
A great deal of research has focused on studying the neurobio-
logic substrate of learning and spatial memory (Jarrad, Okaichi,
Steward & Goldschmidt; 1984; Morris, Schenk, Tweedie & Ja-
rrad, 1990; Neave, Nagle & Aggleton, 1997; O´Keefe & Nadel,
1978; Olton & Papas, 1979; Olton, 1978; García-Moreno, Santín,
Rubio, García & Arias, 1993; Santín, Rubio, Begega & Arias,
1999a; Santín, Rubio, Begega & Arias, 1999b). Following the
works by Olton and collegues (Olton & Papas, 1979; Olton & Sa-
muelson, 1976; Olton, 1978), in which two kinds of spatial me-
mory are described (reference memory and working memory) in
the radial arm maze a number of authors have studied the cerebral
substrate of these two kinds of memory. Reference memory (RM)
is trial-independent and is used to learn the general rules required
for the performance of a task. The information available for sol-
ving reference memory tasks was constant throughout the trials
(Frick, Baxter, Markowska, Olton & Price, 1995) and was reinfor-

ced by repeated training (Young, Stevens, Converse & Mair,
1996). Working memory (WM) is a temporary memory that is
trial-dependent (it is only relevant for one trial) (Frick et al.,
1995). These two kinds of memory can be assessed by studying
the use of spatial information in the rat (Nagahara, Otto & Gallag-
her, 1995; Santín et al., 1999a). In spite of advances in research in
this area in recent years, the precise role of the different regions of
the brain in spatial RM and WM is still unclear.

Many studies have demostrated that the prefrontal cortex (PFC)
plays a role in short-term spatial memory (Funahashi, Bruce &
Goldman-Rakic, 1993; Granon, Vidal, Thinus-Blanc, Changeux,
& Poucet, 1994). However, lesions of the medial prefrontal cortex
(mPFC) do not appear to produce detrimental effects on the per-
formance of a spatial reference memory task (DeBruin, Sánchez-
Santed, Heinsbroek, Donker & Postmes, 1994). This suggests that
the role of the mPFC in learning and memory processes could be
restricted to working memory tasks (Granon et al., 1994).

The role of the hippocampus in processing information could
be mediated by connections with the entorhinal cortex (ENT)
which supply it with information from the neocortex (Hardman,
Evans, Fellows, Hayes, Rupniak, Barnes & Higgins, 1997; Jones,
1993; Tamamaki & Nojyo, 1993). Several experimental studies
have observed this relationship between the ENT and spatial lear-
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ning processes (Quirk, Muller, Kubie & Ranck, 1992; Goodlett,
Nichols, Halloran & West, 1989; Hardman et al., 1997; Nagahara
et al., 1995). Moreover, other hippocampal projections have been
associated with spatial processing. In this way, Kirk (1998) have
demostrated that the SUM is involved in the modulation of the
hippocampal theta frequency.

In the other hand, recent studies have used techniques based on
immediate early genes activation (IEGs) (Dragunow, 1996; Heur-
teaux, Messier, Destrade & Lazdunski, 1993; Kaczmarek, 1993;
Paylor, Johnson, Papaioannou, Spiegelman & Wehner, 1994; Ra-
dulovic, Kammermeier & Spiess, 1998; Rose, 1991; Rose, 1996;
Zhu, Brown, McCabe & Aggleton, 1995) to study learning and
memory processes. IEGs are activated in the neurons by several
second messengers which initiate their transcription. One of these
IEGs is the proto-oncogene c-fos. c-Fos protein possibly acts via a
third intracellular messenger regulating the transcription of genes
of late expression. This protein forms part of a dimeric DNA-bin-
ding protein (activator protein 1 or AP1) which binds to specific
sites of the multiple gene promoter region and enhances transcrip-
tional activation of these genes (Kaczmarek, 1993; Morgan & Cu-
rran, 1991; Sheng & Greenberg, 1990; Struhl, 1991). An increase
in c-fos proto-oncogene is one of the earliest transcriptional events
to follow neuronal activation. In the last few years, several works
have shown an association between c-fos activation and learning
and memory processes using different animal models. These stu-
dies suggest that c-fos activation can be used as a marker of neu-
ronal activity that offers information on cerebral regions underl-
ying learning and memory (Kaczmarek, 1993). 

The aim of the present research was to study the effect of trai-
ning in spatial RM and WM tasks on neuronal activation in three
brain regions: ACG, ENT and SUM. To achieve this purpose, we
studied the effect of training in spatial reference and working me-
mory tasks on c - f o s expression by immunohistochemical detection
of the c-Fos protein. Two control groups were included in the study
(spatial reference memory control and spatial working memory
control) that permitted c - f o s activation not specific to the spatial
working memory tasks, such as motor activity and sensorial stimu-
lation associated with the training process, to be ruled out. 

Method

Animals

Twenty-two male Wistar rats weighing on average 312 ± 21g
from the central vivarium of the University of Oviedo, were used.
All rats were given free access to food and water. Rats were hou-
sed individually in a temperature-controlled colony (20 ± 2 ºC) on
a constant light-dark cycle (lights on 08:00-20:00). Animals were
divided into four treatment groups: RM group (n=5), RM control
group (n=5), WM group (n=6) and WM control group (n=6). The
care and use of animals were in accordance with the Spanish re-
gulation for the use of animals in research .

Apparatus

The apparatus consisted of a circular pool with the following
dimensions: diameter: 150 cm, walls: 43 cm high. The pool was fi-
lled with water (21 ± 2 ºC) that was made opaque with non-toxic
white paint. The goal platform (11cm diameter) could be placed
anywhere in the pool at a distance of 30 cm from the pool edge.

The platform was submerged to a depth of 2 cm beneath the sur-
face of the water. The pool was placed in an experimental room
furnished with several extra-maze cues. The pool remained immo-
bile in the room throughout the experimental period. An automa-
tic video system (Ethovision. Noldus) was used to record the ani-
mals’ movements in the pool. 

Behavioral tasks

The day before starting the behavioral experiments all the ani-
mals were submitted to two 60s sessions of free exploration.

1. Spatial reference memory task: The place learning consisted
of training the rats to escape from the water using the submerged
platform. The pool was divided into four quadrants (A, B, C, D).
The platform was placed in the center of quadrant B where it re-
mained throughout the experiment. The rats were introduced into
the pool from one of the four release positions (quadrant A, B, C
or D). Each animal was submitted to 6 trials. 

The trial finished when the animal found the platform. When a
rat did not find the platform within 60 s, the experimenter placed
the animal on the platform where it remained for 15 s. After this
period the rat was returned to its cage for 30 s after which it was
introduced in the pool again. As a control, in order to rule out c-
fos activation not specific to place learning a control group was
submitted to a period of free exploration in the circular pool wit-
hout the escape platform.

2. Spatial working memory task: The animals were submitted
to two trials, one acquisition and one retention trial, per day. In the
acquisition trial the animal had to find a submerged platform in or-
der to escape from the water. If the animal did not find the plat-
form in 60 seconds the experimenter placed the animal on the plat-
form where it remained for 15 seconds before being placed in its
cage for 30 seconds. After this interval the animal was again in-
troduced into the circular pool for the retention trial. The same exit
and escape quadrants were used for the acquisition and the reten-
tion trial on the same day but this varied pseudorandomly over 8
days. In this task, the control group was submitted to a daily 30 se-
cond trial in the circular pool in the absence of the escape plat-
form. 

Immunohistochemical analysis

Ninety minutes after the end of the behavioral task, the animals
were deeply anaesthetized with equithesin (3ml/kg) and perfused
via the ascending aorta with cold physiological saline solution fo-
llowed by a cold formaline buffer (4% paraformaldehyde in 0.16
M phosphate buffer, pH 6.9). The perfusion was continued for 5
min and the brain were postfixed in the same fixative for 2 h. The
brains were then transferred successively into phosphate buffered
saline (PBS, pH 7.2) containing 10%, 20% and 30% sucrose until
they sank for cryoprotection. Coronal sections (16 mm) of the
brain were cut at –20 ºC in a cryostat. The slices were mounted on
gelatinezed slides. c-Fos antiserum (Santa Cruz Biotechnology
Inc., CL, USA) was used to detect c-Fos protein. The avidin-bio-
tin complex (ABC, Vector Laboratories) immunoperoxidase met-
hod was used to visualize c-Fos immunoreactivity (c-Fos IR).
Briefly, the slides containing section were washed in PBS follo-
wed by a wash in a solution of 0.1 M PBS containing 0.3% Triton
X-100 and 1% normal goat serum. The sections were then incuba-
ted at 4ºC in c-Fos primary antiserum (diluted 1:10.000 in the sa-
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me solution) overnight. The antiserum was a rabbit polyclonal an-
tibody directed against the aminoacids 3-16 of the N-terminal re-
gion of the human c-Fos p62. It is not cross-reactive with c-Fos B,
Fra-1 or Fra-2. Sections were washed in PBS and then incubated
in biotinylated donkey anti-rabbit secondary antibody (Pierce, Illi-
nois) (diluted 1:200 in incubating solution) for 2 h. They were
further washed in PBS and incubated in an avidin-biotinylated
horseradish peroxidase complex (Vector Laboratories Standard
Kit: 1:100 in incubating solution). After two washes in PBS, the
reaction was visualized treating the sections for about 5 min in an
immuno-pure-metal-enhanced diaminobenzidine tetrahydrochlo-
ride (0.025%) substrate solution (Pierce, Illinois). The reaction
was terminated by washing sections in cold PBS. Finally, the sli-
des were dehidrated through a graded series of alcohols and co-
verslipped for microscopic observation. 

Quantification of c-Fos IR

The number of c-Fos IR neuronal nuclei was quantified in th-
ree brain regions: ACG, SUM and ENT (Figure 1). In the ACG
and ENT regions, quantifications were done unilaterally in the
right hemisphere. Brain regions were located using the stereotaxic
atlas of Paxinos and Watson (Paxinos & Watson, 1997) (Figure 1).
Three sections of the ACG and ENT and two sections of the SUM
were sampled. c-Fos IR nuclei were counted with a computerised
system (Leica QWIN) and the results expressed as number/µm3

(Nv). The quantification was done by systematically sampling
each of the regions selected in each section using frames superim-
posed over the preparations. In order to obtain a comparable me-
tric unit the following formula was used: Nv = N/V(ref) or Nv =
∑(Q-) / ∑(h x a(fra)). Where Q = total number of c-Fos IR nuclei
counted in all the frames used; a(fra) = area of the frames used, h
= thickness of the section (West, 1999). The thickness of the sec-
tions was determined using a microcator (Heidenhain. Germany).

Statistics

Behavioral data of the reference memory task were analyzed with
the Friedman ANOVA by ranks and data of the working memory task
using the Wilcoxon matched pairs test to compare the acquisition trial
and the retention trial. The data obtained by c-Fos IR quantification
were analyzed with one-way ANOVA for each brain region. Post hoc
comparisons were done with the Games-Howell test, to study the dif-
ferences between the four groups studied in each brain region.

Results

Behavioral results

1. Spatial reference memory task: results of the statistical
analysis show that trained animals successfully performed a place
learning in the pool reflected by the shorter escape latencies (χ2 =

LUIS J. SANTÍN, JOSÉ A. AGUIRRE, SANDRA RUBIO, AZUCENA BEGEGA, RUBÉN MIRANDA AND JORGE L. ARIAS216

Figure 1. Diagrams of coronal sections of the rat brain showing the sampled regions. ACG = anterior cingulate cortex; ENT = entorhinal cortex; SUM =
supramammillary nucleus. (Adapted from Paxinos & Watson (1997)



13.78698, p ≤ 0.017) and distances swam by the animals in the
maze (χ2 = 13.91, p ≤ 0.01618) during development of the re-
ference memory task (Figure 2).

2. Spatial working memory task: the results show that the ani-
mals can successfully perform place learnings in a task with a

daily acquisition and retention trial in the pool, reflected by the
shorter escape latencies in the retention trial compared to the ac-
quisition trial (z = 1.991, p ≤ 0.046). Nevertheless, although grap-
hically the animals can be observed to swim further in the reten-
tion compared to the acquisition trial, these differences are not
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Figure 2. Graphical representation of spatial reference memory task that shows an improved ability of the rats to locate the submerged platform in the Mo -
rris water maze after training. The place learning is reflected in the reduced escape latencies (p≤0.017) (A) and the decr ease in the distances swam in the
pool (p≤0.017) (B)



statistically significant indicating that the animals swim a similar
distance in the circular pool during the acquisition trial and the re-
tention trial (z = 1.15, p ≥ 0.248) (Figure 3).

Quantification results

Entorhinal cortex: The statistical results reflect the existence of
d i fferences between the groups (F(3, 18) = 6.256, p ≤ 0.004). Post

hoc comparisons showed differences between the following
groups: RM control and RM, WM, WM control (p ≤ 0.05). Ante-
rior cingulate gyrus: The one-way ANOVA did not show diff e r e n-
ces between the four groups (F(3, 18) = 2.475, p ≥ 0.095). Supra-
mamillary nucleus: There were differences between the four
groups (F(3, 18) = 7.801, p ≤ 0.002) and post hoc comparisons sho-
wed differences between the groups: WM and RM, WM and RM
control, WM control and RM control (p ≤ 0.05). (Figures 4 and 5).
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Figure 5. The microphotograph shown coronal section of the rat brain showing the c-Fos IR on AG



Discussion

Some studies have demonstrated an increase in c-Fos protein in
the central nervous system (CNS) in animals submitted to beha-
vioral experiments. Hence, a rise in c-fos mRNA was found in an
aversive conditioning task in rodents (Maleeva, Ivolgina, Anokhin
& Limborskaja, 1989; Nikolaev, Kaminska, Tischmeyer, Matthies
& Kaczmarek, 1992). In an active avoidance task performed in
rats, increased levels of c-fos mRNA were observed during the
first training session (Nikolaev et al., 1992). Moreover, copulatory
behavior in rats provokes an accumulation of c-fos mRNA in the
sensorial cortex and a rise in c-Fos protein in the olfactory bulb of
female rats exposed to mating (Brennan, Hancock, & Keverne,
1992). Zhu et al. (1995) determined c-fos expression in different
brain regions associated with recognition memory and observed a
rise in the expression of c-Fos protein in ACG (among other struc-
tures) with new objects and a milder expression of this protein
with more familiar objects. Moreover, the IEGs such as c-fos
could play an important role in the establishment of spatial me-
mory processes. Paylor et al. (1994) observed an impairment of c-
fos-deficient animals in the spatial Morris water task, but no im-
pairments in a simple left/right discrimination task.

Our results (and other researchs (Nagahara et al., 1995; Hard-
man et al., 1997) suggest that ENT is involved in processing spa-
tial information. The group that explore the pool for 30 s (RM con-
trol group) shows a few c-Fos IR neurons compared with the other
groups, that have a greater spatial knowledge. These differences
suggest that ENT is important during repeated training in spatial
tasks, when the animals have formed a relational representation of
the enviroment, but it is less relevant when the animals have even
not formed those representations. Moreover, the number of ENT
c-Fos IR neurons is independent of the memory process required
(spatial WM, WM control and RM groups present a greater num-
ber of c-Fos IR cells than the spatial RM control group). (Figure
4).

Studies on the PFC in rats (Granon & Poucet, 1995; Granon et
al., 1994) have shown to play a crucial role in WM. Nevertheless,
the results of the two tasks performed here do not clearly reflect
this participation of the mPFC. As can be seen in Figure 4, a gre-
ater increase in the number of c-fos positive neurons is observed
in the group submitted to the spatial WM task compared with the
control group and with the animals submitted to the spatial re-

ference memory task. Nevertheless, these differences are not
statistically significant and we can not clearly conclude that ACG
participate in the spatial WM processes. On the other hand, some
works have shown that the mPFC is mainly subdivided into two,
possibly functionally diverse, regions (ventromedial mPFC and
dorsomedial PFC) (DeBruin et al., 1994; Delatour & Guisquet-Ve-
rrier, 1996; Kolb, 1984; Van Eden, Lamme & Uylings, 1992).
ACG forms part of the dorsomedial PFC and receives important
afferents from the anteromedial nucleus of the thalamus (Shibata,
1993), whereas regions of the ventromedial mPFC (infralimbic
cortex and prelimbic cortex) receive important hippocampal affe-
rents (Swanson, 1981). The relationship between the ventromedial
PFC and the hippocampus suggests that this ventral region of the
PFC plays some part in processing spatial information (Fantie &
Kolb, 1990). Moreover, one of the ventral regions of the mPFC,
the infralimbic cortex appears to be especially important in me-
mory processes (Brito, Thomas, Davis & Gingold, 1982; Brito &
Brito, 1990). These data could explain the absence of significant
differences between the groups in our study, suggesting that the
system of connections between the hippocampus and the ventral
mPFC are more relevant in the processing of spatial information
than the system which involves ACG and AT . 

In the other hand, Kirk (1998) have shows that the SUM pri-
marily determines the frequency of hippocampal theta rhythm,
suggesting that it plays a role in processing spatial information. In
our work, the number of SUM c-Fos IR neurons is very similar in
the experimental groups and their controls in either of the two
tasks (RM and WM tasks). Nevertheless, the expression of c-Fos
protein in the SUM, was greater in spatial WM groups compared
to spatial RM groups. These differences suggest an involvement of
SUM neurons in spatial processing because WM and WM control
animals have explored the environment for several days but RM
groups have only explored it for one day (Figure 4). Perhaps, SUM
neurons are greater involved in the spatial recall than in the acqui-
sition of the spatial learning. 
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