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ABSTRACT 

Background: Among neurotransmitter influencing memory formation, the noradrenergic system has been recognized 
as an important system. Memory formation involves various regions including the prefrontal cortex, hippocampus, 
amygdala and septum. Method: We investigated the effects of milnacipran on passive avoidance task and evaluated Fos 
counting in the prefrontal cortex, hippocampus, septum, amygdala and nucleus accumbens. Results: The milnacip- 
ran-treated rats (20 mg/kg, 4 days) showed a significant decrease in the number of Fos-immunoreactive cells in the in- 
fralimbic portion of prefrontal cortex, the shell portion of nucleus accumbens and the CA1 region of hippocampus, but a 
significant increase in the Fos counts in the lateral septum with no changes in the Fos counts in the striatum and amyg- 
dala. The milnacipran-treated rats showed amelioration in memory extinction (although not statistically significant), but 
not in memory acquisition and consolidation in the passive avoidance test. Conclusion: The differential activation of 
the brain regions might be possible sites for ameliorating memory extinction as well as antidepressant effects. 
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1. Introduction 

Depression often demonstrated recurrent considering the 
past, indicating ameliorated memory extinction. Depres- 
sion also enhanced sensitivity to aversive stressful events. 
Indeed, depressed patients showed explicit memory defi- 
cits [1]. It was reported that pre-training administration 
of various antidepressants (amitriptyline, maprotiline and 
fluoxetine) did not affect inhibitory avoidance learning 
[2,3]. Furthermore, duloxetine failed to affect short- and 
long-term memory in the inhibitory avoidance task in 
mice [4]. However, a recent review extrapolated that the 
effects of SSRIs are memory phase-dependent, being 
inhibitory during acquisition/consolidation and facilita- 
tory during consolidation and retrieval [5]. 

Among antidepressants, milnacipran is classified as a 
serotonin norepinephrine reuptake inhibitor (SNRI) simi- 
larly to venlafaxine and duloxetine. Behavioral studies 
demonstrated that milnacipran was active not only in the 
forced swim test, a model of antidepressant efficacy, but 
also in the conditioned fear stress test, an animal model 
of anxiety [6]. Neurochemically, acute and subchronic 
milnacipran treatment increased basal extracellular nore- 
pinephrine concentrations in the prefrontal cortex [6,7]. 
Furthermore, repeated administration of milnacipran in- 
creased dopamine levels in the prefrontal cortex [8].  

Among neurotransmitter influencing memory forma- 
tion, the noradrenergic system has been recognized as an 
important system in many behavioral paradigms [9]. 
Memory formation involves various regions including the 
prefrontal cortex, hippocampus, amygdala and septum 
[9]. Therefore, we investigated the effects of milnacipran 
on passive avoidance task and evaluated Fos counting in 
the prefrontal cortex, hippocampus, septum, amygdala 
and nucleus accumbens. 

2. Material and Methods 

2.1. Animals 

Animal-use procedures were in accordance with the Tot- 
tori University Guide for the Care and Use of Laboratory 
Animals and were approved by the Tottori University 
Animal Care and Use Committee. All experiments con- 
formed to international guidelines on the ethical use of 
animals. Male Sprague-Dawley rats were used (6 weeks 
old). Animals were housed under a 12 hour-light/dark 
cycle with free access to food and water. Rats were sub- 
cutaneously injected once daily with milnacipran hydro- 
chloride (20 mg/kg) dissolved in saline for 4 days. The 
rationale for choosing the dose of milnacipran stems 
from previous animal studies that milnacipran 20 mg/kg 
exerted antidepressant-like effects [10]. The duration of 
drug regimen was based on a recent study [8]. A control *Corresponding author. 
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group was injected with saline alone. Milnacipran hy- 
drochloride was kindly supplied from Asahi-Kasei Co. 

2.2. Passive Avoidance Test 

A passive avoidance test was conducted according to 
standard procedures with the following modification [4]. 
The apparatus was divided into two compartments by a 
retractable door: a bright safe compartment and a dark 
shock compartment (Gemini avoidance test, San Diego 
Instruments, San Diego, CA). Training session was per- 
formed one day after drug treatment. Animals were placed 
in the safe compartment with a light off. Training started 
when a light was turned on. Animals received a single 
inescapable foot shock (0.4 mA, 2 s duration) when they 
entered the dark compartment. The retention test session 
was carried out 1.5 h (short-term memory, acquisition), 
24 h and 48 h (long-term memory, consolidation) and 
168 h (long-term memory, extinction) after training and 
was procedurally identical to training, except that no foot- 
shock was delivered. The same rats were used in short- 
term memory and long-term memory tests sessions. The 
latency to reenter the darkened shock compartment with 
all four paws was recorded as the measure of retention. 
The upper-bound of 600 s was set up for this measure. 

2.3. Immunohistochemistry for Fos Expression 

One hour after the last injection, all rats were placed un- 
der deep pentobarbital anesthesia (50 mg/kg, i.p.) and 
killed by intracardial perfusion with 4% paraformalde- 
hyde in 0.1 M phosphate buffer, pH 7.4. This experiment 
was performed separately from the passive avoidance test 
using different animals. Brains were removed, post-fixed 
overnight in the same fixative at 4˚C, and stored at 4˚C in 
20% sucrose. Serial coronal sections of the brains were 
cut (35 μm sections) on a Microslicer® (DTK-1000, Dosaka 
EM, Kyoto, Japan), and sections were stored at 4˚C in 
0.1 M phosphate-buffered saline (PBS) containing 0.1% 
sodium azide. Fos expressions were determined using 
immunohistochemistry. Free-floating sections were washed 
three times for 5 min in 0.1 M PBS and then incubated 
for 10 min in 0.1 M PBS containing 0.6% hydrogen per- 
oxide to eliminate endogenous peroxidases. After wash- 
ing three times for 5 min in 0.1 M PBS, sections were 
then incubated for 1 h in 0.1 M PBS containing 2% bo- 
vine serum albumin (BSA), 5% normal goat serum, and 
0.2% Triton X-100 for blocking. Sections were incubated 
at 4˚C for 72 h with the rabbit polyclonal antibody (Fos, 
1:400, Calbiochem, Cambridge, MA). After washing six 
times for 5 min each in 0.1 M PBS, sections were incu- 
bated for 2 h with the secondary antibody (biotinylated 
goat anti-rabbit IgG, Vector Laboratories, Burlingame, 
CA). Amplification was performed with an avidin-biotin 
complex (Vectastain Elite ABC kit; Vector Laboratories), 

and the resulting reaction was visualized with 3,3-dia- 
minobenzidine tetrahydrochloride (DAB) (Vector Labo- 
ratories). Immunoreactivity was quantified by counting 
the number of Fos-positive nuclei within a 0.01 mm2 grid 
placed over each area at ×100 magnification. Average 
counts from six sections per animals were used in the sta- 
tistical analysis. 

2.4. Statistical Analysis 

For the repeated passive avoidance test, a two-way re- 
peated-measures ANOVA was performed to assess the 
overall differences between variables (treatment × time). 
Subsequently, behavioral results between the two groups 
were analyzed by one-tailed Mann-Whitney test because 
the 600 s ceiling was set for test session latencies. Immu- 
nocytochemical results between the two groups were es- 
timated by a two-tailed Student’s t-test. The criterion of 
significance was p < 0.05. 

3. Results 

3.1. Effects of Milnacipran on Passive Avoidance 
Task 

A two-way repeated-measures ANOVA on repeated pas- 
sive avoidance task did not show behavioral difference 
between milnacipran-treated rats and saline-treated rats. 
In the subsequent one-tailed Mann-Whitney test, the mil- 
nacipran-treated rats showed a trend for amelioration in 
memory extinction (168 h later) (although not statisti- 
cally significant), but not in the memory acquisition (1.5 
h later) and consolidation (24 h and 48 h later), when 
compared to saline-treated controls (Figure 1). 

3.2. Effects of Milnacipran on the Number of Fos 
Counting in Various Regions of Brain 

Brain regions (prefrontal cortex, nucleus accumbens, stria- 
 

 

Figure 1. Effect of pre-training administration of milnacip-
ran on short-term memory (1.5 h after training), long-term 
memory (24 and 48 h after training), and extinction (168 h 
after training) of inhibitory avoidance task. aA trend for 
change without statistical significance (p = 0.065 by Mann- 
Whitney test). 
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tum, septum, amygdala and hippocampus) examined in 
the current study were shown in Figure 2. Milnacipran 
had significant treatment effects at various regions (Fig- 
ure 3). In the prefrontal cortex, we observed a significant 
decrease in the infralimbic cortex, but not in the prelim- 
bic cortex. In the nucleus accumbens, a significant de- 
crease was seen in the shell portion, but not in the core 
portion. In the septum, a significant increase was seen in 
the lateral portion, but not in the medial portion. In the 
striatum and amygdala, no change was seen. In the hip- 
pocampus, a significant decrease was seen in the CA1 
region, but not in the dentate gyrus and CA3 region. 

(a) 

(b) (c) 

4. Discussion 

In the present study, milnacipran did not affect memory 
acquisition and consolidation, but showed a trend for 
ameliorating memory extinction (although not statistic- 
cally significant) in the passive avoidance test. It remains 
unknown whether this ability is related with antidepres- 
sant effects of milnacipran. However, depression pro- 
duces deficits with memory [1]. The antidepressant effect 
might involve learning and memory because past aver- 
sive memory results in recurrent considering the past in 
depression. A recent study extrapolated that the effects of 
SSRIs are memory phase-dependent, being inhibitory dur- 
ing acquisition/consolidation and facilitatory during con- 
solidation and retrieval [5]. 
 

 

Figure 2. Fos immunoreactivity in the prefrontal cortex (a); 
Nucleus accumbens and striatum (b); Septum (c); Amygdala 
(d) and hippocampus (e). PL, prelimbic; IL, infralimbic; 
DM, dorsomedial; DL, dorsolateral; VL, ventrolateral; L, 
Lateral; M, medial; C, central; DG, dentate gyrus. 

 

Figure 3. Distribution patterns of Fos-positive cells (mean 
number ± S.E.M.) induced by treatments with milnacipran 
or saline. (a) Prefrontal cortex, nucleus accumbens, stria- 
tum; (b) Septum, amygdale; (c) Hippocampus. *p < 0.05 com- 
pared to respective control; PL, prelimbic; IL, infralimbic; 
pf, prefrontal cortex; NA, nucleus accumbens; DM, dor- 
somedial; DL, dorsolateral; VL, ventrolateral; ST, striatum; 
SEP, septum; med, medial; lat, lateral; cent, central; AMY, 
amygdala; DG, dentate gyrus. 

 
Extinction is supposed to be a result of the leaning of 

something new but not forgetting past because extinction 
involves the synthesis of new proteins in the hippocam- 
pus [11]. Antidepressant treatment alters plasticity-re- 
lated protein in the hippocampus and medial prefrontal 
cortex [12,13]. In this context, the present result could be 
related with memory-related feature of antidepressant 
drug. 

Previous studies demonstrated that acute administra- 
tion of imipramine and citalopram, but not fluoxetine and 
desipramine, decreased Fos counts in the shell portion of 
nucleus accumbens [14,15], indicating the existence of 
drug’s special features unrelated to selective serotonin 
reuptake inhibitor (SSRI) or SNRI. The anatomical in- 
formation shows that the ventral shell portion receives 
innervations from the infralimbic region of medial pre- 
frontal cortex and ventral hippocampus [16]. The nucleus 
accumbens seems to be relevant to depression and anti- 
depressant action [17]. 

The infralimbic subregion of the medial prefrontal cor- 
tex plays a role in the extinction of fear memory since in- 
fralimbic stimulation reduced fear responses [18]. Chronic 
treatment with imipramine, desipramine and sertraline 
down-regulated stress-induced expression in c-Fos mRNA 
in the frontal cortex [19]. In the present study, repeated 
administration of milnacipran reduced Fos counts in the 
infralimbic region. The same treatment with milnacipran 
increased dopamine levels in the prefrontal cortex [8]. 
There may be some relationships between dopamine and 
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extinction in the infralimbic region. 
It is well documented that inescapable stress produces 

a change in synaptic plasticity in the hippocampal CA1 
area [20]. Furthermore, milnacipran suppressed the long- 
term potentiation in the hippocampal CA1 field of anes- 
thetized rats [21]. Anatomically, the hippocampal CA1 
region gives rise to projections to the nucleus accumbens 
shell and infralimbic cortex [22], both of where Fos counts 
were decreased in the present study. It is conceivable that 
milnacipran exerts its actions in the nucleus accumbens 
shell and infralimbic cortex through attenuating neuronal 
activities in the CA1 region. 

Lateral septum receives inputs from the hippocampus 
via the fimbria, and is thought to provide antidepressants- 
like effects [23]. A previous study showed that forced 
swim stress increased Fos counts in the lateral septum, 
but chronic administration of imipramine and fluoxetine 
did not block the alteration [24]. Exposure to a predator 
increased serotonergic neurotransmission in the septum 
as well as in the hippocampus and prefrontal cortex [25]. 
Therefore, the increases in Fos counts in the lateral sep- 
tum by chronic milnacipran might response to compen- 
sate stress, although this is a speculation. It will be nec- 
essary to elucidate the role of septum in stress. 

5. Conclusion 

Milnacipran decreased the number of Fos-immunoreac- 
tive cells in the infralimbic prefrontal cortex, the nucleus 
accumbens shell and the hippocampal CA1 region, and 
increased Fos counts in the lateral septum. Behaviorally, 
milnacipran ameliorated (not statistically significant) mem- 
ory extinction. The results could be new pharmacological 
profile of milnacipran. 
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