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Fluoxetine is currently being administered for long-term maintenance and for prophylactic reasons fol-
lowing the remission of depressive symptoms and several other psychiatric and neurological conditions.
We have previously found that in naive adult male rats, repetitive administration of fluoxetine induced
maturation of telencephalic dendritic spines. This finding was associated with the presence of a higher
proportion of GluA2- and GluN2A-containing glutamate receptors. To gain further insight into the pos-
sible consequences of such synaptic re-organization on learning and memory processes, we evaluated
hippocampal- and non-hippocampal-dependent memories following administration of 0.7 mg/kg fluox-
etine for four weeks. Standard behavioral tasks were used: the Morris Water Maze (MWM) and Object
Location Memory (OLM) tasks to assess spatial memory and the Novel Object Recognition (NOR) task to
assess recognition memory. We found that treated rats showed normal learning and short-term memory
(1 h post-learning). However, either recent (24 h) or remote (17 days) memories were impaired depend-
ing upon the task. Interestingly, spatial memory impairment spontaneously reverted after 6 weeks of
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1. Introduction

Fluoxetine was the first selective serotonin reuptake inhibitor
(SSRI) approved to treat depression in humans, and it is one of
the most widely prescribed antidepressant drugs [1], modulat-
ing long-term neuronal function in brain structures involved in
mood control [2]. Fluoxetine is administered in a prolonged pro-
phylactic manner after the remission of depressive symptoms,
and it is prescribed for multiple additional psychiatric and neu-
rological conditions beyond major depression [3,4]. Fluoxetine
affects brain structures involved in the regulation of both emotional
and cognitive behaviors, including the hippocampus and cere-
bral cortex [5,6]. Therefore, besides positively modulating mood,
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fluoxetine might affect learning and memory. The medial tem-
poral lobe memory system, including the hippocampal formation
and the perirhinal cortex, plays an essential role in declarative
memory [7,8]. At the functional level, both hippocampal- and non-
hippocampal-dependent memories can be evaluated using several
validated tasks. In spatial memory tasks such as the Morris Water
Maze (MWM) task and the Object Location Memory (OLM) task,
the hippocampus is crucial in the acquisition phase [9,10] as well
as in the initial consolidation phase from short- to long-term
memory within 4-24h post-learning (so-called recent memory)
[11]. Additional cortical areas, such as the retrosplenial cortex
and mediotemporal lobe cortical structures, then become essen-
tial in the storage of permanent memory traces of remote spatial
memory [12-15]. In turn, recognition memory, as assessed by the
Novel Object Recognition (NOR) task, depends mainly on an intact
perirhinal cortex for both acquisition and consolidation [16,17]
and although still under debate, has been shown not to be depen-
dent directly on the hippocampus [18]. We have previously found
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that repeated administration of low doses of fluoxetine (0.7 mg/kg)
reaches clinically relevant plasma levels [19] and decreases
depressive-like symptoms in adult rats, inducing adaptive changes
in glutamate neurotransmission in the telencephalon [5]. Thus,
here we focus on the effect of repeated fluoxetine administration
on memory functions that requires hippocampal and/or cortical
structures. Whereas previous studies in rats have shown normal
learning and spatial memory when tested 24 h post-learning in the
MWM task, recognition memory in the NOR task has been reported
to be impaired over the same interval [20,21]. To gain insight into
the effects of repetitive fluoxetine treatment on different stages
of hippocampal and non-hippocampal-dependent memories, we
used two spatial memory tasks, the MWM and OLM, and the mem-
ory recognition task, NOR. We then tested whether the adverse
effects of fluoxetine on memory processes could be reversed after
discontinuation of the drug. We found that learning and short-term
memories were unaffected by repeated fluoxetine treatment. How-
ever, long-term memory at 24 h was impaired specifically in the
OLM and NOR tasks. In addition, a selective impairment in remote,
but not recent, memory was found in the MWM task, impairment
that could be reversed after 6 weeks of fluoxetine discontinuation.

2. Materials and methods
2.1. Animals and drug administration

Adult male Sprague-Dawley rats (250-300 g) at the beginning of the treatment
were housed in groups of four animals with a controlled 12 h light/dark cycle and ad
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Fig. 1. Rats exhibited impairment in remote spatial memory, but not learning, after
repetitive fluoxetine administration. (A) Experimental design: fluoxetine (flx) or
saline (sal) were administered in total for 7 weeks. Rats were trained in the MWM
task following the first 4 weeks of treatment. At twenty-four hours and seventeen
days post-training, the corresponding test session was performed to evaluate recent
and remote long-term memory, respectively. (B) Left graphic: the mean time to
reach the platform was plotted over four consecutive days (5 trials/day). A mixed
model analysis of the learning curves revealed no differences between saline- and
fluoxetine-treated rats. Right graphic: the mean latencies to reach the platform 24 h
and 17 d after the learning phase were plotted. Only 17 d post-learning was detected
a significant difference (**p <0.01, sal: n=12; flx: n=11; Mann-Whitney U-test).
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Fig. 2. Remote spatial memory, but not learning or relearning, remained impaired
after cessation of fluoxetine administration during the MWM task. (A) Experimental
design: adult rats received fluoxetine (flx) or saline (sal) for 7 weeks. After com-
pletion of treatment, rats were trained in the MWM task. Twenty-four hours and
17 days post-training, a probe test was performed to evaluate recent and remote
memory, respectively. Then, the platform was relocated to perform a new training
(reversal learning, i.e., five trials of 2 min each) and tested 24 h later. (B) The mean
time to reach the platform was plotted for each experimental group. Arrows indicate
the days after learning in which memory was assessed. The superscript number (1)
indicates that the memory test was referred to learning on days 1-4, while super-
script (2) indicates that the memory test was referred to relearning on days 23-24.
(C) The bar graphics show: left, the latency to reach the platform on day 5; middle,
the latency for the first platform crossing on day 22; and right, the latency for the
first platform crossing on day 25 (**p<0.01, sal: n=10; flx: n=10; Mann-Whitney
U-test).

libitum food and water. Either saline (0.9% NaCl) or 0.7 mg/kg fluoxetine (Ely-Lilly
Co., Indianapolis, USA) dissolved in saline was administered daily via i.p. injection
between 9:00 and 10:00 a.m. for 28 days. Additionally, a second control group of rats
received a single fluoxetine injection. All experiments were performed in accordance
with the Universidad de los Andes Bioethical Committee and the Guide for the Care
and Use of Laboratory Animals from the National Institutes of Health.

2.2. Morris Water Maze (MWM) task
In the MWM task, rats learned to find a hidden platform in a swimming pool

based upon visual cues. This task was developed to assess spatial learning and mem-
ory in rodents [22]. The apparatus consisted of a circular pool of water (200 cm
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diameter, 50 cm depth) that contained water (22+1°C) to 20 cm below the rim.
The pool was divided into 4 quadrants. A circular Plexiglas platform (17 cm diam-
eter) was located 2 cm below the water surface in the middle of the North-West
quadrant. This platform was not visible to the rat, as it was the same color as the
swimming pool. Spatial cues were located on the walls of the room, and the observer
was located at a fixed place within the room. Rats were moved to the room 1h
before testing. Daily training consisted of five trials limited to 2 min (~45-60 min
of inter-trial intervals), in which the sequence of starting quadrants was counter-
balanced every day. This was conducted for 4 consecutive days, after which the rats
had learned to reach the platform in a minimum amount of time. The latency of
escape onto the platform was recorded. Each rat was placed on the platform for
30s after the end of each trial. Reference memory was assessed at 24 h and 17 days
post-training.

Three experimental groups were designed using the MWM task. In the first
group, the learning phase was initiated after 4 weeks of fluoxetine administration,
and fluoxetine treatment continued until the end of the experimental design, includ-
ing an injection on the test days, i.e. day 17 after learning (Fig. 1A). In the second
group, the learning phase was initiated after completion of the treatment (49 days
in total, Fig. 2A). The third group was used to evaluate the long-lasting effects of flu-
oxetine in rats after a 6 week period of withdrawal after 4 weeks of antidepressant
administration (Fig. 5A). For testing memory 17 days post-learning, we recorded the
latency to the first platform crossing or the number of platform-site crossovers after
removing the platform (in a pre-defined annulus 10 cm larger than the target) dur-
ing the first minute in the pool. In addition, the second group of rats was exposed
to a new training paradigm in which the platform was relocated to the opposite
quadrant to assess reverse learning. The second test was performed 24 h after two
days of training (5 trials per day) in which rats were able to learn the new location.

2.3. Object Location Memory (OLM) and Novel Object Recognition (NOR) tasks

The OLM and NOR tasks were developed to evaluate memory based upon sponta-
neous object exploration behaviors [10,23]. The OLM task was used to assess spatial

memory in a less aversive manner than in the MWM task. Differently shaped objects
of the same material were used, and objects were of similar weight and size. Objects
were validated using an additional control group of rats. Each rat was subjected to
the same task, which was always presented sequentially to evaluate memory at 24 h
and 1 h. In turn, each rat was subjected to only one task, either the OLM or the NOR.
In one experimental design, animals were treated for 4 weeks with either saline or
fluoxetine (Figs. 3A and 4A). For both tasks, fluoxetine or saline were administered 4
weeks prior to the beginning of the 24 h-task and during 10 additional days up to the
end of the 1 h-task. When tasks were performed during fluoxetine treatment, the
drug was discontinued between the training session and the test session to avoid
possible acute effects of fluoxetine on memory. In a second experimental group,
memory after fluoxetine discontinuation was assessed. For this, memory was eval-
uated in the same rats at two different time-points: (1) after 4 weeks of either saline
or fluoxetine treatment (experimental designs identical as in Figs. 3A and 4A) and
(2) following a fluoxetine withdrawal period of 6 weeks (Fig. 5A).

For both tests, a rectangular plastic open field 60 x 40 x 40 cm (length x width
xheight) was divided into 24 identical squares of 10 x 10 cm, and two identical
objects were located on the floor near the shorter side of the field, 10cm away
from the walls. The OLM task consisted of 3 steps: habituation to allow accom-
modation to the open field (3 trials on 2 consecutive days, 10 min/trial), a training
session 24 h later to allow exploration of 2 identical objects (1 trial, 3 min) followed
by a test session performed 24 h post-training, in which one of the two objects was
randomly moved to a new location (1 trial, 3 min). The discrimination capacity was
represented by the time that rats took to explore the relocated object compared to
the familiar one. After 4 days, a second task with different objects was performed,
and rats were tested 1h after training (Fig. 3A). The arena and the objects were
thoroughly cleaned between trials with 5% ethanol. Exploration time was recorded
and was defined as time spent sniffing or touching the object with the nose and/or
forepaws. To control locomotor activity and other motivation and anxiety-related
behaviors, three parameters were recorded during the first 3 min in the first habit-
uation phase: number of squares explored as indicative of locomotor activity and
number of rearings and time spent in the center as indicative of anxiety-related
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Fig. 3. Long-term, but not short-term, spatial memory was impaired after 4 weeks of repetitive fluoxetine administration in the OLM task. (A) Experimental design: two
OLM tasks were performed in a sequential manner, the first at 24 h and the second at 1 h post training. (B-C) Diagrams illustrate the consecutive sessions of the OLM task:
three habituation sessions (H1-H3), one training session (with two identical objects located in a fixed position) and one test session (with one of the objects moved to a
new location). Notice that two different pairs of objects for each time point were used to allow testing the same rats but repeating the task at 24h and 1 h, consecutively.
(D) Graphic shows the ability of rats to discriminate the relocated object at 24 h and 1 h post-training after repeated saline or fluoxetine administration, expressed by the
D2-index according to Ennaceur and Delacour (1988) (**p<0.01, sal: n=18; flx: n=17; Mann-Whitney U-test). (E) Graphic shows the D2-index after a single injection of
either saline or fluoxetine performed in an independent group of animals at 24 h post-training (sal: n=6; flx: n=8).



E. Ampuero et al. / Behavioural Brain Research 247 (2013) 92-100 95

A NOR NOR
o (24 h) (1h)
ult ! L :
(P84) -
: T £3 T 8§
I (00 1IN i
I I I 1 I * 1 * I
1 2 3 4 5 6 weeks
| sal / flx |
o test C test
H1-H3 training (24 h) H1-H3  training (1h)
— A A — H | m e
—_—— —
|
D 4 weeks o sa
. fix 1 dose
05 _kk 0.5
s 04 T — x 04f
kel
c 0.3 'g 0.3
1 —
o 02 102
N
o 0.1 E 0O o1
T T
test24 h test1h test24 h

Fig. 4. Long-term, but not short-term, recognition memory was impaired after 4 weeks of repetitive fluoxetine administration in the NOR task. (A) Experimental design: two
NOR tasks were performed in a sequential manner, the first at 24 h and the second at 1 h post training. (B-C) Diagrams illustrate the consecutive sessions of the NOR task:
three habituation sessions (H1-H3), one training session (with two identical objects) and one test session (with one objects replaced by a novel object). Notice that different
familiar and novel objects were used for each training and test sessions, respectively, to allow testing the same rats but repeating the task at 24 h and 1 h, consecutively. (D)
Graphic shows the ability of rats to discriminate the novel object at 24 h and 1 h post-training after repeated saline or fluoxetine administration, expressed by the D2-index
according to Ennaceur and Delacour (1988) (**p <0.01, sal: n=16; flx: n=18; Mann-Whitney U-test). (E) Graphic shows the D2-index after a single injection of either saline
or fluoxetine performed in an independent group of animals at 24 h post-training (n =7 animals per condition).
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Fig. 5. Fluoxetine withdrawal following antidepressant treatment led to the recovery of spatial memory but not recognition memory. (A) Experimental design: adult rats
were treated with fluoxetine (fIx) or saline (sal) for 4 weeks. Six weeks after the end of treatment, 3 independent groups of rats were trained in the MWM, OLM or NOR tasks
and then memory was tested at the same time points used in Figs. 1A, 3A and 4A, at which memories had been impaired after repeated fluoxetine administration. (B) Left
graphic: the latency to find the platform 17 days post-learning in the MWM task was plotted; middle graphic: the D2-index for the OLM task 24 h post-training is shown;
and right graphic shows the D2-index in the NOR task for both groups of rats (*p <0.05, sal: n=8; flx: n=9; Mann-Whitney U-test).
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Table 1
Locomotor/spontaneous activity in the OLM and NOR tasks after 4 weeks of repeti-
tive fluoxetine administration. Data are expressed as mean & SEM.

OLM

Habituation sal (n=10) flx (n=10)
Locomotor activity (number of squares) 106.2 + 7.3 103.0 + 10.2
Rearing number 212 +£15 208 £ 29
Time center (s) 54 + 1.6 58 +2.7
NOR

Habituation sal (n=10) flx (n=10)
Locomotor activity (number of squares) 70.6 + 6.0 58 + 6.2
Rearing number 8.7 +£21 11.6 £ 2.0
Time center (s) 95 +26 8.6 £2.8

Table 2
Exploratory activity of rats treated for 4 weeks with either saline or fluoxetine. Data
from the training and test sessions during the OLM and NOR tasks.

OLM task

Training sal (n=18) flx (n=17)
Object A1 119+ 0.6 10.7 £ 1.1
Object A2 122+ 1.0 141+ 1.7
El-index? 241 £+ 1.1 249 £23
Test, 24h

Familiar object 44+ 04 6.3 + 0.6
Relocated object 8.0 £ 1.2** 5.1+£0.6
E2-index” 123+ 15 114 +£ 09
NOR task

Training sal (n=16) flx (n=18)
Object B1 11.0+ 0.9 8.6+ 1.1
Object B2 11.6 £ 0.9 82 +0.8
E1-index¢ 226 £1.5 168 £ 1.9
Test, 24h

Familiar object 44+ 0.6 6.0 + 0.8
Novel object 9.5 £ 1.2"** 7.0 £0.7
E2-indexd 17.5 £ 2.1 126 £ 1.6

Data are expressed as mean + SEM.
**p<0.01 (two-tailed unpaired t-test) Familiar vs. Relocated.
***p<0.001 (two-tailed unpaired t-test) Familiar vs. Novel.

2 Total exploration time (s): A1+A2.

b Total exploration time (s): Familiar + Relocated.

¢ Total exploration time (s): B1 +B2.

d Total exploration time (s): Familiar + Novel.

behaviors (see Table 1). In addition, the total exploration time between the exper-
imental groups was controlled to demonstrate that treatment did not affect the
exploration ability of the rats. Furthermore, available exploration time did not differ
between pairs of identical objects during the training sessions (Table 2).

In the NOR task, instead of location changes, one of the familiar objects was ran-
domly changed to a novel object. For validation, the same additional measurements
as for the OLM task were performed (Table 2).

2.4. Statistical analysis

We used GraphPad PRISM 4.0 software to analyze all data, with the exception of
the learning phase of the MWM task, which was analyzed with STATA 9.0 software.
The data are presented as the mean & SEM. For the learning period of the MWM task,
a mixed model analysis was applied with ‘treatment’ as a between-group factor and
‘days’ as a within-group factor. For memory data a two-tailed unpaired Student’s t-
test was applied to compare differences between groups for each of the tasks used.
For intra-group comparisons between object exploration in both training and test
sessions in the NOR and OLM tasks, we used two-tailed paired t-tests.

3. Results

3.1. Repetitive fluoxetine administration led to impairment of
long-term spatial memory

To evaluate the effects of fluoxetine on hippocampal-dependent
memory in adult rats, we administered either fluoxetine or saline

for 4 weeks and performed widely used spatial MWM task (Fig. 1A).
Rats displayed normal learning and memory during the 4 days
of training and after 24 h post-learning, respectively. However,
in fluoxetine-treated rats, the latency to reach the platform sig-
nificantly increased when memory was tested 17 days after the
learning phase (sal: 13.5+0.4s, n=12, flx: 33.6+5.5s, n=11,
p<0.01; Fig. 1B). As fluoxetine had been continuously administered
during the experimental design (7 weeks in total), the memory
impairment at the 17th day post-learning could indicate an accum-
ulative adverse effect due to exposure to fluoxetine between the
training and the test session. Therefore, we modified the previ-
ous experimental design to administrate fluoxetine for 7 weeks
before training (Fig. 2A). Then, fluoxetine was discontinued thereby
ensuring that fluoxetine would not directly act on the memory con-
solidation process. The new two groups of rats showed identical
learning curves (Fig. 2B). Twenty-four hours post-learning, recent
memory was unaffected (Fig. 2C, left graphic). However remote
memory was still impaired 17 days after training (Fig. 2C, mid-
dle graphic). In this case, the platform was removed to ensure
learning specificity and that rats were not reaching the platform
in a casual manner. We quantified the latency to the first plat-
form crossing and the number of target platform crossings as other
commonly used parameters [24]. Fluoxetine induced both a longer
latency (sal: 19.94+4.6s, n=10, flx: 44.14+5.9s, n=10, p<0.01;
Fig. 2B, middle graphic) and a 3-fold decrease in the number of
target crossovers (sal: 3.2+0.4, flx: 1.2+0.3, p<0.001, n=10 per
group). To assure a specific adverse effect on remote memory,
but not learning, a second/reversal learning was performed dur-
ing the two posterior days (at days 23 and 24 after the first learning
phase) by placing the platform in the opposite quadrant (Fig. 2A
and B). Similar to the first learning protocol, fluoxetine-treated
rats did not differ in their latency to reach the platform during
the training phase when compared with the saline-treated group.
Furthermore, both experimental groups had similar performance
when memory was tested 24 h later by measuring the latency to the
first platform crossing (Fig. 2E) and the number of crossings (sal:
3.8+0.7, flx: 3.5+ 0.3, p=0.422, n=10 per group). Thus, data from
this experiment indicate that repeated fluoxetine administration
induced a selective deficiency in remote spatial memory assessed
in the MWM task but did not alter learning nor recent memory
consolidation.

To assess learning and spatial memory in a non-aversive
paradigm, we used the OLM task (see experimental design in
Fig. 3A). The ability to recognize the newly located object was
tested 24 h (Fig. 3B) and 1 h (Fig. 3C) after a single training session.
After 4 weeks of treatment fluoxetine-treated rats spent similar
time exploring the familiar or relocated object at 24 h post-training
(familiar: 6.34+0.6s, relocated: 5.1+0.6s, p=0.277, n=17, not
shown) whereas saline-treated rats explored the relocated object
for more time, as expected (familiar: 4.4+0.4s, vs. relocated:
8.0+1.25,p<0.01,n=18, not shown). The discrimination D2-index
following Ennaceur and Delacour was also calculated to represent
memory performance [23], i.e. the exploration time of the relo-
cated object in reference to the total exploration time (Fig. 3D-E).
While a similar D2-index at 1h post-learning revealed no differ-
ences among groups, this index decreased after an interval of 24 h
indicating no memory retention (Fig. 3D). However, a single admin-
istration of fluoxetine 24 h before testing (n=8) had no effect on
memory performance (Fig. 3E). In addition, the total exploration
time for the training and test sessions as the E1- and E2-indexes,
respectively, were calculated. Similar E1-indexes indicated that
exploration ability of rats did not depend on the treatment. Table 2
also reveals that there was not a left/right side-preference for the
identical objects (A1 and A2) in the training session (Table 2).
Additionally, the relocated object was counterbalanced in the test
session.
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3.2. Repetitive fluoxetine administration led to impairment of
long-term recognition memory

The NOR task is a learning paradigm similar to the OLM task,
but it is used to assess non-hippocampal-dependent memory such
as recognition memory that depends primarily on cortical regions
[25]. After 4 weeks of treatment, two consecutive tasks were per-
formed to assess recognition memory 24 h and 1h post-training
(Fig. 4A-C). Similarly to the OLM task, 1 h after the training session,
the performance of the fluoxetine-treated rats was indistinguish-
able from the control group in the NOR task (showed as D2-index
in Fig. 4D). However, at 24 h post-training, only saline-treated ani-
mals explore the novel object for more time (sal group, familiar:
4440.6s, novel: 9.54+1.2s, p<0.001, n=16; fIx group, familiar:
6.0+0.8s, novel: 7.0+0.7s, n=18, not shown). We also used E1-
and E2-indexes (Table 2), and the D2-index (Fig. 4D-E) to analyze
the NOR data [23]. Importantly, both groups of rats showed similar
exploration time with each of the two objects (B1 and B2) in the
training session, indicating not left/right side preference (see the
E1 index, Table 2).

Additionally, the novel object was counterbalanced in the test
session. As for the OLM analysis detailed above, we found exclu-
sively differences in the D2-index at a 24h memory retention
interval among groups in the NOR analysis (Fig. 4D) while a sin-
gle fluoxetine dose revealed no differences (Fig. 4E, n=7 animals
per group).

Spontaneous motor behaviors in turn were undistinguishable
during the first habituation session of the OLM and NOR tasks
and, therefore, showed no treatment effects (see data of locomotor
activity, number of rearings and time spent in the center in Table 1).

3.3. Effects of fluoxetine withdrawal on memory

Three additional groups of rats were used to evaluate in the
3 memory tasks the long-lasting behavioral effects of fluoxetine,
tested at the same time points in which retention had been shown
impairment. For this, fluoxetine was administered during 4 weeks,
and memory was tested 6 weeks after cessation of treatment
(Fig. 5A). In contrast to the previous findings, remote spatial mem-
ory, assessed 17 days post-training, was not different among groups
(n=9 per group, Fig. 5B, left graphic). This indicates that the effect
of chronic fluoxetine treatment on remote memory in the MWM
task is reversible. In turn, the OLM data also showed a sponta-
neous recovery of recent memory in fluoxetine-treated rats (n=9)
24 h post-training (compare middle graphic of Fig. 5B with Fig. 3D).
However, fluoxetine-treated animals (n = 10) still displayed a mem-
ory impairment in the NOR task after 6 weeks of withdrawal (right
panel of Fig. 5B). As expected, after fluoxetine withdrawal, rats
showed normal learning and memory at 24 h post-learning in the
MWM task as well as in both the OLM and NOR tasks 1h post-
learning (data not shown).

Additionally, we tested depressive-like behaviors after 6 weeks
of withdrawal and found no differences among groups (Supple-
mentary Fig. 1). This suggests that the antidepressant effects
observed immediately after 4 weeks of fluoxetine treatment [5]
was not present after the withdrawal period.

4. Discussion

The effects of repetitive fluoxetine administration on learning
that is primarily hippocampus- (MWM and OLM) or non-
hippocampus- (NOR) dependent were investigated. The main
finding of our present paper is that chronic fluoxetine treat-
ment did not affect learning but specifically impaired long-term
memories with a time scale that was task-dependent. Recent or

remote memories were impaired in the one-trial or multi-trial
learning-paradigms, respectively. These data indicate that mem-
ory storage may be affected, a phenomenon that recruits cortical
structures [8], including areas in which we had previously shown
thatrepeated fluoxetine administration induced extensive synaptic
re-arrangements.

4.1. Repetitive fluoxetine administration did not affect learning

Consistent with previous findings, both spatial and recognition
learning did not differ between saline- and fluoxetine-treated ani-
mals [20,21,26]. Additionally, we found that animals with impaired
remote memory could re-learn using a newly located platform in
the MWM task. These findings are consistent with normal hip-
pocampal function, which is critically important for the OLM [10]
and MWM tasks [27], while hippocampal participation in the NOR
task, which depends largely on the perirhinal cortex, is only partial
if existent [16,17,28].

Several studies converge on an essential role of the dentate
gyrus (DG) in spatial learning [29-31]. In that hippocampal region,
repetitive fluoxetine treatment increases the neurogenesis that
underlies antidepressant-like effects [32,33]. Furthermore, fluoxe-
tine treatment promotes neurogenesis in the DG and also is directly
related to an LTP increase in the medial perforant path-DG synapses
[34,35]. This positive effect on synaptic plasticity in hippocam-
pal circuits might explain why the encoding of new information
was not affected after chronic fluoxetine treatment [36-39]. How-
ever, in telencephalic regions, devoid of neurogenesis, the putative
plasticity-limiting adaptations that we have described at gluta-
matergic synapses induced by fluoxetine might have a functional
relevance in memory consolidation [5]. These adaptations include
a higher proportion of large, more stable mushroom-type spines
associated to increased calcium-impermeable glutamate receptor
subtypes.

4.2. Effect of fluoxetine on recent or remote spatial memories

In previous rodent studies using the MWM, normal recent
memory was found in fluoxetine-treated animals when tested
24 h post-learning [20,21], irrespective of whether fluoxetine was
administered during the training and test sessions. In those stud-
ies, doses of 1 or 5 mg/kg, respectively, were used for 2 weeks, and
longer retention intervals post-learning were not tested. In the first
MWM protocol used by us (Fig. 1), detrimental effects on remote
memory at 17 days post-learning could depend on continued fluox-
etine affecting the consolidation process, and not on plastic changes
induced by a more permanent manner by repeated fluoxetine treat-
ment. For this reason, a second group of rats, in which fluoxetine
had been discontinued to avoid a possible post-learning effect,
was subjected to the MWM task. In this case, fluoxetine affected
remote memory, but no effects on learning or on recent memory at
24 h post-learning were observed in the MWM task. This suggests
that long-lasting adaptive changes occur in brain areas involved in
remote memory consolidation/storage.

A detrimental effect of fluoxetine on spatial memory was also
revealed in the OLM task, in which failures in performance were
detected in this task at 24 h post-learning (recent memory). Dif-
ferent outcomes in both tests were also found when hippocampal
neurogenesis was inhibited [40]. This could be due to the differ-
ential participation or time course of brain structures involved in
memory consolidation in these two paradigms. For instance, two
comparative studies testing spatial memory have shown that at the
same post-learning time, the hippocampus was crucial for remote
spatial memory in the MWM task [41], but not in the five-arms
maze, which requires the activation of cortical regions such as the
retrosplenial cortex [42]. Differences in task aversiveness used in
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assessing hippocampal-dependent memories and therefore, cor-
ticosterone levels [43,44], the number of trials required to learn
and/or the requirement of habituation prior to the task [45] could
influence the performance of the animals. Indeed, while the MWM
taskis a stressful task in which rats are forced to swim, the OLM task
is performed in an open field arena where animals have been pre-
viously habituated. Perhaps the difference might also be explained
by modulation of spatial consolidation by stress hormones in the
aversive MWM task, that is particularly mediated by corticosterone
[46,47], but does not affect memory when rats are pre-habituated
to the context of the OLM task, similar to the findings described by
Okuda and collaborators in the NOR task [48].

4.3. Specific long-, but not short-term, memory impairment of
object recognition memory

Similarly to spatial learning test outcomes in the OLM task, we
found impairments in long-term memory tested at 24 h, but not
1h post-learning, in the NOR task. This is consistent with studies
showing that chronic fluoxetine treatment impaired recognition
memory at 24 h [20,49], but not at 1 h [26]. Interestingly, fluoxetine
improved the D2-index 2 h after a single fluoxetine administration
in the isolated rat model, used to induce depressive-like symptoms.
However, this beneficial effect disappeared after a longer treatment
of 7 total days [50]. In this paper, NOR memory was tested 1 h post-
training. In agreement with that result, we did not find any effect
of repeated fluoxetine administration at that time point.

Therefore, we could now clarify that, using the same animals to
test memory at different time points, the different outcomes are
likely due to fluoxetine-induced impairments in the natural con-
solidation process from short-term (1 h) to recent (24 h) memory.
An important point is that only a minority of the studies performed
in rodents have used comparable fluoxetine doses during chronic
treatment (0.7-2.0 mg/kg per day) [5,21,51,52], highlighting the
fact that even low doses may present adverse effects in naive
animals.

4.4. Possible hippocampal and cortical areas and mechanisms
involved in the effect of fluoxetine on memory

The consolidation of explicit memories involves the gradual
reorganization of brain regions that support specific types of mem-
ory [11,53]. Thus, there are changes within the medial temporal
lobe system from the hippocampus to cortical regions to form or
store recent or remote memories [12-14]. Contrary to the general
rule that explicit memories become independent of the hippocam-
pus with time, this structure contributes to both recent and remote
memory in the MWM task [9,30,41,54]. One possible explanation is
that different hippocampal sub-regions are recruited in learning vs.
memory storage or retrieval in the MWM task. In this way, the inac-
tivation of CA3 prior to learning affects acquisition but not memory
retrieval [55], while the importance of CA1 pyramidal neurons
in the consolidation/storage of spatial memory has been demon-
strated [56]. In addition, the hippocampal CA3 region is involved
in the consolidation of memory in the OLM task but not in the
NOR task [57]. Furthermore, whereas hippocampus participates in
short-term memory at 1 h post-training [58], the role of the perirhi-
nal cortex is essential for consolidation of long-term memory in the
NOR task [17], but also the activity of this cortical region has been
associated to a good performance in the OLM task [59,60]. There-
fore, the perirhinal cortex might be involved in decreased NOR and
OLM long-term memory performance. Interestingly, 6 weeks of flu-
oxetine withdrawal is enough to recover the loss of spatial memory
function both in the hippocampal-dependent MWM as well as in
the OLM task, but not in the non hippocampal-dependent NOR task.

From data presented herein, we hypothesize that possible
fluoxetine-induced changes affecting the hippocampus might be
partially mitigated by the activation of alternative hippocam-
pal circuits. In contrast, fluoxetine-induced plasticity in cortical
structures involved in explicit memory processes may not be func-
tionally compensated.

It is accepted that the mechanism of action of fluoxetine
involves the up-regulation of trophic factors [19,61]. For exam-
ple, 2 or 6 weeks of 0.7 mg/kg fluoxetine increased brain-derived
neurotrophic factor (BDNF) and its receptor TrkB proteins at gluta-
matergic forebrain synapses [19]. Interestingly, the BDNF protein
elevation in the hippocampus preceded increases of its mRNA,
favoring plastic adaptations induced by this neurotrophic factor
[62]. A consequence of plasticity-inducing extracellular signals
could converge on the cytoskeletal re-organization leading to the
observed changes in spine morphology already reported [5,63,64].

In a different study, the potential consequences of fluoxetine-
induced plasticity on the molecular composition of glutamatergic
synapses was studied. Increased spine density and of large,
mushroom-type spines was associated to increased levels in GluA2-
containing AMPA-receptors as well as GluN2A-containing NMDA-
receptors after 4 weeks of fluoxetine administration [5]. This sub-
unit composition of AMPA- and NMDA receptors leads to decreased
calcium influx during periods of activity. Therefore, in the long
term, activity-dependent synaptic plasticity such as LTP and LTD,
which contribute to memory consolidation in cortical regions,
might be altered because of reduced calcium-permeable glutamate
receptors, leading to a deficiency of down-stream mechanisms that
have been described elsewhere with details [17,65,66]. In such a
way, calcium-activated protein kinases and nuclear signaling that
leads to synthesis of new proteins might be affected, a possibility
that should be investigated at the cellular level in the future.

Taken together, the growing idea that the glutamatergic system
is targeted by antidepressants suggests that the re-organization of
glutamatergic networks may lead to adverse effects on memory
consolidation. Therefore, the use of cognitive enhancers that act
on glutamatergic synapses might be potentially effective to over-
come memory impairment when co-administered with long-term
fluoxetine [67].

5. Conclusions

The most relevant finding of the present study is that repetitive,
but not a single, administration of low-dose fluoxetine had detri-
mental effects on long-term hippocampal- and non-hippocampal-
dependent memories in adult naive rats, whereas learning was
unaffected. Furthermore, after 6 weeks of fluoxetine withdrawal,
spatial memory, but not recognition memory, was restored. The
behavioral data indicates that chronic fluoxetine treatment specif-
ically affects the formation/storage of enduring memories, and also
suggests that long-lasting effects of fluoxetine is likely related to the
processes in which cortical areas play a greater role.
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