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Abstract

A series of our previous studies demonstrated that fish oil (FO), equivalent to 300 mg/kg
docosahexahenoic acid (DHA), facilitates memory recovery after transient, global cerebral
ischemia (TGCI) in the aversive radial maze (AvRM). The present study sought to address
two main issues: (i) whether the memory-protective effect of FO that has been observed in
the AVRM can be replicated in the passive avoidance test (PAT) and object location test
(OLT) and (i) whether FO at doses that are lower than those used previously can also prevent
TGClI-induced memory loss. In Experiment 1, naive rats were trained in the PAT, subjected
to TGCI (4-vessel occlusion model), and tested for retrograde memory performance 8 and 15
days after ischemia. Fish oil (300 mg/kg/day DHA) was given orally for 8 days. The first
dose was delivered 4 h postischemia. In Experiment 2, the rats were subjected to TGCI,
treated with the same FO regimen, and then trained and tested in the OLT. In Experiment 3,
the rats were trained in the AVRM, subjected to TGCI, administered FO (100, 200, and 300
mg/kg DHA), and tested for memory performance up to 3 weeks after TGCI. At the end of
the behavioral tests, the brains were examined for neurodegeneration and neuroblast
proliferation. All of the behavioral tests (PAT, OLT, and AVRM) were sensitive to ischemia,
but only the AVRM was able to detect the memory-protective effect of FO. Ischemia-induced
neurodegeneration and neuroblast proliferation were unaffected by FO treatment. These
results suggest that (i) the beneficial effect of FO on memory recovery after TGCI is task-
dependent, (ii) doses of FO < 300 mg/kg DHA can protect memory function in the radial
maze, and (iii) cognitive recovery occurs in the absence of neuronal rescue and/or

hippocampal neurogenesis.
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Highlights

* Global cerebral ischemia induces memory impairment in different behavioral tests.

* Fish oil task-dependently prevented memory deficits.

 The memory-protective effect of fish oil was not dose-dependent.

* The antiamnesic effect of fish oil occurred in the absence of histological neuroprotection.

* Ischemia-induced neurogenesis was unaffected by fish oil treatment.



1. Introduction

Transient, global cerebral ischemia (TGCI) is a condition that is commonly encountered in
daily clinical practice, mainly because of unexpected, reversible cardiac arrest. Various other
clinical conditions can also result in hypoxic/ischemic brain damage, including respiratory
arrest, gas poisoning, accidental suffocation of diverse origins, perinatal asphyxia, and
diagnostic and surgical procedures [1]. Depending on the duration and severity of TGCI,
patients are most often left with long-lasting cognitive impairments, mainly in the domains of
attention, processing speed, memory, and executive function, that render them vocationally
impaired [2]. Treatments that can alleviate such cognitive deficits are urgently needed. The
assessment of behavioral end-points has been recommended in the preclinical phase of
neuroprotective drug development [3].

We have been investigating the effects of fish oil (FO) on the histological, biochemical,
and behavioral outcomes of TGCI using the 4-vessel occlusion (VO) model. Fish oil is one of
the richest natural sources of docosahexanoic acid (DHA; 22:6n-3) and eicosapentenoic acid
(EPA; 20:5n-3), the two most extensively studied n-3 polyunsaturated fatty acids [4, 5]. The
therapeutic potential of these fatty acids has been extended to the field of ischemic brain
disease [6]. We reported that FO treatment (equivalent to 300 mg/lkg DHA) that was initiated
3 days prior to ischemia prevented the consequent loss of memory (i.e., retrograde amnesia)
when administered for both 28 days [7] and 10 days [8, 9] after TGCI. The antiamnesic effect
of FO was also observed even when the first dose was administered at 4 h postischemia in
middle-aged rats, suggesting a time window of efficacy [10]. Other data from our laboratory
suggest that an antioxidant effect that occurs within the first hours of reperfusion may
contribute to the memory-protective effect of FO after TGCI [9]. Interestingly, we have not
observed protective effects of FO against ischemia-induced pyramidal cell death in the

hippocampus or cerebral cortex, a finding that has been replicated by others [11].



Our previous studies always had two common methodological aspects. First, FO was
administered at a dose equivalent to 300 mg/lkg DHA which, from a clinical perspective, may
be a dose that is too high. Whether a DHA dose < 300 mg/kg also effectively prevents
memory loss after TGCI remains to be investigated. Second, a non-food-rewarded radial
maze (i.e., the aversive radial maze [AVRM]) was used to assess remote, long-term retrograde
memory. The conventional, food-rewarded, eight-arm radial maze has also been used to
demonstrate the effects of DHA on TGCI-induced learning impairment [12]. The beneficial
effects of FO against learning deficits after TGCI have also been evaluated in the Morris
water maze [11]. These studies suggest that the radial maze and water maze are reliable
behavioral paradigms to test the effects of drugs on functional recovery after ischemic brain
damage. Despite the sensitivity of these behavioral models to hypoxic/ischemic brain damage
[13], they are both labor-intensive and time-consuming and require several consecutive
training and/or retention memory trials (RMTs). This characteristic may limit their utility for
screening substances with possible neuroprotective properties. The use of different behavioral
models is necessary if a battery of tests is needed to define the therapeutic efficacy of a given
treatment. The beneficial effects of drugs on functional recovery after brain damage may also
be task-dependent. Understanding this fact may prevent the premature invalidation of drugs
that actually have neuroprotective potential.

Therefore, the present study evaluated the following: (i) whether the memory-protective
effect of FO in the AVRM task can be replicated in the passive avoidance test (PAT) and
object location test (OLT), (ii) whether FO that contains DHA doses < 300 mg/kg can
prevent memory loss in the AVRM task after TGCI, and (iii) whether FO administration at

different doses influences the effect of ischemia on neurodegeneration and neurogenesis.

2. Material and Methods



2.1. Subjects

Male Wistar rats (250-300 g, 3-4 months old) were used. They were maintained under
controlled temperature (22°C = 1°C)and a 12 /12 h alternating light/dark cycle (lights on at
7:00 AM) with free access to tap water and a standard commercial chow diet (Nutrilab-CR1;
Nuvital Nutrients, Curitiba, PR, Brazil). Prior to any experimental manipulations, the rats
were acclimated to the laboratory vivarium for 1 week. The experimental procedures adhered
to the ethical principles of the Brazilian College of Animal Experimentation (COBEA) and
were approved by the local Ethics Committee on the Use of Animals (CEUA; authorization

no. 157/2013).

2.2. Experimental design

Fig. 1 shows the timeline of the experiments. Experiment 1a was performed to obtain
insights into the duration and consistency of passive avoidance memory in intact rats. We
sought to determine the length of time we should use to test the effect of TGCI on remote,
retrograde passive avoidance memory. Naive rats were trained for 3 consecutive days (day -2
to day 0) and then tested for the retention of passive avoidance memory on days 1, 7, 15, and
21 after training. Based on the results of Experiment 1a, Experiment 1b evaluated the effect
of TGCI on passive avoidance memory and the effect of FO thereon 8 and 15 days after
TGCI. An RMT was performed preoperatively (day -1) to confirm that the rats learned the
task. Experiment 2 tested the effects of TGCI and FO in the OLT. The OLT is a one-trial
spatial memory test. Naive rats were subjected to TGCI, then treated with FO or vehicle for 8
days. On day 15 postischemia they were exposed to the training condition, and again on day
16, after which the retention memory trial (RMT) was conducted. In Experiment 3, naive rats
were trained for 10 days to learn the AVRM task. They were then assigned to different groups

according to DHA dose. Two days later (day 0), TGCI or sham surgery was performed. In the



TGCI groups, treatment with vehicle or FO begun at 4 h after reperfusion and continued once
per day during 8 days. The sham operated groups did not receive any treatment. Retention
memory trials were performed on days 9, 16, and 23 postischemia. One day after the
behavioral tests, the brain was removed and processed for Nissl (Experiment 1b and 2) or

immunohistochemical (NeuN and doublecortin [DCX], Exp. 3) staining.

2.3. Ischemia

Transient, global cerebral ischemia was induced according -the 4-vessel occlusion (4-VO)
[14], with modifications. The animals were anesthetized with a halothane/oxygen mixture
(Tanohalo; Cristalia, Itapira, S&o Paulo, Brazil) that was delivered through a universal
vaporizer (0.5 L/min) connected to a face mask that was affixed to the rat’s nose. A
longitudinal incision in the dorsal neck exposed the alar foramin at the first cervical
vertebrae, through which the vertebral arteries (VA) were bilaterally electrocoagulated
(unipolar current, 3-4 mA). The incision was then sutured. Another incision was made on the
ventral neck to expose the common carotid arteries, which were loosely tied with silk thread.
Four to 5 h later, the silk thread was carefully tightened for 15 min in conscious,
spontaneously ventilating animals, thus completing the 4-VO surgical procedure. Throughout
occlusion and during the first hour of reperfusion, the rats were maintained in a warming box

(inner temperature, 30 +1°C) to avoid eventual brain hypothermia. During surgery, rectal

temperature was maintained at ~37°C with a heating pad and monitored with a digital
thermometer (APPA MT-520; Minipa, Sé&o Paulo, Brazil) coupled to a rectal probe (Minipa
Electronics, Houston, TX, USA). Loss of the righting reflex within 2 min after carotid artery
occlusion and maintenance for the entire period of occlusion were used as inclusion criteria

for effective ischemia. Unresponsiveness to gentle touch, mydriasis, and tonic extension of



the paws were also monitored. Sham-operated animals underwent the same surgical

procedures but without vessel occlusion.

2.4. Fish oil preparation and treatment

The commercial formulation Omega-3 DHA 250® (Biotik do Brasil Ind(stria e
Comércio Ltda, Sdo Paulo, Brazil) was used. Each FO capsule (0.4 ml) contained 250 mg
DHA, 50 mg EPA, and 1 mg vitamin E as an antioxidant. The total fatty acid content in each
capsule was reported elsewhere [9]. The content of four capsules was diluted with 8.4 ml of
extra virgin olive oil, providing a main FO solution with 100 mg/ml DHA, 20 mg/ml EPA, and
0.4 mg/ml vitamin E. From this main FO solution, 3 ml/kg was administered by gavage, which
corresponded to doses of 300 mg/lkg DHA, 60 mg/lkg EPA, and 1.2 mg/kg vitamin E. For the
other doses, to administer a constant volume (i.e., 3 mlkg), 2 ml of the main FO solution was
diluted with 1 ml of olive oil, providing doses of 200 mg/kg DHA, 40 mg/kg EPA, and 0.8
mg/kg vitamin E. Similarly, for doses of 100 mg/kg DHA, 20 mg/kg EPA, and 0.4 mg/kg
vitamin E, 1 ml of the main FO solution was diluted with 2 ml of olive oil. Ischemic control
rats received olive oil as the vehicle, and sham-operated rats received no treatment. Fish oil or

vehicle was administered between 2:00 PM and 3:00 PM.

2.5. Behavioral analysis
2.5.1 Step-down passive avoidance test

The apparatus consisted of a Plexiglas chamber (50 cm x 26 cm x 31 cm) with an
electrified grid floor (0.5-2.0 mA) and an unelectrified “safe” platform (5 cm high) that was
located at one extremity of the chamber. The test procedure was performed as described
elsewhere [15], with modifications. For avoidance training, the rat was placed on the

unelectrified safe platform. Once it stepped down onto the electrified grid, a 5-s electric



shock (0.8 mA) was delivered to the animal’s paws. If the animal remained on the grid floor
after the initial electric shock, then a subsequent electric shock was delivered 30 s later, and
so on for up to 2 min, until the animal jumped onto the safe platform. Using this protocol, the
number of electric shocks in a training session ranged from one to three. Once the rat escaped
to the safe platform and remained there for up to 5 min, then the training session ended, and
the animal was considered to have learned the task. In contrast, if it stepped down onto the
electrified floor before 5 min elapsed, then another electric shock was delivered. If this
situation persisted for up to 2-min of intermittent shock delivery, then the training session
also ended. If such poor performance persisted for two training sessions, then the animal was
considered to have not learned the task and was excluded from subsequent experiments. This
training protocol was performed for 3 consecutive days. The retention of passive avoidance
learning was tested 1, 8, 15, and 22 days after the last training session in intact rats (Fig. 1,
Experiment 1a). Based on the results, the next experiment (Fig. 1, Experiment 1b) was
performed to evaluate the influence of TGCI on remote retrograde memory and the effect of
FO thereon. Naive rats were trained as described in Experiment 1la, subjected to TGCI or
sham surgery, treated with FO or vehicle, and then tested for memory retention on days 8 and
15 postischemia. On day 16, the brain was removed and examined for neuronal damage in the

hippocampus, cerebral cortex, and amygdala (see details below).

2.5.2. Object location test

The OLT consisted of a one-trial, spatial memory test that measured the ability of rats to
distinguish between one familiar spatial location and another unfamiliar spatial location [16].
Intact rats preferentially explore a familiar object that occupies a novel location more than
they explore a familiar object that occupies a previous location. Here we used the procedure

described elsewhere [16, 17], with modifications. The apparatus consisted of a circular arena



(83 cm diameter, 40 cm high wall) constructed of transparent polyvinylchloride, inside of
which two identical objects were present. The objects (available in triplicate) consisted of
glass bottles (5.5 cm maximum diameter, 15.0 cm height) filled with 200 ml of water and
sand, which could not be moved by the rat. At day one (i.e., on day 15 postischemia) two
identical objects were positioned equidistant (10 cm) from the open field wall. The animal
was placed in the arena facing the wall and opposite to the objects, and allowed to explore
them for 3 min. This process, considered as the training phase, was repeated for 5 times
consecutively, with a 15-min interval between exposures [17]. On the second day of testing
(i.e., on day 16 postischemia), the animal was placed in the open field for other 3 min, being
the objects in the same positions they were locate in the previous day. This was considered
the re-training phase (r-T). The animal was then put back in its home cage and the location of
one of the objects was moved diagonally relative to the other object. Fifteen min later it
returned to the open field for retention memory trail (RMT). The number of entries into the
object zone and time spent exploring the two objects during the r-T and RMT phases were
manually recorded. A third parameter, the discrimination index (D2), was also estimated as a
measure of spatial memory, indicating whether the rat spent more time exploring the
relocated object while correcting for the total exploration time in T2. D2 was calculated as
the following: D2 = (exploration time in the novel location — exploration time in the familiar
location) / (exploration time in the novel location + exploration time in the familiar location).
Exploratory behavior was defined as when the rat directed its nose toward the object at a
distance of < 1 cm and/or touched the object with its nose. Sitting on the object was not
considered exploration. To avoid the influence of olfactory cues, all of the objects and arena
were thoroughly cleaned with a 70% ethanol and water solution between sessions. The object
that was moved and the position to which it was moved were balanced throughout the

experiment and between groups to reduce potential bias toward particular objects, sides, or



locations. One day after the OLT, the brain was removed and prepared for histological

examination.

2.5.3. Aversive radial maze test

Based on the circular platform test, the AVRM works on the basis of the rat’s natural
behavior of avoiding open, wide, and illuminated areas and preference for darkened and
enclosed shelters (i.e., the goal box). A detailed view and description of the AVRM apparatus
used herein are shown elsewhere [7, 9]. Details on the original development and
conceptualization of the AVRM model are reported elsewhere [18], which was later modified
from an unconfined to the confined version.

Once habituated to the AVRM apparatus and testing room (4-5 min/day for 3 days), the
naive rats were trained to learn the task according to the following schedule: 3 trials/session,
1 session/day, for 10 days. In each trial, a 4-min cut-off period was employed. Once the task
was learned up to an asymptotic level of performance, the animals were subjected to TGCI or
sham surgery and allowed to recover from surgical stress for 8 days. Retention memory trials
(RMTs) were then performed 9, 16, and 23 days after TGCI to assess the ability of rats to
remember the spatial location of the goal box that was learned during the training phase prior
to surgery, i.e., retrograde memory. Both preoperative learning and postoperative, retrograde
memory performance were measured by three parameters: (i) the latency to find the goal box,
(i) the number of reference memory errors, and (iii) the number of working memory errors.
In each trial, a reference memory error was counted when the rat visited an arm that
contained a false goal box for the first time. If the animal returned to an arm that had been
previously visited during that trial, then a working memory error was counted. Accordingly,
the animal exhibited reference memory by remembering the goal box location across several

training days (i.e., long-term memory). In contrast, working memory performance was



evident when the rat remembered and avoided entering an arm that contained an unrewarded
goal box that was previously visited within a given trial. A shorter latency and a lower
number of reference/working memory errors indicated better learning/memory performance.

Additional details on the procedures used in the AVRM test are described elsewhere [7-10].

2.6. Neurohistological analyses
2.6.1. Nissl staining

At the end of passive avoidance and object location tests, the animals were deeply
anesthetized with 50 mg/kg sodium thiopental (Thiopentax®, Cristalia, SP, Brazil),
transcardially perfused with 4% paraformaldehyde in PBS 0.2 M. Their brains wee removed
and postfixed in the same fixative for up to 3 days. Paraffin-embedded coronal sections (7
pm thickness, 70 pm apart) were obtained with a rotating microtome (RM2445; Leica,
Goettingen, Germany), distributed into four sets of slides containing three coronal sections
each, and stained with cresyl violet (Nissl). Using a 40x objective (BX41 microscope)
coupled to a color, high-performance device camera (QColor3, Ontario, Canada), the number
of normal-looking neurons was counted bilaterally in three coronal sections of the
hippocampus, cerebral cortex, and amygdala. In the hippocampus cell count was performed
manually across the pyramidal stratum of the CA1 to CA4 subfields. In the cerebral cortex,
digital microscopic areas of 0.097 mm? were captured from the retrosplenial (RS) and parietal
association (PtA) regions, under an identical microscopic light intensity. In the RS, the area
of cell counting was located at the ‘center’ of this region. In the PtA, the cells were counted
in two distinct areas that were distant from each other by the length of one microscopic field.
In amygdala, viable neurons were counted in the basolateral nucleus (BLA), in a digital

microscopic area of 0.097 mm’. Neurons that showed a well-delimited, spherical form, with a



distinct nucleus and nucleolus, were counted. Neurons that appeared shrunken, with dark-
stained cell bodies, sometimes with surrounding empty spaces (“ghost” cells), were
considered neurons that were destined to die and therefore excluded. In each individual, the
number of pyramidal cells recorded from the various measurements (2 hemispheres x 3
coronal sections) were averaged and transformed into a percentage, with the mean of the
sham-operated group setto 100%. Individual normalized values were then used to represent
the percentage of normal-looking neurons in each group, which values were expressed as

mean + SEM.

2.6.2. Immunohistochemistry
2.6.2.1. Tissue preparation

After behavioral testing in the AVRM task, the brains were removed as described in
session 2.6.1, postfixed in the same fixative for 2 h, and then cryoprotected (30% sucrose in
PBS) for at least 72 h. Frozen brains were serially sectioned on a cryostat (Criocut 1800,
Reichrt-Jung, Heidelberg, Germany) into 40 pm coronal sections at coronal coordinates
corresponding to 3.60 to 4.30 mm posterior to bregma [19]. The sections were collected in
Eppendorf tubes containing PBS 0.1 M plus sodium azide 0.1% and stored at 4°C until
immunohistochemistry reaction for adult neurons (neuronal nuclei, NeuN) and newborn
neurons (doublecortin, DCX). Initially, the brain sections were successively washed in buffer
A (PBS 0,1 M plus 0,15% Triton-X 100) and then incubated in citrate buffer (pH 6.0) at 50°C
for 30 min for antigenic recovery. After repeated washing in buffer A, the sections were
quenched in 1% H,O, for 30 min and then blocked with 2% bovine serum albumin in 0.1 M
PBS for 60 min at room temperature. The sections were incubated overnight with the
polyclonal antibodies goat anti-DCX (1:100; Santa Cruz Biotechnology, Santa Cruz, CA,

USA) or rabbit anti-NeuN (1:1000, Abcam, Cambridge, Massachusetts, USA) in buffer A at



room temperature. They were then incubated with the respective biotinylated secondary
antibodies for 2 h and incubated in the ABC solution (Vectastain Elite ABC Kit, Vector
Laboratories, Burlingame, CA, USA) for 2 h at room temperature. The peroxidase reaction
was performed using 3-30-diaminobenzidine (DAB; Sigma) and 0.05% H202. NiCI2 was
added to the DAB solution to increase the staining contrast. The sections were then mounted

on gelatin-coated slides.

2.6.2.2. NeuN- and doublecortin-positive cell quantification

Sets of three random coronal sections from each animal were examined for
immunoreactivity for NeuN and DCX. Using the 40x objective (optical devices described
abowve), the number of DCX-positive cells was counted manually across the entire extent of
the granular cell layer (GCL) and the subgranular zone (SGZ) of the dentate gyrus (DG) in
both left and right hemispheres. The density of NeuN-positive cells was performed using
integrated optical density (I0OD) measurements. The regions examined were the stratum
pyramidale in the CAL and CA3 hippocampal subfields. Using a 20x objective, images were
captured from the right and left CA1 and CA3 subfields and the measurements were
determined in prefixed areas of 0.66 mn¥ and 0.87 mn?, respectively. Using ImageJ software
(NIH, Bethesda, MD, USA), the images were converted to 32-bit image and the background
was subtracted. The threshold for positive signal was predefined, and the 10D obtained. In
each rat, the number of DCX-positive neurons and the 10D values obtained from six
measurements (2 hemispheres x 3 sections) were averaged and transformed into a percentage,
with the mean of the sham-operated groups set to 100%. Individual normalized values were
then used to represent the percentage of DCX-positive cells or IOD in each group, which

values were expressed as mean + SEM.



2.7. Statistical analysis

SAS 9.3 software was used, and the data were firstly examined for the assumptions of
normality and homoscedasticity. The Linear Mixed Effects (LME) model was used for
comparing memory performance longitudinally in both passive avoidance and AVRM tests.
Because the data did not satisfy the assumptions of normal distribution and/or homoscedasticity,
the covariance model to which the data fit better was determined using the restricted likelihood
ratio test and information criteria (Akaike Information Criterion[AIC] and Bayesian Information
Criterion [BIC]). Accordingly, the Toeplitz and the non-structured covariance models were used
to quantify the effects of TGCI and FO on passive avoidance and AvVRM memory, respectively.
The F test followed by Tukey-Kramer’s multiple range test was then used to quantify fixed
effects (Groups and Trials) on memory performance across time, with Group as the between-
subjects factor and Trial (day of testing) as the within-subjects factor [20-22]. Repeated
measures one-way ANOVA with the Geisser-Greenhouse's epsilon correction factor (absence of
sphericity) was used to quantify the endurancy of passive avoidance memory in intact rats. In the
OLT, the number of entrance and the time spent in the objects zone were analyzed by the
Generalized Linear Model (GLM) with gamma distribution. Functional spatial memory within
the groups, i.e., a D2 value that differs significantly from O, was analyzed with a two-way one-
sample t-test [23]. The data of histological analysis were quantified using the one-way ANOVA
or the GLM with the Poison distribution, as they fit to the assumption of homoscedasticity or
not, respectively. A proportion-like t-test was used to quantify mortality data. The data are

expressed as means + SEM, and differences were considered significant at p < 0.05

3. Results

3.1. Animal exclusion



Of the 306 rats that were initially included in the study, 24 (7.8%) were excluded prior to any
surgical procedure, since they did not learn the AVRM task (6/306 [1.9%]) or PAT (18/300

[6.0%]) during the training phase.

3.1. Mortality rate

Of the remaining 282 rats, 32 (11.4%) died during surgery, likely because of anesthesia.
Of the remaining 250 rats that completed surgery, no sham-operated rats died (0%), but 57
rats (22.8%) that were subjected to TGCI died either because of rupture of the carotid artery
or at some time point after completing 4-VO when the animals were already conscious, likely
reflecting the fatal effect of severe TGCI (p < 0.01, 4-VO vs. sham). The mortality rate did
not differ significantly between the groups that were treated with vehicle or FO (Z = 0.0008,

p =0.5).

3.2. Learning and memory performance
3.2.1. Passive avoidance

Before testing the effect of TGCI on retrograde passive avoidance memory and then the
effect of FO thereon, we evaluated the consistency of retrograde memory across time in intact
rats. Fig. 2 shows the endurance of passive avoidance memory that was tested after 3 days of
training. On the first test day, 94.2% of the animals (16/17) exhibited a ceiling effect for
latency (i.e., 300 s). This performance decreased to 70.6% (12/17) on days 7 and 15 and then
to 58.8% (10/17) on day 21 of testing. The average latency did not change significantly from
day 1 to day 21 of the test (F2.50, 39.04 = 2.39, p > 0.05). However, 35.3% of the rats (6/17)
presented moderate to very low retention performance, the distribution of which varied over

time between animals. For example, individuals a and c presented poor performance that



persisted across the entire experiment. Individuals e, g, and h performed well on day 7, but
they presented memory loss on the subsequent testing days. In individuals b, d, and f, passive
avoidance memory fluctuated across time. Despite of this, the data indicated that the majority
of the rats remembered the task for at least 21 days after training.

Based on the results above, we choose days 7 and 15 posttraining to examine the impact of
ischemia on retrograde passive avoidance memory and the effects of FO thereon (Fig. 3). We
observed significant main effects of treatment (F2 119 = 15.02, p < 0.001) and time (Fz20 =
26.52, p < 0.001). Twenty-four hours after training and before surgery (preoperative phase),
all of the rats presented the maximal step-down latency (i.e., 300 s). This performance
decreased slightly but significantly 7 and 15 days after sham surgery (to = 2.46-3.14, p <
0.01-0.05), thus reproducing the performance of intact rats (Fig. 2). In the postoperative
phase, a significant loss of memory was observed in the vehicle-treated group both 7 and 15
days after ischemia (t19 = 2.44-2.55, p < 0.05, ischemia/vehicle vs. sham). This amnesic effect
of ischemia was not prevented by FO, independent of whether memory was examined 7 or 15

days postischemia (t13 =-1.04 to -0.26, p > 0.05, FO vs. vehicle).

3.2.2. Object location test

Fig. 4 shows the effects of ischemia on object location memory, which reflects the ability
of rats to discriminate changes in object location. The discrimination index (D2) was
calculated based on the number of entries into and time spent in the object zone. During
training (Fig. 4A, C), all of the groups similarly explored both of the objects that were in the
original (old) location (y* = 0.04-3.53, p = 0.06-0.84). During the RMT (Fig. 4B, D), the
sham-operated group presented greater exploration of the object in the new location (* =
22.44-27.51, p < 0.001), indicating that they were able to remember the old position because

they refocused their attention to the unfamiliar, new object location. We also expressed this



object location memory as the discrimination index D2 (Fig. 4E) compared with zero (tz9 =
15.96, p < 0.001). In contrast to the sham surgery group, the ischemic vehicle-treated group
explored both objects equally (> = 0.03-0.74, p < 0.05; Fig. 4B, D), indicating that these rats
were unable to discriminate the change in object location. This was also reflected by D2,
which significantly decreased compared with sham animals (y* = 4.56, p = 0.033, vehicle vs.
sham; tyo = 0.08, p > 0.05, ischemia/vehicle vs. zero; Fig. 4E). This memory deficit that was
caused by ischemia in the OLT was not significantly alleviated by FO (° = 1.38-1.44, p >
0.05, object 1 [O1]-new location vs. O2-old location in the ischemia/FO group, Fig. 4B, D; »*
= 1.78, p > 0.05, ischemia/FO vs. ischemia/vehicle; tg = 0.27, p > 0.05, ischemia/FO vs. zero,

Fig. 4E).

3.2.3. Radial maze

The effect of FO on ischemia-induced memory loss in the AVRM task is shown in Fig. 5.
The groups that were treated with 100, 200, and 300 mg/kg DHA are presented individually
(left panels) and pooled (right panels) because they did not significantly differ from each
other. Comparisons among individual groups revealed highly significant main effects of
group on the latency and number of errors (F4123 = 6.30-13.12, p < 0.0001). Main effects of
trial were also found (F;123 = 4.35-7.05, p < 0.01-0.05), indicating that retrograde memory
improved across time. Notably, memory performance in the sham-operated group did not
change between the pre- and postischemic phases, indicating the maintenance of retrograde
memory in these animals. In contrast, the latency to find the goal box and number of
reference and working memory errors significantly increased in wvehicle-treated rats (i3 =

4.63-7.06, p < 0.0001, vs. sham), indicating that they “forgot” the task that was learned prior



to ischemia (i.e., retrograde amnesia), an effect that persisted throughout the test, despite
some degree of improvement.

The memory deficit that was caused by ischemia (expressed as latency) was attenuated
by all three doses of FO (t123 = -3.24 to -4.56, p < 0.0001-0.05, vs. vehicle). At DHA doses of
300 and 200 mg/kg, FO also reduced the number of working memory errors (t123 = -3.39 to -
3.03, p < 0.01-0.05, vs. vehicle). The number of reference memory errors was only
gualitatively mitigated by FO. The comparisons between doses revealed no dose-effect
relationship, independent of the parameters that were measured (p = 0.49-0.99). The memory-
protective effect of FO was more apparent when the data from the groups that were treated
with different doses were pooled (latency: tgg = -4.53, p < 0.0001; reference memory errors:
to1 = -2.22, p = 0.029; working memory errors: tg; = -2.99, p = 0.01; Fig. 5). Altogether, these
data indicate that FO alleviated retrograde amnesia that was caused by TGCI, an effect that
was not dose-dependent.

3.3. Neurodegeneration and neurogenesis

The effect of FO (300 mg/kg DHA) on ischemia-induced neurodegeneration (Cresyl violet
[Nissl] staining) was first examined in the groups that were evaluated in the PAT (Fig. 6).
The degree of neuronal death in the hippocampus, cerebral cortex, and BLA was deduced
from the reduction of the number of normal-looking pyramidal neurons relative to the sham-
operated group. In the ischemic vehicle-treated group, the degree of cell death ranged from
severe (~80% cell loss) to no apparent lesion, indicating a highly variable pattern of neuronal
death after TGCI. Compared with the sham-operated group, the ischemic vehicle-treated
group presented significant neuronal death across the CA1-CA4 pyramidal stratum of the
hippocampus (55.42% cell loss, x*» = 439.12, p < 0.0001), RS/PtA cortex (24.10% cell loss,
¥%2=57.79, p < 0.0001), and BLA (30.50% cell loss, y%, = 97.20, p < 0.0001). Compared

with vehicle, FO failed to rescue neurons in any of these structures (61.28%, 25.55%, and



33.90% cell loss, respectively; »°1 = 0.069-4.43, p > 0.05). Hstological analysis was not
performed in the groups that were tested in the OLT because the treatment regimen and
postischemia behavioral analysis were similar to the animals that were used in the PAT.
Neurohistological analysis was also performed in a subset of animals that were tested in
the AVRM task and treated with vehicle or FO at doses of 100, 200, and 300 mg/kg DHA.
Neurodegeneration was deduced from the reduction of the integrated optical density (I0OD)
that was generated by NeuN-positive neurons in the CA1 and CA3 subfields of the
hippocampus. Fig. 7 (upper left panel) shows that the IOD in ischemic vehicle-treated rats
significantly decreased in the CA1 subfield (64.64% average cell loss; y* = 8.70, p < 0.01, vs.
sham), an effect that was not prevented by FO (p > 0.05), although some individuals
presented no lesions. Ischemia caused much less neuronal death in the CA3 subfield (18.31%
cell loss), although it was still statistically significant (F425=3.47, p < 0.05, vs. sham). This
effect was also not prevented by FO (p > 0.05), independent of the dose used, thus replicating
the lack of neuronal rescue by FO that is shown in Fig. 6 (Nissl staining). In the same
animals, the impact of ischemia on the proliferation of newborn cells in the dentate gyrus
(DG) and the effect of FO thereon were estimated by counting the number of DCX-
immunoreactive neurons (Fig. 7, bottom left). The number of DCX-positive neurons
increased in the ischemic vehicle-treated group (F425=16.33, p <0.01, vs. sham). This
stimulating effect of ischemia on newborn cell proliferation was not significantly changed by

any dose of FO (p > 0.05, vs. vehicle).

4. Discussion
The present study extends our previous work that evaluated FO-mediated memory
protection in the AVRM test after TGCI [7-9, 20]. In the present study, we sought to replicate

our findings in the PAT and OLT. We evaluated whether FO that contains DHA doses < 300



mg/kg prevents ischemia-induced memory deficits in the AVRM test. Histologically, the
effect of FO on ischemia-induced cell death was evaluated by both Nissl staining and NeuN
immunohistochemistry. Doublecortin immunohistochemistry was used to evaluate the
neurogenic response to ischemia and the effect of FO thereon. The behavioral analyses
showed that all the three tests (AVRM, PAT, and OLT) were sensitive to TGCI, but only the
AVRM task was able to detect the effect of FO on reducing memory deficits that were caused
by TGCI, suggesting that this beneficial effect of FO is task-dependent. Fish oil-mediated
memory protection in the AVRM was more consistently observed after 300 mg/kg DHA
treatment, although the DHA doses of 200 and 100 mg/kg also alleviated memory deficits,
reflected by latencies and working memory errors. However, a dose-effect relationship was
not evident. Histologically, FO failed to reduce neuronal death, independent of the dose and
staining method used. Finally, TGCI increased the number of DCX-immunoreactive neurons

in the hippocampal DG, an effect that was not influenced by FO.

4.1 TGCl impairs memory in the AvRM, PAT, and OLT

The sensitivity of the AVRM test to TGCI (Fig. 5) replicated our earlier findings [7-10,
20]. The AVRM s also sensitive to chronic cerebral hypoperfusion (CCH) in middle-aged
rats [10, 21, 22] but not young rats [10]. Moreover, the AVRM was able to distinguish the
effects of different FO treatment regimens after TGCI [8, 9] and the lack of memory recovery
by FO after CCH [10]. The AVRM also distinguished between the effects of sildenafil
(phosphodiesterase-5 inhibitor) and cilostazol (phosphodiesterase-3 inhibitor) after CCH [21]
and detected the long-lasting memory-protective effect of atorvastatin after CCH in middle-
aged rats [22]. These studies indicate that the AVRM is a reliable paradigm for investigating
the effects of drugs on learning and memory after hypoxic/ischemic insult. With regard to the

effect of TGCI in the PAT, our present results agree with previous findings in gerbils [24,



25], rats [23, 26, 27], and mice [28]. In these previous studies, the impact of TGCI on passive
avoidance behavior was investigated using both acquisition (learning) and retention
(memory) tests after ischemia, in which retention was assessed 24 h after training (i.e., recent,
anterograde memory). To test whether the memory-protective effect of FO in the AVRM [7-
10, 20] could be replicated in the PAT, we used an experimental timeline that was similar to
the one that was used for the AVRM to assess remote, retrograde memory as the functional
end-point (see Fig. 1, Experiments 1 and 3). This protocol has also been successfully used to
demonstrate the deleterious effects of focal brain ischemia (or stroke) on retrograde memory
performance in mice [15]. Retrograde amnesia implies that the memory trace that was formed
and consolidated during preoperative training was lost after TGCI. This protocol has the
advantage of identifying and excluding individuals that are unable to learn the task during the
training phase, thus eliminating the influence that such individuals would impose on retention
data (e.g., overestimating the effect of either ischemia or sham surgery). For example,
individuals a, b, ¢, d, and f that are represented in Fig. 2 are examples of such animals, either
because they did not learn (a) or retain (c) the task or because their step-down responses
fluctuated dramatically over time (b, d, f). Despite the presence of such animals, however, the
majority of the rats were able to consistently retain the passive avoidance memory for at least
21 days posttraining. Therefore, we consider that the PAT protocol that was used herein
reliably evaluated the impact of TGCI on passive avoidance memory and the effect of FO
thereon and allowed comparisons with the data from the AVRM (discussed below).

The memory-disruptive effect of TGCI that was observed in the OLT (Fig. 4) is also
consistent with other studies that used rats [29], gerbils [30], and mice [23]. Deficits in the
memory of object locations were also observed in mice after focal cerebral ischemia (stroke)
[31]. Furthermore, the OLT has been successfully used to diagnose stroke-induced memory

impairment in humans [32]. Differently from the AvRM and PAT, in which remote



retrograde memory was assessed, recent memory was measured in the OLT, since memory

retention was assessed 15 min after the re-training session (see, Fig. 1). Consistent with these
studies, the present results indicate that all three tests that were used herein were sensitive to
TGCI. However, differential task sensitivity was observed with regard to the effect of FO on

ischemia-induced memory deficits.

4.2. Fish oil prevented ischemia-induced memory loss in the AvRM but not in the PAT or
OLT

We investigated the effects of FO on ischemia-induced memory loss in the PAT and OLT.
The treatment regimen relative to TGCI onset and the behavioral analyses were similar to
those that were used in the AVRM experiments, in which ischemia-induced retrograde
amnesia has consistently been shown to be prevented by FO (see references abowe). In the
present study, FO prevented retrograde amnesia in the AvRM, which was expected, but not in
the PAT or OLT. However, other studies that evaluated the effects of cerebral ischemia on
performance in the PAT reported the memory-protective effects of such drugs as the
monoamine oxidase-B inhibitor L-deprenyl [26], phosphodiesterase-4 inhibitor rolipram [25
27], and escin (a natural mixture of triterpenoids) [28]. Similar findings have also been
reported in the OLT, which was able to detect the memory-protective effects of the Ginkgo
biloba extract EGb761 [30] and rolipram [23] after cerebral ischemia. These studies suggest
that both the PAT and OLT are sensitive to the effects of drugs on memory recovery after
TGCI.

In the present study, however, both the PAT and OLT failed to detect the memory-
protective effect of FO after TGCI, in contrast to the AvRM, indicating that this effect of FO
is task-dependent. The task-dependent effects of drugs on learning and memory have often

been reported in intact animals [33-36]. However, no other study of which we are aware has



evaluated similar effects under conditions of cerebral ischemia; thus, we are unable to make
comparisons with our present findings. The reasons why FO prevented memory loss after
TGCI in a task-dependent manner are unknown, and we can only offer speculations. One
possible reasons may be related to the period of treatment relative to the behavioral tests. In
the present PAT experiment, FO administration commenced 2 days after training. This is
different from the studies cited above that reported the memory-protective effects of L-
deprenyl [26], rolipram [27], and escin [28] in the PAT after TGCI. In those studies, the
drugs were administered prior to training, including the day of training [27]. Moreover, the
retention test occurred 24 h after training (i.e., not long after the end of drug administration).
Sarter et al. [38] reviewed several studies that used the PAT as a model to screen drugs with
memory-enhancing properties. These authors stated, “drug-induced prolongation of the
response latencies has been shown to depend on the length of the interval between training
and treatment,” and “post-training drug administration is believed to have clear advantages
over pre-training drug administration as it precludes the non-cognitive components of a
drug’s effects which can interact with the aversive, stressful, or anxiogenic components of a
passive avoidance learning trial.” Therefore, in the studies that tested L-deprenyl, rolipram,
and escin, pretraining drug administration may have interacted with the non-cognitive
components of passive avoidance behavior, thus contributing to the longer latency in the
retention test. If so, then such an influence did not occur in the present study, in which FO
was administered 2 days after training, and the retention trial was performed 8 and 15 days
later.

The same interpretation may also apply to the failure of FO in preventing memory deficits
in the OLT. Although FO was administered pretraining, the training session occurred 1 week
after the end of drug treatment (Fig. 1, Experiment 2). This experimental protocol is different

from the one that was used in other studies that reported the memory-protective effects of



EGDb761 [30] and rolipram [23] after ischemia, in which the drug treatments covered the
entire period of training, and the retention test was performed as soon as 1 min [30] or 4 h
[23] after training. Under such conditions, some effects of the drugs on acquisition may have
contributed to the increase in the discrimination index in the retention test. If so, then this
might not have occurred in the present study because a relatively long time (1 week) elapsed
between the end of FO treatment and training in the OLT. Future studies should determine
whether pre- vs. posttraining FO administration or whether the length of time between the
end of treatment and the retention test actually influences the effect of FO in the PAT and
OLT after TGCI.

Another possibility is that the mechanisms by which FO prevents ischemia-induced
memory loss in the AVRM are not present in the PAT or OLT. This speculation is based on
the observation that a given drug can differentially affect various components of learning and
memory (i.e., acquisition, consolidation, and retrieval), and different molecular mechanisms
are time-dependently involved in each of these components in different brain structures (e.g.,
hippocampus vs. amygdala) [39]. For example, the efficacy of propranolol in impairing
memory consolidation and/or reconsolidation clearly depends on the task that is used. Effects
on memory consolidation are more evident in non-aversive tests, whereas effects on
reconsolidation (which is important in cases of posttraumatic stress) are more evident in
moderately to highly aversive tasks. This suggest that such differential task sensitivity to
propranolol may be related to the emotional valence of the memory that is evaluated and the
state of noradrenergic neurotransmission in each task [40]. In another study, the nonselective
monoamine oxidase inhibitor phenelzine improved the retention of passive avoidance
memory but impaired memory retention in a water maze task. These effects were associated

with changes in the activity/availability of biogenic amines and the y-aminobutyric acid

neurotransmitter, respectively [41]. Pretraining inactivation of the hippocampus by lidocaine



impaired the acquisition of place learning but facilitated the acquisition of response learning
in the same behavioral model, indicating that the same brain structure can interfere with
learning in either a negative or positive way, depending on the specific brain structure (e.g.,
hippocampus or striatum) that governs specific learning processes [35]. In a model of aged-
related memory decline, the phosphodiesterase-5 inhibitors sildenafil and vardenafil
improved memory retention but not acquisition, even 1 week after drug removal, suggesting
that the drugs interfered with processes associated with long-term memory consolidation but
not acquisition [42]. Furthermore, estrogens are known to either improve or impair cognition
according to the behavioral task and neural system that is engaged. This dissociation may be
related to the specific or preferential activation of estrogen o or 3 receptors that are
differentially localized in various brain structures [43].

Altogether, these studies suggest that (i) there may be differential sensitivity to a given
drug when two or more behavioral models of learning and memory are used or when two
components of the same cognitive function are assessed in the same behavioral task and (ii)
task-dependent effects of drugs may be related to selective interactions with specific
neurobiological mechanisms that underlie each particular function within the domain of
cognition. The sensitivity of the AVRM but not PAT or OLT in detecting the memory-
protective effect of FO after TGCI may depend on the mechanisms by which FO exerts its
effects on memory in these behavioral tasks. Notably, DHA is likely the most active
constituent of FO, and it has been reported to exert more than 40 distinct actions at the
molecular, cellular, and integrative levels. Each of these levels play specific roles in the
formation and maintenance of learning and memory [4]. Therefore, the lack of a memory-
protective effect of FO in the PAT and OLT does not necessarily invalidate the results from
the AVRM task. Instead, the present data suggest that the beneficial effect of FO on memory

recovery (or preservation) after TGCI may be restricted to certain types of memory.



4.3. Lack of dose-effect relationship

The antiamnesic effect of FO in the AVRM test was not dose-dependent (Fig. 5), which is
consistent with previous studies. DHA treatment at doses of 10, 100, and 200 mg/kg for 21
days prior to TGCI facilitated learning performance in the conventional (appetitive) radial
maze, with no dose-effect relationship [12]. Our data may be at least partially explained by
the pattern of intestinal absorption of FO in rats. In an in vitro study, intestinal segments were
immersed in FO concentrations that ranged from 1.25 to 80 mg/10 ml of Krebs-Ringer
medium. Under these conditions, the rate of FO absorption progressively increased when
intestinal segments were incubated in FO concentrations that ranged from 1.25t0 5 mg. At
higher concentrations (10-80 mg), the rate of absorption reached a steady state around 8.62
mg. When the intestinal segments were incubated with increasing concentrations of FO, the
amount of EPA+DHA that was absorbed also reached a maximum of 1.02 mg when 10 mg
FO was provided in the incubation medium. This value did not increase further when the FO
concentration in the medium was > 10 mg [44]. These results indicate that the intestinal
absorption of FO or its main constituents follows zero-order Kinetics (i.e., it is saturable).
Consistent with these data, the blood concentrations of EPA and DHA increased but did not
differ significantly between rats that received 30 or 300 mg/kg FO. Moreover, the
inflammatory response that was induced by carragenin was equally reduced by all doses of
FO studied (18.75-300 m/kg), thus indicating no dose-effect relationship (Ciomar Bersani
Amado, personal communication). Therefore, it is possible that the brain concentration of
DHA was similar in the groups that received FO at doses that were equivalent to 100, 200,
and 300 mg/kg DHA. Considering the broad spectrum of action of DHA [4, 5] and assuming

that DHA is mainly responsible for the memory-protective effect of FO, the pharmacokinetic



findings mentioned above could explain the lack of a dose-effect relationship for the

antiamnesic effect of FO after TGCI.

4.4. Fish oil-mediated memory protection occurs in the absence of neuronal rescue after
TGCI

Fish oil did not prevent ischemic neuronal death in the hippocampus, cerebral cortex, or
amygdala in either the Nissl staining (Fig. 6) or NeuN-immunoreactivity (Fig. 7) assay. These
results replicate our previous findings in the hippocampus and cerebral cortex that were
stained with Nissl [7-10, 20]. Previous studies reported that FO [45] and DHA [12] conferred
histological neuroprotection after TGCI, but high interindividual variability is seen in the
magnitude of neuronal death after TGCI. Such variability was observed herein (Fig. 6 and 7)
and in previous studies from our laboratory. This did not occur in the sham-operated groups,
thus discarding possible methodological flaws. Indeed, large inter-animal variance in rats that
were subjected to TGCI was also reported after careful, unbiased stereological analysis [46].
This pattern of neurodegeneration may reflect an inherent characteristic of each individual or
group (e.g., the size and competence of collateral circulation), and it may lead to possible
misinterpretations of the data when the putative neuroprotective effect of a drug is examined.
Notably, neuronal death does not necessarily occur in all animals that are subjected to TGCI,
despite an appropriate level of vessel occlusion (e.g., 4-VO model). This implies that the
presence of minor lesions or even the absence of lesions in a few animals that receive a given
drug may not reflect drug-induced neuroprotection. Instead, neuronal death did not occur in
those individuals. This interpretation is supported by the present results that are shown in Fig.
7. In fact, nearly 80% cell loss occurred in the CAL subfield in all of the animals that received
FO at a dose of 300 mg/kg DHA, whereas five animals that were treated with FO at doses of

100 and 200 mg/kg DHA presented no lesions compared with sham animals. In these cases,



our interpretation is that instead of FO-mediated neuronal rescue, these animals had no
lesions after TGCI, which is further supported by our findings in the CA3 (Fig. 7) and CA1l-
C4 as awhole (Fig. 6). Similar variability in the degree of hippocampal lesion after TGCI and
DHA treatment has also been reported by others and interpreted as DHA-mediated
neuroprotection [12, 45]. The problem of assessing histological neuroprotection after
ischemic brain damage has been critically reviewed, and our present and previous findings
indicate that caution needs to be taken when basing the results on the number of “viable”
neurons or the volume of infarct as the main endpoint to infer the neuroprotective effects of
drugs [46, 47]. We contend that the most important end-point for assessing the
neuroprotective potential of drugs should be functional, despite the obvious importance of

preserving as many neurons as possible after ischemic insult [47].

4.5. Fish oil did not alter ischemia-induced hippocampal neurogenesis

Cerebral ischemia is reported to stimulate neurogenesis in the hippocampal DG as a
compensatory, adaptive response to brain injury [48]. During the course of neurogenesis,
DCX immunoreactivity identifies a microtubule-associated protein that is transiently
expressed in newborn neurons [49]. In the present study, we observed an increase in the
number of DCX-immunoreactive cells in the hippocampus 24 days after the ischemic insult,
which agrees with other studies in mice [23], gerbils [50], and rats [51]. This reactive
neurogenesis in response to ischemia was unaffected by FO treatment. Although the
numerical density of DCX-expressing neurons has been used to indicate changes in the
population of neuroblasts, unclear is whether DCX-labeled neurons represent neurons that are
generated in the last few days before or many days after TGCI. The visualization of new
neurons with DCX in sections that are thicker than those that were used herein may help

identify the maturation stage of neuronal differentiation of DCX-immunoreactive neurons,



including the phase of dendritic branching [52] and consequently successful neuronal
integration and functionality [53]. Mice that were fed a mixture of n-3 polyunsaturated fatty
acids, especially EPA, DHA, and docosapentenoic acid, for 8 weeks presented an increase in
the dendritic arborization of newborn neurons and improvements in memory performance
[54]. Fish oil also restored dendritic density in the hippocampus in rats [20] and mice [55]
that were subjected to global and focal ischemia, respectively. Therefore, FO may facilitate
memory recovery after TGCI by stimulating dendritic neuroplasticity, mainly in the CA3
subfield of the hippocampus [20]. Future studies are needed to elucidate the effects of FO on
all phases of neurogenesis after TGCI.

Possible limitations of the present study should be pointed out. Firstly, one might question
that the influence of gavage-induced stress was not controlled, since a vehicle-treated, sham-
operated group was lacking. We have reported, however, that sham operated rats treated by
gavage with vehicle or atorvastatin for up to 43 days, including the days of behavioral testing,
did not differ from each other in the AVRM task; also their memory performance did not
differ between the post- and pre-treatment phases [22]. This finding was reproduced in other
study using chronic roflumilast administration by gavage after chronic cerebral hipoperfusion
in aged rats (unpublished). Protective effects of eicosapentaenoic acid [56] or omega-3 lipid
emulsion [57] on memory impairments induced by cerebral ischemia were observed and
interpreted in the absence of a vehicle-treated sham group. Furthermore, inclusion of a
control group was not considered necessary for evaluating the effects of drugs on learning
and memory performance on passive avoidance [28], even after a long lasting treatment that
coincided with the testing day [27]. These data suggest that the absence of a vehicle-treated,
sham operated group does not exclude a reliable interpretation of the present results. Also, the
lack of a vitamin E-treated group could be questioned, since it would control for the effects of

vitamin E as an antioxidant. However, a dose much greater than those that were present in FO



used here (0.4 to 1.2 mg/kg) was required to change the outcomes of brain ischemia. In arat
model of stroke, vitamin E was effective to prevent both oxidative stress and neurological
deficits when given at a dose of 250 mg/kg, but not 150 mg/kg [59]. Similarly, vitamin E that
was given at a dose of 100 mg/kg, for five days consecutive, failed to prevent learning deficit
caused by chronic cerebral hypoperfusion in rats [60]. Therefore, the amount of vitamin E
present in FO should not be sufficient to influence the effect of FO on memory after TGCI.
Finally, a question may also arise regarding the possible influence of cerebral ischemia on
tactile and/or nociceptive sensibility of rats in response to electric shocks during the passive
avoidance test. Indeed, ischemia-induced analgesia has been observed in rats that were
evaluated in the hot plate test [61]. Unknown is whether similar effect occurred under the
present experimental conditions. Moreover, mice that were subjected to focal cerebral
ischemia (MCAO model) were as able as their sham-operated counterparts to learn the
passive avoidance task [15]. This indicates that the deficit of memory retention that was
observed after MCAO [15] was not disturbed by other complicated factors outside of the
effect of ischemic brain damage on memory. It may be, therefore, that the memory deficit of
passive avoidance observed here after TGCI, and the lack of FO effect thereon, were not

influenced by an eventual disturbance in tactile and/or nociceptive sensibility.

5. Conclusion

All three behavioral tests that were used in the present study (AvRM, PAT, and OLT)
were sensitive to TGCI, but only the AVRM was able to detect the antiamnesic effect of FO,
indicating that FO-mediated memory recovery (or its preservation) after TGCI is task-
dependent. Despite the lack of a dose-effect relationship, the memory-protective effect of FO
in the AVRM was seen at DHA doses < 300 mg/kg, which may have clinical relevance.

Ischemia-induced neuronal death in the hippocampus, cerebral cortex, and amygdala was not



prevented by FO, independent of the dose and staining method used, indicating that FO-
mediated memory protection after TGCI is dissociable from histological neuroprotection.
Fish oil also did not influence the effect of ischemia on the proliferation of newborn cells, but
the possible effect of FO on subsequent phases of neurogenesis (i.e., maturation, migration,
and integration) cannot be discarded. Supporting previous studies, the present results suggest

that FO may have therapeutic utility in the field of cerebral ischemia.

Acknowledge ments

The authors gratefully acknowledge the following governmental institutions for financial
and technical support: Conselho Nacional de Pesquisa (CNPQ), Coordenacéo de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES), Fundagdo Araucaria (FA), and
Universidade Estadual de Maringa (UEM). We also thank Mr. Marcos A. Trombelli for help

with the surgical procedures and overall animal care.

Role of the funding source

The data, their analyses and interpretation, and the conduct of the research were under the
full responsibility of the principal (corresponding) author. The sponsors have no role in the
study design; the collection, analysis, and interpretation of data; writing of the report; and

decision to submit the article for publication.

Contributors

Humberto Milani and Rubia M.W. de Oliveira designed the study and wrote the manuscript.
Janaina N. de Oliveira performed the surgery, fish oil treatment, and behavioral analysis with
the radial maze and passive avoidance tests. Luane de Oliveira Reis was responsible for the

object location test. Jacqueline Godinho, Cristiano C. Bacarin, and Emilene D.F. Ferreira



performed the neurohistological and neurogenesis analysis. Ligia M. Soares assisted with the

statistic analysis and drafting of the figures.

Conflict of interest

The authors declare no conflicts of interest.

References
[1] Arciniegas DB. Hypoxic-ischemic brain injury: addressing the disconnect between

pathophysiology and public policy. NeuroRehabilitation 2010;26 (1):1-4.

[2] Anderson CA, Arciniegas DB. Cognitive sequelae of hypoxic-ischemic brain injury: a

review. NeuroRehabilitation 2010;26(1):47-63.

[3] Stroke therapy academic industry rountable (STAIR). Recomendations for standards
regarding preclinical neuroprotective and restorative drug development. Stroke

1999;30:2752-8.

[4] SuHM. Mechanisms of n-3 fatty acid-mediated development and maintenance of learning

memory performance, J Nutr Biochem 2010;21:364—-373.

[5] Balakumar P, Taneja G. Fish oil and vascular endothelial protection: bench to bedside.

Free Radic Biol Med 2012;53(2):271-9.

[6] Mayurasakorn K, Williams JJ, Ten VS, Deckelbaum RJ. Docosahexaenoic acid: brain

accretion and roles in neuroprotection after brain hypoxia and ischemia. Curr Opin Clin Nutr



Metab Care 2011;14(2):158-67.

[7] Fernandes JS, Mori MA, Ekuni R, Oliveira RMW, Milani H. Long-term treatment with
fish oil prevents memory impairments but not hippocampal damage in rats subjected to

transient, global cerebral ischemia. Nutr Res 2008;28:798—-808.

[8] Bacarin CC, Mori MA, Ferreira ED, Romanini CV, de Oliveira RM, Milani H. Fish oil
provides robust and sustained memory recovery after cerebral ischemia: Influence of

treatment regimen. Physiol Behav 2013;119:61-71.

[9] Bacarin CC, de S&-Nakanishi AB, Bracht A, Matsushita M, Previdelli 1S, Mori MA,
Maria R, Oliveira W, Milani H. Fish Oil Prevents Oxidative Stress and Exerts Sustained
Antiamnesic Effect After Global Cerebral Ischemia. CNS Neurol Disord Drug Targets

2015;14:400-410.

[10] Ferreira ED, Romanini CV, Qliveira JN, Previdelli 1T, Melo SR, Oliveira RM, Milani H.
Fish oil provides a sustained antiamnesic effect after acute, transient forebrain ischemia but

not after chronic cerebral hypoperfusion in middle-aged rats. Behav Brain Res

2014;265C:101-110.

[11] Plamondon H, Roberge MC. Dietary PUFA supplements reduce memory deficits

but not CAL ischemic injury in rats. Physiol Behav 2008;95:492-500.

[12] Okada M, Amamoto T, Tomonaga M, Kawachi A, Yazawa K, Mine K, Fujiwara M. The

chronic administration of docosahexaenoic acid reduces the spatial congnitive deficit



following transient forebrain ischemia in rats. Neuroscience 1996;71(1):17-25.

[13] Hodges H. Maze procedures: the radial-arm and water maze compared. Cog Brain Res

1996:3:167-81.

[14] Pulsinelli WA, Brierley JB. A new model of bilateral hemispheric ischemia in the

unanesthetized rat. Stroke 1979;10:267-72.

[15] Hattori K, Lee H, Hurn PD, Crain BJ, Traystman RJ, DeVries AC. Cognitive deficits

after focal cerebral ischemia in mice. Stroke 2000;31(8):1939-44.

[16] Ennaceur A, Michalikova S, Bradford A., Ahmed S. Detailed analysis of the behavior of
Lister and Wistar rats in anxiety, object recognition and object location tasks. Behav Brain

Res 2005;159:247-66.

[17] Pudell C, Vicente BA, Delattre AM, Carabelli B, Mori MA, Suchecki D, Machado RB,
Zanata SM, Visentainer JV, Junior OOS, Lima MMS, Ferraz AC. Fish oil improves anxiety-
like, depressive-like and cognitive behaviors in olfactory bulbectomised rats. Eur J Neurosci

2014;39:266-274.

[18] Paganelli RA, Benetolli A, Lima KCM, Cestari-Junior LA, Favero Filho LA, Milani H.

A novel version of the 8-arm radial maze: effects of cerebral ischemia on learning and

memory. Neurosci Methods 2004;132:9-18.

[19] Paxinos G, Watson C. (Eds.), The Rat Brain in Sterotaxic Coordinates, 3a ed., Ed.



Academic Press, San Diego, CA, USA, 1997.

[20] Bacarin CC, Godinho J, de Oliveira RM, Matsushita M, Gohara AK, Cardozo-Filho L,
Lima JC3, Previdelli 1S, Melo SR, Ribeiro MH, Milani H. Postischemic fish oil treatment
restores long-term retrograde memory and dendritic density: An analysis of the time window

of efficacy. Behav Brain Res 2016;311:425-39.

[21] Godinho J, Oliveira JN, Ferreira EDF, Zaghi GGD, Bacarin CC, Oliveira RMW, Milani
H. Cilostazol but not sildanfil prevents memory impairments after chronic cerebral

hypoperfusion in middle-aged rats. Behav Brain Res 2015;283 61-8.

[22] Zaghi GG, Godinho J, Ferreira ED, Ribeiro- MH, Previdelli IS, de Oliveira RM, Milani
H. Robust and enduring atorvastatin-mediated memory recovery following the 4-vessel
occlusion/internal carotid artery model of chronic cerebral hypoperfusion in middle-aged rats.

Prog Neuropsychopharmacol Biol Psychiatry 2016;65:179-87.

[23] Soares LM, De Vry J, Steinbusch HW, Milani H, Prickaerts J, Weffort de Oliveira RM.
Rolipram improves cognition, reduces anxiety- and despair-like behaviors and impacts
hippocampal neuroplasticity after transient global cerebral ischemia. Neuroscience

2016;326:69-83.

[24] Araki H, Nojiri M, Kawashima K, Kimura M, Aihara H. Behavioral,
electroencephalographic and histopathological studies on Mongolian gerbils with occluded

common carotid arteries. Physiol Behav 1986;38: 89-94.



[25] Karasawa Y, Araki H, Otomo S. Changes in locomotor activity and passive avoidance

task performance induced by cerebral ischemia in mongolian gerbils. Stroke 1994;25:645-50.

[26] Maia FD, Pitombeira BS, Ardujo DT, Cunha GM, Viana GS -Deprenyl prevents lipid
peroxidation and memory deficits produced by cerebral ischemia in rats. Cell Mol Neurobiol

2004;24(1):87-100.

[27] Li LX, Cheng YF, Lin HB, Wang C, Xu JP, Zhang HT. Prevention of cerebral ischemia-
induced memory deficits by inhibition of phosphodiesterase-4 in rats. Metab Brain Dis

2011;26(1):37-47.

[28] Zhang L, Fu F, Zhang X, Zhu M, Wang T, Fan H. Escin attenuates cognitive deficits and
hippocampal injury after transient global cerebral ischemia in mice via regulating certain

inflammatory genes. Neurochem Int 2010;57(2):119-27.

[29] Kiryk A, Pluta R, Figiel 1, Mikosz M, Ulamek M, Niewiadomska G, Jablonski M,
Kaczmarek L. Transient brain ischemia due to cardiac arrest causes irreversible long-lasting

cognitive injury. Behav Brain Res 2011;219(1):1-7.

[30] Rocher MN, Carré D, Spinnewyn B, Schulz J, Delaflotte S, Pignol B, Chabrier PE,
Auguet M. Long-term treatment with standardized Ginkgo biloba extract (EGb 761)
attenuates cognitive deficits and hippocampal neuron loss in a gerbil model of vascular

dementia. Fitoterapia 2011;82(7):1075-80.

[31] Zhou LY, Wright TE, Clarkson AN. Prefrontal cortex stroke induces delayed



impairment in spatial memory. Behav Brain Res 2016;296:373-8.

[32] Kessels RP, de Haan EH, Kappelle LJ, Postma A. Selective impairments in spatial

memory after ischaemic stroke. J Clin Exp Neuropsychol 2002;24(1):115-29.

[33] Mondadori C, Weiskrantz L, Buerki H, Petschke F, Fagg GE. NMDA receptor
antagonists can enhance or impair learning performance in animals. Exp Brain Res

1989:75(3):449-56.

[34] Ennaceur A, Meliani K. Effects of physostigmine and scopolamine on rats' performances

in object-recognition and radial-maze tests. Psychopharmacology (Berl) 1992;109(3):321-30.

[35] Chang Q, Gold PE. Intra-hippocampal lidocaine injections impair acquisition of a place
task and facilitate acquisition of a response task in rats. Behav Brain Res 2003;144(1-2):19-

24.

[36] Amico F, Spowart-Manning L, Anwyl R, Rowan MJ. Performance- and task-dependent
effects of the dopamine D1/D5 receptor agonist SKF 38393 on learning and memory in the

rat. Eur J Pharmacol 2007;577(1-3):71-7.

[36 38] Sarter M, Hagan J, Dudchenko P. Behavioral screening for cognition enhancers: from

indiscriminate to valid testing: Part Il. Psychopharmacology (Berl) 1992;107(4):461-73.

[39] Izquierdo I, Bevilaqua LR, Rossato JI, da Siva WC, Bonini J, Medina JH, Cammarota

M. The molecular cascades of long-term potentiation underlie memory consolidation of one-



trial avoidance in the CAL region of the dorsal hippocampus, but not in the basolateral

amygdala or the neocortex. Neurotox Res 2008;14(2-3):273-94.

[40] Villain H, Benkahoul A, Drougard A, Lafragette M, Muzotte E, Pech S, Bui E, Brunet
A, Birmes P, Roullet P. Effects of propranolol, a f-noradrenergic antagonist, on memory

consolidation and reconsolidation in mice. Front Behav Neurosci 2016;10:49.

[41] Parent MB, Habib MK, Baker GB. Task-dependent effects of the
antidepressant/antipanic drug phenelzine on memory. Psychopharmacology (Berl).

1999:142(3):280-8.

[42] Devan BD, Pistell PJ, Duffy KB, Kelley-Bell B, Spangler EL, Ingram DK.
Phosphodiesterase inhibition facilitates cognitive restoration in rodent models of age-related

memory decline. NeuroRehabilitation. 2014;34(1):101-11.

[43] Pisani SL, Neese SL, Katzenellenbogen JA, Schantz SL, Korol DL. Estrogen receptor-
selective agonists modulate learning in female rats in a dose- and task-specific manner.

Endocrinology. 2016;157(1):292-303.

[44] Sugasini D, Lokesh BR. Enhanced incorporation of docosahexanoic acid in serum, heart

and brain of rats given microemulsions of fish oil. Mol Cell Biochem 2013; 382: 203-16.

[45] Bas O, Songur A, Sahin O, Mollaoglu H, Ozen OA, Yaman M, etal. The protective
effect of fish n-3 fatty acids on cerebral ischemia in rat hippocampus. Neurochem Int

2007;50:548-54.



[46] Herguido MJ, Carceller F, Roda JM, Avendafio C. Hippocampal cell loss in transient

global cerebral ischemia in rats: a critical assessment. Neuroscience 1999;93(1):71-80.

[47] Corbett D, Nurse S. The problem of assessing effective neuroprotection in experimental

cerebral ischemia. Prog Neurobiol 1998;54:531-48.

[48] Kawai T, Takagi N, Miyake-Takagi K, Okuyama N, Mochizuki N, Takeo S.
Characterization of BrdU-positive neurons induced by transient global ischemia in adult

hippocampus. J Cereb Blood Flow Metab 2004;24(5):548-55.

[49] Brown JP, Couillard-Després S, Cooper-Kuhn CM, Winkler J, Aigner L, Kuhn HG.
Transient expression of doublecortin during adult neurogenesis. J Comp Neurol

20031;467(1):1-10.

[50] Choi JH, Yoo KY, Lee CH, Park JH, Yan BC, Kwon SH, Seo JY, Cho JH, Hwang IK,
Won MH. Comparison of neurogenesis in the dentate gyrus between the adult and aged gerbil

following transient global cerebral ischemia. Neurochem Res 2012;37(4):802-10.

[51] Lei S, Zhang P, Li W, Gao M, He X, Zheng J, Li X, Wang X, Wang N, Zhang J, Qi C,
Lu H, Chen X, Liu Y. Pre- and posttreatment with edaravone protects CA1 hippocampus and

enhances neurogenesis in the subgranular zone of dentate gyrus after transient global cerebral

ischemia in rats. ASN Neuro 2014;6(6):1-15.



[52] Ramirez-Rodriguez G, Ortiz-Lopez L, Dominguez-Alonso A, Benitez-King GA,
Kempermann G. Chronic treatment with melatonin stimulates dendrite maturation and

complexity in adult hippocampal neurogenesis of mice. J Pineal Res 2011;50(1):29-37.

[53] Rosenzweig S, Wojtowicz JM. Analyzing dendritic growth in a population of immature
neurons in the adult dentate gyrus using laminar quantification of disjointed dendrites. Front

Neurosci 2011;5:34.

[54] Cutuli D, De Bartolo P, Caporali P, Laricchiuta D, Foti F, Ronci M, Rossi C, Neri C,
Spalletta G, Caltagirone C, Farioli-Vecchioli S, Petrosini L. n-3 polyunsaturated fatty acids
supplementation enhances hippocampal functionality in aged mice. Front Aging Neurosci

2014,6:220.

[55] Zhang M, Wang S, Mao L, Leak RK, Shi Y, Zhang W, Hu X, Sun B, Cao G, Gao Y, Xu
Y, Chen J, Zhang F. Omega-3 fatty acids protect the brain against ischemic injury by

activating Nrf2 and upregulating heme oxygenase 1.J Neurosci 2014;34(5):1903-15.

[56] Okabe N, Nakamura T, Toyoshima T, Miyamoto O, Lu F, Itano T. Eicosapentaenoic
acid prevents memory impairment after ischemia by inhibiting inflammatory response and

oxidative damage. J Stroke Cerebrovasc Dis. 2011;20(3):188-95.

[57] Berressem D, Koch K, Franke N, Klein J, Eckert GP. Intravenous Treatment with a

Long-Chain Omega-3 Lipid Emulsion Provides Neuroprotection in a Murine Model of

Ischemic Stroke - A Pilot Study. PLoS One. 2016;11(11):¢0167329.



[58] Chaudhary G, Sinha K, Gupta YK. Protective effect of exogenous administration of
alpha-tocopherol in middle cerebral artery occlusion model of cerebral ischemia in rats.

Fundam Clin Pharmacol. 2003;17(6):703-7.

[59] Annahazi A, Mracsko E, Sile Z, Karg E, Penke B, Bari F, Farkas E. Pre-treatment and
post-treatment with alpha-tocopherol attenuates hippocampal neuronal damage in

experimental cerebral hypoperfusion. Eur J Pharmacol. 2007;571(2-3):120-8.

[60] Pich EM, Grimaldi R, Zini I, Frasoldati A, Marrama P, Agnati LF. Involvement of alpha
2-receptors in the analgesia induced by transient forebrain ischemia in rats. Pharmacol

Biochem Behav. 1993;45(3):607-14.

Figure Legends

Figure 1. Schematic representation of each experimental protocol (Experiments 1la, 1b, 2, and
3), outlining the phases of training, FO administration, retention memory trials (RMTSs), and

histological (Nissl) and immunohistochemical (NeuN, DCX) staining relative to the onset of

TGCI.

Figure 2. Stability of memory retention in intact rats in the PAT. The animals were trained
for 3 consecutive days and then tested for the retention of passive avoidance memory 1, 7, 15,
and 21 days later. Individuals a-f presented either consistent of fluctuating step-down

latencies across days of testing.



Figure 3. TGCI-induced memory impairment in the PAT and the effect of FO thereon.
Twenty-four hours after training and before surgery (preoperative phase), all rats exhibited

the maximal latency (i.e., 300 s). They were then subjected to TGCI and treated with vehicle
or FO (300 mg/kg DHA) for 8 days. Retrograde memory performance was assessed on days 8
and 15 postischemia (postoperative phase). The data are expressed as mean = SEM. The
sample sizes are shown in parentheses. *p < 0.05, *p < 0.05, ***p < 0.01, within-group
comparisons between the pre- and postoperative phases; *p < 0.05, *p < 0.01, between-group

comparisons with sham in the postoperative phase.

Figure 4. TGCI-induced memory impairment in the OLT and the effect of FO thereon. (Top)
Schematic representation of the identical objects (O1 and O2) in the open field during re-
training (r-T) and the retention memory trial (RMT), with a 15-min intrval between r-T and
RMT. During r-T, both O1 and O2 were located in the old position. During the RMT, O1 was
moved diagonally. (A, C) Number of entries into and time spent in the object zone,
respectively, during T. (B, D) Same measures as in the RMT. (E) Discrimination index (D2).
The data are expressed as mean + SEM. The sample sizes are shown in parentheses (panel B).
**xp) < 0.001, within-group comparison of new location vs. old location; ***p <0.001, within-

$$$

group comparison Vvs. zero; ***p <0.001, between-group comparison of ischemia/vehicle vs.

sham.

Figure 5. TGCI-induced memory impairment in the AvRM task and the effect of FO thereon. Naive
rats learned the AVRM task over 10 days of training (T) and then were subjected to sham surgery or
TGCI (day 0). Fish oil or vehicle treatment began 4 h postischemia and continued daily for 8 days.
The retention memory trials (RMT) began the day after the end of treatment and were performed

once per week for 3 weeks (days 9, 16, and 23). The data show the temporal distribution of memory



performance, expressed as latency, the number of reference memory errors, and the number of
working memory errors for individual groups (left panels) or after pooling the groups that received
different doses of FO (right panels). Preischemia training performance (T) is expressed as the mean
of the last 3 days of training (days -3 to -1). ***p < 0.001, **p < 0.01, vs. sham; **p < 0.001, *p <
0.01, vs. vehicle. The data are expressed as mean = SEM. Sham, n = 11; vehicle, n = 11; 300 mg/kg

FO, n = 11; 200 mg/kg FO, n = 11; 100 mg/kg FO, n = 10.

Figure 6. (Top) Number (%) of normal-looking neurons counted across the CAl-CA4
subfields of the hippocampus, retrosplenial/parietal association cortex (RS/PtA), and
basolateral nucleus of the amygdala (BLA) in rats that were subjected to ischemia,
FO/vehicle treatment, and the passive avoidance test (Experiment 2b, Fig. 1). The data are
expressed as mean = SEM. ***p < 0.001, vs. sham. Sham, n = 21, ischemia/vehicle, n = 20;
ischemia/FO, n = 7. (Bottom) Representative photomicrographs (400x magnification) of
normal-looking neurons in the CAL subfield, cerebral cortex, and BLA. The arrow and

arrowhead indicate normal-looking and degenerating neurons, respectively.

Figure 7. Effects of FO (100, 200, and 300 mg/kg DHA) on neurodegeneration and newborn
cell proliferation assessed by NeuN and DCX immunoreactivity, respectively. Rats were
treated with FO for 8 days after TGCI and tested for retrograde memory performance in the
AVRM task (see Fig. 1). (Upper left) Integrated optical density of NeuN-positive neurons in
the CAl and CA3 subfields of the hippocampus. (Bottom left) Number of DCX-positive
newborn neurons in the dentate gyrus. The data are expressed as mean + SEM. ***p <
0.0001, vs. sham; #**p <0.01, #*p < 0.0001, vs. vehicle. (Right) Representative
photomicrographs of coronal brain sections assayed for NeuN immunoreactivity in the CAl

subfield or DCX immunoreactivity in the DG.
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Highlights

* Global cerebral ischemia induces memory impairment in different behavioral tests.

* Fish oil task-dependently prevented memory deficits.

* The memory-protective effect of fish oil was not dose-dependent.

* The antiamnesic effect of fish oil occurred in the absence of histological neuroprotection.

* Ischemia-induced neurogenesis was unaffected by fish oil treatment.



