 117 + 36 trials before reaching
learning criteria: 80% correct choices in a block of 10 trials and active
avoidance of the negative odor. The time at which criterion was reached
was noted, and rats were required to maintain such a level of performance for an additional 30 min. At the end of the 30 min, animals were
killed. This time point was chosen because c+s mRNA levels have
been shown to peak at about 30 min following Various stimulation paradigms (Shin et al., 1990; see Morgan and Curran, 1991, for review).
Overall, animals in this group completed 168 + 33 trials in 112 + 19
min.

In situ hybridization
Levels of c+i,s mRNA were examined in tissue sections cut throughout
the rat brain using in situ hybridization of a YS-labeled cRNA probe
complementary to rat c-fos mRNA (i.e., to positions 583-l 250 of clone
pc-fbs (rat)-1 by Curran et al., 1987). The antisense cRNA was transcribed from Pst I-linearized recombinant clone pBS/rfos with T7 RNA
polymerase in the presence of uridine 5’-[a-[zsS]thio]triphosphate.
The
sense RNA sequence was generated from the same template using T3
RNA polymerase after linearization with EcoRI.
Animals were intracardially perfused with 4% buffered paraformaldehyde, and their brains processed for in situ hybridization as described
in detail elsewhere (Gall et al., 1991; Lauterborn et al., 1993). Brains
were postfixed for 2 d and then placed in 20% sucrose in 4% paraformaldehyde for another 2 d. Coronal 30 km thick tissue sections were
cut on a freezing microtome and collectkd into 4% paraformaldehyde.
Hvbridization was conducted at 60°C for 38-40 hr with a cRNA concentration of I X 10h cpm/lOO ~1. The distribution of hybridization was
evaluated using Amersham p-max Hyperfilm and Kodak NTB2 emulsion autoradiography with exposure intervals of l-2 d and 2-3 weeks,
respectively. No cellular labeling was seen in tissue hybridized to the
sense probe or treated with ribonuclease A before hybridization.

Autorudiographic analysis
Densitometric analysis of film autoradiograms was carried out using the
Microcomputer
Imaging Device (Imaging Research, St. Catherine’s,
ON, Canada). Autoradiograms were calibrated relative to Y-labeled
brain paste standards that allowed the conversion of optical density
readings to cpm/25 )*g protein (see Gall et al., 1994, for details). Each
brain region was sampled in a minimum of four to five sections at
different rostrocaudal levels. Multiple measures were collected to determine a mean value per section and then the mean and standard deviation of these section means was calculated. Hippocampal measurements were made from film that had undergone a 2 d exposure, while
all other regions were sampled from film exposed for I d. Hybridization
of the c-f0.s cRNA was auantified in the following brain areas: (1) intermediate levels of the’main olfactory bulb, granule cell laye&‘and
periglomerular aspects of the glomerular layer (where focal points of
c-fos mRNA induction for peppermint and amyl acetate odor have been
observed) (Guthrie et al., 1993, and unpublished observations); (2) medial and lateral aspects of the superficial gray layer of superior colliculus
(as defined bv Paxinos and Watson. 1986): (3) laver II of rostra1 oiriform
cortex (throlgh the level of septum); (4) &$er&ial
(layers IIiIII) and
deep (layers V/VI) rostra1 occipital cortex [areas 2MM, 2ML, and 2L
as defined by Paxinos and Watson (1986)], which lie dorsal to the hippocampus and lateral to retrosplenial cortex; and (5) rostra1 hippocampus-pyramidal cell fields CAlb and CA3 and the suprapyramidal blade
of stratum granulosum. Since the precise boundaries of field CA1 are
difficult to distinguish in film autoradiograms, only the central portion,
overlying the dorsal blade of the dentate gyrus, was analyzed. As detailed in the Results section, ratios in the labeling densities of brain

regions were often calculated to identify changes in the relative balance
of hybridization between areas in the same animal and to reduce interanimal variability for purpose of comparison. Two-tailed t tests, analyses of variance (ANOVAs), and linear regression analyses were used
for statistical comparisons. The Fisher PLSD and Sheffe F test were
used for post hoc comparisons. A 95% confidence level had to be
reached for differences to be considered significant (p 5 0.05).

Results
Visual system
Figure 1 illustratesthe samplingareasfor the superiorcolliculus
and visual cortex and showsrepresentativecasesfor each of the
three groups. Expressionof c-fos mRNA was very low in cage
controls (group I), highestin the animalsin the nose-pokegroup
(group 2), and intermediatein the two-odor discriminationgroup
(group 3). Quantitative comparisons,summarizedin Figure 2,
show that nose-poketraining increasedc-fos mRNA in superior
colliculus and visual cortex. The two-odor discrimination group
showedthe samegeneral pattern of increasedhybridization as
group 2, although the relative difference between media1and
lateral superiorcolliculus was not asgreat; that is, the medial to
lateral ratio was 2.32 ? 0.44 (mean ? SD) for group 2 and
1.76 ? 0.24 for group 3 0, < 0.02, unpaired t test). Furthermore, the increasedexpressionin the visual cortex wasrelatively
smallerin group 3 than in group 2; that is, the ratio of cortex
to tectum was I .16 + 0.23 for group 2 and 0.86 ? 0.09 for
group 3 (p < 0.02, unpairedt test). Thus, there were significant
differences in the pattern of c-jos mRNA induction as well as
absolutedifferences in hybridization densitiesproduced by the
two behavioral paradigms.
Olfactory system
Figure 3 illustratesthe levels of c-&s cRNA hybridization in the
olfactory bulbsof rats from eachof the three groups.The results
for the homecage group were bimodal: two rats had high levels
of expressionwhile the remaining three did not. The example
presentedis from the “low” expression subgroup; as shown,
labeling was of comparabledensity in the glomerular and granule cell layers. Quantitative measuresfrom olfactory bulb for
the three groups are summarizedin Figure 4. Becauseof the
variability of the home cage group, it was not possibleto determine if the two experimental paradigmssignificantly increased
c-j& mRNA content, although the values for group 2 differed
significantly from those for group 3. Labeling at the four sites
was highly correlated within each group. In Figure 4, b and c
showthe ratio of labeling densitieswithin the medial and lateral
glomerular and granulecell layers and highlight the marked difference in the distribution of hybridization within olfactory bulb
of olfactory discrimination as compared to cage-control and
nose-pokerats. For the cage-control and nose-pokegroups, labeling was slightly lower in lateral than in medial aspectsof the
olfactory bulb. This difference was significant for group 2 0, <
0.02, paired t test), and this was more pronouncedfor the glomerular (Fig. 4b) than the granule (Fig. 4~) cell layer. The pattern wasreversedfor ratstrained on the two-odor discrimination;
that is, the combinedlateral siteshad 24 -+ 12% more labeling
than the combined medial sites (p < 0.002, paired t test). The
differences in ratios between rats trained on the odor discrimination versus those in the other two groups was also highly
significant 0, < 0.002, unpaired t test). Finally, the increasein
c-fos mRNA expressionin the lateral zone of the bulb in the
odor-trained rats was greater for the granule cell layer than for
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Figure
1. C-J& mRNA expression in the visual system. Bright-field photomicrographs of film autoradiograms showing levels of c-fos cRNA
hybridization in sections through the superior colliculus (A-C) (M, medial; L, lateral, sectors bracketed)
and the occipital cortex (OC) (D-F) for
the three animal treatment groups. Basal levels of C-$X mRNA expression were uniformly low in cage controls (A and D). Labeling was dramatically
increased above these control levels in the nose-poke group (B and E) in most regions, but particularly in the medial superior colliculus (M) and
superficial (s) and deep (d) layers of occipital cortex. Animals trained on the two odor discrimination (C and F) showed intermediate levels of
hybridization in these regions. Note that the relative difference in labeling between the medial and lateral superior colliculus was not as great in
rats trained on the discrimination (C) as in the nose-poke group (B). Neo, neocortex; Hip, hippocampus. Scale bar, 2 mm.

20001

Group1

Group2

Group3

the glomerular layer (13 ? 19%, p < 0.05, paired t test, see
Fig. 4b,c).
Representativecasesof labeling in the piriform cortex are
.$ 15005
shownin Figure 3, and quantitative comparisonsare summarized
EL
in Figure 5. The pattern was similar to that obtained in visual
2
lOOOcortex: c-fos cRNA hybridization was greatestin nose-pokean8
imals (group 2), least in the home cage controls, and interme-23
diate in the rats trained on a two-odor discrimination. The two
500experimental groups were not significantly different, but both
were significantly different from group 1 controls (p < 0.02,
nunpaired t test).
M LS
D
MLSD
MLSD
It should be noted that levels of c-fos mRNA expressionin
SC
oc
SC
oc
SC
oc
control brains were higher in piriform cortex than in any other
Figure
2. Bar graph showing densities of hybridization to c-fos
region sampledother than olfactory bulb. Accordingly, increases
mRNA in superior colliculus and visual cortex in the three animal treatmentgroups.Regionsmeasured
includemedial(M) andlateral(L) as- found in the two experimental groups, while large, were not
pects of superficial superior colliculus (SC), and superficial (S) and deep
proportionately as great as thoserecorded in the visual system.
(D) layers of occipital cortex (OC) (see Fig. 1 for fields measured).
Comparing Figure 2 with Figure 5, it also appearsthat the exBars indicate group mean values (& standard error). Expression of c-fos
pressionin piriform cortex was about the sameasthat for visual
mRNA was very low in home cage controls (group I), highest in the
nose-poke
group(group 2), andintermediate
in the odor-discrimination cortex in the nose-pokegroup but somewhatgreaterin the odordiscriminationgroup. Expressionin piriform versusvisual cortex
group (group 3). Groups 2 and 3 showed the same general pattern of
increases in c-fos mRNA (relative to cage-controls), although the relawas greater in the rats trained on odor cues (34 ? 31%, p <
tive difference between medial and lateral superior colliculus was small0.05, paired t test), but was not detectably different in the noseer in group 3 (p < 0.02, unpaired test) and labeling of visual cortex
was relatively smallerin group3 thanin group2 (p < 0.02, unpaired poke group (1 2 24%); the difference in relative expression
betweenthesetwo groupswas marginally significant (p < 0.07,
f test).
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Figure
5. Bar graph showing levels of c-@s cRNA hybridization in
piriform cortex for the three animal treatment groups: (1) cage controls,
(2) nose pokers, and (3) animals trained on the two-odor discrimination.
Bars indicate group mean values (2 standard error). Groups 2 and 3
were significantly different from the controls (p < 0.02, unpaired t test),
but the differences between them were not statistically significant.

for the control, nose-poke,and odor-discriminationgroups are

0.8 I

summarized

in Figure

6. Expression

was substantially

greater

unpaired t test). Comparison
of animals within each group revealed that the values for the two cortical regionswere modestly

than control valuesin fields CA3 and CA1 but not in the dentate
gyrus granule cell layer of the nose-pokegroup. The dentate
gyrus thus constitutesthe only brain region examined in which
c-$03mRNA was not increasedin group 2 animals.Enhanced
expressionappearedto occur to about the samedegreein fields
CA3 and CA1 in the nose-pokegroup. Within-animal comparisonswere made to examine this point more closely. Labeling
values for the two subfieldswere correlated (r = 0.84), and
when expressedasratios confirmed that there were no appreciable differences between CA3 and CA1 in the nose-pokegroup
(i.e., CA3 was 8 & 24% greaterthan CAl; seeFig. 6, right). It
wasnoted that levels of c-fos expressionwere often not uniform
throughout field CA1 of nose-pokeanimals.There was a visible
trend for lesslabeling in the portion of CA1 closestto the subiculum (i.e., CAla; seeFig. 3F), althoughthis spanof CA1 was
not measured.The odor-discriminationrats also gave no evi-

correlated (r = 0.70 for group 2 and r = 0.85 for group 3).

dence of c-fos mRNA

Figure 4. Bar graphs illustrating (a) mean levels of c-fos cRNA hybridization in the main olfactory bulbs for each of the three treatment
groups, and (b and c) medial-lateral comparisons for the granule and
glomerular neurons. Regions measured include the medial (M) and lateral (L) glomerular layer (CL) and the medial and lateral granule cell
layer (CR). Values for the nose-poke group (group 2) differed significantly from those of rats trained on the two-odor discrimination (group
3) (ANOVA). Group 3 had significantly lower levels of c-j& expression
than group 2 in the medial glomerular (*p 5 0.01) and medial granule
cell layers (*p 5 0.02) (Fisher PLSD and Sheffe F tests). Labeling at
the four sites was highly correlated within each group. Differences in
ratios between odor-discrimination
rats versus nose-pokers and cagecontrols (group I) was also highly significant (unpaired t test, *p <
0.0005 for granule cells, *p < 0.03 for glomerular cells).

Hippocampus

Representativesectionsthrough rostra1hippocampusare shown
in Figure 3. In homecage-controlrats, expression was uniformly
low, and there were no evident differencesbetween the dentate
gyrus and the two pyramidal cell fields. Densitometric results

induction

in the dentate gyrus. Expression

was elevated in field CA3 and to a level slightly greater than
that observed for the nose-pokeanimals.Field CA1 also had
c-fos mRNA levels that were elevated above control values, but
the magnitudeof this effect was much smallerthan that obtained
for field CA3 0) < 0.005, unpaired t test) or field CA1 of the
nose-poke group (p < 0.004, unpaired t test). Interestingly

t
Figure
3. c&s mRNA expression in the olfactory system and hippocampus. Calibrated pseudocolor images of film autoradiograms showing
densities of hybridization to C-$X mRNA at the level of the main olfactory bulb (A, D, and G), rostra1 piriform cortex (B, E, and H), and rostra1
hippocampus (C, F, and I) for individual rats from each of the three treatment groups. In cage-control rats (A-C), c-fos mRNA levels were very
low. In the nose-poke group (D-F), hybridization densities were dramatically increased above control levels. Particularly dense labeling was observed
in piriform cortex (PC) and neocortex (Neo). Note that c-fos expression is comparable in medial (M) versus lateral (L) regions of the granule (GR)
and glomerular layers (GL) of olfactory bulb (D) and approximately equivalent in pyramidal cells of subfields CA3 versus CA1 in the hippocampus
(F) of this group. Animals trained on the two odor discrimination (G-I) can be seen to exhibit intermediate levels of c-&s mRNA expression.
Neocortical regions, dorsolateral caudate-putamen (CPU), medial olfactory bulb, and region CA1 pyramidal cells (asterisk)
appear less densely
although the piriform cortex, lateral olfactory bulb, and region CA3 pyramidal
labeled in this group as compared to the nose-poke group (D-F),
cells show approximately equal labeling. These differences in labeling result in distinct patterns of hybridization for olfactory bulb and hippocampus
of odor-discrimination rats. In the bulb, three lateral foci of activation are apparent in the glomerular layer (arrows)
and in underlying granule cell
fields. This pattern of activation corresponds to that observed for peppermint odor, the positive, most frequently sampled odor in the paradigm. The
values on the color calibration bar are in cpm/25 kg protein. Scale bar: 661 p,rn for A, D, and G; 1613 pm for B, C, E, F, H, and I. sg,, stratum
granulosum.
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Figure 6.

Bar graphs showing densities of hybridization to c-f&s mRNA in rostra1 hippocampus
[i.e., stratum pyramidale
fields CA1 and CA3
and suprapyramidal
stratum granulosum
(SC)] for the three treatment
groups, and ratios of c:fos cRNA hybridization
in CA3/CA
1. Expression
was
uniformly
low, and there were no evident differences
between the two pyramidal
cell fields and the granule cells in control rats (group I). Expression
was significantly
increased above control values in fields CA1 and CA3, but not in the granule cells of the nose-poke
group (group 2). There were
no appreciable
differences
between CA3 and CA1 in the nose-poke
group, as confirmed
when expressed
as ratios. In odor-discrimination
rats (group
3), hybridization
was low in stratum granulosum
but markedly
elevated
in field CA3; hybridization
in CA1 was greater than control values, but
this difference
was much smaller than that obtained
for field CA3 (*p < 0.005, unpaired
t test) or for field CA1 of the nose-poke group (*p <
0.004, unpaired
t test). The CA3 to CA1 ratios were much greater for group 3 than for the other two groups (*p < 0.02, unpaired
r test).
enough, the correlation in efos values obtained for the control
and nose-poke groups was substantially reduced in odor-discrimination rats (Y = 0.40), indicating that some factor acting differentially on one of the subdivisions was weak or absent with
regard to the other.
As expected from the group means, within-animal
comparison
ratios of CA3 to CA1 values were much greater for group 3 than
for the other two groups (Fig. 6, right). The magnitude of the
difference was the largest of any of the within-animal
comparisons made in this study; that is, the odor discrimination
paradigm produced at least as great a differentiation
of hippocampal
labeling relative to controls as it did for the olfactory bulb.

Discussion
The above results indicate that the subdivisions of hippocampus
respond differentially
across behaviors. Levels of c-fos mRNA
in dentate gyrus, CA3, and CA1 were highly correlated with
those in other brain regions (e.g., visual cortex, Y > 0.95) in
home cage controls. This suggests that expression throughout
the brain, including hippocampus,
was strongly influenced by
some generalized factor, although not in a quantitatively uniform
fashion (i.e., the slopes of the relationships varied considerably,
depending upon the regions being compared). Performance of a
well-learned
nose-poke paradigm disrupted the relationship between expression in hippocampus
and other regions (e.g., stratum granulosum vs visual cortex, Y = 0.32; CA3 vs visual cortex, Y = 0.13) and strongly affected the pattern of expression
within the hippocampus.
The dentate gyrus, alone of all brain
regions sampled, exhibited
no evidence for increased c-fos
mRNA content in the nose-poke animals, a result that was somewhat surprising given that c-fos expression in the granule cells
is known to be responsive to a wide variety of manipulations.
Following
generalized
seizure activity or kindling stimulation,
the most dramatic and rapid efos induction occurs in neurons
of the dentate gyrus (Dragunow
and Robertson, 1987; Morgan
et al., 1987). In contrast, c-fos mRNA concentrations were doubled in field CA3 of group 2 rats compared to levels in home
cage controls. Despite the differential response of dentate gyrus

and CA3 in the nose-poke paradigm, mRNA levels in the two
regions remained correlated (Y = 0.86), suggesting that variations in granule cell activity were reflected and amplified in field
CA3 of animals performing the learned behavior. The CA1 region also had levels of c-fos message that were substantially
greater in nose-poke than control rats with the percentage increase being about the same as that for field CA3. Within-rat
comparisons
indicated that expression of the proto-oncogene
was correlated between CA3 and CA1 (r = 0.84) as expected,
given the dense Schaffer-commissural
projection
between the
two pyramidal cell regions (see Amaral and Witter, 1989, for
review).
There was no evidence of increased efos expression in the
dentate gyrus of rats trained on olfactory discrimination,
although an increase in message was evident in the CA3 pyramidal neurons. Despite this differentiated
induction,
c-fos
mRNA expression in the two subfields was highly correlated (Y
= 0.92). Thus, the first two stages of hippocampal
circuitry appeared to behave in the same manner in the nose-poke and odordiscrimination
paradigms. Aggregate activity in field CAl, however, was quite different in the two conditions. Induction of c-fos
mRNA was much less pronounced than that found in CA3 of
the odor-discrimination
rats or in CA1 of the nose-poke animals.
Moreover, the correlation
between CA3 and CA1 obtained in
the cage-control and nose-poke groups was absent (r = 0.40) in
the animals trained on odors. Thus, a condition of “CA3 dominance” was apparent in group 3 (i.e., CA3 expression was 82%
greater than CA1 expression) but not in the other two groups;
this was the largest relative effect of behavior recorded in the
study.
In all, hippocampal
efos mRNA expression in cage-control
rats appeared to be regulated by variables acting throughout
much of the brain; these influences were superseded in both
groups of trained animals by some factor(s) that enhanced expression in CA3 over that occurring in the dentate gyrus. The
septohippocampal
projections provide a logical candidate for
this factor. These afferents could produce variable levels of ac-
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tivity in the dentate gyrus leading to changes in mossy fiber
input to field CA3; this, combined with a direct action of the
septal projections on CA3, could result in the observed amplification effect (see Swanson, 1977; Lynch et al., 1978 for a
description of septohippocampal projections). The breakdown of
the correspondence in expression between CA3 and CA1 that
occurred with odor training has to be viewed as surprising, because the latter region receives a very large percentage of its
excitatory input from the former (Amaral and Witter, 1989); that
is, it would be assumed that any changes in the aggregate activity of the CA3 pyramidal cells would be reliably reflected in the
aggregate activity of their CA1 target cells. The possibility exists
that the diffuse, ascending projections (ACh, NE, 5-HT) to the
two subfields are anatomically differentiated to a degree that is
sufficient to allow for differential effects on their interneuron
populations (Miettinen and Freund, 1992), and it would be of
interest in this regard to test if antagonists of cholinergic or
serotonergic receptors eliminate the disparity in c-fos mRNA
expression between CA3 and CA1 Indeed, there is evidence for
distinct sources of cholinergic (Lynch et al., 1978; Nyakas et
al., 1987) and entorhinal (Steward, 1976) innervation of the two
hippocampal subfields. Moreover, modeling studies have raised
the possibility that LTP-like strengthening of synapses can lead
to a paradoxical decrease in overall network activity by producing rapid and synchronous activation of a small set of target
neurons that then, via recurrent inhibition, suppress firing by
their neighbors (Coultrip et al., 1992).
Whatever its origin, the marked change in the relative balance
of activities in CA3 versus CA1 that occurred with the shift
between the two behavioral paradigms supports the idea that the
hippocampus has more than one mode of operation. Equivalent
levels of activity in the two output systems of hippocampus during the nose-poke task would be expected to favor a balance in
the behaviors organized by the septohypothalamic versus striatocortical systems. The hippocampus has long been implicated
in the inhibition of prepotent responses (Douglas, 1967; Kimble,
1968; Gray, 1982) and the CA3-lateral septal-lateral hypothalamic circuit seems well suited for such a function, that is, excitation (CA3 to septum) of a GABAergic (septum-hypothalamus) connection (Swanson and Cowan, 1977; Stevens and Cotman, 1986; Stevens et al., 1987; Gritti et al., 1994). Recent studies suggest that subicular projections to ventral striatum are
targeted for GABAergic interneurons (Pickel et al., 1988; Meredith et al., 1990; Sesack and Pickel, 1990); from this, it would
be expected that increased activity in CA1 would lead to greater
inhibition of ventral striatum. Taken together, these observations
suggest that the hippocampus exerts an equivalent suppression
of hypothalamic and striatal components of behavior during the
nose-poke task. The same line of reasoning suggests that the
pronounced disparity between CA3 versus CA1 would lead to
a selective enhancement of the striatal contributions to behavior
vis a vis those of the lateral hypothalamus in the odor-discrimination paradigm. Interesting, with regard to this hypothesis, is
that the hippocampal-ventral striatal axis is thought to act as an
“attentional gate” (Margulies, 1985). Specifically, connections
from CA1 through subiculum to nucleus accumbens have been
proposed to be involved in integrating new noteworthy events
into ongoing thought or behavior (Margulies, 1985). Therefore,
the distinct pattern of neuronal activation observed in the hippocampus during odor discrimination may reflect a “selective
attention” function.
Another possibility is that the unusually dense commissural-
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associational systems that dominate the input to region CA3
(Swanson et al., 1978; Amaral and Witter, 1989) sustain regenerative patterns of activity during odor discrimination that are reflected in increased C--OS mRNA expression. Network models by
Traub et al. (1989) suggest that self-sustained, recurrent activity
patterns can propagate throughout the interconnected neurons of
subfield CA3. Sustained activation of these neurons could provide
for the association between cues separated in space and time (i.e.,
odor cues with water or strobe) (Lynch et al., 1991).
c-fos expression in sensory areas
As discussed, levels of c-fos expression were assessed in olfactory and visual regions as measures of the selectivity of any
changes occurring in hippocampus. These analyses demonstrated a generalized influence of activity and/or arousal acting
across brain areas in the performance of the nose-poke task and,
by comparison with hippocampal measures, demonstrated the
specialized involvement of hippocampal subfields in odor discrimination. Moreover, analysis of olfactory bulb indicated differential activation in this region with odor-discrimination training that may be involved in task acquisition.
It is important to note that by design the nose-poke and odordiscrimination paradigms were similar in many regards. Both
involved serial trials and the same locomotor responses (nose
pokes) for the same reward (water). Animals in each group received extensive familiarization and training prior to the last day
of the experiment and on that day obtained a large number of
rewards. Surprisingly, the rats presented with new contingencies
and novel odor cues (group 3) had lower levels of c-f<~ mRNA
expression in sensory pathways than those continued on the
nose-poke paradigm (group 2). This suggests that the introduction of more stringent requirements for reward resulted in more
specific or differentiated patterns of brain activity. Thus, in visual cortex, mRNA levels were about 70% greater in nose-poke
versus odor-discrimination rats. In the olfactory bulb, nose-poke
animals had greatly elevated levels of expression in both medial
and lateral sectors, whereas animals trained on the odor discrimination had substantially lower levels of labeling in the medial
bulb. Previous work from this laboratory has demonstrated that
continuous (5 min) exposure to odor in a controlled environment
activates C--OS expression by olfactory bulb neurons with the
topography of activation being odor specific (Guthrie et al.,
1993). Peppermint was the predominant odor sampled in group
3 rats, and this odor is known to be represented in the lateral
bulb (Coopersmith and Leon, 1984; Guthrie et al., 1993). The
present findings provide the first demonstration that regionally
differentiated changes in c-fos expression can be elicited with
briefer odor exposures in an open field.
Two types of hypotheses could account for the pattern of results observed: (1) introduction of olfactory cues leads to the
reduction of a generalized influence (e.g., arousal) that allows a
differentiated response by olfactory regions of brain to emerge
or (2) odor discrimination is associated with an elimination of
many behaviors occurring in the nose-poke paradigm and this is
reflected in the activity patterns in the brain. It is also possible
that both ideas are correct; that is, identification of a single salient cue results in a reduction in diffuse systems as well as a
stereotyping of behavior.
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