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1. Introduction    
  Stroke remains the leading cause of death after 
cancer and cardiac diseases[1], with high rate of 
mood and cognitive impairments. Unfortunately, 
there are one-third patients with depression remaining 
treatment-resistant and less than one-third achieving 
remission after initial treatment with the first-line 
antidepressants, such as the selective serotonin reuptake 
inhibitors (SSRIs), including fluoxetine, fluvoxamine, 
paroxetine[2, 3]. Previous study showed that about 
50–60% of major depressive disorders (MDD) patients 
have recurrent episodes, who may be associated with 
impairments in pattern separation[4, 5], a cognitive 
function, which not only involves in spatial learning and 
memory, but also in recognizing stressors and dangerous 
signals[6]. The impaired pattern separation was also 
found in rodent model of depression after chronic 
unpredictable mild stress (CUMS)[7], which will 
further impede the recognition and evasion of incoming 
stressful events and, in turn, trigger or aggravate the 
depressive behavior[6]. These studies indicate that 
antidepressants-resistant effect maybe be due to the 
impaired pattern separation along with depression. The 
functional differences along the septo-temporal axis of 
the hippocampus might contribute to the neuroscientific 
understanding of pattern separation deficits in 
depression and antidepressants-resistant effect. Thus, 
the present study aimed to explore whether there are 
functional differences along the septo-temporal axis of 

the hippocampus between the antidepressants-effective 
and antidepressants-resistant groups, and whether there 
was discrepancy of therapeutic effects on cognitive 
impairments and hippocampal neurogenesis between 
dorsal and ventral dentate gyrus in sedentary cerebral 
ischemic rats after antidepressant (fluoxetine).

2. Materials and Methods 
2.1 Animals
  Healthy male Wistar rats (weighing 240–260 g, 8-week 
old) were singly housed in standard plastic cages (cage 
size: 26 × 19 × 15cm) with food and water available ad 
libitum. They were adapted to the environment for one 
week, with a room temperature of 22 ± 2 °C and humid-
ity of 50-60% under 12 h light-dark cycle (lights on at 
8:00 a.m., lights off at 8:00 p.m.). All experiments and 
procedures were performed according to the National 
Institutes of Health Guide for the Care and Use of Lab-
oratory Animals (National Research Council, 1996) and 
approved by the local Ethical Committee of Animal Re-
search for minimizing the suffering of animals.
2.2 Middle cerebral artery occlusion/reperfusion 
(MCAO/r) surgery
  The MCAO/r were performed according to the previ-
ously reported method[8]. Briefly, the rats were deeply 
anesthetized with chloral hydrate (0.3ml/100g, i.p.) and 
then to expose the left common carotid artery (CCA), 
external carotid artery (ECA) and internal carotid artery 
(ICA). The ECA was ligated, dissected and inserted gen-
tly with a round-tip nylon thread (Beijing Cinontech Co. 

Available at http:// www.cancercellresearch.org



Copyright@2021 by Chronic Diseases Prevention Review

Chronic Diseases Prevention Review ISSN 2158-0820

18 (2021) 1-7

2

Ltd, China) to block the blood flow at the middle cere-
bral artery (MCA). The blood flow of middle cerebral 
artery was monitored by laser speckle blood flow meter, 
and the blood flow of MCA was decreased by more than 
80% after occlusion, so as to ensure the balance of the 
degree of ischemia in each rat. After 90 min the nylon 
thread was removed. We evaluated the neurological defi-
cit level with the Longa score 24 h after MCAO/r sur-
gery. Rats with a score between 1 and 3 were enrolled 
for the further experiment. The sham group rats were 
subjected to the same procedure but without occluding 
the MCA (Figure 1).
2.3 Drugs administration 
  Fluoxetine administration: the animals were treated af-
ter MCAO/r for 28 consecutive days with fluoxetine in 
a volume of 10 ml/kg body weight dissolved in distilled 
water and given by gavage once daily. The remaining 
rats in other groups received distilled water with the 
same volume and schedule.
Overall, 45 rats after MCAO/r were treated with fluoxe-
tine for 28 consecutive days. According to the depressive 
behavioral tests, they were divided into fluoxetine-ef-
fective (Flu-E) group, and fluoxetine-resistant (Flu-R) 
group. There were 10 rats received sham MCAO/r (Sham 
group) and 10 rats after MCAO/r received distilled wa-
ter and housed individually in a small ventilated cage 
(Sedentary group). The timeline diagram illustrating ex-
perimental group and experimental protocols showed in 
the Figure 2.
2.4 Behavioral tests
  Behavioral tests were performed one day after MCAO/r, 
drugs treatment. 
2.5 Open field test (OFT)
  The OFT was performed according to a method de-

scribed previously with minor modifications[9]. Rat was 
placed in the open field apparatus which was made of 
a plastic box (45 cm × 45 cm × 50 cm) and allowed to 
explore freely for 10 min. We recorded the total distance 
to assess the exploratory behavior and the locomotion 
activity. The less total distance indicated low levels of 
exploration and anxiety-like behavior.
2.6 Delayed non-matching to place (DNMP)
  A DNMP task in the large eight-arm radial arm maze 
(RAM) apparatus was developed to test the spatial pat-
tern separation–dependent memory according to the 
previously reported method[10]. Briefly, each trial of 
this task consisted of a sample phase and a choice phase. 
During the sample phase, rat was only permitted to visit 
the sample (rewarded) arm from the start arm to get a 
food pellet. During the choice phase, rat was permitted 
to visit a familiar but unrewarded (incorrect) arm and a 
rewarded (correct) arm which was distant from the un-
rewarded arm by a spatial separation of two arms from 
the start arm. The RAM apparatus was rotated slowly on 
wheels to eliminate the effects of odor. Rat went through 
four trials (sample plus choice phases) per day for 3 
consecutive days. A decrease of percent correct indicat-
ed impaired spatial pattern separation. 
2.7 Immunohistochemistry
  In brief, rats in each group were anesthetized and 
transcardially perfused using a 0.9% saline solution 
followed by 4.0% paraformaldehyde in PBS. Coro-
nal sections (5μm, Leica, Germany) of rat brain at the 
dorsal and ventral hippocampus plane were performed 
(Figure 3), permeabilized, and blocked in PBS 1X with 
0.3% Triton X-100 and 5% normal goat serum. For im-
munohistochemistry, the sections were incubated in the 
same medium containing anti-BDNF antibody (1: 200, 

Figure 1. MCAO/r surgery and cerebral blood flow monitoring.
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Abcam), DCX (1:100, Santa Cruz) at 37˚C for 2h. After 
rinsing three times in PBS, the sections were further in-
cubated with horse radish peroxidase (HRP)-conjugated 
secondary antibody (1: 300, Bioss) diluted in PBS at 

37˚C for 30min. Thereafter, the sections were developed 
with diaminobenzidine for 5min at room temperature 

and counterstained with hematoxylin. After dehydrat-
ed, cleared and mounted, the slides were observed with 
Olympus Fluorview-500 confocal microscope (40×; 1.0 
NA) and quantified by Image J software.

2.8 Statistical analysis
  All data were expressed as mean ± standard deviation 

Figure 2. Timeline diagram shows experimental group and experimental protocols. 

Figure 3. Orientation of the hippocampus in the rat brain and coronal sections in the dorsal and ventral 

level. 

  All rats were acclimatized for 1 week prior to MCAO/r, and 4-week sedentary behavior or treatment. Behavioral 
tests, i.e., OFT, DNMP task, were performed after MCAO/r and treatment. 
  Abbreviations: MCAO/r, middle cerebral artery occlusion/reperfusion; Flu, fluoxetine; Flu-E, fluoxetine-effective; 
Flu-R, fluoxetine-resistant; OFT, open field test; DNMP, delayed non-matching to place.

  Coronal views in the rat showing the orientation of the hippocampal formation (colored in yellow) in the brain, and 
dorsal (colored in blue) and ventral (colored in green) divisions of the hippocampus.
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(SD). The data were analyzed statistically by one-way 
analysis of variance (ANOVA) for multiple comparisons 
followed by Tukey’s post hoc test or two-way ANOVA 
for multiple comparisons followed by Duncan’s post hoc 
test on GraphPad Prism (version 5). A value of p < 0.05 
was considered statistically significant.

3.Results
3.1 The differences in behavioral tests between the 
fluoxetine-effective and fluoxetine-resistant rats
  Sedentary behavior after ischemic stroke manifested 
depression behaviors, as demonstrated by OFT tests. In 
OFT study, sedentary rats after ischemic stroke showed 
limited exploratory behavior and the locomotor activi-
ty, with lower total distance (p < 0.01) when compared 
with Sham group. The percent correct in DNMP task 
significantly reduced after ischemic stroke and seden-
tary behavior (q = 4.37, p < 0.05), indicating that spatial 
pattern separation in the sedentary rats after ischemic 
stroke was significantly impaired. The rats in Flu-E 
group successfully prevented depression-like behaviors, 
as indicated by significant increase in total distance (p 
< 0.01) during OFT as compared to Flu-R group. There 
was no significant improvement in DNMP task in both 
Flu-E and Flu-R groups (Figure 4).
3.2 The differences in hippocampal neurogenesis 
along the septo-temporal axis of the hippocampus 
between the fluoxetine-effective and fluoxetine-re-
sistant rats
  Then the protein level doublecortin (DCX), a marker 

of AHN were tested between Flu-E and Flu-R groups. 
Immunohistochemistry showed that the DCX relative 
levels significantly decreased in the sedentary group in 
both dorsal DG (dDG) (p < 0.01) and ventral DG (vDG) 

(p < 0.01), increased in the vDG and dDG in Flu-E (p 
< 0.05). There was no significant increase in both vDG 
and dDG in Flu-R group. These results indicated that 
the antidepressants-resistant effect might be relate to the 
impaired pattern separation along with depression in the 
sedentary rats after ischemic stroke and impaired hippo-
campal neurogenesis in the dDG (Figure 5B&5C).
3.3 The differences in expression of BDNF along 
the septo-temporal axis of the hippocampus between 
the fluoxetine-effective and fluoxetine-resistant rats
  Immunohistochemistry showed that the BDNF relative 
levels significantly decreased in the sedentary group in 
both dorsal DG (dDG) (p < 0.01) and ventral DG (vDG) 
(p < 0.01). Rats in the Flu-E group showed significant 
increases in BDNF protein level in the vDG (p < 0.05) 
and dDG (p < 0.05). There was no significant increase in 
both vDG and dDG in Flu-R group (Figure 5B&5C). 

4.Discussion
  In the present study, we investigated both the 
behavioral and cellular effects of fluoxetine in sedentary 
rats after ischemic stroke. We have demonstrated that 
the antidepressants-resistant effect might be related to 
the impaired pattern separation along with depression 
and impaired hippocampal neurogenesis in the dorsal 
hippocampal DG in the sedentary cerebral ischemic rats.
  In agreement with previous reports[11, 12], rats 
after ischemic stroke and sedentary behavior  for 4 
weeks profoundly worsened several aspects of the 
brain function, including depression-like behavior 

and impaired spatial pattern separation. Fluoxetine 
treatment showed no observable effect on spatial pattern 
separation deficits. Chronic fluoxetine administration 
has been proved to be no effect on Morris water-maze 

Figure 4. The differences in behavioral tests between the fluoxetine-effective and fluoxetine-resistant rats. 
  Fluoxetine significantly increased total distance during OFT (A) and percent correct during DNMP task (B) in the 
fluoxetine-effective rats. 
  Abbreviations: Flu-E, fluoxetine-effective; Flu-R, fluoxetine-resistant; OFT, open field test; DNMP, delayed 
non-matching to place.



Copyright@2021 by Chronic Diseases Prevention Review

ISSN 2158-0820

18 (2021) 1-7

5

Chronic Diseases Prevention Review

performance, a behavioral test for spatial learning, in 
rats following focal cerebral ischemia[13, 14], which 
suggests that the impaired cognitive functions dependent 
on pattern separation in post-stroke depression 
patients might be proposed as an explanation of drug-
resistant depression. Impaired pattern separation may 
overgeneralize new information and lead to interpreting 
ambiguous stimuli as threatening or negative by 
mistake, triggering the same response, such as sadness, 
anxiety, depression. The phenomena tend to be observed 
in individuals diagnosed with or at-risk for depression 
and anxiety disorders[15, 16].  

  In  our  s tudy,  we  showed tha t  h ippocampal 
neurogenesis in the fluoxetine-resistant group 
significantly decreased in the dDG compared with the 
fluoxetine-effective group, indicating that the impaired 
hippocampal neurogenesis in dorsal hippocampus might 
be the explanation of antidepressive-resistant effect. 
Our study showed that chronic fluoxetine administration 
(4 weeks) could act preferentially on the vDG but had 
no significant effect in the dorsal pole. This result is 
also supported by the studies in both rodents[17] and 
humans[18], showing that pro-neurogenic effects of 
chronic treatment with antidepressants are restricted 

Figure 5. The differences hippocampal neurogenesis along the septo-temporal axis of the hippocampus 

between the fluoxetine-effective and fluoxetine-resistant rats. 
  Immunohistochemistry showed that Fluoxetine significantly increased the BDNF and DCX expression level in the 
both dDG and vDG in the fluoxetine-effective rats, while there was no significant difference in fluoxetine-resistant 
group.
  Abbreviations: Flu-E, fluoxetine-effective; Flu-R, fluoxetine-resistant; BDNF, brain derived neurotrophic factor; 
DCX, doublecortin; dDG, dorsal dentate gyrus; vDG, ventral dentate gyrus.
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to the ventral or anterior (corresponds to the ventral in 
rodents) hippocampus.
  Previous data also demonstrated the important 
role of the dorsal DG in supporting spatial pattern 
separation[19]. The positive modulation of neurogenesis 
by fluoxetine correlates in rodents with amelioration 
of symptoms of depression/anxiety and spatial 
pattern separation deficits induced by chronic stress 
and ischemic stroke. We speculate that impaired 
neurogenesis and cell loss in dorsal hippocampus 
disrupts performance in cognitive functions dependent 
on pattern separation, which, in turn, exacerbates 
depression/anxiety-like behaviors. It is therefore 
possible that, based on distinct hippocampal functions, 
adult newborn neurons after chronic administration of 
fluoxetine in the ventral hippocampus or the dorsal pole 
may act independently or usefully interact to improve 
depression/anxiety-like symptoms in partial responders 
or non-responders to antidepressant treatment after co-
administering fluoxetine and physical exercise. BDNF 
interacts preferentially with its specific high-affinity 
receptor TrkB to exert the positive influence. BDNF 
binds TrkB to activate multiple signaling cascades, 
including PI3K/Akt pathway and ERK1/2 pathway, and 
inhibit GSK3β, producing an antidepressant effect[20]. 
Besides differential regulation of neurotrophic factors 
along the septo-temporal axis, regional changes in adult 
neurogenesis might be also associated with the effects 
of stress hormones. One study found that glucocorticoid 
(GR) tended to be located in the dorsal pole of 
hippocampus, while mineralocorticoid (MR) was more 
expressed in the ventral pole[21].

5.Conclusion
  Traditional antidepressants for treating depressive dis-
orders with cognitive deficits have limited efficacy. It is 
necessary to explore the region-specific effects of stress 
on neurogenesis and region-specific changes in cogni-
tive and emotional behaviors along the septo-temporal 
axis of hippocampus.
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